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Summary 

Unlike conventional fiber spinning techniques which can produce 

polymer fibers with diameters down to the micrometer range, 

electrospinning is a process capable of producing nanofibers. Although 

this technique has been known for almost 80 years, polymer nanofibers 

produced by electrospinning have only become a topic of great interest 

over the past two decades. Nanofiber-based materials have several 

advantages compared to conventional textiles. In particular, these 

materials have an ultrahigh surface-to-volume ratio combined with a 

tunable porosity. Moreover, as the fiber diameter decreases, the 

mechanical properties such as tensile modulus and strength-to-weight 

ratio tend to increase. As a result, electrospun nanofiber mats are 

expected to be promising candidates in various applications such as 

filtration, drug release, tissue engineering and wound dressing. 

 To manipulate the electrospinning process and the resultant fiber 

morphology, various electrospinning parameters can be altered. 

However, the greatest challenge in electrospinning is the preparation 

of a suitable polymer solution because forces which are controlled by 

conductivity, rheological behavior and surface tension of the polymer 

solution need to be balanced. In many cases, researchers have used 

additives such as different salts, conductive nanoparticle fillers and 

physical cross-linkers to make solutions compatible to the 

electrospinning process. However, these methods have serious 

environmental and safety issues.  

This doctoral thesis has been intended to develop insights into the 

use of plasma technology in the field of electrospinning as an 

environmentally benign technique to make suitable polymer solutions 

for electrospinning. An experimental study has been carried out 

making use of a non-thermal plasma before conducting the 

electrospinning process in order to enhance the electrospinnability of 

the polymer solutions and to fabricate polymer nanofibers with 

enhanced morphology. As a new plasma configuration, an atmospheric 

pressure argon (Ar) plasma jet which is directly submerged into the 

polymer solutions has been used to achieve the mentioned goals. In this 

sense, this research deals directly with plasma-liquid interactions 

(PLIs).  
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PLIs have attracted increasing attention in recent years owing to 

their high potential in material processing and nanoscience, 

environmental remediation, sterilization, biomedicine, food 

applications, etc. Due to the multidisciplinary character of PLIs and 

due to its broad range of established and promising applications, this 

thesis also intends to provide an introduction and overview addressing 

both the fundamental mechanisms and applications of plasma-liquid 

systems.  

The aim of chapter 1 in this thesis is to provide a brief introduction 

on nanofibers and their fabrication methods as well as their 

applications. The electrospinning technique, as the most efficient 

method for fabrication of nanofibers and also as a part of this doctoral 

research, is introduced in more detail. The most important parameters 

which determine the efficiency of the electrospinning process and the 

final nanofiber morphology are also discussed in this chapter.   

Chapter 2 presents an introduction on plasma as well as a brief 

historical introduction on the important research field of PLIs. This 

chapter also gives a classification of plasma-liquid systems and 

mechanisms of electrical breakdown in these systems. The electrical 

breakdown phenomena are discussed in three different categories 

including electrical breakdown in liquids, in bubbles and in gas phase 

in contact with liquids. 

In chapter 3, a wide range of applications of PLIs are discussed 

including water purification, water analytical chemistry, power 

transformers for high voltage switching, plasma sterilization, 

nanomaterial processing, plasma medicine, polymer solution 

treatment, food preservation and agricultural processing.  

Chapter 4, materials and methods, is divided into two main 

sections: (1) experimental and (2) characterization techniques. In the 

experimental section, plasma and electrospinning equipment together 

with the chemicals and materials used in this research are described. 

The second section, characterization techniques, is also divided in three 

main subsections: (1) gas phase (plasma) analysis techniques, (2) liquid 

phase (polymer solution) analysis techniques and (3) solid phase 

(polymer nanofibers) analysis techniques, introducing all the analytical 

techniques used in this research. 

In chapters 5–7, all the obtained results of this study are presented 

together with a detailed discussion. Chapter 5 investigates the 

influence of working parameters such as treatment time, gas flow rate, 
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applied voltage as well as polymer concentration on the physical 

properties of the polymer solutions. The electrical and optical 

characteristics of the plasma jet are also studied in this chapter. A 

complete physical characterization of the plasma-treated polymer 

solutions is performed by performing viscosity, surface tension and 

electrical conductivity measurements. Moreover, the bubble dynamics 

during the plasma treatments are investigated making use of a fast 

intensified charge-couple device (ICCD). Finally, the effects of the 

obtained results on morphological changes of the generated nanofibers 

are discussed. It is concluded that the enhanced morphology of the 

nanofibers after the plasma treatment is mainly due to a plasma-

induced increase in solution conductivity and solution viscosity. It is 

also shown in this chapter that the investigated plasma parameters 

have a significant effect on the polymer solution electrospinnability. 

Additionally, a good correlation between the plasma bubble behavior 

and the obtained physical properties of the polymer solution is revealed 

in this chapter. It is clear that bubble formation during the plasma 

treatment plays an important role since it influences the plasma-

solution interfaces and consequently the charge and energy transfer 

possibilities between the plasma and the solution. In chapter 6, plasma-

induced chemical changes in the polymer solutions are studied in 

detail. For this purpose, a wide set of gas, liquid and solid analysis 

methods has been applied which are discussed in detail in this chapter. 

Plasma-generated chemical species in pure solvents, the examined 

solvent mixture and the complete polymer solution are studied using 

OES and it is found that a considerable change occurred when the 

solvent mixture or the polymer solution are exposed to the plasma jet 

afterglow, a change which does not occur in case of pure solvents. The 

OES results are also confirmed by the results obtained from EEM 

fluorescence spectroscopy. Performing pH measurements, it is also 

found that the plasma treatments induce acidity in the plasma-treated 

solutions and EEM fluorescence spectroscopy suggests that this acidity 

may be due to some alteration of the molecular orbital of the excitable 

electrons which may occur as a result of ionization of organic molecules 

via plasma treatments. The nature of the plasma-induced radicals into 

the solutions is also studied using EPR in this chapter and it is 

suggested that the possible plasma-induced chemical product is mainly 

hydrochloric acid. As morphology, crystallinity, thermal and 

mechanical properties of nanofibrous mats are known to highly affect 
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the behavior of these materials in desired applications, chapter 7 

describes the effect of the performed plasma treatments on the 

physicochemical properties of the resultant nanofibers. The performed 

analyzing methods reveal that the plasma treatments preserve the 

surface chemical composition of the nanofibers and the molecular 

weight distribution of the polymer, while their morphology 

considerably enhances. Also, it is shown in this chapter that variations 

in thermal properties and crystalline structure of the nanofibers are 

mainly induced by the electrospinning process itself and not as such by 

the plasma treatment. Aging analysis of the untreated and plasma-

treated solutions is also carried out and evaluated in this chapter by 

measuring the viscosity, electrical conductivity and pH of the solutions 

during an aging period of 10 days. Morphological variations of the 

nanofibers obtained from aged solutions are also studied in this work. 

From these aging studies, it is concluded that all plasma-induced 

chemical and physical changes in the solutions lead to a noticeable 

enhancement of nanofiber morphology upon four days after the plasma 

treatment. 

Finally, a general conclusion of the work is given in chapter 8. In 

summary, this PhD dissertation proves that the plasma treatments 

performed in this PhD research induce significant changes to the main 

physical and chemical properties of pre-electrospinning polymer 

solutions, causing an enhancement of electrospinnability and an 

improvement of nanofiber formation. Morphological studies show that 

complete fiber morphology enhancement only occurs when both 

polymer and solvent molecules are exposed to plasma treatment. 

Additionally, the surface chemistry of the obtained nanofibers is mostly 

preserved while their mechanical properties are improved.      
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Samenvatting 

Elektrospinning is een technologie die in staat is nanovezels te spinnen, 

dit in tegenstelling tot traditionele vezelfabricatietechnieken die leiden 

tot de productie van vezels met micrometer diameters. Hoewel de 

techniek reeds meer dan 80 jaar gekend is, is het slechts in de laatste 

20 jaar dat elektrospinning een ware revival meemaakt voor de 

productie van nanovezels. Nanovezel gebaseerde materialen hebben 

verschillende voordelen in vergelijking met traditioneel textiel, in het 

bijzonder hun ultrahoge oppervlak/volume verhouding gecombineerd 

met een aanpasbare porositeit. Daarenboven, wanneer de 

vezeldiameter daalt, nemen mechanische eigenschappen zoals 

elasticiteit en kracht per gewicht ratio’s toe. Bijgevolg zijn 

elektrogesponnen matten veelbelovende kandidaten voor verschillende 

applicaties zoals filtratie, weefselregeneratie, wondverbanden en 

gecontroleerde geneesmiddeltoediening.  

Het elektrospinning proces wordt beïnvloed door verschillende 

parameters die een sterke invloed hebben op de uiteindelijke 

vezelmorfologie. Niettemin is de grootste uitdaging binnen deze 

discipline de bereiding van een geschikte polymeeroplossing, aangezien 

geleidbaarheid, reologie, en oppervlaktespanning van de oplossing in 

balans moeten zijn, daar ze allen een invloed uitoefenen op het 

productieproces. Vaak worden additieven gebruikt zoals zouten, 

geleidende nanopartikels en fysische cross-linkers die de 

polymeeroplossingen meer geschikt maken voor verwerking. Jammer 

genoeg zijn deze methoden gekenmerkt door ecologische en 

veiligheidsproblemen.  

Dit doctoraat heeft daarom de bedoeling om nieuwe inzichten te 

verwerven in het gebruik van plasma technologie binnen de discipline 

van elektrospinning, waar het als een eco-vriendelijk alternatief zal 

voorgesteld worden om polymeeroplossingen beter geschikt te maken 

voor elektrospinning. Een experimentele studie is uitgevoerd geweest 

die gebruik maakt van niet-thermische plasma, waarbij de 

polymeeroplossingen voor spinnen blootgesteld werden aan het plasma 

om zo de spinbaarheid te gaan verbeteren, wat leidde tot vezels met een 

beter morfologie. Een argon plasma jet, werkende bij atmosfeerdruk, 

werd in de polymeeroplossingen gebracht om deze doelstellingen te 

bereiken, een testconfiguratie die nog niet eerder beschreven is 
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geweest. Door deze configuratie gaat dit onderzoek voornamelijk over 

plasma-vloeistof interacties (PVI’s) 

PVI’s hebben in de laatste jaren op heel wat belangstelling kunnen 

rekenen dankzij hun immens potentieel voor materiaalverwerking, 

nanowetenschappen, milieuverontreiniging, sterilisatie, biomedische 

wetenschappen, voedselbehandelingen enz. Door het hoog 

interdisciplinair karakter van PVI’s en hun breed toepassingsgebied, is 

het secundaire doel van deze thesis om de lezer te introduceren in de 

fundamentele mechanismen en toepassingen die kenmerkend zijn voor 

PVI’s.  

Het eerste hoofdstuk geeft een korte introductie rond nanovezels, 

inclusief de verschillende fabricatiemethodes en hun mogelijke 

applicaties. Hierbij word elektrospinnen in meer detail besproken 

aangezien dit de meest efficiënte fabricatiemethode is en deze ook deel 

uitmaakt van het hier besproken doctoraal onderzoek. De belangrijkste 

parameters die garant staan voor het kwalitatief spinnen worden hier 

dan ook in detail overlopen.  

Hoofdstuk 2 brengt een historisch overzicht betreffende PVI’s en 

geeft een overzichtelijke classificatie van de mogelijke plasma-vloeistof 

systemen en de elektrische ontladingen binnen deze opstellingen. De 

verschillende elektrische ontladingsprocessen worden onderverdeeld in 

3 categorieën: ontlading in vloeistof, ontlading in bellen en ontlading in 

de gasfase in contact met vloeistoffen, waarbij elk onderdeel 

afzonderlijk wordt besproken.  

In hoofdstuk 3 worden de verschillende toepassingen van PVI’s in 

detail bediscussieerd. Dit gaat van waterzuivering naar analytische 

waterchemie, vermogentransformers voor hoogspanning switches, 

plasma sterilisatie, nanomateriaalverwerking, plasma medicine, de 

behandeling van polymeeroplossingen, het bewaren van voedsel en de 

toepassingen binnen de landbouw. 

Hoofdstuk 4, materialen en methodes, is onderverdeeld in 2 delen: 

(1) een experimenteel gedeelte en (2) de gebruikte analysetechnieken. 

In het experimentele gedeelte worden de verschillende plasma en 

elektrospinning opstellingen besproken samen met de gebruikte 

chemicaliën en materialen. Het tweede gedeelte focust zich op de 

analysetechnieken en is verder verdeeld in de analyse van (1) de 

gasfase (2) de vloeistoffase en (3) de vaste fase.  

In hoofdstukken 5–7 zijn alle verkregen onderzoeksresultaten 

binnen het doctoraat verzameld, samen met een uitgebreide discussie. 
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In hoofdstuk 5 worden de verschillende operationele parameters 

bestudeerd, inclusief de behandelingstijd, de gassnelheid, de 

aangelegde spanning, polymeerconcentratie en hun invloed op de 

fysische eigenschappen van de polymeeroplossing. De elektrische en 

optische eigenschappen van de plasma jet worden ook in dit hoofdstuk 

aangekaart. Een complete fysische karakterisering van de plasma 

behandelde polymeeroplossingen wordt uitgevoerd aan de hand van 

viscositeitsmetingen, oppervlaktespanningsmetingen en elektrische 

geleidbaarheidsmetingen. Verder wordt de beldynamica onderzocht die 

plaatsvindt tijdens de plasmabehandeling, gebruik makende van een 

ultrahoge snelheid ICCD-camera. Verder worden de effecten van de 

verkregen resultaten op de morfologische veranderingen van de 

gegenereerde nanovezels besproken. Er kon geconcludeerd worden dat 

de verbeterde morfologie van de nanovezels door middel van de 

plasmabehandeling voornamelijk komt door de geïnduceerde 

geleidbaarheid van de oplossing en de toename van de viscositeit. Het 

blijkt duidelijk dat de bellenvorming tijdens de behandeling een 

belangrijke rol speelt, aangezien deze de plasma-vloeistof interface 

beïnvloedt en bijgevolg een positieve impact heeft op de 

ladingsdensiteit en de mogelijkheid tot energietransfer tussen het 

plasma en de blootgestelde vloeistof. In hoofdstuk 6 worden de plasma-

geïnduceerde chemische veranderingen van de polymeeroplossing 

bestudeerd in detail. Om dit doel te bereiken wordt een uitgebreide 

collectie van analysetechnieken voor gas, vloeistof en vaste stoffen 

gebruikt die allen in detail besproken worden in dit hoofdstuk. OES 

wordt toegepast om de solventmengsels alsook de gehele 

polymeeroplossing te bestuderen en er werd vastgesteld dat er sterke 

veranderingen optreden wanneer deze oplossingen worden blootgesteld 

aan de afterglow van de plasma jet, veranderingen die niet 

plaatsvinden wanneer er enkel gewerkt wordt met pure solventen. De 

OES resultaten bevestigen ook de verkregen EEM 

fluorescentiemicroscopie resultaten. Door het uitvoeren van pH 

metingen kon er ook vastgesteld worden dat de plasmabehandelingen 

leiden tot een verzuring van de oplossingen. De EEM metingen 

suggereren dat deze verzuring zijn oorzaak vindt in veranderingen van 

het molecuulorbitaal van de geëxciteerde elektronen. Dit kan het 

resultaat zijn van plasma-geïnduceerde ionisatie van de aanwezige 

organische moleculen. De oorsprong van de plasma-gevormde radicalen 

in de behandelde oplossingen is ook bestudeerd geweest met EPR en 
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hier kon vastgesteld worden dat het mogelijks gevormde plasma 

bijproduct zoutzuur is. Hoofdstuk 7 beschrijft de effecten van de 

plasmabehandelingen op de fysicochemische eigenschappen van de 

gesponnen nanovezels, aangezien het geweten is dat de morfologie, 

kristalliniteit, de thermische en mechanische eigenschappen van 

nanovezels sterk beïnvloed worden door de behandelingen, hetgeen een 

grote impact creëert op het gedrag van de materialen binnen hun 

toepassingsgebied. De uitgevoerde analyses toonden aan dat de 

plasmabehandelingen de chemische oppervlakcompositie bewaarden 

en dat de moleculaire gewichtsspreiding van het polymeer onveranderd 

bleef en dit terwijl de morfologie van de vezels sterk verbeterde. Verder 

is er in dit hoofdstuk ook aangetoond dat variaties in de thermische 

eigenschappen en kristalliniteitsgraad voornamelijk beïnvloed werden 

door het elektrospinnen zelf, meer dan door de plasma 

voorbehandeling. Verouderingsanalyses van de onbehandelde en 

plasma behandelde oplossingen werden ook uitgevoerd en werden 

geëvalueerd door middel van viscositeitsmetingen, elektrische 

geleidbaarheidsmetingen en pH analyses voor een periode van 10 

dagen. De morfologische variaties van de nanovezels verkregen binnen 

deze studie werden dan ook in detail geanalyseerd. Betreffende deze 

studies kon er vastgesteld worden dat alle plasma-geïnduceerde 

chemische en fysische veranderingen van de oplossingen leidden tot een 

sterk verbeterde vezelmorfologie tot 4 dagen na plasma behandeling.  

Als afsluitend geheel wordt er in hoofdstuk 8 een algemene 

conclusie gegeven omtrent het uitgevoerde werk. Als samenvatting kan 

er gesteld worden dat deze dissertatie aantoont dat de uitgevoerde 

plasmabehandelingen significante veranderingen introduceerden 

betreffende de belangrijkste fysische en chemische eigenschappen van 

de pre-elektrogesponnen oplossingen, wat leidde tot een sterke 

verbetering van het elektrospinning proces, hetgeen resulteerde in een 

sterk verbeterde kwaliteit van de nanovezels. Morfologische studies 

toonden aan dat de beste vezelmorfologie enkel optrad wanneer zowel 

polymeer als solvent blootgesteld werden aan de plasmabehandeling. 

Verder bleek ook dat de oppervlakchemie van de verkregen vezels 

grotendeels bewaard bleef, terwijl de mechanische eigenschappen 

verbeterden.
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Introduction 

 

 

 

1.1 Nanofibers, Production and Applications 

To define nanofibers, the term “nanofiber” can be split up into two 

parts, namely “nano” and “fiber”. The term “nano” comes from the 

Greek word “nanos” meaning dwarf and denotes a measurement on the 

scale of one-billionth of a meter in size. Also, the term “fiber” comes 

from the Latin word “fibra” meaning an elongated thread-like 

structure. This term has been considered from different viewpoints. For 

example, botanists identify this term with elongated, thick-walled cells 

that give strength and support to plant tissue. On the other hand, 

anatomists know fibers as any of the filaments constituting the 

extracellular matrix (ECM) of connective tissue or any of the various 

elongated cells such as muscles and nerve fibers. Moreover, in the 

textile industry, natural and synthetic filaments like cotton and nylon 

are viewed as fibers because they are capable to be spun into yarn [1].  

Nanofibers fall into the one-dimensional nanomaterials category 

which have emerged as an exciting new class of materials for a broad 

spectrum of applications (Figure 1.1) owing to their unique 

physicochemical properties. Nanofibers, with cross-sectional diameters 

ranging from tens to hundreds of nanometers, possess an extremely 

high specific surface area and surface area-to-volume ratio. They are 

also capable of forming networks of highly porous meshes with 

remarkable interconnectivity between their pores, making them an 

attractive choice for a host of advanced applications. In fact, the 

significant impact of nanofiber technology can be traced from the wide 

range of fundamental materials that can be used for the synthesis of 

nanofibers. These include natural polymers, synthetic polymers, 
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carbon-based materials, semiconducting materials and composite 

materials. Along with the rapid progress in the synthesis and 

characterization of nanofibers over the past few years, tremendous 

efforts have been focused on exploring the potential functional 

applications of nanofibers including smart textile, energy generation 

and storage, fabrication of sensitive optical sensors and electronic 

devices, filtration, information technology (IT) and biomedical 

applications such as tissue engineering and drug delivery [2–5]. 

Polymer nanofibers can be fabricated by using a number of 

strategies such as electrospinning, self-assembly, phase separation, 

template-based synthesis, drawing and centrifugal jet spinning (Figure 

1.1) [1,6]. The advantages and disadvantages of the most common 

nanofiber fabrication strategies are briefly discussed here. 

 
Figure 1.1. An overview on synthesis methods and applications of 

nanofibers [6]. 

The drawing process can be considered as a dry spinning technique 

at a molecular level in which only viscoelastic materials can be applied 

to be able to undergo strong deformations while remaining sufficiently 

cohesive to hold up the developed stress during pulling. The main 

advantage of this method is minimum equipment requirement for fiber 

production such as a surface, a micropipette and a micromanipulator 

(Figure 1.2a). A micropipette with a diameter of a few micrometers is 

dipped into the droplet near the contact line using a micromanipulator. 

The micropipette is then removed from the droplet to pull a nanofiber. 

The pulled fiber will be dumped on the surface by touching it with the 
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micropipette end. However, drawing is not a continuous process and 

there is no control on fiber dimensions and also the produced nanofibers 

are at laboratory scale which prevents it from being scaled up [1,7].  

 
Figure 1.2. Schematic representation of (a) drawing, (b) template-

based and (c) self-assembly methods for production of nanofibers [8]. 

Template-based synthesis is another approach to produce 

nanofibers. It involves the use of a template or mold to obtain a desired 

structure. In this technique, a polymer solution is passed into a 

solidification solution through a fibril solid or hollow shaped tubule. 

Pressurized water produces the pressure on the polymer solution and 

helps to move down the polymer solution through the membrane 

(Figure 1.2b). This method is able to fabricate nanofibers with a wide 

range of fiber diameters making use of different templates which is an 

important characteristic of this technique. However, it is also a time-

consuming process only for laboratory scale which needs different 

processing steps [1,7,8].  
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The self-assembly strategy refers to the self-arrangement of small 

components as basic building blocks into a desired pattern resulting in 

the formation of a nanofibrous mesh (Figure 1.2c). It are the 

intermolecular forces that bring the small units together. This 

technique is simple and capable of making one by one continuous 

nanofibers with very fine diameters. However, self-assembly is also a 

time-consuming process at laboratory scale which is not able to control 

the nanofibers diameter and also not applicable on all types of polymers 

[1,8].  

Electrospinning is the most widely investigated nanofiber 

fabrication method employing electrostatic forces. The success of the 

electrospinning technique is due to many advantages offered by this 

method including (1) being a cost-effective and continuous process, (2) 

being able to produce long nanofibers, (3) being able to be scaled up and 

(4) having control over fiber dimensions. One problem related to 

electrospinning is possible electrospinning jet instability which can be 

solved by choosing a proper polymer solution and optimized 

electrospinning processing parameters [1]. Due to its versatility and 

advantages, electrospinning is introduced in more detail in the 

following section.           

 

 

1.2 Electrospinning 

The method of producing electrically driven liquid jets into solid 

polymer fibers has been a topic of significant interest for many years. 

In the 1880’s, Lord Rayleigh [9] calculated the maximum amount of 

charge which a droplet of liquid can hold before the applied electrical 

forces overcome the surface tension of the droplet. Zeleny [10] then 

described and photographed the electrospraying phenomena of ethyl 

alcohol and glycerine droplets in 1917. Sir Geoffrey Taylor [11] 

analyzed the conditions at the point of a droplet that is deformed by an 

electric field and showed that a conical interface between two liquids is 

stable if the cone has a semi angle of 49.3°, creating stable jets. Later 

on, electrospinning was patented by Anton Formhals in 1934 [12] as a 

commercialized system for the fabrication of textile yarns in the U.S. 

Further development of the electrospinning process from a polymer 

melt rather than a polymer solution was patented by Norton in 1936 
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[5]. However, it took until the 1990’s for the art of electrospinning to 

garner significant attention for the production of polymer nanofibers, 

led by the work of Reneker et al. [13]. Subsequent research in the field 

of electrostatic fiber formation has increased exponentially over the 

past 20 years. 

Through the electrospinning process, nanofibers can be created by 

using an electrically charged jet of a polymer solution or a polymer melt. 

As depicted in Figure 1.3a, generally an electrospinning set-up consists 

of a syringe with a nozzle, an electric field source, a grounded electrode 

(collector) and a pump. The electrospinning process is based on the 

principle of electrostatics in which the electrostatic repulsion forces in 

a high electrical field are used for nanofiber synthesis. The polymer 

solution is held in a syringe nozzle and a large electrical field is 

generated between the nozzle and grounded electrode. As the solution 

is ejected, the solution droplet at the nozzle adopts a cone-shaped 

deformation due to the potential difference between the nozzle and the 

grounded target. While a charged jet is ejected from the surface of the 

droplet and accelerates towards the collector, the solvent in the solution 

evaporates. Then, the fiber is collected on the surface of the grounded 

collector, producing a continuous nanofibrous mat. Modification of the 

fiber diameter as well as the porosity, specific surface area and 

mechanical properties of the mat allow one to tailor electrospun mats 

for specific applications [8]. 

 
Figure 1.3. (a) A typical electrospinning set-up and (b) a needleless 

electrospinning system [14]. 

There are several types of configuration of the electrospinning set-

up such as horizontal, vertical upward and vertical downward. For each 

type of configuration, the positioning of the electrospinning components 

is different. Figure 1.3a demonstrates a typical vertical downward 
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electrospinning set-up. There is also a needleless electrospinning 

configuration (Figure 1.3b) which was firstly introduced in 2010 by 

Tang et al. [14]. In this configuration, the set-up consists of a metal 

roller spinneret as the positive electrode connected to a high voltage 

power supply. The polymer solution droplets are splashed onto the 

surface of the metal roller spinneret through the holes of the solution 

distributor which is located above the spinneret.  

The physicochemical characteristics of the electrospun nanofibers 

are highly dependent on a multitude of parameters such as solution 

properties (e.g., nature of the polymer, polymer concentration, solvent 

system, solvent volatility, electrical conductivity, viscosity and surface 

tension of the polymer solution), environmental factors (e.g., processing 

temperature and humidity) and processing variables (e.g., needle-

collector distance, applied electrical potential and flow rate) [8]. 

Changing even one polymer solution property or working parameter 

can strongly affect the formation of the polymer jet and consequently 

the nanofiber formation process through several mechanisms. 

Therefore, an optimum range of all parameters is required to obtain 

nanofibers with desired characteristics. In the following paragraphs the 

effective parameters in the electrospinning process are discussed in 

more detail. 

 

1.2.1 Polymer Solution Properties 

When dealing with the electrospinning of polymer solutions, the 

electrospinnability of the polymer solution becomes an utmost issue. 

The electrospinnability of a solution depends on several aspects during 

the electrospinning process [5]. Herein, the most important aspects are 

mentioned. 

 

1.2.1.1 Polymer Concentration 

The polymer concentration in the spinning solution considerably 

influences the diameter of the nanofibers, their morphology, chain 

entanglement and uniformity of the nanofibers as well [8]. If the 

polymer concentration is very low, the polymer jet will break up into 

droplets before arriving to the collector, resulting in the formation of 

beaded fibers. In the case of very high concentrations, the fibers will 

not be formed due to difficulty in maintaining the flow rate of a highly 
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viscous polymer solution. Therefore, it is important to adjust the 

polymer concentration and the molecular weight of the polymer to 

control the viscosity of the polymer solution.  

 

1.2.1.2 Solvent System 

The choice of solvent(s) for preparing a spinning solution determines 

the confirmation of the dissolved polymer chain as well as solution 

consistency. Solvent selection is of paramount importance in 

determining the critical minimum solution concentration to allow the 

transition from electrospraying to electrospinning, thereby 

significantly affecting solution electrospinnability and the morphology 

of the electrospun nanofibers. Using a different solvent can change 

several properties of the spinning polymer solution such as the 

dielectric constant, conductivity, surface tension and solute-solvent 

interaction. The solvent system used in preparing the electrospun 

nanofibers also affects the properties of the obtained fibers and can 

therefore determine the response of the nanofibers in desired 

applications such as cell behavior [5,8].  

 

1.2.1.3 Viscosity 

Solution viscosity is the critical key in determining the fiber 

morphology [15]. Viscosity is related to the polymer concentration and 

the molecular weight of the used polymer. Therefore, the polymer 

solution viscosity can be tuned by adjusting the polymer concentration. 

If the solution viscosity is very low, then continuous and smooth fibers 

cannot be obtained, whereas if the viscosity is very high, the ejection of 

jets from the solution will be difficult. As such, a suitable viscosity for 

electrospinning is necessary. For solutions with low viscosity, it is 

surface tension which plays a dominant role and in this condition only 

beads or beaded fibers will form. For solutions with a suitable viscosity, 

continuous fibers can however be obtained [15].  

 

1.2.1.4 Electrical Conductivity 

Conductivity of the polymer solution plays a major role in the 

fabrication of uniform and bead-free nanofibers. Generally, the net 

volume charge density is proportional to the conductivity of the 
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solution. To be able to transfer the electric charge from the electrode to 

the droplet of the polymer solution at the tip of the needle, the polymer 

solution has to possess a minimal electrical conductivity. As the 

conductivity increases, the beads on the fibers become smaller and 

change more into a spindle-like shape while the fibers become thinner. 

Highly conductive polymer solutions will form greater charge carrying 

capacity and higher tensile strength fibers. The neutralization of the 

charge carried by the polymer jet favors the formation of beads, as the 

tension in the fiber depends on the net charge repulsion and the 

interaction of the net charge with the electric field. Solutions with zero 

conductivity cannot be electrospun. The electrical conductivity of the 

solution mainly depends on the polymer concentration and solvent 

system. By increasing the polymer concentration in the solution, 

conductivity may decrease [8]. One of the conventional approaches to 

adjust the solution conductivity is by introducing a soluble salt or 

conductive nanoparticle filler into the solution. The incorporation of 

salt increases the stretching of the polymer jet and reduces the 

incidence of bead formation by consistently distributing the charges to 

control the fiber uniformity [5].  

 

1.2.1.5 Surface Tension 

Surface tension of a polymer solution is an important factor in 

electrospinning which can be adjusted by careful selection of the solvent 

system. Generally, the surface tension of solutions will decrease by 

increasing polymer concentration. With a constant concentration, 

reducing the surface tension typically leads to the formation of 

smoother nanofibers [8,15].  

 

1.2.1.6 Dielectric Constant (ε) 

Choosing solvent(s) with a high ε leads to high quality nanofibers and 

high productivity of the nanofibers during electrospinning due to the 

high surface charge density on the polymer jet which tends to be more 

dispersed [8].  

 

 

 

 



9 
 

1.2.1.7 Solvent Volatility 

Solvent volatility mainly affects the morphology and porosity of the 

nanofibers. The need for a volatile solvent as carrier in the polymer 

solution is one of the fundamental criteria in electrospinning. High 

volatile solvents should be used to prevent incomplete fiber drying. 

When the solvent is less volatile, flat ribbon-like nanofibers are mostly 

obtained. Solvent volatility strongly influences the phase separation 

which occurs when the polymer jet travels in the atmosphere to the 

collector. It also affects the kinetics of the phase separation process and 

the resulting nanofiber morphology [5,8].  

 

1.2.2 Electrospinning Processing Parameters 

 

1.2.2.1 Applied Voltage 

In general, the applied voltage is inversely correlated with the 

conductivity of the polymer solution. It delivers the surface charge on 

the polymer jet. As such, a high applied voltage will increase the 

instability and stretching of the jet, producing smaller fiber diameters. 

The diameter of the electrospun nanofibers can be tuned by controlling 

the strength of the applied voltage to an optimal value which is 

obviously different for different polymer/solvent systems [8,15].  

 

1.2.2.2 Feed Rate 

The feed rate of the polymer solution mainly affects the diameter of the 

nanofibers, their shape, their moisture content, their porosity and their 

release of the encapsulated drugs, in case drugs are added to the 

polymer solution. Fiber diameter and pore size are directly proportional 

to the flow rate [8]. In the case of low feed rates, the Taylor cone will be 

depleted and for high feed rates, the fiber diameter will increase.  

 

1.2.2.3 Needle-collector Distance 

The needle-collector distance determines the time for the solvent to 

evaporate before the nanofibers reach the collector and mainly depends 

on the solvent volatility, voltage gradient, spinning cycle and polymer 

stretching during the electrospinning process which in turn affect the 
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moisture content, porosity and diameter of the final nanofibers [8]. If 

the needle-collector distance is very short, whipping instability and 

concomitant defect formation will be developed because the nanofibers 

will not have enough time to solidify before reaching the collector. In 

contrast, if the distance is very long, beaded fibers can be obtained [15].  

 

1.2.3 Environmental Parameters 

It is known that ambient factors such as temperature and humidity 

also affect the electrospinning process. For example, increasing 

temperature favors the smaller fiber diameters due to the inverse 

relationship between the solution viscosity and temperature. Low 

humidity may also lead to a faster solvent evaporation. On the contrary, 

high humidity leads to thicker fiber diameters because the charges on 

the jet can be neutralized and stretching forces become small [15].  

 

 

1.3 Aim of the Research  

The production of uniform and bead-free electrospun nanofibers with 

desirable properties for a specific application is usually not easy 

because, as mentioned above, multiple electrospinning parameters are 

known to determine the morphology and properties of the resultant 

nanofibers. Multiple studies have already examined the effects of 

electrospinning working parameters and ambient conditions on 

numerous polymer solutions [15–17], whereas the effect of the polymer 

solution properties (besides polymer concentration) on the 

electrospinning process have not been widely investigated. In an 

electrospinning process, a right combination of optimized working 

parameters together with the preparation of a suitable polymer 

solution is however very crucial.  

A few methods including the addition of different salts and 

conductive nanoparticle fillers to the polymer solutions [5,18–20] and 

using physical cross-linkers [21] have been reported to enhance the 

electrospinnability of polymer solutions. However, these methods often 

involve additional costs, safety concerns and environmental issues [22]. 

Within this context, it is thus important to search for very effective, 
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environmentally friendly and non-toxic methods which are able to 

improve the electrospinnability of polymer solutions.  

Taking this into account, plasma technology has been employed in 

this research study to perform pre-electrospinning plasma treatment 

(PEPT) of polymer solutions as an innovative and environmentally 

friendly route to create compatible polymer solutions for 

electrospinning. Non-thermal atmospheric pressure plasma has been 

used in this research to alter polymer solution properties in an effort to 

increase the electrospinnability of these solutions (Figure 1.4). 

 
Figure 1.4. The synergistic effect of chemical and physical changes 

into a polymer solution upon PEPT leads to nanofibers with enhanced 

morphology.
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Plasma-liquid Systems 

 

 

 

Within the present chapter, the basic concepts of plasmas, the 

historical background of PLIs and their classification are introduced. 

Moreover, this chapter covers the physical mechanisms for electrical 

breakdown directly in liquid, in bubbles and in gas-phase in contact 

with liquids.  

 

 

2.1 Plasma  

Simply speaking, plasmas are quasi-neutral ionized gases. Hence, they 

consist of positive and negative ions, electrons, free radicals, photons, 

metastables as well as excited and neutral atoms and molecules. 

Plasmas can be classified by gas temperature, pressure, current 

magnitude, powering mode, thermodynamic equilibrium and ionization 

degree (i.e. the ratio of the number density of charged particles to the 

total number density of species including neutrals and charged 

particles). An example of such a classification is given in Figure 2.1. 

The ionization degree of plasma can vary from partially ionized (e.g.  

10–4 to 10–6) to completely ionized. Completely ionized plasmas can be 

found in much of the visible matter in the universe such as stars and 

visible interstellar matter. They are encountered in many forms, from 

the low pressure plasma in the interstellar medium to the high 

pressure and highly energetic fusion processes in the core of the sun. 

While such astrophysical plasmas have been extensively studied and 

described in the past and the 21st century, a lot of interest has been 

directed to gas discharges at laboratory scale as well. Besides the 

astrophysical plasmas, one can also find completely ionized plasmas in 
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laboratories involved in nuclear fusion researches and for 

thermonuclear systems including tokamaks, stellarators, plasma 

pinches and so on [23].  

 
Figure 2.1. Plasma classification based on electron temperature and 

plasma density [24]. 

A classification can be also made for plasmas based on the 

conditions of thermodynamic equilibrium: equilibrium and non-

equilibrium plasmas, also often termed thermal and non-thermal 

plasmas, respectively. This classification is related to the energetic 

levels of electrons and the heavy species of the plasma. Equilibrium 

plasmas which are often obtained at high pressure (≥105 Pa) approach 

a local thermodynamic equilibrium (LTE) between electrons and the 

other species. This implies that all plasma components (electrons, ions, 

neutral species, etc.) have nearly the same temperature (Te ≈ Tion ≈ Tgas), 

typically ranging from 4×103 to 20×103 K which is much higher than 

the ambient temperature. On the other hand, non-equilibrium plasmas 

are usually obtained at atmospheric pressure or lower. For these 

plasmas, electron temperature is in the range of 104 to 105 K, whereas 
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the other plasma species are at temperatures close to the ambient 

temperature. This is due to the long mean free paths between electrons 

and heavy plasma species. Therefore, due to the inefficient energy 

transfer, thermal equilibrium cannot be achieved, resulting in an 

electron temperature much higher than the temperature of the other 

species in the plasma (Te >> Tion ≈ Tgas ~ 300–400 K).  

In the category of non-thermal (or cold) plasmas, atmospheric 

pressure plasmas have gained considerable interest. This type of 

plasma is near standard conditions for temperature and pressure 

(P≈1 atm, Tgas ≈ 300 K). While its gas temperature is kept relatively 

low, gas molecules in this plasma are excited or ionized by accelerating 

electrons to sufficiently high velocities. Since its electron temperature 

is always much higher than its gas temperature, it is usually included 

in the category of the non-thermal plasmas. These non-thermal 

atmospheric pressure plasmas are of particular technical and 

industrial interest as they can operate in ambient air, avoid undesired 

gas heating and do not require extreme handling conditions [25,26]. 

Moreover, with an appropriate electron energy distribution, desired 

plasma reactions can be specifically triggered. That is, energy does not 

need to be spread without profit into all degrees of freedom such as into 

the thermal motion, rotation and vibration of neutral gas molecules but 

only into those degrees of freedom that efficiently generate the desired 

reaction products for the intended application. In this manner, 

generated plasmas can be turned into a specialized tool. Energy can be 

channeled into desired excitations and reactions by variation of gas 

composition, electrode shape, dimensions, circuit characteristics and 

other operational parameters.  

 

 

2.2 Plasma-liquid Interactions (PLIs)  

From a historical point of view, it can be said that the first report on 

the possibility of the interaction of plasma with liquids dates back to 

1789 when van Troostwijk and Deinman [27] reported the 

decomposition of water by an electric discharge. However, it was 

Gubkin [28] in 1887 who pioneered on electrical discharge interactions 

with liquids using Glow Discharge Electrolysis (GDE) as a unique 

electrochemical technique. He used a glow discharge to reduce metallic 
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salt (silver ions Ag+) in an aqueous solution of AgNO3. In this technique, 

the sample solution usually acts as the cathode and the discharge is 

generated between the metal anode and the liquid cathode by applying 

high voltage. Gubkin observed the deposition of visible metal particles 

formed by reduction of the metal cations with free electrons from the 

plasma discharge at the discharge-liquid interface. Figure 2.2 shows 

Gubkin’s experimental set-up, as reproduced by Janek et al. [29]. 

Gubkin’s inspiring work was a startup for a new research field which 

was later called plasma electrochemistry. In fact, this inspiring work 

was performed long before Irving Langmuir proposed the term 

“plasma” in his paper in 1928 [30] to describe the positive column of a 

low pressure gas discharge. However, the luminous discharge between 

two carbon electrodes was already reported by two French physicists, 

Hippolyte Fizeau and Leon Foucault in 1844 [31]. 

 

Figure 2.2. Set-up of the reproduced Gubkin’s experiment: silver is 

dissolved at the anode placed in the liquid electrolyte and reduced at 

the plasma-electrolyte interface [29]. 

After Gubkin, much attention was given to this new research field 

for the development of the GDE technique and for investigation of 

micro, spark or arc discharges in liquid electrolytes [32–35]. Some 

groups, mainly Klemenc et al. and Brenner et al. [36–39], reproduced 

and improved Gubkin’s simple experiment in the 1950s and 60s. Also, 

some studies followed on material synthesis from PLIs [40–45]. To this 

date, this method is still widely used for the synthesis of nanoparticles 

(NPs) and nano-structured materials at the plasma-liquid interface 

[46]. One of the interesting experiments related to PLIs is Miller’s 

experiment on origins of life in 1953 [47]. He used water, methane, 

ammonia and hydrogen which were sealed inside a glass flask. The 
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heated water evaporated and entered a larger flask where continues 

electrical sparks were fired between the electrodes to simulated 

lightening in the water vapor and gaseous mixture. 

To understand the fundamental physical aspects of PLIs, many 

groups have studied the formation and propagation of electrical 

discharges in different organic solvents and dielectric liquids. Although 

the study on the mechanisms of electrical breakdown of dielectric 

liquids (mostly insulating oils such as used for transformers, capacitors, 

etc.) had started from the 1940s [48–50], these mechanisms have been 

more extensively investigated from the 1970s [51–56]. However, the 

chemical complexity and variety of insulating oils increases the 

difficulty in understanding the basic breakdown mechanisms. 

Therefore, many studies have been conducted using pure insulating 

liquids with a simple chemical structure such as organic solvents and 

liquefied gases [57,58].    

In one of the early studies, Komelkov et al. [48] investigated the 

breakdown of transformer oil and water and they found that spark 

propagation velocity in water is higher than that in transformer oil (ε 

= 2). Moreover, it was reported that the spark in water emits much 

more intense light. Subsequently, many investigations have been done 

to understand pre-breakdown and breakdown phenomena in water 

(with large dielectric constant, ε = 80) [49,50,59–66]. Due to its polarity 

and conductivity, pre-breakdown and breakdown phenomena in water 

differ from those in organic solvents or insulating oils. However, it has 

been shown that in both cases the streamers form as precursor to 

breakdown [67].  

In 1932, four years after Irving Langmuir coined the term “plasma”, 

Carter and Campbell [68] published a report on investigations of arc 

discharges in water including descriptions of the chemical nature of the 

arc-produced byproducts. Another considerable study of underwater 

arcs (usually produced by capacitive discharges in water) was the 1960 

publication by Martin [69] which considered the plasma properties of 

such discharges.  

The capability of plasma technology in plasma-liquid systems 

which had been confirmed due to the results of previous studies, along 

with the crucial issue of water pollution as well as the lack of potable 

water, have led to the emergence of extensive studies focusing on the 

use of various types of discharge plasmas for water purification and 

wastewater treatment applications from 1973 on [70–75]. Additionally, 
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many research groups also dealt with the fundamental physical and 

chemical properties of plasma-water systems. In the 1980s, Clements 

et al. [67] investigated the pre-breakdown phenomena in water when 

using a point-plane streamer-corona discharge geometry. In the 

following years, Sun et al. [76], Sunka et al. [77] and Joshi and Locke 

et al. [78] investigated the generation of chemically active species by 

pulsed streamer-corona discharges in water.  

Besides water purification and wastewater treatment, different 

studies have also been carried out using PLIs for other interesting 

applications mainly for medical applications, NPs and nanomaterials 

synthesis, food industry and very recently treatment of pre-

electrospinning polymer solutions, which is also the topic of this PhD 

dissertation.  

In its most elementary configuration, plasma in contact with liquid 

can be subdivided into three areas of interest: the plasma gas phase, 

the plasma-liquid interface and the liquid bulk. In specific 

configurations, the plasma gas phase or the liquid phase can have small 

dimensions in the order of 10 µm or even smaller. This is, for instance, 

the situation for underwater corona or for micro-droplets inside active 

plasma, respectively. In other configurations, the plasma and liquid 

phase can have larger dimensions, typically up to a few centimeters. 

For any of these cases, it should be emphasized that processes in each 

area of interest can significantly be influenced by processes in one of 

the other areas. More exactly, mass and heat transfer can occur 

between the areas and the electric field at one location can be 

significantly altered by relocation of charge carriers in another area. As 

such, liquid properties such as conductivity and temperature often 

change under influence of the plasma, impeding the reproducibility of 

successive experiments. Next to that, the liquid often acts as one of the 

electrodes, giving a deformable and evaporating electrode. Also solid 

electrodes submerged in the liquid can deform over time due to erosion, 

changing the curvature of sharp edges and introducing metal and oxide 

NPs into the liquid. Moreover, the complex discharge geometry and the 

surrounding liquid both prevent the application of several diagnostic 

techniques. All these effects make plasma in contact with liquid 

generally harder to investigate than their counterparts in the gas 

phase. Due to these complications, many of the fundamental 

mechanisms behind PLIs are still poorly understood or controversial. 
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It is known that very interesting physical and chemical processes 

are prone to arise at the plasma-liquid interface and in the gas and 

liquid bulk. Among physical processes, strong electric field, UV and 

VUV radiations and formation of shockwaves in highly conductive 

liquids are the most important phenomena. On the other side, creation 

of various chemically reactive species such as radicals, high energetic 

electrons, ions and molecules with high oxidation potential is the most 

important chemical phenomenon. The nature of these processes which 

take part at the plasma-liquid interface is one of the critical and active 

areas of plasma science and technology which can be explored through 

both experimental and computational methods.  

 

 

2.3 Classification of Plasma-liquid Systems 

Plasma-liquid systems can be classified in different ways for example 

by considering plasma regime, voltage waveform type or both 

[71,79,80]. Moreover, reactor design should be also considered because 

it has a strong influence on overall plasma physics and chemistry. As 

suggested by different authors, it is therefore recommended to use the 

plasma-liquid phase distribution as main classification criterion. In a 

review on plasma reactor design for the application of water treatment, 

Vanraes et al. [81] proposed six main classes of plasma-liquid systems 

(Figure 2.3), considering approximately 300 scientific publications: 

1. Electrohydraulic discharge reactors 

2. Bubble discharge reactors 

3. Gas phase discharge reactors 

4. Spray discharge reactors 

5. Remote discharge reactors 

6. Hybrid reactors 

The same authors further subdivided each main class into 

subclasses according to the specific electrode configuration, reactor 

geometry and operational principles, resulting in 107 different plasma-

liquid reactor types. 
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Figure 2.3. Six main classes of plasma-liquid systems as proposed in 

[81]: (a) an electrohydraulic point-plane discharge reactor, (b) a bubble 

discharge reactor with a high voltage nozzle electrode, (c) a point-

water gas phase discharge reactor, (d) a spray discharge reactor with 

a high voltage wire electrode, (e) a remote discharge reactor with 

plasma gas bubbling and UV irradiation and (f) a hybrid reactor with 

an underwater high voltage pin electrode and grounded plate 

electrode in gas phase. 

In electrohydraulic discharge reactors, plasma is directly generated 

into the liquid phase. Various electrode configurations have been 

investigated including single point-plane, multi-point-plane and plane-

plane separated by a ceramic coating, a pinhole or capillary. Among 

these configurations, the single point-plane geometry (Figure 2.3a) has 

been the most commonly used, more specifically in research on pulsed 

streamers and corona in liquids [77,82,83] due to the large electric field 

that can be achieved with minimal applied voltage at the sharp tip of 

the needle electrode. Next to pulsed corona, the pulsed arc discharge is 

frequently investigated as well where a rod-rod geometry is most 

popular [84–86]. Contact glow discharge electrolysis is a special case 

where a submerged cathode is placed inside a sintered glass barrier and 

a pointed anode is placed with its tip in the water surface to generate a 
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glow discharge in a vapor layer [33]. The choice of electrode material is 

important in all these electrohydraulic discharge systems, as erosion 

particles are introduced into the liquid which can cause catalytic post-

treatment effects [87,88]. Formation of erosion particles can however 

be avoided by using a pinhole discharge reactor where the underwater 

plasma is formed in the diaphragm of a dielectric plate, thus not in 

contact with the electrodes [89]. 

Since a gas phase plasma can only interact with the liquid through 

the plasma-liquid interface, discharges in bubbles (Figure 2.3b) have 

often been proposed for maximizing the interface area in an effort to 

raise the process efficiency. Consequently, the ratio of the plasma-

liquid interface area to the total gas volume is inversely proportional to 

the radius of the gas bubbles. As should be noted, a bubble discharge in 

this prospect requires the external application of bubbles into the 

liquid. This makes it essentially different from an electrohydraulic 

discharge where bubbles can be formed during plasma initiation and 

where the unintentional, initial presence of microbubbles is possible 

(see section 2.6). In the majority of the cases, bubbles are generated by 

pumping gas through one or more submerged nozzles or perforations or 

through a porous material. In several reactor subtypes, the high voltage 

electrode is placed in the gas phase separated from the liquid by means 

of, for instance, a porous material, a perforated dielectric plate, a 

perforated grounded plate electrode or a surrounding dielectric tube 

[90–93]. Alternatively, a needle electrode can be located inside the 

bubble which is formed upon a nozzle or perforation [94], or the nozzle 

itself can act as electrode [95]. In such reactors, the solution is mostly 

grounded and acts as an electrode. Accordingly, bubbles can be in direct 

contact with one or both electrodes. Additionally, also a discharge in 

free rising bubbles in between two electrodes is commonly investigated. 

Examples are coaxial dielectric barrier discharge (DBD) reactors with 

rising bubbles which are powered at the inner electrode with pulsed or 

alternating current (AC) high voltage [91]. In most other bubble 

discharge systems, pulsed corona is used. Bubble discharges are often 

filamentary in nature and located at the liquid interface, but their 

specific geometry is strongly dependent on the bubble shape at the 

moment of voltage application and on the bubble gas [92,96,97]. 

In gas phase discharge reactors, plasma is generated over a liquid 

surface or film which often serves as the grounded electrode (Figure 

2.3c). As in liquid-free gas discharges, several plasma regimes can be 
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used including direct current (DC), AC or pulsed corona, AC or pulsed 

DBD, DC glow discharge and DC or AC gliding arc discharge. Such 

plasmas are generally thought to be similar to gas phase plasmas with 

solid electrodes. Nonetheless, several distinctive features of a liquid 

electrode such as its deformability, resistivity and evaporativity have 

been reported to induce unique plasma behavior, as will be further 

discussed in section 2.7. From a practical point of view, this reactor 

class has an advantage over electrohydraulic discharges as gas phase 

plasmas are much easier to generate. Electrical discharges inside the 

liquid have a much higher breakdown strength of the order of MV/cm 

in comparison with gas discharges over a liquid which is in the order of 

kV/cm [98,99]. Interaction between the discharge and the liquid can be 

enhanced by stirring, by extending the liquid as a thin film and by 

making it flow along the active plasma region [100,101]. For this 

purpose, different coaxial falling water film reactors have been 

developed mostly powered with AC or pulsed DBD [102–104]. 

Another effective approach for enhancing the PLIs is to introduce 

the liquid as a jet, as small droplets or as an aerosol into a gas phase 

plasma. This can be achieved by spraying the liquid into a low 

temperature plasma (Figure 2.3d) [105,106] or a gliding arc [107] or by 

pumping it directly into a DC plasma torch as plasma forming gas 

[108]. A particular example is electrospraying, where droplets are 

formed from a Taylor cone under influence of the high voltage [109]. 

The effectiveness of the PLIs can significantly depend on the droplet 

location in the plasma zone [110]. 

In remote discharge reactors, plasma is generated not in direct 

contact with the liquid. Most relevant examples are reactors where the 

plasma gas is first generated and subsequently bubbled through a 

liquid, often accompanied with additional UV treatment of the liquid 

by the plasma-generated photons [111,112], as shown in Figure 2.3e. 

While such approaches prevent many short-living plasma species from 

reaching the liquid, they can be beneficial for the production of other 

ones. It is, for example, more energy efficient to generate ozone in a 

water-free environment than in humid gas [113]. Also, high energy 

conversion for UV photon or radical production can be obtained with 

specialized plasma lamps in the application of liquid treatment 

[114,115]. In principle, also plasma jets for liquid treatment [116] can 

be considered a remote discharge reactor, although regeneration of 

species can occur in the plasma plume [117,118]. 
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Finally, it is also possible to combine any of the above reactor 

classes, leading to hybrid plasma-liquid systems. By placing the 

grounded electrode of an electrohydraulic discharge reactor above the 

liquid surface, for example, it is possible to simultaneously generate a 

gas and liquid phase discharge (Figure 2.3f) [119]. Such a hybrid 

system not only combines the benefits of gas phase and liquid phase 

discharges, but also presents additional advantages including 

enhancement of energy efficiency and increase of the gas-liquid 

boundary surface area which is exposed to electrons and free radicals 

[120]. Although there are many more possible combinations of reactor 

types, only a few are investigated and reported in literature while many 

others are left unexplored up to now [81]. 

The large number of plasma-liquid system types clearly underlines 

the versatility of this technology. Moreover, its flexible design permits 

the integration of complementary technologies. By implementing 

electrocatalysts, photocatalysts or other oxidative methods into a 

plasma reactor, for instance, possible synergies can occur that can be 

useful for different applications. Research in this field is, however, 

complex, due to the numerous possibilities and the complicated 

underlying chemical and physical processes in PLIs. 

 

 

2.4 Electrical Breakdown in Liquids 

In fact, the fundamental mechanisms of discharge initiation and 

propagation in plasma-liquid systems are quite complicated. Much 

attention has been paid to the identification of these mechanisms in an 

effort to reach a more profound understanding of the physical 

phenomena occurring during the formation of plasma directly in liquid 

media [121–124]. The plasma-liquid systems have a unique position 

among the non-thermal plasma sources. Compared to plasmas in gases, 

they require special conditions for their ignition due to substantially 

different properties of the ionized medium. Especially the higher liquid 

density influences the collision frequency of particles and thus the 

energy distribution as well. As the liquid density is ~1.000 times higher 

than that of the gas phase, the electrons have a much lower mean free 

path in case of plasma-liquid discharges. Therefore, a much higher local 

electric field is required to effectively generate a streamer in the liquid 
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phase [125]. Another complexity is the liquid polarity if water or water 

solutions are used because charged particles strongly affect the applied 

electric field. Moreover, the liquid can vaporize which means that the 

vapor-liquid boundary is discontinuous so that the discharge can 

exhibit a much more complex hydrodynamic behavior. Due to these 

complexities, mechanisms of discharges in liquids are not fully resolved 

up to now, although many researchers have been interested in this topic 

since the 1970s. Early studies were mostly motivated by the application 

of insulating transformer liquids. Despite the large amount of 

experimental and simulation data that has been gathered up to now, 

the fundamental mechanisms of discharge initiation and propagation 

in liquids remain controversial. The identification of these mechanisms 

is very challenging since many effects need to be taken into account 

including thermodynamics, hydrodynamics, plasma physics and the 

complex chemistry at the initiating plasma-liquid interface. Moreover, 

the involved processes are expected to be strongly dependent on 

experimental parameters and conditions including the electrode 

configuration, electrode curvature and material, local conditions at the 

electrode-liquid interface, voltage amplitude, rise time, polarity and 

liquid properties such as conductivity, viscosity, its dielectric constant 

and its heat capacity. Nonetheless, the introduction and continuous 

improvement of pulsed power sources, diagnostic techniques and 

computational methods in this field has already led to an increased 

understanding of the underlying plasma mechanisms at this moment. 

Research on this topic has especially benefitted from the reduction of 

the high voltage pulse rise times and time-resolved measurements into 

the nanosecond scale for several techniques such as intensified charge-

coupled device (ICCD) imaging, ultra-fast and Schlieren imaging.  

From a theoretical point of view, several models are currently 

available in the literature which discuss the electrical breakdown in 

liquids, however, they can be categorized into three main classes of 

theories [126–128]:  

1) Direct liquid phase ionization theories that involve electronic 

multiplication by impact-ionization processes within the bulk 

liquid. These theories consider plasma initiation to arise directly 

into the liquid phase without the preceding formation of low density 

regions. 

2) Vapor bubble theories based on microsecond time scale which 

suggest a sequence formation of low density regions (e.g. vapor 
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bubbles) by local heating of the liquid and subsequent plasma 

initiation in these regions. 

3) Theories that consider discharges to occur in pre-existing bubbles 

that assume plasma initiation to occur in pre-existing micro- or sub-

micro-sized bubbles on the electrode or in the liquid. 

Conventionally, the term electronic mechanism is used for the first 

class while the term bubble mechanism refers to the latter two classes. 

According to theories of the first class, the liquid phase is ionized at 

once. This is homologous to the Townsend theory of gas breakdown in 

which electrons gain sufficient energy from the electric field for 

collisional ionization and the production of secondary electrons [129]. 

This results in exponential increment of current, associated with an 

electron avalanche which leads to breakdown. Authors also defend this 

theory by the observation that plasma can be initiated directly into the 

liquid phase in nanosecond time scale. Such duration of plasma onset 

is considered too short for bubble formation and expansion. 

The theories of the second class do not exclude the emergence of low 

density regions. According to this theory, the electron avalanche is 

formed in the liquid phase at the initial stage and subsequently, the 

bubble is formed by local heating. This local heating results from the 

intense electron emission or from thermal breakdown in which the 

current in the high electric field region at the tip of an electrode causes 

local heating. Consequently, this local heating vaporizes the liquid, 

resulting in the formation of microbubbles.  

Alternatively, the theories of the third class suggest a bubble 

dynamic process in which an electron avalanche develops in the gas 

phase at the initial stage followed by the growth of pre-existing bubbles. 

The existence possibility of stable microbubbles within liquids was first 

considered by Bunkin et al. in 1992 [130]. These authors studied the 

formation and stabilization dynamics and concluded that the bubbles 

are responsible for the streamer formation and initiation of breakdown 

in the liquid. 

In both the second and third bubble theories, gas breakdown occurs 

within each bubble and the bubbles expand through vaporizing 

pressure and electro-hydrodynamic forces at the bubble-liquid interface 

until forming a complete breakdown in the electrode. Currently, there 

is however not significant knowledge on the nature of the plasma inside 

the growing bubbles, on whether it is a thermal or non-thermal plasma 

and also on what the dominant mechanism of bubble expansion is [131].   
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Yanshin et al. [65] studied the initial stages of pre-breakdown in 

water near the electrodes using nanosecond pulses and shadowgraph 

techniques. They observed bright dendrites that grew from the point 

electrode and also regions of scattered light which they attributed to 

microscopic bubbles. They modeled the initial pre-breakdown 

phenomena in water using a bubble breakdown theory. According to 

this theory, bubbles are produced by a hole conduction mechanism 

involving hydronium ions (H3O+). In the positive-point case, the energy 

deposition from the hole conduction causes gas nuclei to appear in the 

water near the point electrode. The gas nuclei develop into bubbles and 

ionization occurs in the bubbles, forming a conductive region. This 

conductive region allows a larger current to flow and breakdown occurs 

by a thermal vaporization mechanism.  

Kuskova [66] has proposed a non-thermal mechanism for the 

formation and propagation of sparks in water in nanosecond pulsed 

discharges. In this model, sparks develop as ionization waves. In the 

high field regions, e.g. near the anode, dissociation of water into H+ and 

OH‾ ions occurs because the energy required for dissociation is reduced 

in a strong electric field. The H+ and OH‾ ions form a conducting region 

with characteristic time τ = ε/4πσ, where ε and σ are the dielectric 

permittivity and conductivity, respectively. The expelled field creates a 

new conducting region and is expelled again, thus the field propagates 

and can be considered as a wave which produces a non-uniform 

ionization. Therefore, an anode spark can be regarded as an ionization 

wave with a highly conductive trailing edge, with an intense electric 

field produced in front of the wave.  

However, neither of the theories by Yanshin et al. and Kuskova 

utilize direct collisional ionization by electrons. Electrons in water are 

bound with an energy of 6.5 eV (hydrated electrons) and it is thought 

that in water it is not possible for electrons to attain sufficient energy 

to ionize or multiply within the liquid phase since there are many 

aqueous inelastic scattering mechanisms and since the Townsend 

ionization coefficient (α) is almost zero [131]. Hence, the bubble theories 

assume plasma propagation through low density regions or bubbles 

where α > 0 and electron avalanche can occur. Nonetheless, Yanshin et 

al. [65] stated that if the electric field was strong enough to liberate free 

electrons in water, breakdown would occur in a different manner than 

experimentally observed.  
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Clement et al. [67] investigated pre-breakdown phenomena in 

water with and without gas bubbling for point-plane geometries using 

high voltage pulses. Unlike Akiyama et al. [132], they showed that the 

formation of streamers is affected by the conductivity of water. Also, it 

was influenced by the polarity and magnitude of the applied voltage. 

They found that micro-discharges occur in water of low conductivity 

and are probably caused by a local space charge enlargement due to the 

low conductivity. It is more probably a result of existence of water vapor 

produced by thermal effects of the discharge. They also suggested that 

electrolysis or dissociation of water molecules causes production of 

hydrogen or oxygen atoms, leading to the bubble formation. Their 

observations revealed that bubble production is much lower for 

negative voltage than for positive. For both the positive and negative 

polarities, the bubble production appears to be associated with the 

streamers because the bubble region coincides with the region occupied 

by streamers.  

Locke et al. [71] and Bruggeman et al. [133] concluded from their 

reviews that “non-thermal direct discharges in liquids are pulsed 

streamer discharges with electron densities up to 1025 m–3. In the liquid, 

directly plasma formation proceeds via a (pre-existing micro-) bubble 

mechanism or the formation of a low density region”.  

The mechanism which determines electrical breakdown and the 

formation of a plasma channel in water was also considered in an 

experimental and modeling study reported by Schoenbach et al. [134]. 

Through simulations they showed when pulses are applied in the sub-

microsecond regime, the breakdown is initiated by the field emission 

process at the interface of pre-existing low density regions 

(microbubbles).  

Many other groups [121–124,134] have also studied the breakdown 

phenomena in water and have shown that:  

 The microbubble theory is the most popular theory for streamer 

initiation when pulses in the sub-microsecond regime are applied. 

 The electric field within the bubble is uniform and depends only on 

the external field, as well as permittivity differences between the 

liquid and gas.  

 Electrons enter the gas bubble via the field-emission process at the 

bubble-liquid interface. They are subsequently accelerated by the 

electric field within the bubble which leads to a strong energy gain 

and impact ionization of the bubble gas. As a result, the bubbles 
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will act as micro-charge sources due to an enhanced electric field 

inside them and contribute to plasma creation and multiplication 

within the liquid. 

 Propagation of the streamers depends on the magnitude and rate 

of energy dissipation by hot electrons emerging from the bubbles. 

 Dielectric constant discontinuity between the surrounding liquid 

and the interior of the bubble helps the enhancement of electric 

field on the gaseous side of the microbubble interface. 

 Non-thermal plasmas without water heating are possible by 

nanosecond discharges. 

 The time lag to breakdown has been found to be insensitive to the 

liquid conductivity which implies that ionic currents do not 

contribute to the initiation of breakdown in the liquid. 

According to the several publications, one can say that there is 

currently a general preference for the formation mechanism of the 

discharges via the generation of microbubbles near the electrode in the 

liquids. Several different mechanisms are proposed for formation of 

these vapor bubbles in liquids under discharge conditions [98,133,135]: 

 evaporation of the liquid as a result of conductive current and Joule 

heating 

 electrostatic expansion of pre-existing microbubbles 

 electrochemical effects (molecular decomposition). 

These low density regions facilitate electron avalanches to initiate 

breakdown. 

On the other hand, recent developments in pulsed power technology 

allowed application of much faster voltage rise times (including the sub-

nanosecond range) and revealed that plasma-like phenomena can occur 

in the liquid phase quasi-homogeneously without any bubbles and 

voids. Recently, some investigations were carried out on field ionization 

at the head of streamers [52,136] and some intriguing studies have 

been performed by Starikovskiy et al. [125] and Dobrynin et al. [137] 

who attempted to confirm the possibility of generating non-equilibrium 

plasma in water without density decrease and bubble formation. 

Starikovskiy et al. [125] used a pulsed power system, with 32–220 kV 

pulse amplitude and 0.5–12 ns pulse duration for this purpose. In this 

case, it was demonstrated that plasma can be generated without 

formation of gas bubbles. The propagation velocity for a sub-

nanosecond discharge (220 kV, 400 ps duration) was obtained up to 5 

mm/ns. The authors found that the mechanism of discharge 
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development in the liquid on the “picosecond” time scale is similar to 

that for ionization wave propagation in gases. Dobrynin et al. [137] also 

mentioned the possibility of discharge formation in the liquids on time 

scales much shorter than the bubble formation time near the electrode.  

Most recently, it is suggested [138] that the propagation mechanism of 

a primary streamer may be explained by the bubble theory while that 

of a secondary steamer can be explained by the direct ionization theory. 

However, validation of the proposed propagation mechanisms requires 

direct observation where streamer visualization requires nanosecond 

time resolution and micrometer spatial resolution. Using advanced 

image recording techniques such as Schlieren-photography, some 

studies showed that the breakdown starts within nanoseconds after 

application of the high voltage [139]. For example, the time to form the 

bubbles in water was reported to be about 3–15 ns depending on the 

electric field and pressure [132]. Some elementary estimations say that 

during such a short time, bubble formation by heating is probably not 

the best explanation for the breakdown [126]. 

Using a time-resolved nanosecond imaging technique, Ceccato et al. 

[140] showed that there are four different modes for the electrical 

breakdown process in water at a positive voltage polarity (Figure 2.4). 

The “initiation mode” in which no plasma is formed. The injected energy 

during this mode is consistent with the nucleation of the gas bubbles. 

This mode typically takes a few microseconds, however, it is not 

reproducible. With slowly increasing the discharge current and 

propagation of the next mode (“primary mode”), a luminous region 

forms around the microbubbles. The primary mode is associated to 

weak emissions with many tiny filaments close to the high voltage pin 

electrode and is thus difficult to resolve. The third mode starts with a 

sharp current rise at the beginning of propagation of the “secondary 

mode”. This mode can be considered as a continuous phase. 

Shadowgraph studies indicated the presence of shock waves in both 

primary and secondary modes at the tips of the filaments. The fourth 

mode or “re-illuminations phase” is responsible for the breakdown of 

the liquid gap in low conductivity water. The first three modes, 

initiation, propagation of the primary mode and propagation of the 

secondary mode, are usually referred as “pre-breakdown” phenomena. 

Although both positively and negatively biased electrode discharges are 

filamentary, propagation mechanisms are different. In negative 

polarity, electrons come from the gas phase to the interface, while in 
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positive polarity they come from the liquid phase to the interface. The 

light emission in negative polarity is significantly less than that in case 

of positive polarity. The light emission also starts immediately after 

applying the high voltage in negative polarity and propagates more 

slowly than that in case of positive polarity. 

 

Figure 2.4. Current waveform: (0) beginning of the applied voltage 

pulse, (1) initiation current due to conductivity of water ~300 mA 

here, (2) current ramp of the plasma primary positive mode ~50 mA, 

(3) current increase of the secondary positive mode ~1 Amp, (4) re-

illuminations (7 µS/cm, 40 kV) [140]. 

 

 

2.5 Electrical Breakdown in Bubbles 

In the past two decades, there is an increased amount of interest in 

understanding the fundamental mechanisms of bubble discharges. 

Many studies on this topic mostly focus on the production and 

chemistry of oxidative species in the plasma and water phase while a 

limited amount of reports deal with the physical plasma features. 

First, it should be noted that breakdown mechanisms in bubbles 

are strongly dependent on the electrode configuration and bubble 

characteristics such as size, gas composition, shape and location. For 

instance, plasma will be ignited differently in a bubble attached to a 

high voltage electrode as compared to in a free bubble nearby the 
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electrode. Also, a stationary bubble positioned on a high voltage nozzle 

electrode connected to the nozzle’s inner diameter can electrically 

breakdown, unlike a bubble connected to the outer diameter. Therefore, 

a single fully comprehensive model for an electrical discharge in a 

bubble is not possible as multiple configurations need to be individually 

considered. 

In one common class of configurations, free gas bubbles are applied 

in between the electrodes. In a plate-plate electrode system, pulsed 

plasma was most intense in the bubbles adjacent to the electrodes 

[141,142]. For nitrogen (N2), helium (He) and argon (Ar) bubbles in a 

pin-plate system, Vanraes et al. [143] reported two distinct modes of a 

negative pulsed discharge: a direct bubble discharge with an immediate 

onset of a spark discharge inside the bubble and a delayed bubble 

discharge where a spark discharge occurred after a delay time of 

typically several microseconds. Based on the measurements and 

previously reported experiments, a dynamic model for a bubble 

discharge was proposed in which the position of the bubble relative to 

the electrodes during application of the voltage pulse determined 

whether the bubble discharge was direct or delayed. Electron densities 

in the order of 1024 to 1025 m–3 and neutral gas temperatures from 6 to 

9 kK were measured.  

Sommers et al. [144] investigated a pulsed discharge in a single 

bubble trapped by ultrasonic levitation between a positive high voltage 

pin and a grounded plate electrode. They observed two distinct types of 

plasma formation in the bubble: a delayed streamer derived discharge 

where an incident streamer from the liquid reaches the bubble and 

transforms into a surface streamer along the bubble wall and a 

capacitively coupled discharge in which diffuse plasma was produced 

at the bubble surface solely due to the applied electric field. Both 

observed discharge types were confined to the bubble’s inner surface 

(see Figure 2.5). The importance of the latter discharge type needs to 

be emphasized, since this is, to our knowledge, the only experimental 

rapport up to now of field ignited plasma in a bubble without a 

discharge channel between the bubble and an electrode. It occurred at 

decreased voltage and was more easily ignited in He bubbles as 

compared to air bubbles. Under repetitive pulsing at 50 Hz, the plasma 

grew and gradually intensified. The streamer derived discharge caused 

clear and strong disturbances of the bubble surface opposite to the 

location where the liquid streamer contacted the bubble. This was 
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explained by Raleigh-Taylor like instabilities caused by the 

convergence of surface streamers at the opposite location. In AC electric 

fields, the bubble deformed as well, displaying periodic oscillations that 

could be decomposed into the first three even axisymmetric spherical 

harmonic modes [145]. Such deformation can enhance the electric field 

distribution inside the bubble and decrease the internal gas pressure 

which facilitates plasma formation. 

 

Figure 2.5. Plasma ignited in a He filled bubble under repetitive 

pulsing at 50 Hz. In this case, the plasma appears to be confined only 

to the inner bubble volume. The extent of the plasma in the bubble 

grows after a sufficiently long time [144]. 

In another common class of electrode configurations, bubbles are 

continuously formed in contact with the high voltage electrode. The 

plasma appearance and bubble shape evolution of the pulsed discharge 

in such bubbles significantly depends on the bubble gas and applied 

voltage [92,96,97]. With DC power applied, reported electron densities 

range from 1020 to 1023 m–3 [146,147]. For positive pulsed discharges in 

molecular gases such as N2 and oxygen (O2), the filamentary discharge 

propagates predominantly along the inner bubble surface and wrinkles 

develop on the bubble surface. In rare gases such as He, neon (Ne) and 

Ar, in contrast, the discharge is more diffuse and volumetric, causing a 

large hump on the upper smooth surface. With increasing voltage, the 

bubble sometimes collapsed into smaller bubbles under influence of the 

discharge. Vanraes et al. [148] reported five stages in a negative pulsed 

discharge, where plasma rapidly fills the bubble and subsequently 
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decays followed by a dark stage, after which the plasma fills the bubble 

again gradually towards the upper bubble edge. This was explained 

with a capacitive feature of the bubble. A similar model has been 

suggested in [149], where the high voltage cathode pin is located with 

its tip inside the bubble. The length of the dark phase and the 

subsequent bubble filling phase strongly depends on the bubble gas. In 

the fifth stage, branching streamer-like structures start to propagate 

from the bubble surface into the water, similar in nature to pulsed 

streamer discharges in water [148].  

Tu et al. [150] used another approach to investigate a pulsed 

discharge in a single bubble, by introducing a stationary air bubble on 

a quartz tube in between two pin electrodes. The positive high voltage 

pin had its tip positioned exactly at the bubble surface while the 

grounded pin electrode tip was placed on a variable distance d from the 

opposing bubble side. For d=0 µm, the pulsed streamer followed the 

shortest path along the bubble axis. For larger distances, a dielectric 

barrier mode was observed, where the streamer propagated along the 

bubble surface. When the electrodes were positioned exactly on the 

bubble axis, the discharge propagated along the upper and lower 

surfaces of the bubble. A vertical shift of the electrodes, both upwards 

and downwards, however, limited the discharge along the upper 

surface. This is in agreement with similar observations obtained in 

[151]. The plasma intensity also decreased for increasing distance d. In 

this case, the electrical breakdown was followed by the oscillation and 

the instability of the bubble surface [150]. Sommers et al. [151] also 

observed surface distortions on a bubble attached to a ground electrode 

subjected to periodic pulsed power, consistent with the conditions for 

capillary oscillations. 

 

 

2.6 Electrical Breakdown in Gas Phase in 

Contact with Liquids 

In comparison to electrical breakdown in liquids and bubbles, there are 

rather few experimental studies on the physical mechanisms of gas 

discharges in contact with liquids. In contrast, their characterization in 

terms of chemistry, especially in the aqueous phase or at the liquid 

interface, is significantly more extensive. This trend is likely in part 
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due to a general belief amongst plasma physicists that plasma 

characteristics in the bulk of the electric discharge for the case of a 

liquid electrode are largely similar to the ones where only solid 

electrodes are used. This belief, however, seems to be unjustified, based 

on a few recent studies [152–155]. As these studies imply, electrical 

discharges in contact with liquids present unique plasma physical 

features due to the liquid electrode’s conductivity, deformability, heat 

capacity and evaporation. 

The resistive nature of a liquid electrode can strongly influence the 

plasma behavior. As illustrated by a series of scientific reports, for 

instance, water electrodes covered by a dielectric barrier are beneficial 

for the stabilization of diffuse barrier discharges at atmospheric 

pressure [152,154,156–158]. Shao et al. [153] investigated the plasma 

characteristics of a pulsed DBD in open air at room temperature in 

between two water electrodes and compared this set-up to a set-up 

containing two metal electrodes, where each electrode was covered with 

a 1 mm thick glass barrier. They observed homogeneous discharges for 

the water electrodes, whereas the discharge in between the metal 

electrodes was only uniform for electrode gaps below 3 mm. More 

specifically, the water electrodes were found to result in a better 

uniformity, but lower intensity and current of the discharge as well as 

a lower rotational temperature. The higher homogeneity was attributed 

to resistive stabilization of the plasma by the lower conductivity of the 

water solution as compared to the metal electrodes.  

Also discharges in direct contact with a liquid show clear 

differences with plasma generated between solid electrodes due to the 

difference in resistivity. Bruggeman et al. [155] compared a DC 

powered discharge in a pin-water electrode system with a pin to metal 

plate electrode system, where the pin served as cathode. For the solid 

electrodes, contraction of the anode spot was observed at the plate 

anode. For a water anode, in contrast, such contraction was exclusively 

seen for conductivities above 5 mS/cm. On a distilled water anode, the 

anode spot remained diffuse during all stages of the discharge, starting 

from the initial glow stage. During the glow-to-spark transition, radial 

contraction starts in the middle of the gap and moves towards the pin 

electrode, until the discharge is entirely constricted between the pin 

and the middle of the gap, with conical broadening at the water surface. 

Further constriction towards the water anode continued during the 

spark stage until 760 ns after the current peak maximum associated 
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with the spark, but the conical broadening remained up to a certain 

distance above the water surface. For conductivities between 0.5 and 1 

mS/cm, the current amplitude during the glow stage and the current 

peak rise time during the spark stage were found to be significantly 

higher than for lower and higher conductivities. In two subsequent 

studies [159,160], pattern formation on the water anode was reported 

which is as well a characteristic feature of a glow discharge in contact 

with a resistive electrode. For a water cathode, however, the discharge 

is filamentary in nature, explained by the higher electrical instability 

at the water surface [159]. 

The time evolution of a single AC powered DBD filament in contact 

with a water film in a sphere-sphere electrode configuration was 

investigated by Vanraes et al. [81]. The filament was generated in 

between a water film flowing over a grounded hemispherical metal grid 

and a hemispherical dielectric barrier located at the tip of the upper 

high voltage needle electrode. The discharge evolution displayed two 

distinct features. In the voltage half cycle where the water served as 

cathode, the emitted plasma light intensity was shaped as a small light 

pulse followed by a hump. In the other half cycle, on the other hand, 

only an intense light pulse was seen which is characteristic for a set-up 

with solid electrodes. By means of ICCD imaging, the light hump was 

observed as an intense cathode spot at the water surface and an 

upwards moving glow-like discharge wave along the dielectric surface, 

demonstrating stepwise charge deposition on the barrier. Similarly to 

the conclusions of Shao et al. mentioned above, Vanraes et al. explained 

this phenomenon by the resistive nature of the water cathode, in 

agreement with the comparable light humps reported for the resistive 

barrier discharges in [161,162]. Next to that, a glow-like discharge spot 

was continuously present at the water electrode during both voltage 

half cycles. These characteristics are unique in that they generally do 

not occur in DBDs with solid electrodes. On the other hand, the electron 

density in the filament over the water film was determined to be in the 

order of ne ≈ 1014 cm–3 which lies in the range reported for the case with 

solid electrodes. 

For a DBD with solid electrodes, diffuse barrier discharges can be 

generated by means of a resistive material of a semiconductor instead 

of the dielectric barrier, where pulsed high voltage is preferably used 

over AC power [152,158]. In clear analogy, the importance of the input 

voltage waveform for DBD over a water electrode is demonstrated in 
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[163], where nanosecond-pulsed voltage produced more homogeneous 

plasma as compared to the filamentary behavior for AC power. In this 

study, the water solution was located in a petri dish on the high voltage 

plate electrode and underneath a grounded plate electrode covered by 

a ceramic layer. The positively pulsed high voltage manifested itself as 

a pulse followed by an oscillatory transient due to load mismatching, 

resulting in a series of voltage pulses with a duration of about 30 ns. 

Homogeneous plasma was visible during the first five voltage maxima, 

with a significant drop in intensity after the first maximum. For AC 

power, four intense streamers with a duration of 20 ns appeared during 

each voltage half cycle. The nanosecond-pulsed discharge was 

characterized by lower electron, vibrational and rotational 

temperatures than the sinusoidal one, with a non-thermal behavior in 

both cases. Average electron density was found to be 6×1011 cm–1 and 

4×1013 cm–1 for the nanosecond-pulsed and sinusoidal discharges, 

respectively. Numerical simulations of the pulsed discharge gave good 

agreement with the experimental results, showing an electron energy 

distribution function that is nearly Maxwellian during the first five 

pulses. In the afterglow, however, a strong non-equilibrium was 

present. 

The dynamics of a liquid electrode interface need to be taken into 

consideration for two main reasons. On the one hand, different forces 

that work in an electrical discharge can cause deformation of the liquid 

surface including the Lorentz force from the external field and the 

forces exerted by ion bombardment. On the other hand, deformation of 

the liquid surface can significantly influence the plasma features, for 

instance due to droplet formation or due to local field enhancement by 

Taylor cone formation. Taylor cone formation was observed in [159,164] 

on a water anode underneath a metal pin cathode for inter-electrode 

distances smaller than 7 mm with DC high voltage applied. As observed 

with ICCD imaging, plasma ignition was triggered only at the moment 

where the surface deformation reached a sharp Taylor cone-like shape 

(see Figure 2.6). For larger inter-electrode distances, plasma onset 

occurred without the development of a water surface instability, yet 

with an elevated static water interface. In contrast to the diffuse 

appearance of the discharge near the water in case of a water anode, 

the discharge displays a filamentary nature when using a water 

cathode. This difference is explained by the impossibility to have a 

stable water cathode surface while stability of a water anode surface is 
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possible under the used conditions [159]. The above-mentioned 

conclusions are in good agreement with the observations in [165], 

where deformation of two water droplets on a hydrophobic plate in a 

DC field was investigated, with each droplet connected to one of the 

opposite electrodes. The droplet connected to the cathode showed 

stronger elongation, with shape sharpening as compared to the droplet 

at the anode which retained a round form with less elongation. The 

formation of the discharge or of a water filament connecting both 

droplets depended on the properties of the hydrophobic plate, 

influencing charge deposition on the plate. Next to water electrode 

deformation, it is also important to note that the discharge between a 

liquid and a solid electrode can be accompanied by transfer of liquid 

drops towards the solid electrode [166]. 

 

Figure 2.6. Temporal development of breakdown. The anode water 

surface is located at the bottom of each picture. The shutter opening 

time is indicated at the right bottom of the images. With increasing 

current, two distinct cathode spots and a constriction of the diffuse 

discharge is observed from (a) to (c), followed by a spark channel 

formation in (d). Similar results can be seen for a delayed trigger in 

comparison with current pulse in (e). The smooth luminosity pattern 

on the water surface is not observed in (f) due to water surface 

protrusion [164]. 

In addition to the electrical stabilization of the discharge, liquid 

electrodes can also act as a heat sink, thermally stabilizing the plasma. 

In [159], a diffuse DC discharge between a pin cathode and a water 

anode showed a drop in rotational temperature of N2 and OH• from 

3.250 K in the positive column down to 750 K near the water anode, 

whereas this feature was not observed in the same proportion in case 

of a metal anode. With opposite polarity, in contrast, the temperature 

near a water cathode was found to be equal to the temperature near a 

metal cathode, within experimental precision. This is in agreement 



38 
 

with temperature profiles measured in a so-called discharge with liquid 

non-metallic electrodes, where diffuse DC plasma is formed between 

two streams of weakly conducting liquids. In these profiles, the 

temperature drop in the anode region is consistently larger than the 

drop in the cathode region, for vibrational as well as rotational 

temperatures [167–169]. 

Another apparent unique feature of a liquid electrode is its ability 

to vaporize, which can have strong consequences on the plasma 

behavior. The vapor concentration at the water electrode is often 

significantly higher than in the gas bulk, implicating a strong gradient 

in the humidity profile. For the gas jet-type plasma applied to a wet 

surface in [170], the high humidity region at the water surface was 

found to have a thickness depending on the gas flow rate, ranging from 

0.1 to 0.5 mm for rates higher than 0.3 L/min. Presence of the water 

molecules leads to the formation of reactive plasma species such as 

hydroxyl radicals which have a very limited lifetime and can thus 

hardly reach the water surface. For that reason, evaporation is 

supposed to have a tremendous effect on the chemistry at the water 

interface. In a DC powered pin-water electrode configuration, the vapor 

concentration in the discharge was found to be higher for a water 

cathode than for a water anode [159]. Based on experiments, water 

vapor at the liquid anode was suggested to have an electrically 

stabilizing effect on the glow discharge [155]. When using a water 

cathode, the effect of water temperature was investigated for a DC glow 

discharge between a nozzle high voltage electrode transporting a He 

flow towards a grounded NaCl electrolyte solution in [171]. At high 

discharge currents, light emission from sodium atoms was observed at 

the liquid interface, originating from vaporization of the electrolyte 

surface, likely by local heating due to ion bombardment from the glow 

discharge. With rising electrolyte temperature, the intensity of the 

sodium emission increased. For pulse-modulated DC power, the sodium 

emission occurred with a delay relative to the onset of the discharge, 

whereas nitrogen molecular lines immediately reached peak intensities 

in the emission spectra. 
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2.7 Conclusion and Perspective 

As a concluding remark, it can be stated that the ionization and 

breakdown processes and mechanisms in liquids still need to be more 

profoundly studied at this moment. This conclusion is driven by the fact 

that in dense media, three- and/or multi-body collisions and multi-step 

ionization processes are dominant resulting in the fact that there are 

still several unknowns about molecular species and gas mixtures at 

high pressures. Many studies have also revealed that plasma 

propagation dynamics spans time scales ranging from sub-nanoseconds 

to microseconds. Therefore, it is worth considering that some processes 

occur on these relevant time scales such as phase change, density, 

pressure and temperature fluctuations and charge accumulation at the 

plasma-liquid interface which make the plasma propagation an 

extremely complex physical phenomenon.  

Electrical discharges in externally applied bubbles can occur in 

various modes, strongly dependent on the electrode configuration. 

However, even in the same set-up, more than one mode is often 

observed for similar or apparently identical conditions. Delayed as well 

as immediate bubble discharge relative to the moment of voltage 

application has been reported on multiple occasions. Also, the first 

experimental evidence for field ignited plasma in a bubble is recently 

reported, where the electrical discharge is generated without the 

presence of a discharge channel in the liquid that connects the bubble 

with one of the electrodes. Generally, the most intense plasma is located 

at the inner bubble surface and is filamentary in nature, but more 

volumetric or homogeneous discharges are possible as well, depending 

on the bubble gas and method of plasma ignition. As for the 

electrohydraulic discharge, the fundamental mechanisms of the 

different modes of bubble discharge are still insufficiently understood. 

Finally, also the underlying processes of electrical breakdown in the 

gas phase over a liquid are currently still a topic of debate. The presence 

of a liquid electrode causes clear differences in the plasma behavior as 

compared to the case with solid electrodes. Based on several 

experimental investigations, such differences have been attributed to 

the liquid’s resistivity, deformability, heat capacity and evaporation. 

Correspondingly, similarities with resistive barrier discharges have 

been observed, in addition to Taylor cones, lower gas temperatures and 
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strong humidity gradients at liquid electrodes. A deep and detailed 

understanding of these mechanisms is, however, currently still lacking.
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Applications of Plasma-liquid 

Systems 
 

 

 

This chapter provides an overview on a wide range of applications of 

plasma-liquid systems including water purification, water analytical 

chemistry, power transformers for high voltage switching, plasma 

sterilization, nanomaterial processing, plasma medicine, polymer 

solution treatment, food preservation and agricultural processing.  

 

 

3.1 Plasma in Nanomaterial Processing 

Today, various methods are available for NP synthesis, among which 

reduction of metal ions in solutions is a very powerful tool for 

fabricating NPs with different sizes, shapes and compositions [172]. 

Wet-chemical methods, which are based on chemical reduction 

occurring by mixing a suitable reducing agent into the solution, is still 

an effective route. However, the wet-chemical reduction method suffers 

from long processing times, usually up to several hours. To overcome 

this problem, many groups have attempted to develop alternative 

reduction methods in which energetic electrons serve as reducing 

agent. Due to the unique properties of plasma and also because of the 

metal ions dissolubility in the liquids, plasmas in liquids or in contact 

with liquids have attracted significant attention for NP synthesis. NP 

synthesis using plasma-liquid interfaces presents some important 

advantages such as the unnecessity of using reducing agents, the 

simplicity of its experimental design and also the continuous synthesis 

during plasma irradiation [173–177]. Reducing agents can be directly 
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produced during the PLIs-based NP synthesis process, which is a key 

advantage of this technology in contrast to the conventional wet-

chemical solution-based methods. 

In nanomaterial processing using PLIs the most attention is paid 

to reactions occurring at the plasma-liquid nano-interface [178]. 

Indeed, NP formation is most probably attributed to the complicated 

physical and chemical reactions occurring in the plasma-liquid 

interface such as reduction, oxidation and sputtering. There have been 

several computational investigations that have discussed the processes 

occurring at the plasma-liquid interface and how their fluctuations 

affect the results of material processing as well. For example, it has 

been shown by Shirafuji et al. [178–180] using numerical simulation 

that slow liquid ions tend to remain on the top of the liquid surface in 

contact with plasma when the plasma is generated by an AC-driven 

DBD. This tendency implies that slow liquid ions preferentially interact 

with the species supplied from the gas phase plasma and govern 

reactions to generate final products in the liquid phase.  

Although the capability of plasma-based nanomaterial processing 

has been confirmed by numerous studies [181–185], the synthesis of 

NPs with a defined shape is still very challenging and often not very 

reproducible. Therefore, a precise control over the synthesis rate and 

the NP morphology remains unattainable because the inevitable high 

voltage discharges at atmospheric pressure and the dynamic behavior 

of the plasma-liquid interface prevent the analysis of the precise 

plasma properties in the interfacial region [186]. To deal with this 

problem, ionic liquids have been proposed as the most suitable liquids 

for the plasma-assisted formation of NPs [187–197] due to their 

composition (consisting of only positive and negative ions), low vapor 

pressure, high heat capacity and non-flammability. These 

characteristics, in contrast to volatile liquids or water, enable the 

introduction of ionic liquids to vacuum plasma systems and therefore 

do not limit the use to only plasmas operated at high pressures. 

Moreover, in case of low pressure plasmas, nanomaterial synthesis is 

not limited to a small sized plasma region, which typically enhances the 

yield of produced nanomaterials.  

Using ionic liquids, Brenner et al. [39] could obtain dendrites of 

several metals in a vacuum glow discharge system. Additionally, in 

1998, Kawamura et al. [198] synthesized micro-scaled fine Ag particles 

in an atmospheric pressure DC plasma system. These authors used a 
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molten LiCI-KCI-AgCI salt as anode, because the electrons generated 

from the plasma cathode can reduce any metal ion in its molten form. 

Based on this result, the same approach, using plasma as cathode and 

the ionic liquid as anode, has been applied in many cases for NP 

synthesis [186,188,197,199,200]. Although ionic liquids presents some 

advantages, using them makes it difficult to eliminate the conjugation 

of the ionic liquids from the surface of NPs when it is desired to change 

the surface function of NPs. Also, the solubility of many metal salts is 

low in ionic liquids in comparison to water. Moreover, the reducing 

species produced by plasma are usually more efficient in water-based 

solutions than in the ionic liquid-based ones, due to their better 

mobility in water-based solutions [172]. Consequently, numerous 

studies have also focused on plasma-assisted NP synthesis using water-

based solutions, of which a few examples are given in Table 3.1.      

Using PLIs technology, significant attention has been paid to the 

fabrication of gold NPs. For this purpose, a multitude of plasma 

systems were used including DC discharges [186], atmospheric micro-

plasmas [185,201], pulsed DC discharges [174,202–204] and DC arc 

discharges [205]. To fabricate gold NPs, Kaneko et al. [186] generated 

a DC discharge on an ionic liquid and studied both ion and electron 

irradiation modes combined with the introduction of ionic liquids under 

strong magnetic fields up to several tesla. The authors concluded that 

ion irradiation is more effective for the synthesis of gold NPs compared 

to the conventional electron irradiation system (see Figure 3.1). They 

also observed that corresponding to the shape of the strongly-

magnetized plasma, periodic or ring shaped gold NP structures could 

be formed. Mariotti et al. [201] also examined the synthesis of gold NPs, 

but used a DC micro-plasma. These authors especially considered 

electron-induced reactions to determine the chemical reactions 

occurring in the liquid phase. Their results confirmed that the 

synthesis of gold NPs is achieved without the use of any surfactant or 

any reagent other than the gold precursor.  
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Figure 3.1. Transmission electron microscopy (TEM) images of gold 

NPs synthesized in (a) the ion irradiation mode and (b) the electron 

irradiation mode; (c) UV-vis absorption spectra of gold NPs [186]. 

Besides gold NPs, silver NPs have also been widely synthesized 

using different plasma discharge regimes, as can be seen in Table 3.1. 

Yu-Tao et al. [182] reported the synthesis of Ag NPs with a mean 

diameter of 3.5 nm using an Ar DBD plasma jet applied on an AgNO3 

containing solution. They used ethanol as solvent and reducing agent 

because, in case of using water, the discharge would transit to an arc 

mode and the temperature would increase too much. Additionally, 

polyvinyl pyrrolidone (PVP) was used as macromolecular surfactant 

and a pulsed power supply was applied to reduce the Ag NP size. In 

another study, Lee et al. [206] also used an AgNO3 containing solution 

but in a bipolar pulsed electrical discharge system with a needle to 

needle electrode geometry. In this case, the used surfactant to prevent 

aggregation of the fabricated Ag NPs was cetyltrimethylammonium 

bromide [CTAB;CH3(CH2)15N(CH3)3Br] and ultrapure water was used 

as solvent. Depending on the discharge time, Ag NPs with different 

sizes were produced. It was revealed that both Ag NP size and number 

increased with treatment time and with the concentration of silver 

nitrate in the solution. Addition of 30% or more surfactant in the 

solution was also found to be appropriate to prevent Ag NP aggregation. 

In another study, an atmospheric pressure He micro-plasma treatment 

was performed on an aqueous AgNO3 solution, with sucrose as 

surfactant or stabilizing agent, to synthesis Ag NPs processing 

diameters varying from 7 to 13 nm [207]. Finally, Cho et al. [184] 

employed a wire explosion process in liquid phase for Ag NP synthesis 

in both water and air media. The results illustrated that the size of the 

particles formed in water was smaller than the ones fabricated in air. 

The authors concluded that the high energy deposition in the water, the 
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sufficient expansion volume and the quick cooling of the vapor are the 

main reasons for the creation of smaller particles in the water medium. 

Besides silver and gold, there are also many experimental studies 

focusing on the synthesis of other metal NPs using various plasma 

discharges. For example, copper NPs have been produced using plasma 

electrochemical deposition in ionic liquids [208] and using a liquid 

phase bipolar pulsed plasma discharge in water [209]. The same bipolar 

pulsed discharge in water has also been used for the preparation of 

aluminum [183] and cobalt [210] NPs. A 2.45 GHz microwave-induced 

plasma in ethanol was also applied by Amaliyah et al. [211] to reduce 

ZnO powder in an effort to effectively produce Zn NPs. Synthesis of 

magnetic iron and cobalt carbide NPs encapsulated by a graphite shell 

was also studied by Sergiienko et al. [212,213] using an Ar DC 

discharge in an ultrasonic cavitation field, while Chen et al. [176] 

produced zirconium carbide NPs encapsulated in graphitic carbon 

using a pulsed plasma in ethanol to reduce a zirconium metal electrode. 

Finally, using an atmospheric pressure glow discharge, Toriyabe et al. 

[181] produced various metallic nanoballs (Ni, Ti, etc.) by plasma 

electrolysis.
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Table 3.1. An overview on metal NP synthesis using non-thermal plasma 

generation in liquid and in contact with liquid. 

No NPs 
Size of 

NPs (nm) 

Raw 

material 
Liquid Plasma source Description Ref. 

1 Ag, Au, 

Ni, Ti 

100 Metal 

wire 

cathode 

 

K2CO3 Atmospheric 

glow discharge 

 

Cathodic plasma electrolysis.  

Voltage: 120–160 V, time: 10, 30 min. 

[181] 

2 Ag 3.5 AgNO3 Ethanol Atmospheric 

pulsed DBD jet  

 

Ar glow discharge on the solution. 

Voltage: 5 kV, gas flow: 0.3–1 L/min, gap: 3–5 

mm, frequency: 67.5 kHz. 

 

[182] 

3 Ag 5 – 50 AgNO3 Ultrapure 

water 

Bipolar pulsed 

discharge 

 

High frequency discharge directly in liquid phase 

with needle to needle electrode geometry. 

Voltage: 250 V, pulse frequency: 30 kHz, pulse 

width: 2 µs, gap: 0.2 mm. 

 

[206] 

4 Ag 7 – 13 AgNO3 Water Atmospheric DC 

micro-plasma 

discharge 

 

He plasma on the solution. 

Voltage: 0–15 kV, gas flow: 25 standard cubic 

centimeter per minute (sccm), gap: 3–4 mm, 

time: 30 s–10 min. 

 

[207] 

5 Ag 57 Silver 

wire 

Water Arc discharge 

 

Wire explosion in water. 

Voltage: 12 kV, capacity: 10 µF. 

 

[184] 

6 Al2O3 10 – 100 AlCl3 Water Bipolar pulsed 

discharge 

 

High frequency discharge directly in liquid phase 

with needle to needle electrode geometry. 

Voltage: 250 V, pulse frequency: 30 kHz, pulse 

width: 5 µs, gap: 0.3 mm. 

 

[183] 
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7 Au 10 – 180 HAuCl4 Water 

 

DC micro-

plasma 

He or Ar micro-plasma on the solution. 

Voltage: 0.8–2 kV, current: 1–5 mA, gap: 0.5–1.5 

mm, gas flow: 25 sccm, time: 10 min. 

 

[201] 

8 Au 20, 50 HAuCl4 Water Pulsed DC 

discharge 

 

Glow discharge in aqueous solution. 

Voltage: 1.6, 3.2 kV, pulse frequency: 15 kHz, 

pulse width: 2 µs, gap: 0.3 mm. 

 

[174] 

9 Au 10 HAuCl4 Water Pulsed DC 

discharge 

 

Ar plasma into the solution.   

Voltage: 960 V, current: 0.5 A, pulse frequency: 

15 kHz, pulse width: 2 µs, time: 10 min, gap: 0.3 

mm. 

 

[202] 

10 Au 2 – 10 HAuCl4 Water Pulsed DC 

discharge 

 

Plasma is generated in the aqueous gold solution 

with needle to needle electrode geometry. 

Frequency: 10 kHz, pulse width: 250 ns, time: 30 

min, gap: 0.2 mm. 

 

[203] 

11 Au 150 HAuCl4 Water Pulsed DC 

discharge 

 

Discharge directly in liquid phase. 

Voltage: 1.6, 2.4, 3.2 kV, gap: 0.3 mm, pulse 

frequency: 15 kHz, pulse width: 2 µs, time: 5–45 

min. 

 

[204] 

12 Au 32.75, 

36.87 

HAuCl4 Water DC micro-

plasma  

 

He plasma on the liquid.  

Voltage: 2 kV, current: 8 mA, time: 15 min, gap: 

2 mm. 

 

[185] 

13 Au 10 – 65 Gold wire 

electrode 

 

Water DC arc 

discharge 

 

Submerged gold wires in deionized water as 

electrodes with needle to needle geometry. 

Voltage: 20–40 V, pulse width: 10 µs, current: 4 

A, gap: few microns. 

 

[205] 
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14 Co3C 4 – 70 Cobalt 

plate and 

tip 

Ethanol DC plasma 

discharge 

 

Ar plasma in the ultrasonic cavitation field.  

Voltage: 55 V, current: 3 A, gap: 1 mm, power: 

165 W, time: 15 min. 

 

[213] 

15 Co 10 – 100 CoCl2 Pure 

water 

Bipolar pulsed 

discharge 

High frequency discharge directly in liquid phase 

with needle to needle electrode geometry. 

Voltage: 250 V, pulse frequency: 30 kHz, pulse 

width: 5 µs, gap: 0.3 mm, time: 10–120 min. 

 

[210] 

16 Cu 11 – 26 Copper 

wire 

Ionic 

liquid 

 

DC discharge Cathode glow discharge on the liquid in Ar 

atmosphere. 

Voltage: 450–500 V, current: 10 mA, time: 30 

min, pressure: 100 Pa. 

 

[208] 

17 Cu 5 – 50 CuCl2 Ultrapure 

water 

Bipolar pulsed 

discharge  

 

High frequency discharge directly in liquid phase 

with needle to needle electrode geometry. 

Voltage: 250 V, gap: 0.3 mm, pulse frequency: 30 

kHz, pulse width: 5 µs. 

 

[209] 

18 Fe3C, χ-

Fe2.5C 

5 – 600 Iron tip Ethanol Low power DC 

discharge 

 

Ar plasma in the ultrasonic cavitation field.  

Voltage: 55 V, current: 1.58 A, gap: 1 mm. 

 

[212] 

19 Fe 9.5 – 21.6 Iron 

electrodes 

Toluene/w

ater 

 

Pulsed AC 

discharge 

 

Discharge directly in liquid phase. 

Voltage: 100 V, current: 6 A, gap: 1 mm, pulse 

width: 10 µs. 

 

[214] 

20 Zn 30 – 200 ZnO 

powder 

Ethanol Microwave 

plasma 

 

Plasma in the liquid. 

Frequency: 2.45 GHz in TE10 mode, power: 235 

W, time: 10 min. 

 

[211] 

21 Zn 10 – 200 Zinc plate Water, 

alcohol 

Microwave 

plasma 

 

Plasma in the liquid. 

Power: 250 W, time: 30 s, gap: 1 mm. 

 

[215] 
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22 ZrC 10 Zirconium 

electrode 

Ethanol Pulsed AC 

discharge 

Discharge directly in liquid phase. 

Current: 20 A, pulse frequency: 60 Hz, pulse 

width: 3 µs, gap: 0-1 mm, time: 1 h. 

[176] 
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Some well-designed reviews on the use of plasmas in the 

nanoscience field have already been published before. Graham et al. 

[216] reviewed a variety of electrical discharges employing electrodes 

immersed in the liquid for nanoscience applications. Additionally, 

Kareem and Kaliani [46] have presented a general review of glow 

discharge plasma electrolysis for NP synthesis. Recently, Saito et al. 

[217] summarized the available electrode configurations in plasma-

liquid systems for nanomaterial synthesis in more detail. Finally, a 

well-documented review was very recently presented by Chen et al. 

[172] on the physical and chemical processes taking place during NP 

synthesis in plasma-liquid systems. Therefore, the readers are referred 

to the above-mentioned paper for more details on the processes 

occurring during plasma-assisted NP synthesis to avoid prolongation of 

this particular section. However, the most notable information from the 

review paper of Chen et al. is summarized in this review paper and can 

be found hereafter: 

 When the liquid acts as cathode in a plasma over liquid system, the 

voltage largely falls at the liquid surface. On the other hand, for the 

liquid-anode case, the voltage does not fall and electrons shower 

from the bulk plasma onto the liquid surface (see Figure 3.2) [172]. 

 In both the liquid-cathode and liquid-anode cases, the secondary 

electrons can dissolve into the liquid to form hydrated electrons 

(eaq
̅), which are very strong reducing species in the NP synthesis 

process [172]. Moreover, other plasma species including atomic 

hydrogen, H2, H2O2 (with different reducing abilities depending on 

the pH value) and hydride (H‾) (very strong reducing species) are 

also able to reduce metal ions in the solutions in both cases. 

However, it has been reported that the yield of these reducing 

species in the liquid-anode case is much less than that in the liquid-

cathode case. During PLIs, some oxidizing species can also be 

generated including atomic oxygen, ozone and OH• radicals [172].    

 The pH of the plasma-treated liquid plays an important role in the 

NP synthesis process. For example, the reduction ability of H2O2 is 

stronger in basic media than in acidic ones [172]. 

 “Plasma in liquid” systems show a relatively higher reducing 

efficiency compared to the “plasma over liquid” systems [172]. 

 Sputtering and evaporation are two physical processes frequently 

used for nanomaterial synthesis in plasma-liquid systems [172].  
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 It was shown that the type of metal ions strongly affects the 

synthesis process and also strongly affects the quality of the 

resultant NPs. For example, under similar plasma conditions, Au 

NPs were observed at both plasma cathode and anode, while Ag 

NPs were only found at the plasma cathode [172]. 

 
Figure 3.2. Liquid acts as (a) cathode and (b) anode [172]. 

Although plasma-liquid systems are already successfully used for 

nanomaterial processing, NP synthesis and surface functionalization, 

further attempts must be made to optimize and extend the role of PLIs 

in this field by comprehensive understanding of the plasma-induced 

physical and chemical phenomena. Gathering this fundamental 

understanding can open new potential applications of PLIs in the field 

of nanomaterials. Although the complexity of plasma-liquid 

environments makes their understanding very challenging, new 

insights will continue to be reached by taking advantage of highly 

advanced imaging techniques and spectroscopic tools as well as by 

using multi-physics and chemistry simulations.  

 

 

3.2 Plasma in Analytical Chemistry 

Plasma discharges are frequently used in analytical chemistry, for the 

analysis of gaseous, liquid or solid samples. More specifically, an 

inductively coupled plasma (ICP), which is produced by electromagnetic 



53 
 

induction and which typically operates in Ar at atmospheric pressure 

is most commonly used, as shown in Figure 3.3. A liquid sample to be 

analyzed can be introduced into the plasma via several methods 

including thermal vaporization [218], electro-thermal vaporization 

[219,220], laser ablation [219] and spraying by means of a nebulizer 

[221–223]. The latter method, with a clear resemblance to spray 

discharge reactors, is applied when ICP is coupled to high precision 

liquid chromatography, for instance [223,224]. Laser ablation of a 

liquid sample, on the other hand, has similarities to laser-induced 

breakdown, as the produced vapor plume has a sufficiently high 

temperature to form plasma. For reviews dealing with the state-of-the-

art of these techniques for applications in environmental and life 

sciences, the interested reader is referred to [222,223,225]. 

 
Figure 3.3. A typical ICP system [226]. 

A plasma discharge is present in various other established chemical 

analysis techniques as well, especially in the instrumental methods 

that include mass spectrometry or radiation spectroscopy. For mass 

spectrometry, different ionization methods are available to transfer the 

sample to the plasma state. One example is matrix-assisted laser 

desorption ionization (MALDI), where the analyte is mixed with a 

matrix and subsequently ablated by a laser pulse to form plasma. In 

classical MALDI methods, the matrix is crystalline, but the use of a 

liquid matrix has been shown to have advantages over a solid one 

[227,228]. A second example is electrospray ionization, where 

intermediate droplets are dispersed into the gas phase from a Taylor 

cone as an aerosol under influence of Coulomb repulsion. The charged 

droplets decrease in size through a combination of evaporation and 
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fission processes, finally resulting in the formation of gas phase ions. 

As a third example, the analyte in a liquid matrix can be ionized by 

impact of high energy atoms or ions, which is referred to as fast atom 

bombardment or liquid secondary ion mass spectrometry, respectively. 

All three examples are evidently relevant in the context of PLIs. 

Apart from laser-induced ablation as a preceding ionization method 

in combined hyphenated procedures, laser-induced breakdown 

spectroscopy (LIBS) has emerged as a sufficiently mature independent 

analytical technique for the investigation of liquids, solids and gases. It 

stands out from other analytical methods in particular due to the 

absence of sample preparation and its capability to take measurements 

remotely from the sample. Additionally, there is a recent trend towards 

miniaturization and portability. Considering the versatility and recent 

advancements of LIBS, it has been proposed for application in 

environmental monitoring, in geochemistry, for microanalysis, for 

analysis of aerosols, bioaerosols and combustion, in benchtop 

instrumentation, in forensics, in conservation studies, for pathological 

use and toxicology assessment in biomedical fields, as sensor for sorting 

in recycling processes and as an inspection method for 

pharmaceuticals, industrial and nuclear processes [229]. The further 

improvement of LIBS is strongly dependent on the developments in 

fundamental knowledge of analyte sampling, vaporization and 

excitation, which are the physical processes that lie at its core. It should 

be noted, however, that the fundamental mechanisms in LIBS for liquid 

analysis are very different compared to solid or gas analysis. The state-

of-the-art of LIBS is discussed extensively in [229,230]. Recently, 

several alternatives or modifications of the classical LIBS method have 

also been proposed to increase the detection sensitivity [231,232]. 

Liquids, with water in particular, can also be analyzed by means of 

direct contact with electrically induced plasma. An electrical discharge 

in contact with liquids generally leads to mass transfer from the liquid 

towards the plasma phase, through processes such as evaporation and 

sputtering. Consequently, dissolved species are brought into the 

plasma, where they can undergo various processes including excitation 

and dissociation, associated with photon emission. Therefore, 

interpretation of the optical emission spectrum of the plasma can 

provide immediate information on the liquid content, which makes 

plasma an attractive tool for metal ion detection in water especially. 

Nonetheless, many non-thermal plasmas have a gas temperature that 
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is too low for liquid evaporation [233]. For that reason, the method of 

sample introduction into the plasma plays a crucial role. In electrolyte-

cathode discharge (ELCAD) spectroscopy, metal ions from an 

electrolytic solution, which serves as the cathode, are transferred to a 

contacting DC glow discharge by cathode sputtering (see Figure 3.4) 

[234]. Complete evaporation was achieved with a liquid sampling-

atmospheric pressure glow discharge, which was sustained between a 

stainless steel capillary, used for delivery of the sample and a metal rod 

anode [235]. Also AC powered discharge systems with an electrolytic 

solution as electrode [236] or AC powered DBDs over a liquid [237] can 

be used to reduce power consumption and liquid flow rates. In a drop-

spark discharge, an electrolytic drop is atomized by electric breakdown 

during DC voltage application between the lowering drop and an 

electrolytic solution [238]. Glow discharges can similarly be generated 

between two liquid jets for liquid analysis [239]. Metal detection is also 

possible with electrohydraulic discharges including diaphragm 

discharges [240], capillary discharges [241] and electrical discharges at 

ultra-sharp tips and nanotubes submerged in the liquid [242]. Although 

the analytical performance of these techniques is well characterized, 

the underlying mechanisms through which the electrical discharge 

atomizes and excites the analyte remains poorly understood. A detailed 

recent review on aqueous metal detection by means of electrical 

discharges in direct contact with the analyzed solution can be found in 

[243]. 

 

Figure 3.4. An ICCD camera picture of a typical ELCAD plasma 

operating between an electrolyte cathode and the tungsten anode 

[244]. 
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3.3 Organic Wastewater Treatment 

Water is (one of the) most important substances on the planet, with 

usage as a medium in multifarious industrial and natural processes. 

Depending on the process, a certain purity is required to employ the 

water solution while post-treatment aims to reduce or avoid pollution 

of the receiving environment after consumption. Therefore, water 

treatment is relevant for multiple water types such as drinking water, 

wastewater, seawater and industrial medium. Water pollution is 

generally classified into debris, organic, inorganic and biological waste 

[245], while additionally there is the upcoming issue of NP pollutants. 

In conventional water treatment plants, coarse debris and solids are 

removed during a primary treatment, where debris is filtered out by 

screens, heavy solids settle to the bottom and light solids, oil and grease 

float towards the surface. Although a part of the dissolved organic, 

inorganic and biological waste is separated as well throughout this 

process, their elimination is the main motivation for using a secondary 

treatment, by means of biological methods. Nonetheless, the removal 

efficiency for several specific persistent and hazardous pollutants up to 

this stage is found to be low. Hence, a tertiary treatment is often 

advised, in order to enhance the overall removal efficiency.  

Such a tertiary treatment can consist of chemical addition, 

advanced separation technology and/or advanced oxidation processes. 

Chlorination, while effective for biological decontamination, is 

insufficient for the removal of several bio-recalcitrant compounds. 

Advanced separation techniques such as coagulation-flocculation, 

micro- and nanofiltration, reverse osmosis and activated carbon, have 

the disadvantages of high energy costs and the disposal of toxic residue 

concentrate. Advanced oxidation processes, on the other hand, are able 

to decompose toxic organic compounds and have therefore received 

increasing attention in recent years. Their implementation is, however, 

non-practical up to now in most cases, due to their high energy demand 

and largely unknown side-effects. Accordingly, current research needs 

to focus on the enhancement of these methods, in order to press energy 

costs and to assure a low effluent toxicity.  

Ozonation is the most popular and developed oxidation method, 

based on more than a century of research. In principle, ozonation is a 

form of plasma treatment, since the employed ozone is generated by 
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means of an electrical discharge before contact with the solution. 

Similarly, many UV-based methods apply plasma lamps including 

specialized excimer lamps, to decompose organic compounds. As 

plasma is not directly interacting with the liquid medium in these 

methods, a comprehensive discussion is out of the scope of this review. 

These methods are often combined with the addition of H2O2, to achieve 

higher decomposition efficiency. Unfortunately, this approach is 

complicated by the storage and handling of H2O2. Consequently, 

plasma treatment of water is an attractive alternative as it is able to 

generate a wide spectrum of reactive species such as ozone, H2O2 and 

UV photons, in proximity of the solution under treatment. Additionally, 

the wide variety in plasma reactors allows a flexible design and storage 

of chemicals is not required. 

The present section further deals with plasma treatment of organic 

and inorganic water pollutants while the inactivation of aqueous 

biological targets such as bacteria and viruses by means of plasma 

discharges is covered in detail in section 3.4. Decomposition of organic 

or inorganic compounds in water by plasma is believed to mainly arise 

through oxidation processes initiated by OH• radicals, atomic oxygen 

O(3P), O3 and H2O2. In the gas phase, various types of reactive species 

can be formed, which transfer into the water with or without conversion 

into new reagents by interaction with the water molecules. Apart from 

that, electrolytic processes at submerged electrode surfaces and at the 

plasma-liquid interface can introduce new species as well. Next, the 

resulting aqueous species contribute to the plasma-chemical processes 

in water. Also, reductive reactions induced by H• and superoxide anion 

(O2•‾) radicals and molecular hydrogen can take place. The water 

solubility and oxidation potentials of some important reactive plasma-

produced species are presented in Table 3.2. 

The majority of studies on water treatment by means of plasma 

discharges focuses on the decomposition of organic compounds. Goheen 

et al. [246] and Maximov and Kuzmin [247] investigated the 

destruction of organic compounds in water using a DC discharge 

burning between the water surface and an electrode. Radicals produced 

in the discharge react with air creating a gaseous mixture of ozone (O3), 

nitrogen oxides and nitride acid aerosols that subsequently dissolve in 

water and react with organic contaminants. Often, dyes are chosen as 

target pollutant, due to their hazardous impact on the ecosystem as 

waste from the textile industry and due to the wide availability of 
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absorption spectroscopy to determine their decomposition kinetics. 

Phenolic water pollutants are popular as well in oxidation studies using 

non-thermal plasmas, as summarized in two recent review papers by 

Zhang et al. [120] and Jiang et al. [80]. In recent years, increasing 

attention is also paid to many other types of organic compounds 

including pesticides, pharmaceuticals and personal care products 

[103,248–250]. These compounds often manifest themselves in 

wastewater and natural waters in concentrations of the order of µg/L 

or lower and are accordingly referred to using the term 

“micropollutants”. Their toxicity, ecotoxicity, persistence in the 

environment and resistance to removal by conventional wastewater 

treatment techniques make them compounds of emerging concern. 

Despite their occurrence in low concentrations, most studies on their 

degradation kinetics by plasma treatment apply them as spiked 

pollutants in deionized water with concentrations well beyond 1 mg/L. 

Consequently, there is thus a clear need for future studies on the 

reaction kinetics in the case of more realistic concentrations and water 

matrices.
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  Table 3.2. Water solubility and standard oxidation potential of some gas phase species 

under standard conditions [251–254]. 

Chemical Solubility Reaction 
Oxidation 

potential (V) 

OH• Half lifetime: few hundreds µs OH⦁ + H+ + e → H2O 2.81 

O(3P) Lifetime ~ 10–5 s O + 2H+ + 2e → H2O 2.42 

O3 2.27 mmol/L or 109 mg/L 

 

O3 + 2H
+ + 2e → O2 +H2O 2.07 

H2O2 Infinite 

 

H2O2 + 2H
+ + 2e → 2H2O 1.78 

HO2
• Less reactive than the matching 

anion 

HO2
⦁ + 3H+ + 3e → 2H2O 1.50 

O2 0.28 mmol/L or 8.9 mg/L O2 + 4H
+ + 4e → 2H2O 1.23 

O2
•‾ – – 1.00 

H2O Infinite 2H2O+ O2 + 4e → 4OH
⦁ 0.40 

ONOOH/

ONO2‾ 
Acid half lifetime ≈ 20 ms 

 

 

ONOOH+ H+ + e → NO2 + H2O 2.10 

NO3‾ Fairly soluble NO3
− + 4H+ + 3e → NO+ 2H2O 0.96 

NO 1.55 mmol/L at 37 °C – 0.90 

N2 0.49 mmol/L or 13.8 mg/L – – 

NO2 Low solubility (hydrolysis) 

 

2NO2 + H2O → HNO2 + HNO3 0.90 
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NO2‾ Hydrolysis/disproportionation at 

low pH 

3HNO2 → H3O
+ + NO3

− + 2NO – 

H – – 2.30 

F2 – 1 2⁄ F2 + e → F
− 2.87 

MnO4‾ – MnO4
− + 8H+ + 5e → Mn2+ + 4H2O 1.52 

Cl2 Insoluble 1 2⁄ Cl2 + e → Cl
− 1.36 

Fe3
+ – Fe3+ + e → Fe2+ 0.77 
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Besides studying the decomposition kinetics of organic compounds, 

investigations of the oxidation pathways are frequently performed as 

well [255–257]. Due to the wide spectrum of plasma-generated reactive 

aqueous species, decomposition can occur in various oxidation steps 

including dealkylation, hydroxylation, addition of double bonded 

oxygen, nitrification, dehalogenation and, in case of aromatic 

compounds, cleavage of the aromatic rings (see a review by Magureanu 

et al. [249]). However, the amount of reports that focus on toxicity 

analysis of the plasma-treated solutions is very small while these are 

more relevant in the quest to bring this type of advanced oxidation 

technology closer to real-life applications. Namely, even when oxidation 

pathways are identified, it is seldom clear how toxic all oxidation by-

products are in comparison to the parent compound. Moreover, besides 

the possible formation of hazardous organic and inorganic oxidation by-

products, toxicity of the treated solutions can also increase due to 

transfer of toxic species from the gas phase into the liquid phase, 

especially in gas phase discharge reactors, or due to the formation of 

hazardous NPs by erosion of the electrode in electrohydraulic discharge 

reactors. Another challenge in electrohydraulic discharge reactors is 

the limitation posed by the electrical conductivity of the water to be 

treated on the production of pulsed electric discharges. At low electrical 

conductivity, below 10 µS/cm, the range of the applied voltage required 

for the production of the corona discharge without sparking is narrow. 

On the other hand, at high electrical conductivity (above 400 µS/cm), 

which is the typical conductivity of tap water, streamers become short 

and the efficiency of radical production decreases [252]. Generally, OH• 

and atomic oxygen O(3P) can be produced more efficiently at water 

conductivity values below 100 µS/cm. Hence, this is one of the major 

challenges in the plasma treatment of water as the electrical 

conductivity of most occurring water lies in the range 2.000–4.000 

µS/cm. Another challenge is related to the treatment of seawater, for 

which the conductivity can even be higher than 30.000 µS/cm [252]. 

Besides the removal of organic compounds, plasma discharges can 

also be used for the elimination of inorganic species. Oxidation of I‾, 

Br‾, S2‾, Cr2+ and Mn2+ ions by steady-state discharges between a metal 

anode and an electrolyte was investigated in [258]. More recently, 

Hijosa-Valsero et al. [259] have reported cyanide removal by means of 

a DBD. Although it is well known that PLIs, as other advanced 

oxidation processes, can be applied for the oxidation of inorganic 
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contaminants, the amount of reports that focus on this application is 

scarce. Previously, it was already mentioned that reactive species with 

higher oxidation potential tend to be short-living. Consequently, more 

studies are also needed to understand how these short-living reactive 

oxidative species can be made to work more effectively.  

At this moment, for real-life applications in water treatment, 

plasma treatment is a priori disfavored as compared to other advanced 

oxidation processes, as it is looked upon as a more complex technology 

than its competitors. Therefore, it needs to perform significantly better 

than any competitive technology, instead of as good, in order to be 

implemented on a large scale. To reach this high level of performance, 

more comparative studies are required to gain a clear overview on the 

current state of affairs with regard to energy efficiency of the different 

technologies. Additionally, up to now, studies on water purification by 

means of advanced oxidation processes in general and plasma 

treatment in particular have mainly focused on reactor effectiveness 

and energy efficiency for degradation of single compounds. Although 

this approach allows researchers to compare different reactors and 

techniques, it gives insufficient information on the quality of the 

solution after treatment. In order to gain this information, detailed 

reports on reactor optimization in terms of effluent toxicity reduction 

are needed. However, such reports, if any, are sparse for most advanced 

oxidation techniques. As a direct implication, a new line of research is 

required with a stronger focus on overall toxicity and post-treatment 

effects, if this young technology is to be brought closer towards real-life 

applications. 

 

 

3.4 Plasma Sterilization and Disinfection 

Although the term plasma sterilization of water is often used, the 

technique is not really a sterilization process as it is not able to 

completely destroy harmful or pathogenic living microorganisms in 

water. Actually, plasmas can only reduce the number of harmful 

microorganisms to levels appropriate for the intended use of the 

receiving water [260]. The first employment of plasmas for biological 

applications dates back to the late 1850s, when a DBD was used by 

Siemens to generate ozone for cleaning water containing biological 
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contaminants [261]. A few attempts to use plasmas for water 

sterilization were also made from the 1960s to the 1980s [262]. In the 

early 1980s, there was a revival of the use of microwave (MW) plasmas 

with biocidal characteristics for water sterilization purposes [263]. 

However, it took more than 130 years after Siemens, in the mid-1990s, 

before researchers started to conduct research with the aim to 

understand the interactions between plasma and biological cells. 

During the same period, atmospheric non-thermal plasmas became a 

very hot research topic for scientists and some of them started to 

investigate the effects of these plasmas on bacterial cells [264–270]. 

Many plasma-based sterilization studies have been carried out to 

inactivate the microorganisms under dry conditions [271–274]. 

However, for multiple practical applications, sterilization under wet 

environments is also important. In a wet environment or in a gel-like 

material with sufficient water content, the situation is different from 

the one in a dried state and possibly much more complex. 

Microorganisms have much better living and growth conditions in wet 

state, while a wet environment also gives an additional barrier, which 

will impede direct plasma-microorganism interactions. As a result, 

plasma-induced effects on microorganisms will be strongly affected by 

the presence of a liquid phase.  

Various studies have been shown that exposure to a non-thermal 

atmospheric pressure plasma can inactivate different bacteria 

suspended in a liquid, of which numerous examples can be found in 

Table 3.4. Within this context, conversion of the applied electrical 

energy into chemical species during PLIs is of specific interest as 

radicals and molecules formed in the liquid phase can initiate a wide 

variety of chemical and biochemical reactions. The microorganisms can 

be effectively inactivated (and organic contaminations can be oxidized) 

as a result of contact with reactive species and radicals. Although a 

multitude of species can be generated in the liquid phase due to plasma 

exposure, hydroxyl radicals OH•, atomic oxygen O(3P), ozone O3, 

peroxynitric acid and hydrogen peroxide H2O2 are considered to be the 

most important ones for sterilization [252]. In addition to these 

chemical reactive species, some physical processes including UV 

photolysis, large electric fields and shock waves can contribute as well 

to the bacterial inactivation processes. For this, UV/VUV radiation 

generated in the plasma gas phase has to penetrate or diffuse into the 

liquid to be able to interact with microorganism cells. Moreover, 
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plasma-induced changes of the liquid environment itself may also 

contribute to biological plasma effects. UV radiation in the wavelength 

range of 280–240 nm (UVC) (Table 3.3) was claimed to possibly lead to 

irreversible damage to the nucleic acid of microorganisms, preventing 

proper cellular procreation and therefore effectively inactivating the 

microorganisms [252]. Laroussi et al. [275] also suggested that UV 

radiation may produce charged particles in water in such a way that 

charge accumulation occurs on the outer surface of the membrane of a 

bacterium cell. Subsequently, the generated electrostatic force on the 

membrane overcomes the tensile strength of the cell membrane, 

causing its rupture at a point of small local curvature as the 

electrostatic force is inversely proportional to the local radius squared. 

Additionally, also photons can be responsible for providing the 

necessary ionization or dissociation energy of water molecules, 

generating reactive chemical particles. Finally, shock waves, produced 

by the plasma during PLIs, can also significantly enhance the plasma 

treatment efficiency in sterilization processes as they help to mix the 

liquid [276,277].    

Table 3.3. Different types of UV radiation and their energies. 

Name Wavelength (nm) Energy (eV) 

Ultraviolet A (UVA) 400 – 315 3.94 – 3.10   

Ultraviolet B (UVB) 315 – 280 4.43 – 3.94 

Ultraviolet C (UVC) 280 – 200 6.20 – 4.43 

Vacuum ultraviolet (VUV) 200 – 100 12.4 – 6.20 

For a long time, it was believed that inactivation of bacteria in 

aqueous liquids by atmospheric pressure plasma treatments is highly 

depending on acidification as acidification is one of the most notable 

chemical changes that plasmas induce in liquids. However, in the last 

decade, it was demonstrated that acidification alone does not induce a 

comparable bactericidal efficacy [278–280]. Consequently, researchers 

concluded that bacterial inactivation is more likely based on the 

diffusion of plasma-generated species through cell membranes into the 

cells where they react and possibly damage proteins and nucleic acids, 

leading to cell death [281–284]. Additionally, the plasma-induced 

acidification itself was attributed to the multistep reactions occurring 

between plasma reactive species generated in the gas phase and the 

liquid at the plasma-liquid interface. For example, it was suggested 

that acidification by plasma exposure is caused by the dissolving of 
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nitrogen oxides generated in the gas phase inside liquids [285]. Besides 

acidification, plasma treatment of aqueous liquids also results in other 

changes to the liquid caused by the generation of reactive species such 

as H2O2, O3, atomic oxygen, NOx and so on, which are known to have 

oxidizing effects.  

Due to the acidic effects of plasma treatment of liquids, some groups 

have tried to reveal which acids are specifically created in plasma-

treated liquids and which chemical reactions play dominating or 

supporting roles for acidification and subsequent antimicrobial activity. 

Shainsky et al. [284] examined two different hypotheses; the first one 

was nitric/nitrous acid formation and the second one was the formation 

of an acid, they called “plasma acid”, containing hydrogen cations H+ 

and O2•‾ radicals. Although some groups [286] introduced nitric/nitrous 

acid as a possible source of acidity and oxidative ability of plasma-

treated water, Shainsky et al. observed that pH reduction in plasma-

treated liquids takes place not only in air but also in oxygen. Based on 

these observations, they mentioned that nitric acid formation cannot 

explain the acidity of plasma-treated water in the presence of oxygen. 

Moreover, the intensity of the UV absorption peak at 300 nm, specific 

for nitric acid, was reported to be significantly lower for the O2 plasma-

treated water than in case of the air plasma-treated samples. As such, 

they proposed a second possibility (the presence of “plasma acid”) to 

explain the observed acidic effects of plasma treatment. They also 

suggested that the strong oxidizing properties of peroxides such as 

H2O2 and O2•‾, present in the pulsed DBD plasma treated-water 

together with the acidic environment resulted in a strong oxidizing 

solution, effective for inactivation of E. coli bacteria in deionized water. 

In another study, Satoh et al. [282] used air, O2 and N2 pulsed plasmas 

generated between a multi-needle electrode and water containing E. 

coli for disinfection. In the case of air and N2 plasmas, a decrease in pH 

from 7.3 to values between 3 and 4 was observed due to the dissolution 

of nitrogen oxides (NOx) produced in the gas phase in the water. 

However, no acidification was detected when applying the O2 plasma 

treatment. Consequently, the authors concluded that acidification of 

the water may contribute to the decay of the E. coli density in the case 

of air and N2 plasma exposures. On the other hand, a higher bacteria 

inactivation activity was reported when applying the O2 plasma where 

no acidification was observed. This observation led the researchers to 

the conclusion that the bactericidal action in case of O2 plasma is likely 
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due to the dissolution of O3 produced in the plasma because a high 

concentration of ozone was obtained only when O2 was used as 

discharge gas. 

In contrast to the work of Shainsky et al. [284], nitric acid formation 

from plasma-generated reactive nitrogen species (RNS) was considered 

to be the main source of liquid acidification by Oehmigen et al. [278]. 

However, a strongly increased H2O2 concentration was also observed 

after both indirect DBD plasma treatment and only NO gas treatment. 

Consequently, they concluded that reactive oxygen species (ROS) must 

have more strength for subsequent microbial inactivation. Woedtke et 

al. [280] also reported that low molecular nitrogen and oxygen 

containing chemical species should play a key role in both acidification 

and microbial inactivation. The short-term increase of nitrite and its 

relatively low concentration compared to nitrate lead them to conclude 

that under acidic conditions, a disproportionation of HNO2 into HNO3 

and nitric oxide (NO•) takes place which is generally accelerated by 

heating and a concentration increase: 

3HNO2 → HNO3 + 2NO
⦁ + H2O   (3.1) 

Their first assumption was that HNO3 is the main cause for 

acidification, because they did not observe a temperature increase 

resulting from plasma treatment. Therefore, due to the strong acidity 

of HNO3 (pKa = –1.3) and its continuously increasing concentration, a 

continuously decreasing pH dependent on plasma treatment time was 

expected. However, their measurements resulted in a stabilization of 

the pH value around 3. Consequently, it was assumed that not HNO3, 

but HNO2 is playing the lead in acidification, because its pKa value lies 

between 3.2 and 2.8 and HNO2 showed temporarily increasing 

concentration with treatment time. The UV-vis results obtained by the 

authors also indicated a predominating role of HNO2 in the acidification 

process when using an atmospheric air environment. However, the 

obtained results from Ar plasma treatment revealed that acidification 

even occurs in nitrogen-free discharge gases. Therefore, it should be 

noticed that nitrogen containing chemical species are not the only 

reaction channels, leading to acid generation in plasma-treated liquids.   

E. coli in water and saline solutions was also treated using a DC 

transient spark discharge in air by Machala et al. [283]. These authors 

correlated the bactericidal effects with the formed peroxynitrites as 
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well as with the oxidative stress induced in cell membranes. In their 

experiments, the concentrations of peroxynitrites were however too low 

compared to the measured nitrites and H2O2 concentrations to consider 

peroxynitrites as the key bactericidal agent. They found that the 

synergistic effects of nitrites and peroxides in acidic conditions are the 

most responsible factors for bactericidal properties. Ozone and iron NPs 

sputtered from the electrodes during the experiments were also 

considered as potential bactericidal agents. 

Some free radicals such as OH• and the superoxide anion O2•‾ have 

also been reported to contribute to bacterial inactivation in aqueous 

solutions [287]. However, the very short lifetime of OH• radicals (200 

µs at 1.0×10–6 M) and the relatively long lifetime of O2•‾ radicals (5 s at 

1.0×10–6 M) in aqueous solutions suggest that sufficient diffusion of the 

latter radicals in the solution for inactivation of microorganisms is more 

considerable [288,289]. However, although O2•‾ radicals are reactive, 

they are considered to be incapable of penetrating the cell membrane 

due to their charges. Therefore, they are unlikely to cause DNA 

damages of bacterial cells. Korshunov et al. [290] however suggested 

that when the pH of a solution is sufficiently low, O2•‾ radicals can 

convert to hydroperoxy radicals (HOO•) which can penetrate the cell 

membrane and damage intercellular components. The equilibrium 

reaction between superoxides and hydroperoxy radicals is as following: 

O2
⦁− + H+ ↔ HOO⦁         pKa ≈ 4.8  (3.2) 

Ikawa et al. [285] developed an atmospheric pressure He plasma 

jet whose UV or heat production is harmless to living cells and applied 

this plasma to the surface of an aqueous solution containing E. coli or 

L. citreum bacterial suspensions. They claimed that neither UV light 

nor heat from the plasma is the cause of bacterial inactivation. These 

authors also suggested the importance of highly reactive species (e.g. 

hydroperoxy radicals (HOO•) and specially O2•‾ radicals) generated in 

the solution via PLIs on the observed bactericidal effects. Their 

experiments also indicated that the combination of He with O2 (instead 

of air) results in weaker bacterial inactivation. This result suggests 

that the presence of nitrogen in the gas phase may also be necessary to 

account for a full bactericidal effect. One of the most interesting 

findings in their study is the introduction of a critical pH value (≈ 4.7) 

of the solution for bactericidal effects, below which the bacteria were 
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sufficiently inactivated and above which the bacteria were hardly 

affected by the plasma. They suggested that this critical pH represents 

a strong association of O2•‾ radicals with the bactericidal effects as the 

critical pH value is almost equal to the pKa of the equilibrium reaction 

between O2•‾ and HOO• (~4.8). The authors also reported the same 

hypothesis as Korshunov et al. [290] for the observed bactericidal 

effects. Liu et al. [291] used an atmospheric DC air micro jet inside 

water to inactivate S. aureus and a rapid change in the inactivation 

rate from 10% to 100% was observed when the pH value decreased to 

~4.5 which is very close to Ikawa et al.’s critical pH value [285]. This 

inactivation was related to a change in the acidity of the liquid in 

conjunction with the direct interaction of plasma-activated species with 

the cells which initiate the peroxidation of the fatty acid in the cell 

membrane, resulting in the inactivation of the bacteria in an aqueous 

environment (Figure 3.5). The authors also proposed that O2•‾ and its 

direct conjugate HOO• play an important role in the initiation of the 

oxidation of the fatty acid in the cell membrane. Like Ilawa et al. [285], 

they also mentioned that the critical pH value is associated with the 

pKa of HOO• in aqueous solutions (Equation 3.2). 

 
Figure 3.5. (up left) Plasma micro-jet in water for bacterial 

inactivation used by Liu et al., (up right) pH values of three different 

plasma-treated liquids, (bottom left) picture of S. aureus bacteria 

before treatment and (bottom right) picture of the bacteria after 

plasma treatment [291]. 
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Bai et al. [292] used a similar plasma jet as Liu et al. [291] in He/O2 

for the inactivation of S. aureus in water. However, these authors 

suggested that the inactivation is mainly attributed to OH• radicals 

generated in the water by the plasma exposure. The existence of OH• 

radicals in their system was verified via electron paramagnetic 

resonance (EPR) spectroscopy. Other ROS such as O2•‾, O3 and O(3P) 

were also found to exist in their system. They stated that because of 

their lower concentrations, other ROS besides OH• radicals are 

suspected to be the precursors of OH• radicals. For example, atomic 

oxygen can directly oxidize bacteria within its close vicinity or react 

with a water molecule first, generating intermediate species such as 

OH• or H2O2 for the inactivation of bacteria. Additionally, the authors 

mentioned that trace amounts of ozone (a few ppm), detected in air, can 

live for 1000 s at room temperature when submerged in water. 

Consequently, it was believed that ozone can first interact with water 

to produce OH• radicals and can therefore indirectly participate in the 

inactivation process of bacteria. Shen et al. [293] also performed similar 

experiments as Bai et al. [292] but used an atmospheric pressure DC 

bubbling discharge in Ar. They also mentioned that OH• radicals are 

supposed to play an effective role in the plasma inactivation process, 

but together with atomic oxygen O(3P) radicals.  

Both nitric and nitrous acids are also proposed by Kojtari et al. 

[294] as the main possible chemicals that contribute to acidification of 

plasma-treated liquids. However, unlike Woedtke et al. [280] who 

assumed that HNO2 is the main cause for acidification, they concluded 

that the major acid in the solution that contributed to the low pH value 

is HNO3 and ruled out a major contribution from other acids such as 

hydroperoxyl (HO2) and peroxynitrous acid (ONOOH). They also 

mentioned that HNO2 is not the major component for the observed 

antibacterial activity in DBD plasma-treated water due to its high 

instability. Very low concentrations of H2O2 also led to the conclusion 

that this chemical species cannot also be responsible for complete 

inactivation of E. coli. The authors followed Ikawa et al.’s [285] 

hypothesis to answer the question which chemicals in the solution play 

a major role in the antimicrobial properties of the plasma-treated 

water. However, unlike Ikawa et al. [285], the Raman spectroscopy and 

mass spectroscopy results they obtained made the authors believe that 

HOO• cannot be responsible for the antimicrobial property of the liquid 

because of its very low concentration which was caused by very rapid 
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reactions between HOO• and radicals. The authors also considered 

ONOOH as a potential antimicrobial agent due to its strong oxidation 

ability and relatively long lifetime, but because of its instability in 

acidic conditions and its very low concentration, they were not able to 

detect it with Raman spectroscopy. However, existence of ONOOH in 

the treated solution was confirmed by EPR and they stated that “it is 

generally believed that peroxynitrite is stable only in alkaline 

conditions, however, based on all the results we observed, we tend to 

believe that peroxynitrite is stable in the unique low pH environment 

generated in the plasma-treated water and it is likely the origin of the 

antimicrobial property of the plasma-treated water. The reason should 

be further studied in the future.” 

Lukes et al. [295] applied a pulsed discharge plasma in O2/N2 and 

O2/Ar to an E. coli/water solution and mentioned that in the case of the 

O2/N2 plasma, the bactericidal effect involves synergistic effects of 

nitrites and peroxides in acidic conditions through the cytotoxic activity 

of the produced secondary species. The actual concentration of H2O2, 

NO3‾ and NO2‾ was observed to be significantly dependent on the pH of 

the air plasma-treated water. They reported a lower concentration of 

NO2‾ and higher concentrations of H2O2 and NO3‾ in acidic conditions. 

The authors also studied post-discharge reactions occurring in the 

liquid phase. As shown in Figure 3.6, as the concentrations of H2O2 and 

NO2‾ decreased with post-discharge duration accompanied by an 

increase in concentration of NO3‾, they proposed that HNO2 can rapidly 

decomposes into NO and NO2• because of the instability of NO2‾ under 

acidic conditions. Also, the formation of NO3‾ may proceed through the 

reaction of NO2‾ with H2O2 to form peroxynitrous acid ONOOH: 

NO2
− + H2O2 + H

+ → O = NOOH + H2O  (3.3) 

O = NOOH ↔ OH⦁ + NO2
⦁     (3.4) 

In the case of O2/Ar plasma, peroxone chemistry of ozone with 

hydrogen peroxide was proposed to enhance the bactericidal effects 

with increasing pH. The authors hypothesized that ozone from the 

plasma can be dissolved into the plasma-treated water and decomposes 

under alkaline conditions via a series of chain reactions to produce 

secondary OH• radicals in water: 
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2O3 + H2O + OH
− → OH⦁ + HO2

⦁ + 2O2 + OH
− (3.5) 

The presence of H2O2 accelerates the decomposition of ozone and 

increases the OH• radical concentration: 

O3 + H2O2 + OH
− → OH⦁ + HO2

⦁ + O2 + OH
− (3.6) 

The authors mentioned that at low pH values, this process occurs 

very slowly, but at pH values above 5, the process is greatly accelerated. 

The overall bactericidal effect of the air plasma was associated with the 

effects of NO2‾ and peroxides in acidic conditions through activity of 

secondary reactive species such as NO, NO2•, OH• and ONOOH. 

However, the authors suggested that alkaline conditions (pH values 

above 5) are more suitable for bactericidal activity in the case of Ar/O2 

atmosphere instead of air. 

 
Figure 3.6. (left) Post-discharge evolution of three main plasma-

generated chemical species in aqueous solution (pH = 3.3) and (right) 

comparison of inactivation of E. coli in three different solutions: HNO2 

(nitrites only), HNO2/H2O2 (mixture of nitrites and H2O2) and PAW 

(plasma-activated water) [295]. 

In a study by Gils et al. [296], it was indicated that the acidity of 

the treated solutions has a significant influence on the bactericidal 

effect because it was the pH level which determined the equilibria of 

various active chemical species such as peroxynitrite/peroxynitrous 

acid and nitrous acid but also determined the solubility of ozone which 

is known to play a key role in the antibacterial process. Gils et al. 

employed an atmospheric radiofrequency (RF) plasma jet in Ar to 

inactivate P. aeruginosa in water and saline. The authors believed that 
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the bactericidal effect was partly related to the toxicity of the HNO2 

acid. The effect of the liquid acidity on the bactericidal inactivation was 

explained by the correlation between the decreased pH and the 

increased concentration of nitrous acid. They also stated that the strong 

bactericidal effect of plasma-treated solutions can be a synergistic 

result of different plasma species. Additionally, it was also revealed 

from their results that RNS rather than ROS (with the exception of 

H2O2) play a more essential role in bacterial inactivation. 

Takamatsu et al. [297] employed an AC multi gas plasma jet in 

CO2, N2, Ar, O2 and mock air to inactivate different bacteria (S. aureus, 

E. faecalis, E. coli, P. aeruginosa, MRSA, M. terrae, M. abscessus, B. 

cereus, C. albicans, T. mentagrophytes and A. niger) in phosphate 

buffered saline (PBS). Singlet oxygen and OH• radicals were supposed 

to have the greatest inactivation effects. The authors observed that the 

largest amount of OH• and singlet oxygen radicals were generated in 

the N2 and CO2 plasmas, respectively. However, because of the best 

bacterial inactivation which was obtained when using the N2 plasma, 

they suggested that probably the OH• radical is more effective for 

bacterial inactivation than singlet oxygen radicals. 

Park et al. [277] used two types of plasma sources: a nano-pulsed 

plasma (NPP) generated in the liquid and an Ar DBD plasma generated 

above the liquid to inactivate S. aureus in saline. Using both systems, 

they found that both ROS and RNS play a significant role in bacterial 

inactivation. Although more ROS/RNS were observed for the DBD 

plasma, the inactivation rate for the NPP plasma was greater than for 

the DBD. Based on scanning electron microscopy (SEM) results, they 

explained these results by more shock waves production in the NPP 

system than in the DBD which can crush many bacterial spores. The 

authors also did not believe that O2•‾ was a major contributor in the 

bacterial inactivation process because it is converted to HO2• at low pH 

and also because most cells contain superoxide dismutase that convert 

O2•‾ to O2 and H2O2. Consequently, they suggested that HO2• can play 

an important role in bacteria inactivation because of its ability to 

penetrate the cell membrane. Also, the reaction between NO and O2•‾ 

was considered in their hypothesis as the second factor affecting the 

bacterial inactivation because this reaction leads to the production of a 

toxic and powerful oxidant, ONOO‾. They also stated that the role of 

the pH is only to increase the reactivity of the radicals as the pH has 

no direct effect on the bacterial inactivation in their studies. The 
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authors suggested that in an acidic solution, ONOO‾ is protonated to 

form ONOOH which is a very strong oxidant for biomolecules and thus 

plays an important role in the antibacterial activity. Finally, they also 

suggested that shock waves play an important role in the inactivation 

process.  

Contrary to all previous studies, Pavlovich et al. [298] concluded 

that the antimicrobial rates with ozone were much faster than 

previously reported antimicrobial rates for inactivation affected by 

nitrogen oxides and low pH values. The authors inactivated E. coli in 

saline and PBS and observed a good correlation between the 

antimicrobial effect and the liquid phase ozone concentration, but 

interestingly no correlation was observed between the antimicrobial 

effect and pH or concentration of H2O2, nitrite or nitrate. Based on 

these results, the authors suggested an ozone-dominant mechanism of 

E. coli inactivation and added that ozone-mediated inactivation is pH-

independent under indirect air DBD plasma treatment. Further 

support for their hypothesis came from the measured liquid phase 

ozone concentration which was consistent with the estimated 

equilibrium ozone concentration in the gas phase following vigorous 

mixing of the phases. 

Ercan et al. [299] examined E. coli inactivation in N-acetylcysteine 

(NAC) using an atmospheric air DBD plasma. They stated that pH has 

no direct significant contribution to bacterial inactivation, however, 

acidic pH was suggested to be crucial because of the antimicrobial effect 

of acidified nitrites. They also mentioned that although both ROS and 

RNS can attribute to the antimicrobial effect, it is speculated that ROS 

play an important role in the modification of NAC molecules while RNS 

seems to contribute more dominantly to the antimicrobial effect.
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Table 3.4. Overview of studies dealing with plasma sterilization in liquid phase. 

No Microorganism 
Inactivation 

efficacy 
Liquid Plasma source 

Carrier 

gas 
Description Ref. 

1 E. coli ~5 log 

reduction 

Water Pulsed corona 

discharge 

– Point-plane electrode system in 

water. 

Vp-p: 25 kV, currentp-p: 400 A, pulse 

duration: 1.8 µs, pulse frequency: 1–

50 Hz, gap: 0.5–5 cm, energy per 

pulse: 2 J. 

 

[300] 

2 E. coli ~4 log 

reduction 

Water Pulsed DC 

discharge 

– Single- and double-layer multi-

channel plasma discharge array in 

water. 

Voltage: 23 kV, pulse duration: 3 µs, 

current: 20 A. 

 

[301] 

3 E. coli ~105 times 

reduction 

Water Pulsed 

discharge 

plasma 

O2/N2 and 

O2/Ar 

Plasma was generated using a planar 

high voltage electrode above the 

water surface. 

Gap: 12 mm, voltage: 27 kV, pulse 

frequency: 50 Hz, conductivity of 

water: 500 µS/cm, liquid volume: 900 

mL, gas flow: 2.5 L/min. 

 

 

 

 

[295] 
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4 E. coli 6–7 log 

reduction 

Maximum 

recovery 

diluent 

(MRD), 

PBS 

Atmospheric 

DBD plasma 

Ambient 

air 

Direct and indirect plasma treatment 

on the solutions. 

Voltage: 40 kV, treatment time: 10–

300 s, gap: 10 mm (direct), 120–160 

mm (indirect), liquid volume: 100 µL. 

 

[281] 

5 E. coli ~3 log 

reduction 

Distilled 

water, 

saline 

DC positive 

streamer 

discharge 

– Point-hollow plane electrode system 

was used to generate indirect plasma 

on the solutions. 

Liquid volume: 6.5 mL, treatment 

time: 1–9 min, gap: 6 mm, voltage: 15 

kV. 

 

[302] 

6 S. aureus 2 log 

reduction 

Distilled 

water 

Atmospheric 

DC bubbling 

discharge 

Ar Plasma was generated in a quartz 

glass tube immersed in water. 

Gas flow: 2.5 L/h, gap: 20 mm, 

treatment time: 0–40 min, voltage: 

6.5 kV, current: 150 mA, power: 0.4 

W. 

 

[293] 

7 E. coli 7 log 

reduction 

NAC Atmospheric 

DBD plasma 

Ambient 

air 

Plasma was generated above the 

liquid. 

Liquid volume: 1 mL, treatment time: 

1–3 min, gap: 2 mm, voltage: 31.4 kV, 

frequency: 15 kHz, power density: 

0.29 W/cm2. 

 

[299] 
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8 E. coli 7 log 

reduction 

Distilled 

water 

Atmospheric 

floating-

electrode DBD 

plasma 

 

– Gap: 2 mm, liquid volume: 1 mL, 

treatment time: 0–3 min. 

 

[294] 

9 E. coli, 

L. citreum 

More than 

106 times 

reduction 

Distilled 

water 

Pulsed 

plasma jet 

He Gap: 20 mm, liquid volume: 500 µL, 

gas flow: 2.0 L/min, frequency: 13.9 

kHz, voltage: -3.5–5 kV, treatment 

time: 0-300 s. 

 

[285] 

10 S. aureus 100% Water,  

water/LB 

culture 

media, 

water/bact

eria 

suspensio

n 

 

Atmospheric 

DC micro-jet 

plasma 

Air Plasma was produced in the liquid. 

Gas flow: 2–3 slm, voltage: 400–600 

V, current: 0–35 mA, liquid volume: 

20 mL, treatment time: 0–20 min. 

[291] 

11 P. aeruginosa – Distilled 

water, 

saline 

Atmospheric 

RF plasma jet 

Ar Plasma on the solutions. 

Gas flow: 1.5 slm, frequency: 13.56 

MHz, power: 1.4 W, liquid volume: 

100 µL, gap: 8 mm. 

 

 

 

[296] 
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12 S. aureus, 

E. faecalis, 

E. coli, 

P. aeruginosa, 

MRSA, M. terrae, 

M. abscessus, 

B. cereus, 

C. albicans, T. 

mentagrophytes, A. 

niger 

 

In case of S. 

aureus (for 

other cases 

please refer 

to the 

article): CO2 

and N2: 

more than 6 

log 

reduction at 

60 s 

O2: 3 log 

reduction at 

120 s  

Ar and 

mock air: 

less than 1 

log 

reduction at 

120 s 

 

Bacterial 

suspensio

n in PBS 

AC Multi-gas 

plasma jet 

CO2, N2, 

Ar, O2, 

mock air 

Frequency: 16 kHz, voltage: 9 kV, 

power: 10 W, gas flow: 1 L/min, gap: 6 

mm. 

[297] 

13 E. coli 100% Deionized 

water 

Pulsed DBD 

plasma 

Air, O2 Liquid volume: 10 mL, gap: 1.5 mm, 

voltage: 17 kV, pulse frequency: 1.7 

kHz, treatment time: 0–30 min. 

 

 

[284] 
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14 E. coli – Tap water Pulsed 

submerged 

arc discharge 

– Liquid volume: 50 mL, pulse 

frequency: 100 Hz, voltage: 80 V, 

pulse duration: 20 µs, treatment 

time: 5–60 s. 

 

[303] 

15 E. coli Nearly no 

bacterial 

inactivation 

in Ar/ 

considerable 

reduction in 

air 

 

Distilled 

water, 

NaCl 

Surface DBD 

plasma  

Ar, 

ambient 

air 

Gap: 5 mm, gas flow: 0.5 slm, voltage: 

10 kV (air), 3 kV (Ar), liquid volume: 

5 mL, treatment time: 0–30 s. 

 

[280] 

16 E. coli and λDNA 100% Citric acid 

buffer, TE 

buffer 

Atmospheric 

pulsed plasma 

jet 

He  Gas flow: 2 L/min, voltage: 15 kV, 

pulse frequency: 3 kHz, pulse 

duration: 2.8 µs, gap: 40 mm, liquid 

volume: 100 µL, treatment time: 0–

120 s. 

 

[304] 

17 E. coli, 

B. subtilis, biofilms 

100% Physiologi

cal 

solution 

DC pulsed 

streamer-

spark 

discharge 

– Multi point-plane geometry was used 

to generate bubbling discharge. 

Gap: 10–15 mm, power: 30, 60 W, 

treatment time: 0–420 s. 

 

 

 

[305] 
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18 S. aureus, 

Multidrug resistant 

bacteria 

 

NPP: 4–5 

log 

reduction 

DBD: 3 log 

reduction 

Saline 

solution 

Nano-second 

pulsed plasma 

and AC DBD 

surface 

plasma in Ar 

– NPP: Needle to needle electrode 

geometry in the liquid. 

Voltage: 6 kV, current: 0.7 kA. 

DBD surface plasma on the solution: 

Voltage: 0.6 kV, current: 14 mA, 

treatment time: 5 min.  

 

[277] 

19 A. sanguinea, 

S. trochoidea, 

H. triquetra 

 

– Algal 

culture 

Remote DBD 

plasma 

Air Gap: 25 mm, voltage: 9 kV, 

frequency: 60 Hz, gas flow: 4 L/min, 

liquid volume: 1 mL, treatment time: 

40–60 s. 

[306] 

20 E. coli, 

B. atrophaeus, 

S. aureus 

– Water, 

physiologi

cal saline, 

PBS 

 

Pulsed 

surface DBD 

plasma 

Ambient 

air 

Indirect DBD plasma treatment. 

Gap: 5 mm, voltage: 10 kV, 

frequency: 20 kHz, liquid volume: 1.5, 

5, 10 mL, treatment time: 0–30 min. 

[278] 

21 E. coli 5.5 log 

reduction 

Physiologi

cal saline, 

PBS 

 

Indirect AC 

DBD plasma 

Air Frequency: 10 kHz, voltage: 2–6 kV, 

power: 0.3–7 W, liquid volume: 150 

µL, treatment time: 30–300 s. 

[298] 

22 E. coli ~6 log 

reduction 

Water, 

buffered 

and non-

buffered 

saline 

solutions  

DC transient 

spark 

discharge 

Air Electro-spraying in point-plane 

electrode system. 

Gap: 10 mm, voltage: 14 kV, liquid 

flow rate: 0.5 mL/min, treatment 

time: 5 min. 

 

[283] 
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23 S. aureus More than 

99% 

reduction 

Water Atmospheric 

DC plasma 

micro-jet 

He/O2 Plasma immersed in water. 

Gas volume ratio: He/O2: 98/2%, gas 

flow: 2.5 slm, voltage: 400 V, current: 

35 mA, treatment time: 0–16 min. 

 

[292] 

24 E. coli ~5 log 

reduction 

Water Pulsed 

discharge 

Air, O2, N2 Multi-needle electrode system on the 

liquid. 

Liquid volume: 120 mL, gap: 4 mm, 

gas flow: 0.5–4 L/min, treatment 

time: 0–900 s, voltage: 17 kV. 

[282] 
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Even though some reports are available in literature which believe 

UV radiation [300,307] and ROS including ozone [282,298], hydroxyl 

radical [292,293,297], singlet oxygen [297] and atomic oxygen [293] 

have more dominant bactericidal effects in plasma-based sterilization 

process, a more prominent picture of the effects of RNS in plasma 

sterilization is observed in literature. Also, from these results, it can be 

concluded that acidification seems to be a necessary, but not sufficient 

prerequisite for antimicrobial effects. Many investigations have been 

performed up to date in an effort to obtain a deep understanding on 

which chemicals affect the bacterial inactivation and how these affect 

the sterilization efficacy during PLIs. However, the chemical kinetics 

of the reactions occurring between the plasma-generated chemicals and 

liquid phase components, remains an area of significant research. The 

production of these plasma-generated chemicals is depending on many 

parameters such as plasma environment, type of carrier gas, type of 

discharge, applied voltage, voltage polarity, the liquid volume, the 

distance between electrode and liquid surface, the electrical 

conductivity of the liquid, pulse duration and so on. It has been already 

shown that in lower electrode gaps a better inactivation efficacy was 

achieved. This observation can be due to the different discharge 

regimes and their different energy efficiencies which can be obtained 

when using varying electrode distances. Vaze et al. [300] observed a 

corona discharge at long electrode distance (5 cm), a corona-spark 

discharge at a 2.5 cm electrode gap and a spark discharge at a 1 cm gap. 

They reported a more significant bacterial inactivation rate with a 

spark discharge compared to the other two discharge types. Later on, 

this group also investigated the effect of a gliding arc discharge over 

water [307] and observed that the spark discharge still had a higher 

efficiency than the gliding arc discharge over the water surface and the 

corona discharge. Additionally, the initial concentration of the bacterial 

solution was also found to have an important effect on the bacterial 

inactivation efficiency as it is more difficult to inactivate bacteria when 

they are present in high concentrations. 

Generally, a detailed detection of reactive species in the plasma- 

treated liquid phase is one of the essential forthcoming tasks to get 

further insights into the detailed mechanisms of PLIs on bacterial 

inactivation. For this, highly sophisticated liquid analytics need to be 

applied to plasma-treated aqueous solutions in the near future. 
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3.5 Plasma Biomedicine, Wound Healing and 

Blood Coagulation, Plasma Dermatology 

and Dentistry  

Atmospheric non-thermal plasmas are currently also attracting 

significant attention in medical sciences, where for some applications 

the delivery of reactive oxygen and nitrogen species (RONS) is highly 

desired. Historically, in 1914, Jacques-Arsene d’Arsonval a French 

physiologist, discovered the possibility of influencing the human body 

with high frequency irradiations [308]. Therefore, electro-medicine 

using high frequencies was recommended for medical practice in the 

first decades of the 20th century. The high frequency devices were 

commonly sold for home-care medicine until the early 1950s [309] and 

in Germany, these devices were further developed for diathermy [310]. 

In 1927, Rumpf designed a device different from the one of d’Arsonval, 

by implementing a capacitively coupled electrode system consisting of 

a Leydener bottle as an electrode, which was directly applied to the 

skin. His device can be considered as the first plasma source in 

biomedicine using a dielectric electrode [309]. Subsequently, more 

efforts took place using plasmas and in the early 1990s, and research 

was performed by Gitomer and Jones [311] at the Los Alamos National 

Laboratory to study laser-induced plasmas for medical applications 

including ophthalmology, urology and cardiology. However, before 

1998, only a few research groups were focusing on the plasma 

biomedicine field because many people in the plasma scientific 

community were not aware of this new application field of plasmas. 

However, in 1998, for the first time, after many efforts were made by 

Laroussi and Barker, first results of a coordinated efforts to investigate 

plasma-cell interactions were effectively presented [262]. 

Due to their low operating temperatures, non-thermal plasmas are 

suitable for the treatment of heat-sensitive and/or vulnerable materials 

such as living biological cells and tissues. Plasma-generated RONS 

exhibit high biological activity (e.g., anti-microbial, anti-cancer and 

chronic wound healing) and are of critical importance in the 

biomedicine field because they can directly and indirectly affect 

plasma-induced chemical reactions on cells and tissues. Non-thermal 

plasmas typically produce a complex mixture of RONS including 

hydrogen peroxide (H2O2), nitric oxide, hydroxyl radicals (OH•), 
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superoxide and ozone (O3), among others. H2O2 is considered as one of 

the key components in wound healing, anti-microbial and anti-cancer 

properties of non-thermal plasmas [312]. The most straightforward 

pathways, leading to the formation of H2O2, are listed in Table 3.5. Also, 

a well-documented review was presented by Locke et al. [313] clearly 

summarizing H2O2 formation methods. Very short-living OH• radicals, 

as an important precursor of H2O2, are also considered in biological 

applications [312]. 

Table 3.5. Hydrogen peroxide (H2O2) formation reactions 

[280,314,315]. 

Reactants    Products 

OH⦁ +OH⦁ → H2O2   

2H2O → 2H2 +O2 → H2 +H2O2 

2HO2 → H2O2 +O2   

HO2 + H2O → H2O2 +OH   

H2 +HO2 → H2O2 +H   

2HOO⦁ → H2O2 +O2   

Besides RONS, UV radiation of the plasma was also found to be 

effective in biomedicine. The effects of UV (200–400 nm) and VUV (10–

200 nm) radiation generated by an RF atmospheric pressure Ar plasma 

jet on different biological solutions were investigated by Jablonowski et 

al. [314] (Figure 3.7). The authors exposed the following liquids to their 

plasma jet: distilled water, 0.9% NaCl, Hank’s balanced salt solution 

(HBSS), Sørensen’s phosphate buffer (SPB), Dulbecco’s phosphate 

buffered saline (DPBS), Iscove’s modified Dulbecco’s medium (IMDM), 

EpiLife and Roswell Park Memorial Institute (RPMI), respectively, 

sorted by complexity from ultrapure water to full culture media. The 

main aim of their work was to identify the possible impact of VUV 

radiation on liquids surrounding cells and based on the bond 

dissociation energies shown in Table 3.6, the authors concluded that 

VUV photons generated by their plasma jet carry enough energy onto 

treated liquids to contribute to the reactive chemistry initiated within 

the liquids. Additionally, the authors also studied the generation of 

H2O2 and reactive oxygen radicals namely O2•‾ and OH• radicals by the 

use of EPR spectroscopy for the liquids. 
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Table 3.6. Bond dissociation energies for biologically relevant 

molecules [314,316]. 

Reaction 
Bond dissociation energy Wavelength 

(nm) kJ/mol eV 

HO2 → H+ O2 197 2.04 607.8 

NH → N+ H 356 3.69 336 

H2O2 → H+ HO2 374.5 3.88 319.5 

OH → O +H 428 4.44 279.2 

H2 → 2H 435.9 4.52 274.3 

O2 → 2O 498.3 5.16 240.3 

H2O → OH+H 498.7 5.17 239.8 

CO2 → CO+ O 532.2 5.52 224.6 

NO → N+ O 631.6 6.55 189.3 

N2 → 2N 945.4 9.80 126.5 

CO → O+ C 1076.5 11.16 111.1 

 
Figure 3.7. (up left) VUV emission profile of an Ar plasma jet in a 

phosphorescing film used by Jablonowski et al., (up right) VUV 

emission of an Ar discharge in ambient air, (bottom left) VUV 

absorption of various test liquids at 0.2 mm sheath thickness and 

(bottom right) wavelength at which 50% absorption of plasma-

radiated VUV occurs of various test liquids as a function of their film 

thickness [314]. 
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In some early biomedical applications including tissue removal, 

sterilization and cauterization, heat and high temperature are also 

important. Consequently, atmospheric thermal plasmas have been also 

employed for biomedical applications such as cutting tissue, cosmetic 

re-structuring of tissue and cessation of bleeding [317]. However, 

atmospheric non-thermal plasmas have a more interesting and 

promising role in biomedicine because their effects can be tuned for 

various purposes including prevention of post-surgical infections, non-

inflammatory tissue regeneration, oncology, chronic wound healing, 

treatment of skin diseases, cancer therapy, dental caries, etc. Most 

efforts in plasma biomedicine are focused on applying plasma directly 

to samples including tissues, biological liquids and biomaterial 

surfaces. Therefore, using non-thermal plasmas helps to achieve the 

desired result selectively for some living matter while having little 

effect on the surrounding tissue [317]. 

The applications of plasma in medicine usually involve contact 

between plasma and tissue which requires a liquid surrounding, for 

example cell culture medium for in vitro studies. Also, under in vivo 

conditions, a liquid environment nearly always surrounds living tissue 

due to exudation from the tissue surface, otherwise, the tissue would 

be damaged due to desiccation. Therefore, a plasma-body fluid system 

will be formed in these cases and most interactions between plasma 

and biological cells or tissue will involve a moist or aqueous phase (with 

a typical thickness of a few hundred microns) [318]. Thus, a better 

understanding of the biological interactions between gas phase plasmas 

and liquids is necessary. Also, since in many cases the active plasma 

species (neutral reactive species, electrons, ions and photons) first 

interact with biomolecules through the liquid layer, it is essential to 

perform fundamental studies to understand how plasma interacts with 

biomolecules including amino acids, DNA and proteins which are the 

building blocks of cells and organs.  

There are two main types of plasma treatments in biomedicine 

researches: (1) direct and (2) indirect treatment. In the first type, a 

biological target is directly exposed to a plasma source and the plasma-

generated species directly interact with the target. In this case, the 

living tissue or target often functions as one of the plasma electrodes. 

This type of direct treatment usually permits a flux of various 

uncharged species as well as UV radiation to the surface of the 

biological target. Moreover, an important feature of direct plasma 
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treatment is the existence of a significant flux of negatively and 

positively charged species reaching the surface of the sample. The 

efficacy of this method is in close relation to short-living species such 

as singlet oxygen 1O2 and radicals such as O2•‾, OH• and atomic radicals 

which are directly formed by the plasma [312]. The second treatment 

type involves the pre-treatment of aqueous media, which are applied to 

cells or tissue [312]. In this case, the effects involve changes in the 

solution’s pH and conductivity which affect the reactivity of chemical 

species, or post-plasma reactions whereby degradation continues for 

long time after the plasma treatment. For this method, the formation 

of relatively long-living species such as H2O2 and O3 as well as 

secondary radicals generated in the liquid phase are the most essential 

phenomena. For both types of plasma treatments, there are however 

still many challenging issues including (1) a detailed characterization 

of the plasma chemistry and its effect on the exposed organic materials, 

(2) a thorough understanding of the plasma generation in and in 

contact with liquids, (3) an improvement of the design of plasma 

sources intended for biomedical applications, (4) finding accurate 

modeling for plasma and living matter interactions, (5) resolving the 

mechanisms of plasma and living matter interactions, etc [319]. To 

move ahead in the further development of actual commercial tools that 

will be used in hospitals and in finding novel and perhaps even 

unexpected uses of these plasmas, a better understanding of the 

mechanisms of interaction of non-thermal plasmas with living 

organisms, tissues and cells becomes essential. Obviously, these 

mechanisms are very complex, owing partly to the complexity of the 

plasma phase, but mainly to the complexity of the biological targets. 

Moreover, further complexity is also added due to the presence of 

liquids surrounding the cells/tissue.  

A very promising use of non-thermal plasmas in medical science is 

wound healing and blood coagulation. Wound repair processes typically 

involve various intracellular and intercellular pathways activating 

cellular components of the immune system, the blood coagulation 

cascade and the inflammatory pathways. Many types of cells undergo 

marked changes in gene expression and phenotype, leading to cell 

proliferation, differentiation and migration [320]. The blood 

coagulation process typically involves platelet activation and the 

coagulation cascade, which can effectively stop bleeding [321–324]. One 

frequently used plasma device to control bleeding in endoscope’s 
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surgery is a thermal Ar plasma coagulator [325,326], however, this 

device is not suitable for external applications because of its small 

treatment area and relatively high operating temperature. Indeed, for 

external applications such as wound treatment, it is desirable to 

operate with non-thermal plasmas which can cover a large treatment 

area without damaging the surrounding tissue.  

In 2012, Kuo [324] designed a portable plasma spray for bleeding 

control and wound healing. They directly treated blood samples using 

an AC air plasma spray and their in vitro assays verified that the 

observed plasma blood clotting was not caused by thermal effects (the 

measured air plasma effluent temperature was less than 55 °C (328 K)). 

Moreover, a magnetic field also rotated the discharge preventing the 

formation of arcs and hot spots on the electrode surfaces. It was claimed 

that the blood clotting is associated with a reactive atomic oxygen flux 

in the plasma. They observed that with a rapid blood clotting by plasma 

effluent, the platelet count decreases. Consequently, they concluded 

that platelets were fragmented by oxidants produced by the reactive 

atomic oxygen flux to induce blood clotting and provided a surface for 

the subsequent steps of coagulation, leading to clot formation. The 

in vivo results revealed that the plasma spray could rapidly stop 

external wound bleeding, which was according to the authors due to 

oxidants such as OH• radicals and H2O2, which can affect several key 

steps of platelet function to enhance platelet aggregation, leading to 

blood clotting. Post-plasma treatment observation of wound healing 

also indicated that the plasma effluent had a positive impact on wound 

healing and that there were no apparent side effects on the irritated 

skin. They concluded that most likely the reactive atomic oxygen in the 

plasma effluent reduces the demand of oxygen used in respiratory burst 

and indirectly increases the oxygen content of the tissue. Plasma 

treatment can raise the tissue oxygen tension in the wound site during 

treatment and thus increases the oxygen supply from the neighboring 

tissue for wound healing and cell metabolisms. 

In another study on plasma-assisted wound healing, Arjunan et al. 

[327] used a DBD plasma in ambient humid air which could induce 

angiogenesis via endothelial cell fibroblast growth factor 2 (FGF-2) 

release through sub-lethal cell membrane damage. PBS, serum-free 

medium (SFM) and endothelial cells were treated by the DBD plasma 

and the authors effectively studied how the reactive plasma species 

affect the angiogenic response. They observed that the initial high 
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H2O2/OH• dose is responsible for disinfection of the wound surface, 

while the later low dose helps cell proliferation and angiogenesis. The 

authors offered their results as a guide for the development of new 

plasma devices for angiogenesis in wound healing. The most 

challenging part of non-thermal plasma application for wound healing 

is the development of new and more suitable plasma devices. Specific 

RONS, particularly ROS, in controlled doses, need to be achieved by 

controlling plasma discharge properties such as electron density, 

temperature and gas composition [327]. Additionally, the penetration 

depth of the plasma-produced RONS using different plasma 

configurations need to be also more precisely determined. 

Besides wound healing, plasmas can also be used for other 

dermatological purposes. Being a contact-free, painless, self-sterilizing 

and non-invasive technique, plasma is considered to be a very 

promising technique in dermatology. The action modes of non-thermal 

atmospheric pressure plasmas, i.e. bacteria killing, tissue stimulation, 

anti-inflammatory and anti-itch properties, appear ideal for 

dermatological applications not only for wound healing purposes but 

also for skin regeneration and the treatment of diverse inflammatory 

skin and infectious diseases. The disinfective use of plasma in 

dermatology is of great interest since non-thermal plasma enables a 

direct treatment of skin pathogens [328]. In an ex vivo study on a 

porcine skin model, plasma displayed an efficient lethal effect on wound 

related bacteria. Plasma treatment caused a decolonization of the 

tested bacteria without harming cells of the pig skin sample. For this 

particular study, Maisch et al. [329] applied two different atmospheric 

pressure plasma devices, FlatPlaSter and miniFlatPlaSter, in ambient 

air.  

Plasma also showed an acceptable performance in skin 

regeneration in the field of cosmetic medicine. A treatment with a 

commercial RF N2 plasma jet (Portrait® PSR) led to a controlled damage 

of the skin [330–332] and a complete regeneration of epidermis was 

reported after 10 days. Moreover, an ongoing collagen production, 

reduction of elastosis and progressive skin rejuvenation was confirmed 

over one year after the plasma treatment. The patients reported a 60% 

improvement of their skin texture including wrinkle reduction and skin 

tone improvements. Plasma treatment was also employed to treat 

atopic eczema, a very widespread skin disease. The symptoms include 

redness, swelling, itching and dryness of the skin. The conventional 
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treatment method is using a moisturizing crème followed by topical 

anti-inflammatory and anti-microbial treatments [328]. In 2009, 

Mertens et al. [333] presented a case study on treating atopic eczema 

with a DBD device using a power of 0.2 W. Plasma treatment was daily 

applied to the skin for 1 min daily over a period of 30 days. After this 

treatment period, the involved researchers observed a reduction of 

some symptoms such as swelling, itching and redness. Additionally, no 

side effects during or after the plasma treatments were reported. For 

more information on the use of non-thermal plasmas in dermatology, 

the reader is referred to two interesting review papers: (1) the review 

paper of Tiede et al. [328] containing a detailed risk analysis for the 

assessment of two different plasma sources, direct and indirect, in 

dermatology and (2) the review written by Heinlin et al. [334] focussing 

on potential plasma applications in medicine and recent research on 

skin diseases. 

Besides dermatology, dentistry is also one of the important medical 

areas that non-thermal plasma technology has been applied for. The 

mouth or oral cavity has a characteristic bacterial composition, 

containing over 700 bacterial species [335]. Dental plaque is a complex 

oral biofilm made up of hundreds of microbial species organized in 

communities embedded in a matrix of polymers of bacteria and salivary 

origin [336]. Some physical and chemical parameters influence the 

growth and survival of the bacteria in plaque e.g. nutrients, pH, oxygen 

and redox potential. Therefore, the main concern in plasma dentistry is 

to investigate the antimicrobial effects produced by plasma to remove 

dental biofilms and eradicate oral pathogens. It has been shown that 

reactive oxidative species, charged particles and UV photons play the 

main role in the plasma-assisted removal of dental biofilms [337].  

Besides biofilm removal, non-thermal atmospheric plasma has also 

found an important role in tooth whitening and composite restoration. 

Currently, hydrogen peroxide treatment is used for tooth whitening 

[338] and it has been stated that hydroxyl radicals generated from the 

hydrogen peroxide play a main role in the tooth bleaching process [339]. 

Lately, some researchers have also investigated other possible dental 

treatments for tooth bleaching and found non-thermal plasma to be a 

promising candidate. An atmospheric pressure He plasma jet was 

applied by Lee et al. [340] on some extracted teeth cut longitudinally 

for tooth bleaching purposes. Half of the teeth were treated with H2O2 

while the other half of the teeth received plasma and H2O2 treatments 
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simultaneously for a period of 10 min. The second group was found to 

show a 3-fold improvement in tooth bleaching compared to the first 

group. The authors hypothesized that the enhanced bleaching effect 

may be due to the removal of the tooth surface protein and the higher 

concentration of hydroxyl radicals induced by the simultaneous plasma 

treatment. Other research groups also reported similar results: a 

simultaneous plasma and H2O2 treatment enhances tooth whitening 

compared to hydrogen peroxide treatment alone [341]. Another study 

on the effect of plasma treatment on tooth whitening was carried out 

using an atmospheric pressure DC micro-jet plasma [342]. The results 

showed that also by using this plasma source the plasma treatment 

significantly improved tooth whitening. The involved research group 

hypothesized that the tooth whitening can be due to the plasma-

induced reactive chemical species, formed at the plasma-liquid-tooth 

interface. In another study, an RF plasma jet was placed in deionized 

water by Kim et al. [343] and the targeted tooth was also immersed into 

the water. After an 8 min plasma treatment, color changes were 

observed on the surface of the treated tooth, which were, according to 

the authors, mainly caused by the impact of hydroxyl radicals. Similar 

results on tooth bleaching have also been obtained by other research 

groups using different plasma devices [344–346]. Additionally, there 

are also some very interesting reviews, particularly the reviews by 

Hoffmann et al. [337] on the production and application of non-thermal 

atmospheric pressure plasmas in dentistry and by Arora et al. [347] on 

dental applications of plasma, where more information on this topic can 

be found. 

 

 

3.6 Plasma Oncology and Cancer Therapy 

A recently emerging and rapidly growing application of non-thermal 

plasmas in the biomedical field is plasma-assisted cancer therapy. In 

the past, several studies, which were inspired by plasma-assisted 

cancer therapy, have already been published [348–350]. Many groups 

proposed an initial model for the mechanisms of interaction of non-

thermal plasmas with living cells and tissues in plasma cancer 

treatment, of which an overview is presented in Table 3.7. In cancer 

treatment, two approaches can be considered: apoptosis or a 



91 
 

programmed cell self-death pathway which is an essential issue 

because cancer cells have frequently acquired the ability to block the 

apoptosis process and are subsequently more resistant to 

chemotherapeutic drugs. Contrary to apoptosis, necrosis is 

unprogrammed cell death triggered by external factors (or disease). 

This approach is not an active cell process and does not require energy. 

Theoretically, the necrosis process can better fend off the development 

of resistance due to its vigorous nature, however, its cascade can cause 

inflammation [351]. 

To investigate the influence of plasma parameters on the 

detachment or damage of living mammalian cells, Kieft et al. [349] 

applied an RF plasma needle with He as working gas. Their aim was to 

minimize the incidence necrosis while efficiently achieve cell 

detachment which is a sub-lethal cell reaction. They showed that the 

amount of liquids that covered the cell samples had a critical impact on 

detachment and necrosis rates, since it directly affects the penetration 

depth of the reactive species through the liquid. Below a treatment time 

of 1 min, the cells did not show any time dependence behavior, however, 

at longer exposure times, cell detachment proceeded linearly until 

eventually all cells detached. With increasing power, no cell 

detachment was observed, but increasing power was found to promoted 

cell necrosis. The authors concluded that UV radiation alone in high 

doses can cause cell death but cannot induce cell detachment. 

Additionally, they also neglected the influence of temperature and the 

applied electromagnetic field. Consequently, the plasma electrons, ions 

and radicals were discussed as the “suspected” plasma species causing 

cell detachment or damage. The authors also mentioned that the 

penetration depth of electrons and ions in the liquid was not sufficient 

to cause their observed results directly, however, energetic ions in 

contact with the culture medium may be able to create reactive radicals 

from water molecules. 

In another study, Stoffels et al. [350] used the same device, but they 

treated cells through a gas-permeable membrane to simulate indirect 

intravenous treatment with a gas plasma-filled catheter. They observed 

a dose-dependent apoptosis and necrosis in cell lines which was also 

detectable 6–10 h after plasma exposure. The authors also observed 

that at low plasma doses (low power and short treatment times) the 

cells displayed typical patterns for apoptosis such as morphological 

changes and nuclear DNA condensation. Apoptosis was also reported 
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at higher doses, but at these conditions, necrosis was prevalent. 

However, necrosis was not instantaneous and thus they concluded that 

a delayed cell death occurred at higher doses. No immediate cell 

detachment was reported during this indirect plasma treatment, 

however, in the case of direct plasma treatment cell detachment 

occurred even when using very short irradiation times (1–2 s). This 

means that agents responsible for cell detachment could be blocked by 

the used membrane.  

Inactivation or killing of human Melanoma skin cancer cell lines 

was demonstrated in an in vitro study by Fridman et al. [348]. They 

showed that very low doses of floating electrode DBD (FE-DBD) plasma 

treatment (5 s at 0.8 W/cm2) could initiate apoptosis in the cell lines 

under study, as shown in Figure 3.8. In contrast, higher treatment 

doses (15 s and over at 1.4 W/cm2) caused immediate necrosis and 

destruction. They also detected the initiation of a complex cascade of 

biochemical processes, leading to cell death many hours and even days 

after plasma treatment. After a 5 s plasma treatment, the cells were 

not immediately inactivated, but the cell growth rate significantly 

slowed down and the number of dead cells increased 24 h after 

treatment. It was claimed that the plasma treatment initiated this 

behavior in cells not through poisoning of the growth media in which 

the cells reside or through interaction with the aluminum dishes the 

cells reside in, but through direct interactions between plasma species 

and cells. However, it was not studied which species generated by the 

plasma were able to invoke apoptotic biochemical pathways and how 

these mechanisms were invoked.  
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Figure 3.8. (up left) Effect of FE-DBD treatment on Melanoma cancer 

cells, counted 1, 3 and 24 h after treatment, (up right) Trypan blue 

exclusion test result; blue cells (dark spots) had taken up the dye, 

indicating compromised cell membrane and were considered dead 

(Treatment time: 5 s) and (bottom) plasma-treated and untreated 

Melanoma cancer cells. The cells were stained blue (darker spots) and 

apoptotic cells were also stained green (bright spots). Treatment time: 

5 s; assay performed 24 h after treatment [348]. 

The effect of ROS on the apoptosis of human bladder cancer cells 

using a DC He/O2 atmospheric plasma jet was studied Joh et al. [352]. 

Using a staining assay and flow cytometry, they detected apoptosis 

changes in the cells after plasma treatment. They observed that both 

plasma dose as well as the levels of intracellular and extracellular ROS 

correlated well with the gathered apoptosis rates. The spindle shape of 

living cells exposed to the plasma was changed to a round shape and 

detachment of the cells from the ECM was observed. They mentioned 

that this detachment might be attributed to plasma-induced damage of 

cell adhesion molecules. Additionally, the detachment rate was also 

found to increase with increasing treatment time and applied voltage. 

Finally, the authors suggested that plasma treatment induces genetic 

signaling cascade from DNA damage and simple non-genetic physical 

damage in the cellular membranes. In a related study, Kim et al. [353] 

used a cold surface-type DBD discharge in ambient air to directly treat 
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mouse melanoma cancer cells. Like Joh et al. [352], these researchers 

also proposed ROS as key constituents inducing apoptosis. 

Additionally, the high concentration of ozone generated by the used 

DBD (~1000 ppm) could also be responsible for DNA damage, according 

to the authors. 

Indirect cancer therapy by using plasma-activated liquids (e.g. 

water or cell culture media) has also been reported to have some effects 

on the anti-proliferative activity of cancer cells [354]. An indirect 

plasma treatment on breast cancer cells was performed by Keidar et al. 

[355] using a cold plasma jet sustained in Ar, He and N2. These authors 

also suggested that ROS are responsible for the cell apoptosis because 

measurements indicated that there was a significant difference in H2O2 

concentrations produced by the Ar and He plasma. On the other hand, 

the concentration of NO2‾ only slightly changed in these two cases. 

Therefore, ROS (particularly H2O2) were introduced as an important 

factor in the interactions of plasma stimulated media with cells. 

Dobrynin et al. [356] examined both direct and indirect plasma 

treatments on various cell types including bacterial cells, human 

cadaver tissue and mammalian cells (epithelial cells, fibroblasts and 

melanoma skin cancer cell lines, macrophages, b-lymphocytes) using a 

floating electrode DBD air plasma. They proposed a hypothesis based 

on their findings that positive and negative ions have relatively the 

same effects on biological mechanisms through initiation and catalysis 

of peroxidation processes. These peroxidation processes are catalyzed 

by plasma-produced ions both inside and outside of the biological 

targets, thus they are able to have a greater effect than neutral active 

species. They mentioned that ROS produced by the plasma are the key 

components in plasma-cell interactions and that the cell membrane is 

the first target where the most processes occur on. The thickness of the 

liquid was also found to be important since the chemical effect resulting 

from plasma-membrane interactions is dependent on the amount of 

used liquid. The dosage of plasma treatment was also introduced as one 

of the main factors influencing plasma-cell interactions since it is 

closely related to plasma and can be controlled using appropriate 

plasma parameters. On the other hand, since some biological responses 

may also result from the plasma treatment, this research group stated 

that an appropriate knowledge on intracellular biochemistry would be 

necessary to interpret these responses. The authors also stated that the 

metabolism of ROS is different in bacteria and mammalian cells. For 
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example, while human cells show protection against species like O2‾, 

bacteria either lack it completely or their resistance is lower. It was 

consequently concluded that higher order organisms may have 

developed more resistance mechanisms to external stress (osmotic 

pressure changes, ROS, chemical and biological poisons). This research 

group also observed that plasma treatments selectively interact with 

some blood constituents to promote blood coagulation through 

initiation or catalysis of biochemical processes pre-existing in blood. 

They also observed that plasma treatment can control ion channel 

activity in cells without destroying or damaging those cells. 

Kalghatgi et al. [357] treated mammalian breast epithelial cells 

using an AC pulsed air DBD plasma and reported that non-thermal 

plasma created by DBD had dose-dependent effects that range from 

increasing cell proliferation to inducing apoptosis. As one possible 

mechanism underlying the observed dose-dependent effects, they 

proposed intracellular ROS, because at low levels an increased cell 

proliferation was observed and at high levels cell death was induced 

through DNA damage. They also studied the effect of medium 

separately treated with DBD plasma, which was subsequently added to 

cells, and concluded that there were not significantly different results 

than in case of direct treatment of cells overlaid with medium. The 

authors suggested that plasma-induced DNA damage is likely initiated 

by neutral species and not by charged species produced by the plasma 

in gas phase. Additionally, UV was hypothesized to not play a role in 

plasma-induced DNA damage. Other studies have also shown that the 

effects of neutral active species cannot be ignored in plasma-cell 

interactions because neutrals are able to sterilize and they are also 

responsible for some biological effects (like NO in wound healing) 

[317,358,359]. 

Generally speaking, the key role of plasma-generated RONS in 

oxidation-reduction (redox) biochemistries in cancer therapy is well 

established in the literature. Moreover, there are some very interesting, 

comprehensive reviews on this topic, e.g. the review by Schlegel et al. 

[360], summarizing the progress in applying non-thermal plasmas to 

tumors and the review written by David Graves [361] exploring the 

possible mechanisms and opportunities of the plasmas as a novel anti-

cancer therapy. For more information on plasma-assisted cancer 

therapy, the reader is referred to these review papers.
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 Table 3.7. Overview of studies dealing with plasma-biological liquid interactions envisioning cancer therapy. 

No Biological target 
Treatment 

type 
Liquid Plasma source 

Carrier 

gas 
Description Ref. 

1 Endothelial cells, 

vascular smooth 

muscle cells 

Direct Culture 

medium 

Atmospheric 

RF plasma 

needle 

He RF glow discharge. 

Frequency: 13.56 MHz, gas flow: 2 L/min, 

liquid volume: 10–60 µL, gap: 3 mm, voltage: 

226-280 V, treatment time: 30–540 s. 

 

[349] 

2 Human Melanoma 

skin cancer cells 

Direct Culture 

medium 

FE-DBD 

plasma 

Air Voltage: 10–30 kV, gap: 3 mm, power: 4 W, 

liquid volume: 200 µL, treatment time: 5–30 s. 

 

[348] 

3 Endothelial cells, 

vascular smooth 

muscle cells 

Direct Culture 

medium 

Atmospheric 

RF plasma 

needle 

He Indirect RF glow discharge. 

Frequency: 13.56 MHz, gas flow: 2 L/min, gap: 

1 mm, treatment time: 2–50 s. 

 

[350] 

4 Blood  Direct Blood  AC plasma 

spray 

 

Air Frequency: 60 Hz, power: 170 W. [324] 

5 Human bladder 

cancer cells 

Direct Culture 

medium 

Pulsed DC 

plasma jet 

He/O2 Gas flow: He/O2: 100, 500/5, 10, 20 sccm, 

voltage: 1.2–1.8 kV, frequency: 20, 50 kHz, 

liquid volume: 0.2–1 mL, treatment time: 10, 

20 s, gap: 6 mm. 

 

[352] 

6 Mouse melanoma 

cancer cells 

Direct Culture 

medium 

Cold surface-

type DBD 

discharge 

 

Ambient 

air  

Voltage: 4.2 kV, power: 4.26 W, treatment time: 

10, 30, 50 s, gap: 5 mm. 

 

[353] 
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7 Mammalian breast 

epithelial cells 

Direct and 

indirect 

Culture 

medium 

AC pulsed 

DBD plasma 

Air  Voltage: 20 kV, pulse duration: 1.65 µs, rise 

time: 5 V/ns, gap: 2 mm, liquid volume: 100 µL. 

 

[357] 

8 Murine melanoma 

and fibroblast 

tumor cells 

Direct  Culture 

medium 

Micro-plasma 

jet employing 

a hollow-core 

glass optical 

fiber 

 

He  Gas flow: 10 sccm, frequency: 32 kHz, voltage: 

17 kV, gap: 5 mm, treatment time: 10 s. 

[362] 

9 Human ovarian 

cancer cells 

Direct Culture 

medium 

Non-

equilibrium 

atmospheric 

plasma 

 

Ar  Gas flow: 2 slm, liquid volume: 2 mL, gap: 15 

mm, treatment time: 30–300 s, voltage: 10 kV, 

frequency: 60 Hz. 

[363] 

10 Mouse epithelial 

ovarian cancer cells 

Indirect  Culture 

medium 

Non-

equilibrium 

atmospheric 

plasma 

 

Ar Gas flow: 2 slm, liquid volume: 100 µL, gap: 15 

mm, treatment time: 30–300 s, voltage: 10 kV, 

frequency: 60 Hz. 

[364] 

11 CRFK feline kidney 

cells 

Indirect 

and direct 

Physiolo

gical 

liquid 

RF 

atmospheric 

plasma jet 

 

Ar Gas flow: 1.5 slm, frequency: 13.7 MHz, liquid 

volume: 100 µL. 

[365] 

12 Mouse liver 

epithelial cells 

Indirect  Various 

culture 

media 

Atmospheric 

plasma jet 

Ar  Gas flow: 1.9 slm, frequency: 1.1 MHz, voltage: 

2–6 kV, liquid volume: 100 µL, gap: 1 mm, 

treatment time: 60, 120 s. 

 

[366] 
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13 Human U87 cancer 

cells, human MDA-

MB-231 cancer 

cells, MCF-7 cancer 

cells 

 

Indirect  Cell 

culture 

media 

DC cold 

plasma jet 

He  Gap: 3 cm, liquid volume: 1 mL, time: 0.5–2 

min, gas flow: 4.7 L/min, input voltage: 11.5 V, 

output voltage: 3.16 kV, power: 5 W. 

[367] 

14 Human epithelial 

PC cell lines LNCaP 

and PC-3 

Indirect   Sespend

ed cells 

in RPMI 

medium 

 

DC cold 

plasma jet 

Ar  Liquid volume: 500 µL, time: 10 s, gas flow: 3 

L/min, voltage: 65 V, frequency: 1.1 MHz. 

 

[368] 

15 Breast cancer cells Indirect  Deionize

d water 

Cold plasma 

jet 

Ar, He, 

N2 

Voltage: 2–5 kV, frequency: 30 kHz, gas flow: 

0.3 L/min. 

 

[355] 

16 Human cervical 

carcinoma cell line 

HeLa, sarcoma 

U2OS cells, breast 

cancer cells 

 

Indirect  DMEM 

cell 

culture 

medium 

Micro-plasma 

jet 

Air  Gas flow: 10 L/min, time: 5 min. [369] 

17 Human gastric 

cancer cells 

Indirect  Deionize

d water 

Cold plasma 

jet 

Ar  Gas flow: 0.4 L/min, time: 5–30 min, voltage: 8 

kV, average current: 0.23 mA, frequency: 6.25 

kHz. 

[370] 
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3.7 Plasma Agriculture and Food Safety 

Recently, PLIs have also been employed in agricultural applications, 

with a main focus on seed germination. The effects of UVA and UVB 

radiations on plants have already been intensively studied [371–374], 

however, there are to date only a limited number of studies available 

in literature dealing with agricultural applications of non-thermal 

plasma technology. In these studies, non-thermal plasma technology 

has been leveraged for advantageous physical and/or chemical 

treatment of crops, seeds and soil [375]. The reactive nature of plasma 

makes it a suitable technology for seed germination, seed disinfection, 

plant growth, insect control, retention of quality of agricultural 

products, etc. [375]. Applications in this context can be classified into 

pre-harvest and post-harvest practices. Whereas post-harvest 

utilization of plasma is discussed as food safety, plasma agriculture 

deals with pre-harvest administration including the remediation of soil, 

plasma treatment of crops and seeds for decontamination purposes or 

germination and growth enhancement and the production of plasma-

activated medium as nitrogen-based fertilizer. For a more elaborated 

discussion on these topics, the reader is referred to [375–377]. Soil 

remediation aims for the decomposition of contaminants such as 

pesticides, various types of industrial waste and bacterial 

contamination, in order to improve the soil quality. Since soil is 

characterized by a mutable moisture content, many of the insights from 

sections 3.3 and 3.4 are also relevant in this context.  

Although the first experiments of plasma in contact with seeds were 

performed by Lichtenberg and go back to the eighteenth century [378], 

the scientific community had to wait until the end of the twentieth 

century for the first reports on seed treatment with plasma for 

agricultural applications. In 1994, Krapivina et al. [379] received a US 

patent for the enhanced germination and crop yield of soya bean by 

means of a glow discharge. They found that the seed surfaces became 

more hydrophilic after plasma treatment, increasing the water uptake 

with more than a factor 3 and enlarging the amount of germinating 

seeds. Six years later, Volin et al. [380] used, on the other hand, a 

rotating plasma reactor with two different hydrophobic source gases, 

carbon tetrafluoride and octadecafluorodecalin, to coat seeds with 

hydrophobic macromolecules for a delayed germination. Additionally, 
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Lynikiene et al. [381] studied the influence of a corona discharge on 

various seed germination dynamics. They chose low viability seeds of 

carrot, radish, beetroot, beet and barley for their study and reported 

that a corona discharge speeds up seed germination and increases the 

germination compatibility. RF non-thermal air plasma was applied by 

Bormashenko et al. [382] to treat beans (Phaseolus vulgaris) and to 

investigate its impact on the wetting properties and water imbibition 

of the beans. It was observed that the water absorption rate of plasma-

treated beans markedly accelerated. This group also reported that the 

final percentage of germination was almost the same for plasma-

treated, untreated and vacuum-pumped beans. However, the speed of 

germination was noticeably higher for the plasma-treated beans. 

Plasma technology can also be used in agriculture by mutation 

breeding methods as described in [383,384]. An atmospheric pressure 

He glow discharge plasma jet was employed by Wang et al. [383] to 

generate mutations in the spores of Streptomyces avermitilis which are 

major antiparasitic agents used commercially in agriculture. They 

reported 21% positive mutation rates on S. avermitilis and high 

productivity and genetic stability of the mutated strain. In another 

study, Padureanu [384] used a gliding arc discharge to treat seeds of 

Triticum aestivum L. The cells division in the seeds was studied in the 

absence and presence of water vapor to highlight the role of water vapor 

in the non-thermal plasma upon the cells mitotic. It was found that the 

plasma without water vapor had an inhibitory effect on mitotic division 

in root meristems of wheat seeds, reducing the value of mitotic index. 

Also, it was mentioned that chromosomal aberrations induced by the 

plasma in the absence of water vapors were insignificant in frequency. 

These observations were explained by the absence of water vapor 

during the plasma treatment and it was stated that the presence of 

water vapor during plasma treatment has a major role on cell mitogen 

which potentiates the mutagenic effect of plasma treatment.  

Soil remediation using plasma technology was also examined in 

some research papers [375,385–387]. In a study by Wang et al. [388], p-

nitrophenol pollution was decomposed faster in moist soil as compared 

to dry soil when using a DC air pulsed discharge. This difference was 

attributed to additional H2O2 and OH• radical formation in the 

presence of water. More specifically, Lou et al. [389] found an optimal 

moisture content of 10% for the degradation efficiency of 

chloramphenicol-contaminated soil with a DBD plasma source. Soil 
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treatment with this DBD also resulted in a lower bacterial content, 

inhibiting possible plant diseases [390]. While mineral content did not 

remarkably change after treatment, the nitrogen content of the soil was 

strongly increased. 

It has also been illustrated by some research groups that PAW can 

be a noteworthy candidate as nitrogen-based fertilizer due to its 

considerable intervention effects against food-borne pathogens 

[391,392]. Effect of water treated with different atmospheric plasmas 

on germination, growth rates and overall nutritional value of various 

plants was studied by Park et al. [391]. They employed three different 

plasmas: a thermal spark discharge, a non-thermal gliding arc 

discharge and a transferred arc discharge to show that the used plasma 

type strongly affects the chemical composition of the plasma-exposed 

water. The germination rate and plant growth of radish, tomato and 

sweet pepper was investigated by Sivachandiran et al. [392] using air 

DBD plasma-treated water. The combined effect of plasma-treated 

seeds and PAW was also studied by this group. They concluded that the 

NO3‾ species produced by the plasma in the water were mainly involved 

in the cell metabolic process and that the acidic water obtained after 

plasma treatment could be used as a fertilizer. The seeds germination 

efficiency and the concentration of NO3‾ and H2O2 produced in the 

water was also examined as a function of plasma treatment time. 

Although a positive effect was observed in terms of germination and 

seeding growth when combining plasma-treated dry seeds and PAW 

(Figure 3.9), the effect became negative when using plasma-treated wet 

seeds. Zhou et al. [393] used atmospheric N2, He, air and O2 micro-

plasma arrays to assess the effects of plasma treatment on seed 

germination and seedling growth of mung bean in aqueous solution. 

The feed gas and treatment time were found to be important process 

parameters. Air plasma was the most efficient plasma in improving 

both the seed germination rate and seeding growth, which was 

attributed to solution acidification and seed interactions with RONS 

generated by the plasma. 
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Figure 3.9. Long term effect of seed treatment by plasma and PAW on 

(a) tomato and (b) pepper plant growth [392]. 

Besides the above-mentioned pre-harvest utilizations of plasma, 

plasma technology is also being explored as a post-harvest practice. 

Currently, developing methods for improving the efficiency and 

sustainability of the food supply chain and for reducing food waste and 

energy consumption are major incentives within the field of food science 

and technology. More specifically, there is at this moment an increasing 

demand for high quality foodstuffs which are free from undesirable 

microorganisms and which have a more extended shelf-life. 

Additionally, these high quality foodstuffs can also reduce food-related 

illness, which still is a highly significant problem [394]. For instance, 

in many European countries, foodborne illness caused by Listeria 

monocytogenes is even an increasing issue [395]. To improve the level 

of food safety, non-thermal atmospheric pressure plasma processes 

have proposed to be a prospective alternative to traditional food 

processes such as heat pasteurization and sterilization, suffering from 

undesired alterations of food quality [378]. Some other non-thermal 

technologies including chemical treatment, ozonation, UV irradiation, 

high pressure processing and ultrasound treatment have also been 

explored [396,397]. However, some disadvantages of these latter 

techniques such as high application costs, requirement for specialized 

equipment, extended processing time, the generation of undesirable 

residues and low efficiencies have made plasma treatment an emerging 

non-thermal technology for food industry [398].  

In a general study, Marsili et al. [394] reported on the use of a high 

voltage pulsed plasma process to inactivated food-related 

microorganisms in liquids. Several Gram positive (G+) and Gram 
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negative (G–) microorganisms including E. coli (G–), S. aureus (G+), S. 

enteritidis (G–) and B. cereus (G+) were investigated in this study. The 

authors concluded that it was difficult to predict whether Gram positive 

bacteria would be more susceptible to the plasma process than Gram 

negative types. Their results showed that S. enteritidis (G–) and S. 

aureus (G+) were similarly affected by the plasma discharge, while the 

Gram positive B. cereus was found to be the most susceptible 

microorganism. Reasons for this behavior were however not presented 

as it would require further investigation. Recently, Yasui et al. [399] 

also investigated if plasma was capable to inactivate microconidia of F. 

oxysporum which causes Fusarium wilt of spinach. They examined 

sterile distilled water and a nutrient solution as solvents. The 

decontamination capability of different types of gases (air, O2, N2, He 

and Ar) was studied and it was found that O2 plasma had the highest 

decontamination capability, however, ozone generation, which inhibits 

plant growth, was a negative side effect in this case. On the other hand, 

air and N2 plasmas provided low decontamination performance. Inert 

gases also showed appropriate decontamination capability in 

combination with a low production of ozone. They concluded that the 

presence of O• and OH• radicals in the solution may significantly 

contribute to the decontamination process. Besides the above-

mentioned more fundamental studies, plasma treatments have also 

been performed on numerous real food products, of which an overview 

can be found in Table 3.8.
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Table 3.8. An overview of studies on the impact of non-thermal plasma on liquid food products. 

No Food product 
Investigated 

microorganism 
Plasma source Carrier gas Description Ref. 

1 Commercial 

UHT and raw 

milk 

 

E. coli Atmospheric AC 

corona 

discharge 

 

Air Plasma inside the solution. 

Voltage: 9 kV, current: 90 mA, 

time: 3–30 min. 

[400] 

2 Milk E. coli, 

L. monocytogenes, 

S. typhimurium 

 

Atmospheric 

DBD plasma 

Air Power: 250 W, frequency: 15 kHz, 

time: 5, 10 min. 

[401] 

3 Hen egg Hen egg white lysozyme 

in aqueous solution 

 

Low frequency 

atmospheric AC 

plasma jet 

 

He/O2 Plasma inside the solution. 

Gas flow: He/O2=0.50 /0.15 L/min, 

time: 3 min. 

[402] 

4 Milk α-casein,  

β-lactoglobulin, 

α-lactalbumin 

proteins in PBS 

 

Atmospheric RF 

plasma 

Ar Gas flow: 30.7 L/min, frequency: 

13.56 MHz. 

[403] 

5 Tomato Tomato peroxides, as a 

model enzyme 

 

Atmospheric 

DBD plasma 

Air Gap: 26 mm, voltage: 30, 40, 50 kV, 

time: 1–5 min. 

[404] 

6 Fresh orange 

juice 

Vitamin C, 

S. aureus, 

E. coli, 

C. albicans 

 

Atmospheric 

DBD plasma 

Air Frequency: 60 kHz, gap: 3 mm, 

voltage: 20 kV, Power density: 1.14 

W/cm2, time: 3–25 s. 

[405] 
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7 Peptone 

solution 

E. coli, 

S. aureus, 

S. enteritidis, 

B. cereus 

 

Atmospheric 

pulsed bubble 

discharge  

N2, CO2, 

Air 

Pulse rate: 320 pps, voltage: 28 kV, 

pulse width: 90 ns, time: 50 s, gas 

flow: 10 L/min.  

[394] 

8 Spinach F. oxysporum Atmospheric 

barrier-type 

surface 

discharge 

plasma 

Air, O2, 

N2, He, 

Ar 

 

Pulsed plasma directly into the 

solution. 

Voltage: 16 kV, pulse width: 20 µs, 

pulse cycle: 200 µs, gas flow: 500 

mL/min, time: 5–50 min. 

  

[399] 

9 Emulsion-type 

sausage 

Plasma-treated water as 

a nitrate source 

 

Atmospheric 

surface DBD 

plasma  

 

Air Frequency: 15 kHz. [406] 

10 Raw milk Lipid composition of milk 

 

Atmospheric AC 

corona 

discharge 

 

Air Time: 3–20 min, gap: 8 mm, 

current: 90 mA, voltage: 9 kV. 

[407] 

11 Pomegranate 

juice 

 

Anthocyanins and color Atmospheric 

plasma jet 

 

Ar Time: 3, 5, 7 min, juice volume: 3, 

4, 5 cm3, gas flow: 0.75, 1, 1.25 

L/min, gap: 1.5 cm, frequency: 25 

kHz, power: 6 W, voltage: 2.5 kV, 

current: 3 mA. 

 

[408] 

12 Tomato juice Volatile components 

 

Atmospheric 

bubbling 

discharge 

Air Voltage: 10 kV, time: 5 min. [409] 
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13 Chokeberry 

juice 

Stability of 

hydroxycinnamic acids, 

flavonols and 

anthocyanins 

 

Atmospheric 

plasma jet 

Ar Frequency: 25 kHz, power: 4 W, gas 

flow: 0.75 L/min, juice volume: 3, 5, 

7 cm3, time: 3, 5 min, gap: 1.5 cm. 

 

[410] 

14 Commercial 

pasteurized and 

raw milk 

E. coli Atmospheric 

nanosecond 

pulsed bubble 

discharge 

 

Ar A gas bubble discharge was 

generated inside milk using a 

needle to plate electrode 

configuration, immersed in milk. 

Frequency: 2.5, 4 kHz, time: 75–

120 s, gap: 1 cm, pulse width: 10 ns, 

voltage: 9 kV. 

 

[411] 

15 Sour cherry 

juice 

Content of anthocyanins 

and phenolic acids 

Atmospheric 

plasma jet 

Ar Frequency: 25 kHz, power: 4 W, gas 

flow: 0.75, 1, 1.25 L/min, juice 

volume: 2, 3, 4 mL, time: 3, 4, 5 

min, gap: 1.5 cm, voltage: 2.5 kV, 

current: 3 mA. 

[412] 
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As shown in this table, inactivation of microorganisms in liquid 

foodstuffs (mainly milk and juice) using plasma-based processes has 

been extensively investigated in the past few years with excellent 

inactivation results, however, at this moment, there is still important 

information lacking on the impact of plasma on food-related quality 

attributes. However, knowledge on quality variations is highly 

essential as the complete liquid may be subjected to possible 

degradation reactions since the penetration depth of plasma-activated 

species is typically significantly higher in liquids compared to solid 

surfaces [378]. Luckily, some authors have already examined the 

impact of plasma treatment on a few chemical and physical properties 

of liquid foodstuffs. For example, Gurol et al. [400] used an atmospheric 

pressure air plasma for testing its ability to decontaminate E. coli in 

milk (commercial ultrahigh temperature (UHT) and raw milk). Their 

results showed a significant decrease in the number of colonies in milk 

by more than a threefold log reduction without significantly affecting 

pH and color of the milk. However, a slight change in milk color 

occurred after a prolonged plasma treatment time of 20 min. Korachi 

et al. [407] used the same plasma device to investigate the possible 

biochemical changes to the proteins, free fatty acids and volatiles 

profiles of raw milk samples after plasma treatment. Their results 

showed no significant changes to the lipid composition and the total 

ketone or alcohol levels of milk. However, plasma treatment did cause 

a significant increase in the total aldehyde content. Kim et al. [401] also 

reported on the microbial safety of milk after DBD plasma treatment. 

After treatment, they detected no viable E. coli, L. monocytogenes and 

S. typhimurium cells in the treated milk samples. They also concluded 

that DBD plasma treatment for less than 10 min could improve the 

antimicrobial properties of milk, however, some slight changes were 

observed in the milk physicochemical properties after treatment.   

Most of the studies dealing with plasma-induced effects on liquid 

food properties mainly focus on the impact plasma has on specific 

proteins or enzymes [378]. For example, Takai et al. [402] applied an 

atmospheric pressure He/O2 plasma jet to hen eggs white lysozyme, as 

a model enzyme in aqueous solution. Results showed a decreased 

enzymatic activity and structural change of lysozyme, affected by the 

pH value of the solution, after conducting the plasma treatment. The 

authors also concluded that these effects were caused neither by UV 

light nor by plasma heat and suggested that mainly the reactive species 
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generated by the plasma jet affect lysozyme. In another study, 

Tammineedi et al. [403] tested the efficacy of a non-thermal Ar plasma 

treatment in reducing the allergenicity of major milk proteins, namely 

α-casein, β-lactoglobulin and α-lactalbumin. In this work, no significant 

effects were noticed on the proteins after conducting plasma 

treatments. Additionally, Pankaj et al. [404] reported on the effect of 

an atmospheric air DBD plasma on the inactivation of tomato 

peroxides, as a model enzyme, in function of treatment voltage and 

time. It was shown that both voltage and time have a significant effect 

on the enzyme inactivation. Following a sigmoidal logistic function, 

peroxidase was completely inactivated after a 5 min plasma treatment. 

Besides treating milk and specific proteins or enzymes, 

considerable efforts have also been done to expose different juices to a 

non-thermal plasma, as can be seen from the examples given in Table 

3.8. Shi et al. [405] analyzed the resulting Vitamin C content in low 

temperature air DBD-treated orange juice and also examined the effect 

of the plasma on microbial strains that were inoculated in freshly 

squeezed orange juice. They found that the used plasma was effective 

in inactivating microorganisms which was most probably due to the pH 

decrease of orange juice induced by the plasma. They also hypothesized 

that charged particles and RONS species played an important role in 

the microbial inactivation process. In another work, Kovacevic et al. 

[408] applied a single-electrode atmospheric Ar plasma jet to treat 

pomegranate juice. Results confirmed that the plasma had a positive 

effect on the anthocyanins stability, indicated by an increased 

anthocyanin content. Additionally, it was observed that the color of the 

juice varies with Ar flow rate, but not with treatment time nor sample 

volume. These authors also used the same plasma system to treat 

chokeberry juice and monitored in this case the changes in polyphenol 

components after plasma treatment [410]. Ma et al. [409] used a non-

thermal bubbling discharge system to treat and sterilize freshly 

squeezed tomato juice samples. They analyzed the volatile components 

of treated juice samples by gas chromatography-mass spectroscopy 

(GC-MS) and observed that some new substances such as anti-2-hexene 

aldehyde were produced by the plasma treatment while some other 

substances such as ethyl laurate were destroyed. The authors also 

claimed that the performed plasma treatment had no significant effect 

on the smell of tomato juice. Finally, Garofulic et al. [412] used a single-

electrode Ar plasma jet to evaluate its effect on the content of 
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anthocyanins and phenolic acids present in sour cherry Marasca juice 

and compared the results with classical thermal pasteurization and 

untreated juice. Duration of the plasma treatment and sample volume 

were reported to be the most important parameters. The authors also 

showed that compared to both pasteurized and untreated juice, the 

plasma-treated juice had a significantly higher content of anthocyanins 

and phenolic acids.  

From the paragraphs above, it should become clear that non-

thermal plasmas definitely have potential for the treatment of (liquid) 

foods. At this moment, studies are being undertaken to identify the 

plasma species which are most lethal to microorganisms, so that, once 

identified, operating conditions can be selected to get optimal results. 

One usually unconsidered aspect of plasma-based food treatment is 

that treatment must be proven not to negatively affect the food 

organoleptic and nutritional characteristics. Unfortunately, to date, 

only very limited investigations on this aspect of plasma treatment 

have been performed, which means more extensive study in this 

essential field will be required in the near future. Another important 

challenge this field is confronted with is the scaling-up of the plasma 

systems. Only by also examining these two unexplored aspects, a 

breakthrough of plasma technology in food science may be attained. 

 

 

3.8 Plasma in Dielectric Media 

Besides the above-mentioned applications, in which non-thermal 

plasmas are mostly being used in contact with aqueous solutions or 

solids containing high water amounts, non-thermal plasmas have also 

been applied in contact with or inside non-aqueous solutions, of which 

dielectric media are by far the most explored. Indeed, in literature, 

multiple studies focusing on plasma interactions with non-polar 

liquids, e.g. transformer oils, mineral oils, hydrocarbon oils, liquefied 

gases, etc., can be found [413–415]. More specifically, electrical 

discharges in hydrocarbon oils have been widely investigated and 

electron impact ionization was proposed as the primary mechanism 

driving a plasma discharge for both negative and positive polarities 

[416–418]. Dumitrescu et al. [418] reported direct ionization for 

negative pulses (a cathode initiated discharge) as main mechanism, 
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while bubble related ionization was prevalent for anode initiated 

discharges. The effect of pulse rise time was also investigated by this 

group as well as by Gournay and Lesaint [419]. The latter researchers 

studied an anode initiated discharge in cyclohexane and pentane using 

pulses with rise times varying between 10 and 200 ns. The authors 

found that the inception of filamentary streamers was preceded by the 

formation of dark features near the electrode tip. Additionally, the 

initiation voltage of the streamers was found to be unaffected by the 

used rise time, while the inception voltage of filamentary streamers 

was observed to be increasing with increasing rise time.  

Besides examining the pre-breakdown phenomena, usually called 

“streamers”, in hydrocarbon oils, these phenomena have also been 

profoundly examined in mineral transformer oil due to the wide usage 

of this liquid as dielectric medium in high voltage devices [52,56,420–

422]. More specifically, mineral oil has been used for almost more than 

a century as insulating and coolant material in transformers due to its 

excellent thermal and insulating features [423]. As theories on pre-

breakdown phenomena in oil were generally restricted to uniform 

fields, many research groups started to study pre-breakdown processes 

using non-uniform fields. For this purpose, mainly the point-plane 

configuration has been used because this configuration permits larger 

gap distances without using excessively high voltages. In this 

geometry, streamer formation using positive or negative polarities 

however shows some differences [424]. In the beginning, the large 

majority of studies focusing on the pre-breakdown mechanism in 

mineral oil involved the use of relatively small gap distances. For 

instance, in 1981, Devins et al. [52] applied a point-plane reactor with 

gap distances up to 2.5 cm. In one of the early studies carried out by 

Hizal et al. [425] using a 0.3 cm gap distance, it was shown that positive 

discharges initiate with a greater time lag, but propagate at a much 

faster rate compared to the negative discharges under the same 

conditions. The authors also found that the discharge propagation rate 

is very sensitive to the magnitude of the applied voltage. Additionally, 

these researchers observed that in the supersaturated oil they used, the 

discharge regions grew until they reached the plane electrode, which 

contradicted the gas-bubble breakdown mechanism in which, after 

growing to a critical size, a gas discharge within the bubble would lead 

to total breakdown. The authors suggested that in their case the charge 

multiplication in the discharge regions and the electric field 
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enhancement in front of the discharge channels were the most 

important factors in the mechanism, leading to breakdown. From the 

1990s on, studies of streamers inside mineral oil using larger gap 

distances (up to 10 cm) and very high voltages, which are relevant to 

the conditions in actual transformers, have also been carried out 

[123,124,426–430]. For example, Saker et al. [431] presented an 

experimental study of the pre-breakdown mechanism in mineral oil at 

large gap distances (up to 35 cm) in a point-plane geometry and studied 

the propagation of positive and negative streamers. Using positive 

polarity, the pre-breakdown was qualitatively similar to the breakdown 

observed at shorter gap distances (20 cm). In contrast, using negative 

polarity, breakdown voltages remained higher than in case of positive 

polarity for distances up to 35 cm. However, pre-breakdown at negative 

polarity presented many qualitative similarities with positive polarity, 

such as a continuously luminous propagating head and periodic re-

illuminations. Additionally, in 2001, Massala and Lesaint [432] 

investigated the propagation of streamers in mineral transformer oil 

also using large point-plane gaps (up to 35 cm), under impulse voltage. 

They observed that breakdown voltages were not very different for 

negative and positive polarities when using large gap distances (larger 

than 10 cm) and also observed that both polarities showed many similar 

features. These results were thus very different from the ones obtained 

by other research groups, which typically observed considerably higher 

breakdown voltages when using negative polarity compared to positive 

polarity. The authors also observed that both polarities showed many 

similar features, but at the same time, also some characteristic 

differences which mainly resulted from the propagation mechanisms at 

the streamer head. Positive polarities were found to propagate faster 

and longer and the propagating streamer heads were also found to emit 

less light when using positive polarity.  

Besides plain mineral oils, streamers in highly-refined mineral oils 

with additives have also been investigated [52,123,124,426,432–434]. 

As previously mentioned, mineral oil has excellent electrical insulation 

properties because of high acceleration voltages for fast streamers. This 

high acceleration voltage is possibly related to the presence of poly-

aromatic compounds inside mineral oils. However, by refining mineral 

oil, it is possible to change the content of the electronically active 

compounds such as aromatics, leading to potentially different dielectric 

behavior. Therefore, white oils, which are highly refined and 
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hydrogenated mineral oils virtually free from poly-aromatic 

compounds, can be considered as appropriate very low aromatic model 

liquids. Additionally, also blends of white oil and additives can be 

considered as appropriate models of mineral transformer oil 

[122,435,436]. Because of the different dielectric behaviors of 

traditional mineral oils and modern dielectric liquids (such as white 

oil), Dung et al. [437] performed a worthwhile experimental 

investigation, using an 8 cm long point-plane gap, to address the 

underlying reasons for the different dielectric behavior. First of all, it 

was revealed that reduced pressure significantly accelerated both 

positive and negative streamers. Secondly, the authors investigated the 

effect of two additives, N,N-Dimethylaniline (DMA) as a low ionization 

potential additive and trichloroethylene (TCE) as an electron 

scavenger, on the behavior of the streamers. DMA strongly influenced 

positive streamers: it changed streamer velocity and reduced the 

breakdown voltage but at the same time increased the acceleration 

voltage where breakdown streamer velocity drastically increased. In 

contrast, TCE influenced both positive and negative streamers, 

however, it mainly increased the velocity of negative streamers and 

resulted in a reduction of both breakdown and acceleration voltages. 

Based on these observations, Dung et al. concluded that positive 

streamers were more dangerous than negative ones in white oil. 

However, the hazard of positive streamers at lightning impulse was 

significantly reduced for mineral transformer oil. The authors 

hypothesized that this observation could be caused by the fact that the 

low ionization potential property of aromatic/poly-aromatic compounds 

slightly changed the streamer velocity and the breakdown voltage and 

largely increased the acceleration voltage of positive streamers. For 

negative streamers, in contrast, the electron trapping property of these 

(poly-)aromatic compounds increased the velocity by a factor of ten and 

reduced the breakdown and acceleration voltages by 50% and 30%, 

respectively. The researchers also observed that positive streamers 

behaved like those in mineral transformer oil after adding DMA while 

the same influence was achieved for negative streamers after adding 

TCE. It was therefore proposed that adding both additives to white oil 

could produce a type of liquid similar to mineral transformer oil for both 

polarities. A sufficient difference in ionization potential between 

aromatic/poly-aromatic compounds and paraffinic/naphthenic 

compounds was considered to be the main reason for the very high 
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acceleration voltage of mineral transformer oil, thus, aromatic/poly-

aromatic compounds are play a crucial role in the electrical insulation 

properties of mineral transformer oil. In another, closely related study, 

Lesaint and Jung [122] have investigated the influence of pyrene, an 

aromatic additive, on the propagation of positive filamentary streamers 

and breakdown in liquid cyclohexane with a point-plane electrode using 

gap distances up to 5 cm. These researchers concluded that by the 

addition of pyrene, the propagation was facilitated and therefore 

breakdown voltage was lowered. Streamers also became much more 

branched and a much larger number of filaments propagated than in 

pure cyclohexane. This observation was correlated to a significant 

increase of the acceleration voltage of fast streamers at high voltage.  

From 2009 on, some studies on vegetable-based oils and 

biodegradable liquids (e.g. natural ester liquids) have also been carried 

out to find new liquids which could potentially replace mineral 

transformer oils in the future [438,439]. Ester liquids are considered to 

be excellent alternatives as they have a better environmental 

performance and a higher fire safety guarantee than mineral oils [439]. 

Tran Duy et al. [438] experimentally studied streamer formation and 

breakdown phenomena in natural esters by carrying out experiments 

with gap distances varying from 2 to 20 cm. Several propagation modes 

were observed, which showed a transition from “slow” (velocity of 

approximately 1 km/s) to “fast” (velocity up to 200 km/s) streamers 

(Figure 3.10). Their results indicated that lower breakdown voltages 

and shorter time to breakdown are required in ester liquids compared 

to mineral oils. Liu et al. [439] also performed a similar investigation 

using both synthetic oil and natural ester liquids with gap distances 

varying between 1.5 and 10 cm. They also found that streamers in both 

natural and synthetic esters propagate faster and with more branches 

than in mineral oil. Additionally, ester liquids also showed lower 

breakdown voltages than mineral oil because of their low tolerance to 

fast streamers, which was also in agreement with the results obtained 

by Tran Duy et al. [438]. 
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Figure 3.10. (left) Average positive streamer velocity of three different 

propagation modes (A, B and C) in natural ester (gap distance=10 cm) 

and (right) transient current and corresponding streak image of the 

three modes [438]. 

Finally, heavy oil has also been modified by plasma in the last 

decade as a promising conversion method for different kinds of 

hydrocarbons [440–442]. Crude heavy oil has been submitted to a DBD 

plasma treatment using different gases and various treatment times by 

Honorato et al. [443], after which the properties of the heavy oils were 

characterized and the basic sediments and water contents of the oil was 

determined using 1H low and high field nuclear magnetic resonance 

(NMR). No significant changes in the viscosity of the oil fraction and no 

changes in the chemical shifts associated with any of the oil components 

were observed after plasma treatment. The major effect caused by the 

plasma treatment was the extraction of water with a consequent drop 

in viscosity of the water-oil emulsion. 

A clear overview of different studies focusing on the generation of 

plasma electric discharges in dielectric media can be found in Table 3.9.
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Table 3.9. Overview of studies dealing with plasma electrical discharges in dielectric media. 

No Type of oil 
Electrode 

geometry 

Streamer 

polarity 
Gap (cm) Description Ref. 

1 Commercial 

mineral 

transformer oil 

 

Point-plane Negative 0.5–35 Grounded plane in the oil. 

Voltage: 460 kV. 

[432] 

2 Mineral oil Point-plane Positive 2.5–30 Under impulse voltage. 

System bandwidth ~35 MHz, 

voltage: 500 kV, impulses: 

0.4/1400 µs. 

 

[123] 

3 Transformer oil Point-plane Negative, 

positive 

0.3 Pulse duration: 0–10 µs, 

voltage: 50, 70 kV. 

 

[425] 

4 Pharmaceutical 

grade white oil 

Point-plane Negative, 

positive 

8 Bush-like filamentary 

streamers. 

Voltage: 0–500 kV. 

 

[437] 

5 Mineral oil 

 

Point-plane Positive 5–10 High voltage Impulses: 

0.4/1400 µs, voltage: 102, 138, 

184 kV. 

 

[444] 

6 Cyclohexane with 

pyrene additive 

 

Point-plane Positive  0.6, 5 Voltage: 4–450 kV, high 

voltage Impulses: 0.4/1400 µs. 

 

[122] 

7 Silicone oil, 

transformer oil 

 

Point-plane Positive  0.2–0.3 Voltage: 24 kV. [420] 

8 Mineral oil 

 

Point-plane Positive  2–10 Voltage: 104–352 kV. 

 

[124] 
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9 Insulating oil Point-point, 

point-plane 

  

Negative, 

positive 

Point-

point:  

15–30, 

45–60 

Point-

plane:  

15–45, 

60–100 

 

Frequency of applied voltage: 

50 Hz, lightning impulse 

voltage duration: 1/40 µs, 

switching impulse voltage 

duration: 600/3600 µs. 

[445] 

10 Transformer oil 

 

Sphere-

plane 

Negative, 

positive 

30, 60 AC voltage: 800 kV, duration 

of the discharge: 50–100 ns. 

 

[446] 

11 Insulating oil 

 

Point-plane Negative, 

positive 

1–7 Strong non-uniform field at 

voltages up to 700 kV. 

 

[428] 

12 Transformer oil 

 

Point-plane Positive  5–20 Under step and AC voltages. 

Positive impulse: 1.2/700 µs, 

voltage: 500 kV. 

 

[429] 

13 Oil  

 

Point-plane Negative, 

positive 

7.62 Impulsive 1.5/40 µs wave. 

Crest voltage for positive 

streamer: 190 kV, for negative 

streamer: 240 kV. 

 

[424] 

14 Silicon oil – – – 60 MHz (HF)/2 MHz (LF) dual 

frequency capacitively 

coupled plasma. 

Power: 165 W and 100 W, base 

pressure: 0.5 mPa, work 

pressure: 50 Pa, discharge 

gas: C2F6 and CHF3, gas flow: 

30 sccm, time: 30 min. 

  

[447] 
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14 Mineral oil 

 

Point-plane Negative, 

positive 

10, 20, 35 Under impulse voltage. 

Positive impulse: 1.2/1400 µs, 

voltage: 470 kV. 

 

[431] 

15 Synthetic and 

natural ester 

transformer liquids 

 

Point-plane Negative, 

positive 

1.5–10 Standard lightening impulse 

duration: 1.2/50 µs, voltage: 

60, 80, 110, 230, –70, –110, –

210, –290, –320 kV. 

 

[439] 

16 Mineral oil point-plane, 

sphere-

plane 

 

Negative, 

positive 

10, 30, 60, 

80 

AC voltage: 325, 625 kV. [430] 

17 Natural ester liquid 

 

Point-plane Negative, 

positive 

2–20 Voltage up to 460 kV, impulse: 

0.5/1400 µs. 

 

[438] 

18 Commercial 

naphthenic 

transformer oil 

 

Point-plane Negative, 

positive 

6.7 Voltage for positive point: 188, 

165 kV, for negative point: 300 

kV, impulse: 1/180 µs. 

 

[426] 

19 Brazilian heavy 

crude oil containing 

emulsified water 

– – 2 DBD plasma using different 

gases: CO2, H2 and natural 

gas. 

Time: 1, 1.5, 4 h, voltage: 13 

kV. 

 

[443] 

20 Heavy oil and cokes 

from petrochemical 

refinery processes 

 

– – 5 2.45 GHz microwave cold 

water plasma. 

Time: 30 min, power: 80 W. 

 

 

 

[440] 
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21 Heavy oil Packed-bed, 

plate-plate 

– Packed-

bed: 

5–25 

Plate-

plate: 

0.3–1 

Packed-bed reactor: 60 Hz AC 

voltage for Ar spark 

discharge, gas flow: 50–400 

mL/min, power: 5–25 W. 

Plate-plate reactor: 50/60 Hz 

AC current, voltage: 9 kV, Ar 

gas flow: 50–400 mL/min, 

power: 3–12 W. 

 

[441] 

22 Heavy oil Plate-plate – 0.3–1 60 Hz AC voltage 9 kV, Ar flow 

rate: 225 mL/min, power: 3–12 

W. 

[442] 
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3.9 Plasma in Polymeric Media 

Besides the generation of plasma in dielectric media, plasmas have also 

been recently applied in and in contact with polymeric solutions, which 

is a relatively new application of non-thermal plasma technology. The 

main aim of exposing polymer solutions to plasma is to increase their 

electrospinnability and generate nanofibers with enhanced fiber 

morphology [448–453]. It should be noted that plasma technology has 

already been widely used to enhance the surface characteristics of 

electrospun nanofibers as a post-electrospinning treatment method 

[454–457]. However, it is also well known that a polymer solution 

should have appropriate characteristics to be electrospinnable since the 

morphology of the resultant fibers is directly affected by the polymer 

solution properties. As such, as discussed in chapter 1, preparation of 

an appropriate polymer solution is one of the key challenges in an 

electrospinning process. Taking this into account, plasma technology 

has been employed by a few research groups to perform pre-

electrospinning plasma treatments (PEPT) as an innovative and 

environmentally friendly method to change polymer solution properties 

in an effort to increase the electrospinnability of these solutions [448–

453]. 

The first group reporting plasma treatment of a pre-electrospinning 

polymer solution was Shi et al. [451,452]. They have used an 

atmospheric pressure capacitively-coupled He DBD to treat 

polyethylene oxide (PEO) and polyacrylonitrile (PAN) solutions and 

observed that the polymer solution viscosity, conductivity and surface 

tension increased after plasma treatment and consequently finer and 

smoother nanofibers were formed with fewer microbeads and increased 

crystallinity upon electrospinning. In a first study, these authors 

provided positive results of the plasma treatment on the 

electrospinnability of PEO/water solutions. In a subsequent study, the 

same researchers examined the antibacterial activity of electrospun 

Ag/PAN nanofibers, prepared from PAN solutions exposed to the same 

plasma system. E. coli and B. cereus bacteria were used in an 

antibacterial assessment assay and hybrid Ag/PAN nanofibers showed 

complete inhibition of both microorganisms. The authors also tested the 

durability of the antibacterial activity of the Ag/PAN nanofibers 
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prepared from plasma-treated solutions and observed slow and long-

lasting Ag ion release.  

In another study by Colombo et al. [450], three different plasma 

sources were used to promote the electrospinnability of poly-L-lactic 

acid (PLLA) solutions in dichloromethane (DCM). They observed better 

results with the exposure of the polymer solutions to a single electrode 

nano-pulsed Ar plasma jet which was generated on top of the solution. 

In contrast, when direct liquid phase and gas phase discharges were 

used as plasma sources, a spark regime was observed which caused 

polymer degradation and subsequently poor electrospinnability of the 

plasma-treated solutions. These researchers also detected OH• 

radicals, N2* and N2+ species in the gas phase plasma and assumed that 

these species together with other charged molecules led to an increase 

in solution conductivity and consequently improved solution 

electrospinnability. 

In the above-mentioned preliminary studies, the discharges were 

mostly generated above the surface of the polymer solutions. Inspired 

by the above-mentioned works but using a novel plasma configuration, 

our research group started to investigate the plasma treatment of poly-

ε-caprolactone (PCL) solutions in a mixture of chloroform (CHL) and 

N,N-dimethylformamide (DMF) and also observed a significantly 

improved PCL nanofiber morphology as a result of PEPT [453]. In this 

study, as a very novel application of PLIs, an atmospheric pressure 

plasma jet (APPJ) directly submerged into the polymer solutions has 

been employed. As such, more pronounced effects, induced by the 

plasma treatment on the exposed pre-electrospinning polymer 

solutions are anticipated. In this particular doctoral thesis, the effects 

of PEPT on the physical and chemical properties of poly lactic acid 

(PLA) polymer solutions has been investigated using the same APPJ as 

mentioned before. Additionally, the effects of the applied PEPTs on the 

physicochemical properties of the resultant PLA nanofibers have also 

been studied. 

Since plasma induces both physical and chemical changes in the 

polymeric media, investigations of both plasma-induced physical and 

chemical phenomena are crucial within this innovative research field. 

Considering the broad range of polymer and solvent types, which can 

be used for electrospinning, different plasma-induced liquid 

chemistries are also to be expected, but will require considerably large 

research efforts in the future to be fully revealed. 
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3.10 Conclusion and Perspective 

In summary, this chapter intended to provide an overview of studies 

focusing on non-thermal plasma interactions with various liquids 

ranging from water over transformer oils to biological solutions and 

liquid food. Most of the applications of the rapidly emerging field of 

PLIs are based on the generation and interaction pathways of key 

reactive species in both plasma and liquid phases. At this moment, 

deeper knowledge of the multiphase processes involved in plasma-

liquid systems has already been obtained thanks to the progress in 

plasma diagnostics and the production of a wide variety of types and 

configurations of plasma-liquid systems. However, numerous 

unexplained questions still remain in this exciting research field, which 

definitely require more profound investigations before they can be 

answered. In the following sections, some important conclusions and 

possible perspectives regarding each of the discussed application fields 

will be given. 

It is known, from many contributions already reported, that a wide 

range of nanomaterials can be successfully synthesized and 

functionalized using various plasma-liquid systems. However, the 

reaction pathways and nanomaterial growth mechanisms are not 

obvious yet and the exchange of active species and energy between 

plasma and liquid phase requires further research efforts. Larger 

efforts on basic fundamental studies in this research area will also help 

with scaling-up and reaching industrially viable nanomaterial 

processing.  

Several established instrumental techniques in analytical 

chemistry also use plasma technology where in some cases the 

electrical discharge is in contact with the liquid. Next to that, laser-

induced breakdown spectroscopy is coming forward as an attractive 

alternative, also for the analysis of liquid samples. While there is a 

growing research base on the accuracy of these methods, a fundamental 

understanding of their principles is still largely lacking. Furthermore, 

a couple of novel water analyzing methods have been proposed, where 

the detection of metals occurs from the interpretation of the optical 

emission spectrum of the electrical discharges in direct contact with the 

water, opening a new subfield in this area of research. 
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In general, the discharges in water are highly suitable for a wide 

variety of applications including water purification as well as biological 

decontamination and generation of shock waves for rock fragmentation 

and surgery. Despite these successful applications, it was also 

demonstrated that the erosion of electrodes in pulsed electric 

discharges in water often results in the production of some metal and 

oxide NPs. Due to their nanometer sizes, these particles may easily 

enter the drinking water system, which can in turn present potential 

danger to the human body. Additionally, because of their small size, it 

is very difficult to remove these NPs from water. Water purification by 

means of electrical discharges is one of the most cited applications of 

PLIs. As an advanced oxidation process, plasma technology has the 

ability to decompose organic aqueous materials, ideally up to full 

mineralization, and to oxidize inorganic pollutants. The contribution of 

various reactive species including the hydroxyl radicals, ozone, atomic 

oxygen, hydrogen peroxide, hydroperoxyl radicals, superoxide anions, 

singlet oxygen atoms, atomic hydrogen and several reactive nitrogen 

species has been suggested. Unfortunately, studies in literature mostly 

focus on reaction kinetics and oxidation pathways of organic pollutants 

whereas the oxidation of inorganic pollutants has been severely less 

investigated. To bring this technology closer to industrial 

implementation, more comparative studies will be required which 

consider the performance of plasma-based approaches in comparison to 

other advanced oxidation processes or competitive techniques. 

Moreover, plasma technology for water treatment would also 

particularly benefit from a detailed toxicity analysis of the effluent 

water, since many questions on the formation of hazardous by-products 

such as long-living reactive nitrogen species (e.g. nitrite/nitrate anions) 

remain. 

Non-thermal plasmas have also been successfully applied for the 

inactivation of a wide range of bacteria sustained in different liquids. 

Despite many efforts aimed at understanding and describing plasma-

induced sterilization effects in liquid media, it is to this date still not 

clear which plasma species and in particular which RONS play the 

most dominant role in bio-decontamination of water as well as in the 

plasma biomedicine field. Various plasma agents have been identified 

or predicted to be involved in the decontamination processes in plasma-

liquid systems, but there currently still is an unclear image of all 

involved chemical processes and their correlations with the associated 
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decontamination effects. Although some possible chemical reaction 

mechanisms were hypothesized by different researchers based on 

plasma diagnostics as well as gas- and liquid-phase analysis, it is to 

this date still vague which reaction mechanisms dominantly affect or 

support plasma-induced acidification and subsequently bacterial 

inactivation. In general, RNS such as nitric oxide and its derivatives 

formed with liquid (mainly water) including nitrites, nitrates and 

peroxynitrites are proposed to be the main reason for the increased 

acidity of plasma-treated liquids. Additionally, it is also generally 

accepted that ROS as well as RNS play a dominant role in the 

sterilization process. However, possible synergistic effects of these 

processes and post-discharge reactions in plasma-treated liquids due to 

the presence of longer-living radicals and reactive species, which can be 

transferred from the gas phase into the liquid phase should also be 

taken into account. Moreover, it is also essential to find out if the 

antimicrobial effects are due to the combination of all plasma generated 

radicals and oxidants in the solution or not. At this moment, our 

understanding of the interactions between plasma species and bacteria 

and their action mechanisms is still very limited. Consequently, 

multiple studies are still required in an effort to obtain advanced 

fundamental knowledge on this particular application field.  

The noticeable potential of plasma applications in medicine has led 

to the appearance of the term “plasma biomedicine” as a new and 

independent medical field. Today, research of the effect of non-thermal 

plasma on tumor cells is being done and some promising results are 

there, but the simultaneous effect on normal cells has to be studied in 

depth as well, while validation is also needed for its successful 

application. At this moment, plasma biomedicine is still in its infancy 

and more advanced studies are required before plasma technology can 

be used in a cost effective, efficient and predictable manner in clinical 

settings. In addition, based on scientific evidences, plasma technology 

also has a bright future in skin, wound and tooth treatments. However, 

one of the main challenging features of plasma application in these 

fields is the development of new and more efficient plasma devices. 

Additionally, more studies need to be performed regarding the 

mechanisms of action.   

In the field of plasma agriculture, soil reclamation by means of 

plasma treatment is limited by similar techno-economic challenges as 

the water treatment applications, namely the high energy demand, the 
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possible formation of toxic by-products and the upscaling of laboratory 

scale reactors for industrial implementation. In contrast, recently 

emerging studies in the field of plasma agriculture clearly show that 

various plasma configurations and plasma types can significantly 

enhance the growth rate of different seed types. Within this context, 

plasma treatment parameters such as type of carrier gas, treatment 

time and input power have to be very accurately determined and 

optimized for each seed type under study. However, there is still a need 

for broader studies in this research field focusing on the optimization 

of plasma treatment parameters and also on the development of 

accurate seed surface analysis and plant treatment protocols in an 

industrial setting. Currently available studies also indicate the 

successful application of non-thermal plasma in food science for the 

inactivation of pathogens and improvement of safety of food products. 

However, a few pioneering studies also show some limitations of the 

plasma treatment such as the acceleration of lipid oxidation and its 

negative impact on the sensory characteristics of food. More detailed 

studies are recommended to elucidate the quality aspects of plasma-

treated food including sensory characteristics and the retention of these 

properties during storage in industrial applications. Moreover, 

comprehensive investigations are still required to investigate the 

impact of the plasma treatment on the nutritional value of various food 

products. It is also noteworthy to mention that in some plasma-liquid 

applications, e.g. plasma agriculture and food safety, there are only 

partial links with the liquid phase and plasma interactions with the 

solid phase are also of importance and need to be considered as well. 

Besides the treatment of aqueous solutions, non-thermal plasma 

can also be used in or in contact with dielectric media. Mineral or 

synthetic oils are mainly being applied in high voltage apparatuses. 

However, emerging high voltage alternating current and high voltage 

direct current have prompted researchers to direct their focus onto 

insulation liquids which can bear the rising high voltage levels. 

Consequently, new transformers need high quality and high purity 

insulating oils at the point of use as the increasing voltage typically 

results in greater electrical stress in insulating materials. To handle 

these greater stresses, new insulating liquid materials with better 

dielectric and thermal properties are required, while they should also 

be environmentally friendly and safe to use. At this moment, vegetable-

based oils (white oil and natural ester liquids) are progressively 
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replacing traditional insulating liquids. These safe-to-use, 

environmentally benign vegetable-based oils are able to provide a 

higher performance than mineral oil and are known to show definite 

insulating and thermal gains. Research has already indicated that the 

oil nature has a strong influence on the electrical discharge shape, its 

initiation, threshold voltages and propagation velocity. Therefore, 

intense work on the electrical characterization of discharges inside new 

dielectric medium candidates is essential. Furthermore, research still 

need to be conducted on the characterization of the oil dielectric 

strength, the aging of the novel molecular liquids, causing degradation 

of the dielectric strength, the electroosmotic flows in the oils and the 

tribo-charging that can lead to electrical failures. 

Finally, one of the most recent applications of PLIs is the treatment 

of polymer solutions prior to electrospinning. Depending on the nature 

of the solvents and polymers used in preparing the electrospinning 

solution, optimized plasma treatment conditions should be defined for 

each particular polymer-solvent combination. Furthermore, plasma 

configuration and discharge type may be able to considerably affect the 

final properties of the polymer solution. However, confirmation of this 

hypothesis will require the use of multiple types of plasma sources for 

polymer solution treatment, studies which have not yet been conducted 

at this moment. Additionally, the particular plasma-induced 

mechanism responsible for the observed enhanced electrospinnability 

is also not yet revealed. Consequently, this newly emerging application 

of PLIs is a relatively unexplored research field requiring extensive 

fundamental investigations in the future to realize a major 

breakthrough in this particular application field. 

In conclusion, the research field of PLIs, with a broad range of 

promising applications which have been introduced in this chapter, is 

of growing attention in physics, chemistry, material and biomedical 

sciences as well as the food industry. Of course, further progress in this 

field still needs more sophisticated analytical techniques especially in 

the liquid phase and at the plasma-liquid interface to be able to more 

precisely determine the density of plasma-generated chemical species. 

Consequently, this will allow scientists to define a more clear chemical 

pathway for PLIs in each specific plasma-liquid system.     
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Materials and Methods 

 

 

 

In this chapter, the experimental and analytical procedures performed 

in this work are presented. This chapter covers a description of the used 

plasma and electrospinning set-ups as well as a detailed description of 

the performed liquid and solid phase characterization techniques.  

 

 

4.1 Experimental 
 

4.1.1 Polymer Solution Preparation 

Biodegradable PLA (C3H4O2)n granules with molecular weight of 

~230.000 g/mol were purchased from Goodfellow and used as target 

polymer in this thesis as PLA is a semi-crystalline biopolymer broadly 

used in various biomedical applications and clinical uses due to its 

biodegradability, biocompatibility, good mechanical strength and its 

producibility from renewable sources [458,459]. 

Chloroform (CHL (CHCl3); 99.5%) and N,N-Dimethylformamide 

(DMF (C3H7NO); 99.8%) were purchased from Sigma Aldrich to make 

the solvent system. All chemicals and solvents were used as received. 

To prepare PLA solutions with PLA concentrations of 4, 5 and 6% 

w/v, 0.4, 0.5 and 0.6 g of PLA was dissolved in 10 mL of a binary solvent 

mixture of CHL:DMF with a volume ratio of 8:2 v/v. Transparent and 

homogenous PLA solutions for plasma modification and/or 

electrospinning were obtained after sufficient stirring. 
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4.1.2 Experimental Plasma Set-up 

An atmospheric pressure submerged plasma jet, depicted in Figure 4.1, 

has been used to modify PLA solutions before electrospinning. The Ar 

plasma jet is composed of a cylindrical quartz tube (inside and outside 

diameters of 1.5 and 3 mm respectively and 130 mm long) and an 

tungsten rod as high voltage electrode which is embedded inside the 

quartz tube. The quartz tube is covered by a Teflon shell (which is a 

hollow cylinder with inside and outside diameters of 13 and 62 mm, 

respectively) and is aligned along the central axis of this Teflon 

cylinder. The high voltage electrode is connected to a 50 kHz sinusoidal 

custom-made power supply with maximum output voltage and power 

of 25 kV (peak to peak) and 500 W, respectively. A brass ring (Ø=13 

mm, thickness=10.5 mm) is fixed 18 mm away from the tip of the high 

voltage pin electrode and serves as ground electrode. The distance 

between the bottom of the copper ring and the end of the capillary is 40 

mm. Ar (Air Liquide, purity >99.999%) is used as carrier gas in this 

work and the gas flow rate through the capillary is controlled by a mass 

flow controller (Model: F-201CV, Bronkhorst, the Netherlands). The 

sample holder for polymer solutions is a quartz tube with an inner and 

outer diameter of 17.5 and 22.5 mm, respectively, which is placed 

around the high end of the plasma jet quartz tube as schematically 

shown in Figure 4.1. Prior to plasma modification, the quartz sample 

holder is filled with 10 mL of the PLA solution and this volume is kept 

constant in all experiments. As such, the liquid height in the quartz 

sample holder is each time approximately 40 mm.  
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Figure 4.1. Schematic diagram of the submerged atmospheric 

pressure Ar plasma jet for polymer solution treatment. 

The effect of several plasma operational parameters are 

investigated in this study, as listed in Table 4.1. 

Table 4.1. Experimental parameters. 

Plasma treatment parameters  Polymer solution parameters 

Treatment 

time (min) 

Ar flow rate 

(L/min) 

Amplitude of 

the applied 

voltage (kV) 

 PLA 

concentration 

(% w/v) 

Initial volume 

(mL) 

1–9 0.5 2.0  6 10 

5 0.3–1.1 2.0  6 10 

5 0.5 1.6–2.1  6 10 

5 0.5 2.0  4–6 10 

 

4.1.3 Electrospinning Set-up 

The electrospinning process has been performed on a standard 

electrospinning apparatus with an upward vertical configuration 

(Nanospinner 24, Inovenso, Turkey) as shown in Figure 4.2. Untreated 

and plasma-modified PLA solutions were collected in a 10 mL plastic 
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syringe and for the plasma-modified samples, collection is performed 

immediately after plasma modification. The filled syringe is 

subsequently placed in a syringe pump (NE-300 Just Infusion™ 

syringe pump) which controls the flow rate of the polymer solution 

through a polyethylene tube (inner diameter of 2 mm) ending in an 

aluminum feeding pipe containing a single brass nozzle with an inner 

diameter of 0.8 mm. During the electrospinning process, the polymer 

flow rate was maintained at 1 mL/h. The brass nozzle was vertically 

placed below a stainless steel drum collector rotating at 100 rpm at a 

distance of 17.5 cm. During the electrospinning process, a DC high 

voltage of 23 kV was applied to the nozzle while the cylindrical collector 

was grounded. In this work, nanofibers were directly collected on an 

aluminum foil covering the rotating drum and the electrospinning 

process was carried out at ambient temperature with a relative 

humidity varying between 50 and 60%. 

 
Figure 4.2. The electrospinning equipment used to electrospin 

untreated and plasma-modified PLA solutions. 

 

 

4.2 Characterization Techniques 

The characterization techniques, which have been used in this work, 

are categorized in three general groups: (1) gas phase analysis 

techniques, which have been performed to characterize the gas plasma 

itself, (2) liquid phase analysis techniques, which have been employed 

to study the plasma-induced changes in the polymer solutions and 

solvent system and (3) solid phase analysis techniques, which have 

been used to examine the physicochemical properties of the final PLA 
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nanofibers obtained from untreated and plasma-treated PLA solutions 

in order to compare them and find out the effects of PEPT on the 

nanofiber properties. All the performed analysis techniques are listed 

in Table 4.2 by mentioning which ones were performed by the candidate 

and which ones in collaboration with others. 

 

4.2.1 Gas Phase (Plasma) Analysis Techniques 

 

4.2.1.1 Electrical Characterization of the Plasma Jet 

The electrical parameters such as discharge voltage, discharge current 

and mean consumed power are studied for the Ar plasma jet used in 

this work at different flow rates and applied voltages. The power 

consumed by the discharge is calculated using two methods: (1) using 

the traditional method which multiplies the discharge voltage with the 

current and (2) using Lissajous curves.  

For the first method, the voltage applied to the wire electrode was 

measured using a high voltage probe (P6015A, Tektronix) whereas the 

discharge current was obtained by measuring the voltage over a non-

inductive resistor of 33 Ω placed in series with the plasma jet (see 

Figure 4.1). The resultant voltage-current waveforms were 

subsequently recorded making use of a Tektronix TDS 1002 digital 

oscilloscope.  

For the second method, the voltage applied to the wire electrode 

was measured using the same high voltage probe as mentioned before 

whereas the charge present on the electrodes was also obtained by 

measuring the voltage over a 4700 pF capacitor placed in series with 

the plasma jet (see Figure 4.1). The resultant charge-voltage waveforms 

(so-called Lissajous figures) were again recorded making use of a 

Tektronix TDS 1002 digital oscilloscope.  

 

4.2.1.2 Optical Emission Spectroscopy (OES) 

OES is a widely used diagnostics technique for low temperature 

plasmas [460]. This technique is comparatively cheap, versatile and 

non-intrusive and can monitor the concentration of the plasma species 

in real time. Each spectral line corresponds to an optical transition 

between two quantum levels of an atom/molecule and the number 

density of plasma species in the upper state determines the spectral 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/line-spectra
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/optical-transition
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line intensity. Besides the above-mentioned electrical characterization, 

the plasma jet is therefore also optically investigated in this thesis. 

Optical emission of the Ar plasma jet sustained in ambient air was 

monitored by an optical spectrometer (Ocean Optics, ADC1000-USB) 

with low spectral resolution of 0.7 nm in the wavelength range from 

200 to 900 nm to gather information on the (excited) radiative plasma 

species present in the discharge. 

 

4.2.2 Liquid Phase (PLA Solution) Analysis 

Techniques 

 

4.2.2.1 Optical Emission Spectroscopy (OES) 

To also gather information on the excited radiative species generated 

in the plasma-PLA solution system, optical emission of the Ar plasma 

jet submerged in the PLA solutions was also monitored perpendicular 

to the axis of the plasma jet. This was done using the same optical 

spectrometer mentioned above. To detect the optical emission spectra 

of the plasma jet afterglow (i.e., the part of the plasma jet that is in 

direct contact with the polymer solutions), an optical fiber was placed 

at 4.5 mm from the end of the capillary tube, as schematically shown 

in Figure 4.1.  

 

4.2.2.2 Viscosity Measurements 

Solution viscosity was obtained using a DV2T EXTRA viscometer 

(Brookfield Engineering Laboratories, USA) operating at room 

temperature. All measurements were performed at least three times for 

each experimental condition; mean values and standard deviations 

were calculated and are reported in this thesis. 

 

4.2.2.3 Electrical Conductivity Measurements 

Solution electrical conductivity measurements were carried out using a 

FiveEasyTM conductivity meter (Mettler Toledo, Switzerland) equipped 

with an InLab720 conductivity probe operating in a conductivity range 

of 0.1 to 500 µS/cm. All measurements were repeated at least three 

times for each experimental condition. 
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4.2.2.4 ICCD Imaging of the Bubble Dynamics 

Dispersed time- and space-resolved emission pattern images of bubble 

dynamics in the Ar plasma-solution system were obtained using a fast 

gated ICCD camera (Model: C8484, Hamamatsu, Japan) with UV 

optics with high transparency above 270 nm. A light emitted diode 

(Model: M530L3, Thorlabs, Germany) was used for background 

illumination of the discharge and the bubbles inside the polymer 

solution. A single shoot mode with no synchronization in between the 

ICCD camera gating unit and the plasma source was applied due to the 

unrepeatable behavior of the discharge and the exposure time was fixed 

at 10 ms for all imaging measurements. 

 

4.2.2.5 Surface Tension Measurements 

The surface tension of each solution was determined using a K20 Easy 

Dyne Tensiometer (Krüss GmbH, Germany) equipped with a Wilhelmy 

plate at room temperature. The system records the force required to 

break the plate away from the solution surface. The surface tension was 

then calculated using the following formula: 

γ =
F

L×cosθ
     (4.1) 

where γ is the surface tension (mN/m), F is the maximum force acting 

on the plate (mN), L is the wetted length (m) and θ is the wetting angle. 

Assuming that the plate is completely wetted, the contact angle θ is 

equal to 0° which means that cosθ is equal to 1. Therefore, the 

measurement of the surface tension is only affected by the measured 

force and the wetted length. 

 

4.2.2.6 pH Measurements 

pH values of the PLA solutions were determined using a FiveEasy Plus 

pH meter. The pH probe used in this work was an InLab Science Pro-

ISM pH probe specifically designed to determine pH values in organic 

solvents. All measurements were performed at least three times for 

each experimental condition. 

 



134 
 

4.2.2.7 Fluorescence Excitation-Emission Matrix (EEM) 

Spectroscopy 

To investigate the changes in the plasma-treated media and the 

plasma-generated organic fragments in the liquid phase, the pristine 

and plasma-modified PLA solutions were subjected to EEM 

fluorescence spectroscopy. EEM fluorescence spectra were recorded 

using a Shimadzu RF-5301 fluorescence spectrophotometer equipped 

with a 150 W Xenon lamp as light source. EEM analysis was conducted 

with slit widths set at 5 nm for excitation (Ex) and emission (Em) 

modes. The Ex and Em sampling intervals were both set at 1 nm. In all 

EEM images shown in this work, the X-axis represents Em 

wavelengths ranging from 280 to 600 nm and the Y-axis represents Ex 

wavelengths ranging from 220 to 450 nm. The EEM spectrum of 

distilled water was first determined and subtracted from all measured 

EEM spectra to remove interfering signals of first- and second-order 

Raman scattering using an interpolation technique. In the next step, 

the fluorescence intensity was corrected for the inner-filter effect using 

UV-vis absorbance spectra (Shimadzu UV-1800, Japan) in the 

wavelength range 200 to 800 nm. Finally, the obtained fluorescence 

intensity was converted into Raman Units (R.U.) to remove 

instrument-dependent factors and the final EEM data were interpreted 

using the Parallel Factor (PARAFAC) technique [461]. 

 

4.2.2.8 UV-vis Absorption Spectroscopy 

UV-vis spectroscopy was applied to investigate the optical differences 

between untreated and plasma-treated solutions. The measurements 

were performed in the liquid samples on a Thermo Fisher Genesys 6 

spectrophotometer. Quartz cuvettes (Hellma) were used with a 10 mm 

path length and a 2 mm internal width. 

 

4.2.2.9 Electron Paramagnetic Resonance (EPR) Spectroscopy 

The detection of the radical species in the plasma-treated solutions was 

done by EPR. EPR spectra were recorded using a Magnettech 

MiniScope MS200 spectrometer operating with the following 

parameters: frequency 9.4 GHz, modulation amplitude 0.1 mT, power 
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3.16 mW, modulation frequency 100 kHz, sweep time 40 s, time 

constant 0.1, sweep width 10 mT, number of scans 3.  

In a typical experiment, a spin trap was added to the studied 

solution in a 100 mM concentration. 5-Dimethyl-1-pyrroline N-oxide 

(DMPO; Sigma Aldrich, ≥97%) and N-tert-butyl-α-phenylnitrone (PBN; 

Sigma Aldrich, ≥97%) were used as spin traps for EPR spectroscopy. 

After PEPT, 50 μL samples were contained in glass capillaries 

(Hirschmann) and analyzed by EPR. The reported concentration values 

were obtained via double integration of the respective combined 

simulated spectra of the radical adducts. The quantitative calibration 

of the EPR was performed with solutions of a stable nitroxide radical 

4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (4-hydroxy-TEMPO; 

Sigma Aldrich, 98%) in a range of concentrations 1–100 µM. The 

simulations of the EPR spectra were performed using NIEHS P.E.S.T. 

WINSIM ver. 0.96. The hyperfine values used in the simulations were 

obtained from available literature [462]. 

 

4.2.2.10 Nuclear Magnetic Resonance (NMR) Spectroscopy 

NMR spectroscopy was used to study possible changes in the chemical 

composition of plasma-treated PLA solutions. 1H and 13C NMR spectra 

of the solutions were recorded in D2O and/or CDCl3 on a Bruker DRX-

400 instrument, operating at 400 MHz and 100 MHz for 1H and 13C 

NMR, respectively.  

 

4.2.2.11 Size Exclusion Chromatography (SEC) 

To reveal information on the molecular weight distribution of PLA, SEC 

measurements were conducted on the PLA solutions making use of a 

Waters system with a refractive index (RI) detector (2414 Waters), 

equipped with 3 polymer standard services gel permeation 

chromatography (GPC) serial columns (1 x PSS SDV analytical 1000 Å, 

5 µ, 1 x PSS SDV analytical 100000 Å, 5 µ and 1 x PSS SDV analytical 

1000000 Å, 5 µ) at 35 ºC. CHL, stabilized with ethanol, was used as 

solvent at a constant flow rate of 1 mL/min which was maintained by 

an isocratic high performance liquid chromatography (HPLC) pump 

(1515 Waters). Molecular weights were determined using Breeze 

software and for each measurement, triplicate samples were used. 
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4.2.3 Solid Phase (PLA Nanofibers) Analysis 

Techniques 

 

4.2.3.1 Scanning Electron Microscopy (SEM) 

The morphology of the electrospun PLA nanofibers was imaged making 

use of an InTouch Scope JSM-6010 SEM device (JEOL, Belgium). The 

SEM images were acquired with an accelerating voltage of 7 kV and a 

working distance of 11 mm, after sputter-coating the samples with a 

thin layer of gold with a JFC-1300 Auto Fine Coater (JEOL, Belgium). 

Along with the obtained SEM images, average fiber diameters were 

also determined using ImageJ software by analyzing the diameter of 

over 40 fibers. 

 

4.2.3.2 X-ray Photoelectron Spectroscopy (XPS) 

The elemental surface composition of the PLA nanofibers was 

evaluated by XPS on a PHI Versaprobe II spectrometer employing a 

monochromatic Al Kα X-ray source (hυ = 1486.6 eV) operating at 51.3 

W. The pressure in the analyzing chamber was kept below 10–6 Pa 

during analysis and the photoelectrons were detected with a 

hemispherical analyzer positioned at an angle of 45° with respect to the 

normal of the sample surface. Survey scans and individual high 

resolution spectra (C1s and O1s) were recorded with a pass energy of 

187.85 and 23.5 eV, respectively. Elements present on the PLA 

nanofiber surfaces were identified from XPS survey scans which were 

obtained at 5 different locations per sample and quantified with 

Multipak 9.3.0 software using a Shirley background and applying the 

relative sensitivity factors supplied by the manufacturer of the 

instrument. Multipak was also applied to curve fit the high resolution 

C1s peaks after the hydrocarbon component of the C1s spectrum (285.0 

eV) was used to calibrate the energy scale. The peaks were further 

deconvoluted using Gaussian-Lorentzian peak shapes and the full-

width at half maximum (FWHM) of each line shape was constrained 

below 1.8 eV. 
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4.2.3.3 X-ray Diffraction (XRD) 

Structural information on the PLA nanofibers was obtained making use 

of XRD. XRD patterns of PLA nanofibrous mats were recorded using a 

Thermo Scientific ARL X’TRA X-ray diffractometer equipped with a 

solid-state detector. Diffraction intensities were counted at 2θ from 5° 

to 40° with a scan rate of 0.6 2θ/min using Ni filtered CuKα radiation 

(wavelength at 0.1540562 nm) at 40 kV and 30 mA. The crystalline 

structure of PLA samples obtained from untreated and plasma-treated 

solutions was investigated by XRD and the crystallinity was calculated 

as the ratio between the areas under the crystalline peaks and the total 

area under the crystalline and amorphous peaks. For each 

measurement, duplicate samples were used. 

 

4.2.3.4 Differential Scanning Calorimetry (DSC) 

To examine the thermal transitions of the nanofibers, DSC 

measurements were performed on a Mettler Toledo DSC 1/700 

calorimetric analyzer containing an FRS5 sensor with 56 

thermocouples under N2 atmosphere, at a flow rate of 20 mL/min. The 

glass transition temperature (Tg), crystallization temperature (Tc), 

melting temperature (Tm) and the corresponding enthalpies were 

determined from the second heating scans. After stabilization, the 

samples were heated from –50 ºC to 220 ºC at a scanning rate of 15 

ºC/min using 40 µl aluminum pans. In a next step, an isotherm process 

was carried out at 220 ºC for 2 min, after which the samples were cooled 

back to –50 ºC with liquid nitrogen. After stabilization at –50 ºC, the 

samples were again heated to 220 ºC. STARe Excellence software was 

used to process the data with an automatic sample robot. The degree of 

crystallinity (Xc) of the PLA nanofibers was calculated from the second 

heating scan using the following formula [463]: 

Xc(%) =
|∆Hm−∆Hc|

∆Hm0
× 100    (4.2) 

where ΔHm and ΔHc are the specific melting and cold-crystallization 

enthalpies of PLA, respectively. ΔHm0 is the melting enthalpy of a 100% 

crystalline PLA matrix which is equal to 93 J/g. For each measurement, 

duplicate samples were used. 
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4.2.3.5 Thermal Gravimetric Analysis (TGA) 

To reveal information on the thermal stability of the nanofibers, TGA 

experiments were performed with a Mettler Toledo TGA/SDTA 

(simultaneous difference thermal analysis) 851e apparatus with large 

furnace and an auto sampler using N2 as purge gas at a flow rate of 20 

mL/min. The thermograms were acquired between 25 and 500 ºC at a 

heating rate of 15 ºC/min. For each measurement, duplicate samples 

were used.  

 

4.2.3.6 Mechanical Testing 

The mechanical properties of the PLA nanofibers in terms of tensile 

strength (TS), elongation at break (EB) and Young’s modulus (YM) 

were determined using a universal testing machine (LRXplus, Lloyd 

Instruments) with rate of displacement of 10 mm/min and a load cell of 

250 N. Selected PLA nanofibers were cut into 7 cm × 2 cm strips and 

mounted between rubber coated grips placed at a distance of 1 cm. The 

thickness of the samples was measured using a digital micrometer 

caliper (Mitutoyo, Kruibeke, Belgium). Five random locations on each 

sample were measured and the average thickness was used for the 

calculation of tensile strength. The tensile strength was calculated in 

MPa by dividing the maximum load (N) by the initial cross-sectional 

area (mm2) of the sample. The elongation at break was calculated in % 

by dividing the extension at the rupture of the sample by the initial 

length of the sample and multiplying it by 100. The Young’s modulus 

was determined in MPa from the slope of the linear portion of the 

stress-strain curve. Four replicates were taken for each condition.
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Table 4.2. List of the analysis techniques by mentioning which ones 

were performed by the candidate and which ones in collaboration with 

others. 

Analysis performed in our department Analysis performed in other departments 

Electrical measurements ▲ EEM fluorescence spectroscopy ● 

OES spectroscopy ● UV-vis absorption spectroscopy ● 

Viscosity measurements ● EPR spectroscopy ▲ 

Conductivity measurements ● NMR spectroscopy × 

Surface tension measurements ● SEC measurements × 

pH measurements ● XRD × 

ICCD imaging ▲ DSC ▲ 

SEM  ● TGA ▲ 

XPS × Mechanical testing ▲ 

 

● Performed by the candidate 

× Performed by the operator 

▲ Performed by the candidate and the operator 
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The results of chapter 5 are published in the following international peer-reviewed 

journal: 

F. Rezaei, A. Nikiforov, R. Morent, N. De Geyter  

“Plasma Modification of Poly Lactic Acid Solutions to Generate High Quality Electrospun 

PLA Nanofibers”  

Scientific Reports, 8, (2018) 2241. 
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Plasma Modification of Poly Lactic 

Acid Solutions to Generate High 

Quality Electrospun PLA 

Nanofibers 
 

 

 

5.1 Introduction 

Understanding the physical interactions between the submerged non-

equilibrium plasma jet and the pre-electrospinning PLA solution is 

very important for the further optimization of the plasma-solution 

system. Therefore, the objective of this chapter is to evaluate the effect 

of PEPT and bubble behavior on the physical properties of the PLA 

solutions and to study the plasma treatment effects on the morphology 

of the obtained PLA nanofibrous mats. To do so, plasma treatments 

have been carried out making use of various exposure times, gas flow 

rates and applied voltages. The Ar plasma was examined in detail 

making use of OES and electrical measurements while the plasma 

bubble dynamics were investigated using an ICCD camera system. 

Additionally, the viscosity, surface tension and electrical conductivity 

of the PLA solutions were measured before and after plasma 

treatments with varying operational parameters. In a final step, 

untreated and plasma-modified PLA solutions were electrospun after 

which the resultant nanofiber morphology was studied using SEM. 
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5.2 Results and Discussion 
 

5.2.1 Electrical Characterization of the Plasma Jet 

The discharge electrical characteristics were studied using two 

methods; V-I waveforms and Q-V Lissajous plots. A typical voltage-

current waveform plot for an applied voltage of 2 kV is shown in Figure 

5.1a. The figure shows that the plasma dynamics are periodic. The 

discharge voltage has a sinusoidal waveform, whereas the current 

waveform has one strong peak every negative half cycle of the applied 

voltage. These strong current peaks are due to the rapid increase in gas 

conductivity at plasma ignition followed by an accumulation of surface 

charge acting to reduce the gas voltage and extinguish the discharge 

[464]. Also, the positive half cycles have a current peak of lower 

amplitude of about 10 mA compared to the negative half cycle. To 

obtain the mean discharge power using the first method (V-I plots), the 

following equation was used: 

P =
1

T
∫ I(t)Vd(t)dt    (5.1)   

where T is the period of the discharge voltage and Vd is the discharge 

voltage.  

 
Figure 5.1. (a) Voltage-current graph and (b) Lissajous curve showing 

the charge-voltage variation in the Ar plasma jet (gas flow rate: 0.3 

L/min, amplitude of the applied voltage: 2 kV). 

The second method for estimation of the mean discharge power 

includes the use of a Lissajous plot. By measuring the voltage over a 

capacitor (Vc(t)) and the discharge voltage (Vd(t)) and using multiple 

periods of the discharge voltage, a Q-V Lissajous characteristic curve 
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could be plotted of which an example is shown in Figure 5.1b for an 

applied voltage of 2 kV. This method offers an advantage as it can avoid 

the phase error occurring between the voltage and current 

measurements. After obtaining the charge on the capacitor, the mean 

discharge power can be determined using the following equations:  

Q(t) = CVc(t), Vc(t) =
1

C
∫ i(t)dt, i(t) = C

dVc

dt
   
substituting in Equation 5.1
→                      P =

1

T
∫Vd(t)dQ       (5.2) 

The Lissajous curve presented in Figure 5.1b is representative for 

all experimental conditions used in this work and clearly shows that 

the discharge voltage and charge waveforms are symmetrical for both 

polarities of the applied voltage. From literature [465,466], it is well 

known that the area of the Q-V curve corresponds to the energy input 

per cycle meaning that the discharge power can be calculated by 

multiplying this energy input with the driving frequency of the 

discharge (equation 5.2), which is equal to 50 kHz. The obtained mean 

power values by the two methods as a function of discharge voltage (at 

fixed Ar flow rate of 0.5 L/min) and Ar flow rate (at fixed applied voltage 

of 2 kV) applied in this study are shown in Figure 5.2 and are the 

average of three individual measurements per condition. The figure 

clearly shows that the mean power increases with applied voltage 

which is rather straightforward. Figure 5.2 also reveals that the mean 

power also increases with increasing flow rate, which is due to the fact 

that with increasing gas flow rate, the discharge voltage and discharge 

current increase consequently resulting in an increase in mean power 

as well [467]. The Lissajous method, based on integration of the current 

with the use of a capacitor, results in more accurate results compared 

to the V-I method where instantaneous power is measured [468]. The 

mean power values obtained from the Q-V method are lower than those 

obtained via the V-I method, however, the values only have a maximal 

difference of ± 5.9%.    
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Figure 5.2. Mean consumed power obtained by two methods as a 

function of (a) applied voltages (Ar flow rate: 0.5 L/min) and (b) Ar 

flow rates (applied voltage: 2 kV). 

 

5.2.2 Optical Characterization of the Plasma Jet 

To determine the radiative plasma species present in the plasma jet, 

OES measurements were performed making use of an optical fiber 

placed at 4.5 mm from the end of the capillary tube to study the optical 

emission spectrum from the plasma afterglow. In Figure 5.3 an optical 

emission spectrum of the plasma jet afterglow operating in ambient air, 

over the spectral range of 200–900 nm, is shown. This figure clearly 

shows the presence of multiple transition lines. A detailed allocation of 

each transition line to a specific species can be found in Table 5.1.  

 
Figure 5.3. Optical emission spectrum of the plasma jet (Ar flow rate: 

0.5 L/min, amplitude of the applied voltage: 2 kV). 
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The most predominant emission line, located at 308.49 nm, can be 

attributed to the rotational band of OH while the large emission lines 

in the wavelength range 690–853 nm can be attributed to the atomic 

Ar 4s←4p transitions. Additionally, small emission lines can be 

observed in the wavelength range 280–400 nm which can be assigned 

to excited nitrogen molecules (N2 second positive system, SPS) at 330–

380 nm, atomic oxygen at 777.53 nm and OH radicals at 282.87 nm. 

The nitrogen SPS peaks result from the lowest vibrational transition of 

the B3∏g←C3∏u system of N2 molecules [469]. 

The identified nitrogen-containing components are most likely due 

to diffusion of environmental air into the plasma jet afterglow resulting 

into the presence of small amounts of N2 impurities and have been also 

detected by other research groups [470–472]. The OH emission peak is 

probably caused by fragmentation of H2O molecules which diffuse from 

ambient air to the plasma jet afterglow [469] while the atomic oxygen 

emission peak can result from H2O fragmentation or O2 dissociation.  

Table 5.1. Main transition lines observed in the optical emission 

spectrum of the Ar plasma jet. 

Species Transition line Wavelength (nm) Ref. 

Ar 1s5←2p2 696.38 [465,472] 

 1s5←2p3 706.73 [465,472] 

 1s4←2p2 727.30 [465,472] 

 1s4←2p3 738.46 [465,472] 

 1s2←2p1 750.20 [465,472] 

 1s5←2p6 763.44 [465,472] 

 1s3←2p2 772.53 [465,472] 

 1s3←2p4 794.92 [465,472] 

 1s5←2p8 801.40 [465,472] 

 1s5←2p9 811.53 [465,472] 

 1s2←2p2 826.48 [465,472] 

 1s4←2p8 842.50 [465,472] 

 1s2←2p4 852.10 [465,472] 

O 3s5S←3p5P 777.53 [473] 

OH X2∏←A2∑+ 308.49 [465,472] 

 X2∏←A2∑+ 282.87 [474] 

N2 B3∏g←C3∏u 337.26 [469] 

 B3∏g←C3∏u 346.06 [469] 

 B3∏g←C3∏u 357.41 [469] 

 B3∏g←C3∏u 380.00 [469] 

During the plasma treatment, the optical emission spectrum of the 

plasma jet submerged in the PLA solution was also extracted and is 



146 
 

shown in Figure 5.4. Apart from the detected chemical species and 

bands in the optical emission spectrum of the plasma jet operating in 

ambient air (Table 5.1), some extra transition lines for mostly 

hydrocarbon fragments appeared in the optical emission spectrum of 

the plasma-solution system: CN emission bands (X2∑+←B2∑+) located 

at 416.13 [475], 386.89 nm and around 360 nm, CH emission band 

located at 431.19 nm (X2∏←A2∆) [469,476–478], an N2 band 

(B3∏g←C3∏u) located at 336.52 nm and the Swan system of C2 lines 

(X3∏u←A3∏g) located at 473.5, 516.29, 558.11 and 563.26 nm 

[469,479,480]. The presence of these additional peaks suggest that the 

PLA solution components are directly dissociated by the Ar plasma jet 

[469,476,477,479]. Presence of CH peak with the absence of Hα emission 

may suggest that CH emission can not be electron-induced but probably 

involve excitation by Ar or hydrocarbon fragments [481]. 

One of the other noticeable differences between the two optical 

emission spectra (Figure 5.3 and 5.4) is the decreased intensity of the 

OH peak. This decrease can be attributed to the high consumption of 

energy for CH and C2 bond cleavage, which consequently leads to 

having less energy available for OH radical production. 

 

Figure 5.4. Optical emission spectrum of the plasma jet submerged in 

the PLA solution (Ar flow rate: 0.5 L/min, amplitude of the applied 

voltage: 2 kV). 
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5.2.3 Viscosity and Conductivity of the Plasma-treated 

PLA Solutions 

From literature, it is well known that polymer solution viscosity is one 

of the key parameters in determining the fiber diameter and 

morphology; in addition, also the electrical conductivity of the polymer 

solution can strongly affect the electrospinning performance [15,482]. 

Therefore, these two key physical properties of PLA solutions will be 

analyzed in this section to assess the plasma treatment effect on these 

parameters making use of multiple experimental conditions. 

The viscosity and conductivity variations as a function of plasma 

treatment time, Ar flow rate, applied voltage and PLA concentration 

are plotted in Figure 5.5. In each case, only a single plasma operational 

parameter was varied while the other plasma parameters were fixed as 

mentioned in the caption of Figure 5.5. As can be seen, viscosity and 

conductivity of the PLA solutions considerably increased with plasma 

treatment time (Figure 5.5a), Ar flow rate (Figure 5.5b), applied voltage 

(Figure 5.5c) and polymer concentration (Figure 5.5d). The plots 

against gas flow, voltage and polymer concentration show a linear 

relationship between the parameters viscosity and conductivity on the 

one hand and the variable plasma operational parameter on the other 

hand. However, for the plasma treatment time, exponential trends are 

obtained for both viscosity and conductivity. 

The viscosity and conductivity measurements were also performed 

to study the plasma-induced changes in the solvents without the 

presence of PLA. Unfortunately, for pristine and plasma-modified CHL, 

DMF and their binary mixture, the measured torque values were below 

the range of the viscometer device and thus viscosities were not 

measurable. The conductivity of the pristine CHL was very low and 

therefore not detectable with the used conductivity meter. Even after 

plasma treatment (5 min, 0.5 L/min, 2 kV), the conductivity of the CHL 

solution was still undetectable. However, the conductivity of DMF 

alone was found to improve after plasma treatment (5 min, 0.5 L/min, 

2 kV) and strongly increased from (0.77 ± 0.1) μS/cm for pristine DMF 

to (14.71 ± 0.2) μS/cm for plasma-modified DMF. The conductivity of 

the binary-solvent system of CHL/DMF (8:2 v/v) also increased after 

plasma treatment from (0.53 ± 0.12) µS/cm to (8.95 ± 0.2) µS/cm. Based 

on these results, it is anticipated that the strong increases in solution 
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conductivity observed after the performed plasma treatments are most 

likely resulting from interactions of active plasma species with DMF 

molecules. A possible hypothesis for the observed increased 

conductivity values after plasma treatments may be that plasma 

treatment induces some degradation of the solvent molecules [483,484] 

and/or PLA polymer chains (as also suggested by the observed OES 

results) leading to the creation of chemical species with a high 

conductivity such as for example nitric acid (HNO3), hydrogen chloride 

(HCl) or peroxynitrite (ONOO‾). 

 
Figure 5.5. Viscosity and conductivity variations as a function of (a) 

treatment time (2 kV, 0.5 L/min, 6% w/v), (b) Ar flow rate (5 min, 2 

kV, 6% w/v), (c) applied voltage (5 min, 0.5 L/min, 6% w/v) and (d) 

polymer concentration (5 min, 0.5 L/min, 2 kV). 

Besides an increase in solution conductivity, also the PLA solution 

viscosity was found to considerably increase after plasma modification 

as shown in Figure 5.5. Within this context, it is important to highlight 

that the performed plasma experiments result in solvent evaporation, 

which can in turn significantly increase the PLA concentration in the 

solvent mixture. This increasing PLA concentration will mainly affect 

the solution viscosity and not the solution conductivity as can be seen 

in Figure 5.5d. As shown in Table 5.2, the PLA solution volume strongly 
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decreases with increasing plasma treatment time and as CHL is much 

more volatile than DMF it may be assumed that merely CHL has 

evaporated during the plasma treatment. To examine if this 

evaporation is mainly due to the Ar gas flowing through the solution or 

due to the plasma treatment itself, the solution volume change was also 

investigated for polymer solutions which are only exposed to the Ar flow 

without switching on the plasma for identical times as the plasma 

exposure times and the results are presented in Table 5.2.  

Table 5.2. The final solution volume after plasma treatment (left) and 

after Ar-bubbling (right) with various exposure times (treatment 

condition: 0.5 L/min, 2 kV, 6% w/v). 

Plasma treatment Ar-bubbling 

Time 

(min) 

Final solution 

volume (mL) 

Time 

(min) 

Final solution 

volume (mL) 

0 10 0 10 

1 9.1 1 9.3 

3 8.7 3 9 

5 8.4 5 8.8 

7 8.1 7 8.6 

9 7.9 9 8.4 

As shown in this table, the Ar gas flow is causing solvent 

evaporation, however, this evaporation becomes more enhanced when 

the plasma is turned on. One may think that this enhanced evaporation 

effect is due to heating of the polymer solution by the plasma, however, 

this is not the case as the temperature of the PLA solutions is not raised 

by the plasma treatments. The enhanced solvent evaporation is 

however the result of more intense bubble formation in the plasma-

exposed solutions leading to larger liquid-gas interfaces and thus a 

more pronounced evaporation, which has been confirmed via ICCD 

imaging (Figure 5.6). 
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Figure 5.6. Difference between the number density of bubbles in (a) 

Ar-bubbled PLA solution (6% w/v, 0.5 L/min) and (b) plasma-treated 

PLA solution (6% w/v, 0.5 L/min, 1.8 kV) at the same time scale. 

To examine whether the observed viscosity increase is the result of 

the plasma treatment itself and not of solvent evaporation, an 

additional experiment has been conducted in this work. In this 

experiment, 10 mL of a 6% w/v PLA solution was only exposed to the 

flowing Ar gas (0.5 L/min) without switching on the plasma for 

durations varying between 2.5 and 15.5 min until the same final 

solution volumes as after plasma treatment were reached. For these 

Ar-bubbled PLA solutions, the viscosity was also determined and the 

results are shown in Table 5.3, together with the viscosity results 

obtained on the plasma-treated PLA solutions. Based on the observed 

volume changes, the final PLA concentration in each solution has been 

calculated and the results are also shown in Table 5.3. As such, the 

effect of polymer concentration on solution viscosity can be eliminated 

and the plasma treatment effect can be observed. Table 5.3 shows that 

the plasma treatment itself is also increasing the solution viscosity and 

this mainly at the highest plasma exposure time.   

The above mentioned hypothesis about the generation of chemical 

species with a high conductivity such as HNO3, HCl or peroxynitrite 

(ONOO‾) may also explain the increased viscosity after plasma 

treatment because these species are highly polar and can as such 

increase the solubility of PLA in the solvent mixture. As a result, the 

distribution of PLA polymer chains in the solution becomes more 

uniform, which can in turn explain the observed enhanced viscosity 

after plasma modification. 
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Table 5.3. The final PLA concentration and obtained viscosity of the 

solutions after plasma treatment and Ar-bubbling with various 

exposure times (treatment condition: 0.5 L/min, 2 kV, 6% w/v). 

PLA 

concentration 

(w/v %) 

Tplasma 

(min) 

Tbubbling 

(min) 

Plasma 

treatment 
Ar-bubbling 

Viscosity (cP) Viscosity (cP) 

6 0 0 87.72 ± 5.46 87.72 ± 5.46 

6.6 1 2.5 98.04 ± 10.86 90.00 ± 6.48 

6.9 3 5 120.80 ± 12.33 103.88 ± 8.34 

7.1 5 9 146.16 ± 7.01 129.52 ± 4.61 

7.4 7 12 183.58 ± 11.01 166.23 ± 7.44 

7.6 9 15.5 241.52 ± 7.31 204.17 ± 8.52 

 

5.2.4 Bubble Dynamics inside the Plasma-treated PLA 

Solutions 

To be able to explain the effect of each individual plasma parameter on 

the viscosity and conductivity values (Figure 5.5), information on the 

bubble formation in the PLA solutions will be revealed in this section 

as these bubbles mainly determine the occurring plasma-solution 

interactions. It has already been investigated by some research groups 

[485–487] that charge, electron and energy transfer reactions are 

possible at the plasma-liquid interface. Hence, more bubbles and 

consequently more gas-solution interfaces, cause an increase in 

collisional frequency of reactive plasma species with solvent and 

polymer molecules at the gas-solution interfaces, which will in turn 

lead to a better efficiency of the plasma treatment. Therefore, ICCD 

imaging will be carried out in the next section to study the effect of the 

plasma operational parameters on the bubble dynamics in the PLA 

solutions during plasma treatment.  

In a first step, the bubble behavior inside the PLA solutions is 

examined as a function of plasma treatment time and the obtained 

results are presented in Figure 5.7. The time points in these figures 

were chosen to be less than one minute as one minute after starting the 

plasma treatment a lot of bubbles were formed inside the system 

making it very difficult to observe differences between the various 

operational conditions. Obviously, with increasing plasma treatment 

time, more bubble formation occurs in the plasma-liquid system, which 

can positively affect the efficiency of the plasma treatment. Besides the 

larger frequency of collisions between the plasma species and the 
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solution, also the total contact time between the active plasma species 

and the polymer/solvent molecules increases with increasing treatment 

time, which in turn also enhances the plasma treatment effect. Both 

aspects thus contribute to more pronounced interactions between active 

plasma species and the PLA solution, thereby resulting in increasing 

viscosity and conductivity values as a function of plasma treatment 

time. 

 
Figure 5.7. (a) Pure Ar plasma jet (1.8 kV, 0.5 L/min). Variation of the 

number density and size of bubbles at different treatment times; (b) 

10 s, (c) 25 s and (d) 55 s. (For all experiments: 6% w/v, 0.5 L/min, 1.8 

kV) 

The effect of Ar flow rate on the plasma bubble dynamics is 

presented in Figure 5.8. One can clearly see that the bubble number 

density considerably increases with increasing gas flow rate resulting 

in more pronounced plasma-liquid interactions and thus a more 

efficient plasma treatment effect. At the same time, it is also well 

known that the electron number density in the plasma jet increases 

when the gas flow rate raises [488]. Consequently, more active plasma 

species will be generated in the plasma, which can in turn result in 

more intense interactions between the plasma and the solution 

molecules. Because of the two previously mentioned reasons, increased 

viscosity and conductivity values can indeed be expected at increased 

gas flow rates.   
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Figure 5.8. Variation of the number density and size of bubbles at 

different flow rates; (a) 0.3 L/min and (b) 0.5 L/min. (For all 

experiments: 6% w/v, 1.8 kV, 20 s) 

ICCD images visualizing the plasma bubble dynamics for two 

different applied voltages are shown in Figure 5.9. These images reveal 

that with increasing applied voltage more bubbles appear which also 

have the tendency to coalescence. As a result, a larger amount of 

plasma-solution collisions will occur at higher applied voltages, which 

will in turn enhance the plasma treatment effect in terms of solution 

viscosity and conductivity. Additionally, an increase in applied 

discharge voltage is known to result in a higher amount of active 

plasma species [489] and thus more intense interactions between 

plasma species and solution molecules. Both bubble dynamics and 

plasma species concentration thus contribute to an enhanced plasma 

treatment efficiency, thereby leading to increased viscosity and 

conductivity values at higher applied voltages. 

 
Figure 5.9. Variation of the number density and size of bubbles at 

different applied voltages; (a) 1.8 kV and (b) 2.1 kV. (For all 

experiments: 6% w/v, 0.5 L/min, 20 s) 
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In a next set of experiments, bubble formation was examined in 

different solutions: (1) pure CHL, (2) pure DMF, (3) the solvent mixture 

CHL:DMF, (4) a 4% w/v PLA solution in the solvent mixture and (5) a 

6% w/v PLA solution in the solvent mixture and the obtained ICCD 

images are shown in Figure 5.10. 

Since pure CHL is a non-polar solution characterized by a low 

dielectric constant (see Table 5.4), no bubble formation occurred during 

the plasma treatment as can be observed in Figure 5.10a. Instead, gas 

flow-induced foams were formed on top of the solution which also 

disappeared immediately after plasma treatment. The non-polar 

nature of CHL combined with its low dielectric constant thus results in 

a rather poor interaction between the plasma species and the CHL 

molecules, which may also explain the fact that no detectable increase 

in solution conductivity was observed for pure CHL. On the other hand, 

a few small bubbles are formed in a pure DMF solution as shown in 

Figure 5.10b which can be explained by the fact that DMF is a polar 

solution with a much higher dielectric constant compared to CHL (see 

Table 5.4). As such, it can be expected that more pronounced plasma-

induced changes can occur in the pure DMF solution, which is in 

agreement with the observed increase in DMF conductivity after 

plasma treatment. Due to the presence of a small amount of DMF in 

the solvent mixture solution (CHL:DMF 8:2 v/v), the solvent mixture is 

only slightly polar and not as conductive as pure DMF. As a result, 

bubble formation in the solvent mixture is less than in pure DMF, as 

can be visualized in Figure 5.10c, however, it is still enough to 

considerably enhance the conductivity of the mixture solution after 

plasma treatment.   

ICCD imaging also reveals that when PLA is added to the solvent 

mixture, bubble formation becomes much more pronounced. In 

addition, when the PLA concentration is increased from 4 to 6% w/v, 

more bubble nucleation and bubble formation occurs inside the 

solution. Because of these different bubble dynamics, increased 

viscosity and conductivity values can be expected at increased polymer 

concentrations, as was indeed observed in Figure 5.5d.  

Table 5.4. Dielectric constant ε of the solvents. 

Solvent Chemical formula Dielectric constant 

CHL CHCl3 4.81 

DMF C3H7NO 36.7 
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Figure 5.10. Variation of the number density and size of bubbles in 

different solutions. (a) CHL, (b) DMF, (c) CHL:DMF (8:2 v/v), (d) 4% 

w/v PLA in the solvent mixture and (e) 6% w/v PLA in the solvent 

mixture. (For all experiments: 1.8 kV, 0.5 L/min, 20 s) 

 

5.2.5 Surface Tension of the Plasma-treated PLA 

Solutions 

Besides viscosity and conductivity, also the surface tension of a polymer 

solution is known to significantly influence the electrospinning process 

[15]. The surface tension values of the PLA solutions were therefore 

also measured before and after plasma treatment making use of 

different plasma operational parameters and the obtained results are 

summarized in Table 5.5.  

Table 5.5. The surface tension of PLA solutions at various treatment 

times (2 kV, 0.5 L/min, 6% w/v), Ar flow rates (5 min, 2 kV, 6% w/v) 

and applied voltages (5 min, 0.5 L/min, 6% w/v). 

Treatment 

time (min) 

Surface 

tension 

(mN/m) 

Ar flow 

(L/min) 

Surface 

tension 

(mN/m) 

Voltage 

(kV) 

Surface 

tension 

(mN/m) 

0 30.4 ± 0.08 0 30.4 ± 0.08 1.6 31.3 ± 0.07 

1 31.1 ± 0.08 0.3 31.2 ± 0.08 1.7 31.4 ± 0.12 

3 31.3 ± 0.05 0.5 31.5 ± 0.09 1.8 31.3 ± 0.10 

5 31.5 ± 0.09 0.7 31.7 ± 0.09 1.9 31.7 ± 0.10 

7 31.7 ± 0.07 0.9 31.9 ± 0.16 2.0 31.5 ± 0.09 

9 32.1 ± 0.10 1.1 32.2 ± 0.17 2.1 31.8 ± 0.14 

Table 5.5 clearly shows that the surface tension of the PLA 

solutions increases with increasing treatment time, increasing Ar flow 

rate and increasing applied voltage, which are similar trends as the 

ones observed for viscosity and conductivity. To examine whether these 

observed increases in surface tension are induced by the plasma or 

caused by solvent evaporation, a similar evaporation experiment as 

described in the section on the viscosity results was also performed. For 
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the Ar-bubbled PLA solutions, the surface tension was determined and 

the results are shown in Table 5.6 together with the surface tension 

results obtained on the plasma-treated solutions for an easy 

comparison. As such, the effect of polymer concentration on the surface 

tension values can be eliminated and the plasma treatment effect can 

be observed. 

Table 5.6. The final PLA concentration and obtained surface tension 

of the solutions after plasma treatment and Ar-bubbling with various 

exposure times (treatment condition: 0.5 L/min, 2 kV, 6% w/v). 

PLA 

concentration 

(w/v %) 

Tplasma 

(min) 

Tbubbling 

(min) 

Plasma treatment Ar-bubbling 

Surface tension 

(mN/m) 

Surface tension 

(mN/m) 

6 0 0 30.4 ± 0.08 30.4 ± 0.08 

6.6 1 2.5 31.1 ± 0.08 30.7 ± 0.09 

6.9 3 5 31.3 ± 0.05 30.7 ± 0.10 

7.1 5 9 31.5 ± 0.09 29.8 ± 0.12 

7.4 7 12 31.7 ± 0.07 30.5 ± 0.09 

7.6 9 15.5 32.1 ± 0.10 30.9 ± 0.11 

The results shown in Table 5.6 reveal that the observed increase in 

the final surface tension of the PLA solutions is not caused by 

evaporation but is mostly an effect of the plasma treatment itself. As 

such, it can indeed be concluded that the surface tension of the PLA 

solutions increases with increasing treatment time, Ar flow rate and 

applied voltage.    

ICCD images (Figure 5.7, 5.8 and 5.9) showed that the bubble 

number density increases with increasing treatment time, gas flow rate 

and applied voltage. Moreover, it has also been reported [485] that 

increasing flow rate and increasing applied voltage lead to an increase 

in charge and energy transfers from a plasma jet to a liquid. Because of 

the enhanced bubble dynamics resulting into more plasma-liquid 

interactions as well as the enhanced energy transfer between the two 

media, surface tension values will thus increase with increasing plasma 

operational parameters. In addition, the higher bubble densities will 

also result in a higher charge transfer from the plasma to the polymer 

solutions which will in turn contribute to a change in surface tension at 

the gas-solution interfaces [490]. At higher charge densities, relatively 

more depletion of charges within the surface of the solutions occurs and 

the bulk charge density increases, supplementing the attractive forces 
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on the surface molecules and consequently adding to an increase in 

surface tension [491]. 

The surface tension values of pure CHL, DMF and their binary 

mixture have also been examined before and after plasma modification 

and the results are shown in Table 5.7 together with surface tension 

values for PLA solutions with various PLA concentrations. This table 

clearly shows that in contrast to the PLA solutions, the surface tension 

of the solvents decreased after plasma modification. This reduction may 

be due to the surface-active nature of the plasma-induced uncharged 

acids (such as HCl, HNO3, NH3) present in the solvents [491]. Table 5.7 

also reveals that when PLA is added to the binary-solvent mixture, the 

surface tension increases and the higher the added PLA concentration, 

the higher the surface tension value becomes. This can be explained as 

follows: according to the Gibbs adsorption rule [490], when PLA is 

added to the binary-solvent system, more charges repel from the gas-

liquid surface and the bulk charge density increases, consequently 

resulting into an increased surface tension. 

Table 5.7. The surface tension of the solvents and PLA solutions with 

different polymer concentrations (5 min, 0.5 L/min, 2 kV). 

Solution 
Surface tension (mN/m) 

Pristine Plasma-modified 

CHL 27.2 ± 0.12 26.4 ± 0.11 

DMF 36.7 ± 0.04 36.5 ± 0.07 

CHL:DMF (8:2 v/v) 28.8 ± 0.12 28.3 ± 0.12 

PLA/mixture (4% w/v) 29.1 ± 0.03 29.7 ± 0.06 

PLA/mixture (5% w/v) 29.8 ± 0.03 30.4 ± 0.03 

PLA/mixture (6% w/v) 30.4 ± 0.08 31.5 ± 0.09 

 

5.2.6 Effect of Plasma Treatment on Nanofiber 

Morphology 

As the three physical solution parameters (viscosity, surface tension 

and conductivity) are considerably changed by the performed plasma 

treatments, it is anticipated that these plasma treatments will also 

have a significant effect on the morphology of the electrospun 

nanofibers produced from these solutions. To examine this, PLA 

solutions with varying values of viscosity, conductivity and surface 

tensions were prepared in this work by performing plasma treatments 

with different operational parameters. A three-dimensional image 
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indicating the physical properties of the PLA solutions is shown in 

Figure 5.11 as well as representative SEM images of the selected PLA 

nanofibers produced from these solutions by electrospinning. 

 
Figure 5.11. 3D image of the physical properties of selected pristine 

and plasma-treated PLA solutions and SEM images of PLA nanofibers 

produced from these solutions (starting PLA concentration: 6% w/v). 

[scale bar: 5 µm] 

As can be observed from the SEM images, different fiber 

morphologies were captured for different value ranges of the three 

examined physical parameters. For solution 1, which is a pristine PLA 

solution (6% w/v), polymeric beads were obtained along the PLA 

nanofibers. For this solution, electrospraying overcomes the 

electrospinning process because of the low viscosity (due to the low PLA 

concentration) and the high surface tension of the pristine PLA solution 

[492], which is known to result in the formation of beads. After 

performing plasma treatments resulting into slightly increased 

viscosity, conductivity and surface tension values, a better fiber 

formation and less beads along the fibers were observed (region 2). 

Nevertheless, the beads did not completely disappear in this region. 

After electrospinning PLA solutions with slightly higher viscosity, 

conductivity and surface tension values compared to the solutions of 

region 2, the morphology of the deposited nanofibers changed to very 

homogenous and smooth fibrous networks (region 3). In this region, 

PLA nanofibers with small fiber diameters (314 ± 58) nm, a uniform 

fiber distribution and without the presence of beads were obtained. As 
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a result of the higher viscosity values, there is a higher amount of 

polymer chains entanglement in the solution and the charges on the 

electrospinning jet will be able to fully stretch the solution with the 

solvent molecules distributed among the polymer chains. In addition, 

due the higher solution conductivity, more charges can be carried by 

the electrospinning jet and a better stretching of the solution will also 

occur. Because of the enhanced stretching effect, nicely elongated fibers 

without the presence of beads can thus be obtained [15,482]. 

However, with a further increase in conductivity, viscosity and 

surface tension values (region 4), the beads again appeared while the 

diameter of the PLA nanofibers also increased most likely due to the 

high viscosity values. Moreover, for the extreme physical PLA solution 

parameters obtained in this work (region 5), beaded, deformed and non-

uniform fibers were observed. Discontinuities of the fibers were also 

found in this condition as a result of clogging during the electrospinning 

process due to the high solution viscosity, which leads to a decreased 

productivity of the process and also negatively affects the nanofibers 

quality [493]. It can thus be concluded that plasma-treated PLA 

solutions with physical parameters located in region 3 are optimal to 

generate homogeneous, bead-free PLA nanofibers. 

To further show that the plasma treatment effect on the 

electrospinnability of PLA solutions was not only due to the solvent 

evaporation it is causing, an additional experiment was also performed 

in this work. In this experiment, four different PLA solutions have been 

electrospun and the morphology of the resultant PLA nanofibers was 

observed: (1) a pristine 6% w/v PLA solution, (2) a 6% w/v PLA solution 

which was exposed to the flowing Ar gas (0.5 L/min) in plasma-off mode 

for a duration of 5 min, (3) a 6% w/v PLA solution which was exposed 

to the plasma for 5 min (0.5 L/min gas flow rate and 2 kV) having a 

final polymer concentration of 7.1% w/v and (4) a 6% w/v PLA solution 

which was exposed to the flowing Ar gas (0.5 L/min) in plasma-off mode 

for a duration of 9 min to reach the same final polymer concentration 

as after the 5 min plasma treatment (7.1% w/v). The SEM images of the 

PLA nanofibers obtained from the four above-mentioned PLA solutions 

are shown in Figure 5.12. 
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Figure 5.12. SEM images of PLA nanofibers produced from (a) a 

pristine PLA solution in CHL:DMF (6% w/v), (b) an Ar-bubbled 6% 

w/v PLA solution (5 min bubbling), (c) a plasma-modified 6% w/v PLA 

solution (5 min, 2 kV, 0.5 L/min) and (d) an Ar-bubbled 6% w/v PLA 

solution (9 min bubbling). [scale bar: 5 µm] 

This additional experiment clearly reveals that the obtained 

changes in the morphology of PLA nanofibers fabricated from plasma-

modified PLA solutions cannot be attributed to Ar-bubbling nor to the 

change in polymer concentration due to solvent evaporation. In the Ar-

bubbling experiment of 5 min, Ar gas and PLA solution mixing occurs, 

however, the neutral Ar gas components are not able to effectively 

interact with the PLA solution and only a small enhancement in 

viscosity of the solution was obtained after this experiment. This small 

change in viscosity is not sufficient to generate bead-free fibers as can 

be seen in Figure 5.12b. Additionally, if a PLA solution with the same 

final polymer concentration as the plasma-treated solution is 

electrospun, the obtained PLA nanofibers still contain beads despite 

the higher polymer concentration and consequently the increased 

viscosity (see Figure 5.12d). Only after plasma treatment and due to a 

considerable enhancement in both solution viscosity and conductivity, 

bead-free and uniform PLA nanofibers could be obtained as can be seen 

in Figure 5.12c. As such, plasma treatments are thus very efficient in 

improving the electrospinnability of PLA as they have the capacity to 

affect different physical solution parameters at the same time. 

 

 

5.3 Conclusion 

Understanding the physical interactions between a submerged Ar 

plasma jet and pre-electrospinning PLA solutions is very important for 

the further optimization of the plasma-solution system. Therefore, the 

main physical properties of PLA pre-electrospinning solutions 
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including viscosity, surface tension and electrical conductivity were 

analyzed before and after treatments with the Ar plasma jet. Results 

showed a considerable increment of viscosity and conductivity of the 

solutions, as well as an increase in surface tension, with increasing 

plasma treatment time, Ar flow rate, applied voltage and PLA 

concentration. To be sure that the obtained results are indeed plasma 

treatment effects and not evaporation or Ar-bubbling effects, some 

control experiments were also carried out in this work which reveal 

that these are indeed the plasma treatments which are enhancing the 

viscosity, conductivity and surface tension of the PLA solutions. Bubble 

formation during the plasma treatments was found to play a key role 

as it strongly influences the gas-solution interfaces and as a result also 

the charge and energy transfer possibilities between the plasma and 

the solutions. Good correlations between the plasma bubble behavior 

and the obtained physical properties of the PLA solutions were 

revealed. A detailed SEM study of nanofibers electrospun from plasma-

treated solutions illustrated that after plasma treatment smooth, 

uniform, bead-free PLA nanofibers were obtained which can be 

considered for future biomedical applications. The SEM results also 

showed that the plasma-induced noticeable conductivity enhancement 

together with the increase in viscosity of plasma-modified PLA 

solutions are the main factors which positively affect the 

electrospinnability. 
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Investigation of Plasma-induced 

Chemistry in Organic Solutions 

for Enhanced Electrospun PLA 

Nanofibers 
 

 

 

6.1 Introduction 

In the previous chapter, it was shown that the increased viscosity and 

conductivity induced by PEPT positively affected the 

electrospinnability of PLA solutions and the morphology of the 

resultant PLA nanofibers. The question that remains up to now is 

which plasma-induced chemical species are responsible for the 

observed increase in viscosity and conductivity. It is also yet unclear 

whether the PLA polymer chains themselves undergo some changes 

during PEPT, or the observed results are caused exclusively by the 

plasma-induced changes to the solvent molecules.  

To gain more knowledge on the effects of PEPT, the plasma-induced 

chemical changes to both PLA solutions and pure organic solvents are 

investigated in this chapter. The plasma species generated in the 

plasma jet afterglow operating in ambient air and submerged in the 

solutions are determined using OES for various plasma operational 

conditions. pH measurements are performed before and immediately 

after each PEPT to investigate whether the performed plasma 

treatments induce some changes to the acidity of the examined liquids. 

In addition, the plasma-induced chemical changes in pure solvents as 

well as in PLA solutions are investigated in detail via EEM 
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spectroscopy, UV-vis absorption spectroscopy, NMR and EPR 

spectroscopies. EPR is used to detect and identify the species generated 

in the examined plasma-treated liquids. Besides liquid 

characterization, a morphological and chemical evaluation of the 

resultant electrospun nanofibers is also carried out using SEM and 

XPS, respectively. This broad set of characterization techniques 

enabled obtaining information on the fundamental processes occurring 

during PEPT.  

 

 

6.2 Results and Discussion 
 

6.2.1 Plasma Diagnostics 

Optical emission spectra of the used atmospheric-pressure Ar plasma 

jet were obtained to monitor the excited species present in the plasma 

jet afterglow sustained in ambient air and submerged in PLA solutions 

or pure solvents. Figure 6.1a and 6.1b show the optical emission spectra 

of the Ar plasma jet afterglow operating in ambient air and submerged 

in a 4% w/v PLA solution, respectively. The spectra are presented at 

the same intensity scale (in a.u.) to show the changes in transition line 

intensity. When the plasma jet was operated in a PLA solution (Figure 

6.1b), the normalized intensity of the Ar emission lines increased, while 

the intensity of the OH band considerably decreased. The OH signal is 

possibly coming from the H2O impurities in the gas and/or solvents. The 

observed intensity changes in the atomic Ar emission lines in the 

plasma-solution system could be due to changes in the electron energy 

distribution [481]. 
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Figure 6.1. OES spectra of the atmospheric-pressure Ar plasma jet 

afterglow (a) in ambient air and (b) submerged in a 4% w/v PLA 

solution (PEPT parameters: 5 min, 2 kV, 0.5 L/min). 

A discussion on the observed spectral transition lines in both 

spectra was already made and presented in chapter 5. Since the main 

differences between the two emission spectra depicted in Figure 6.1 are 

observed in the wavelength range 250 nm to 600 nm, only this 

wavelength range is examined in the rest of this chapter to elucidate 

the influence of various operational conditions on the excited species 

present in the plasma jet afterglow sustained in PLA solutions.  

The OES spectra obtained during PEPT of pure CHL, pure DMF, 

the binary mixture of CHL:DMF and PLA solutions with different 

polymer concentrations are presented in Figure 6.2. It is clearly seen 

from the data that the plasma jet afterglow sustained in pure CHL or 

pure DMF did not exhibit any significant peak emission besides the one 

originating from OH radicals in the examined wavelength range. A 

noticeable change however occurred when a mixture of both solvents 

was used, when multiple transition lines from solution fragments 

appear in the spectrum (Figure 6.2a). This suggests that both CHL and 

DMF molecules need to be present in the solution before plasma-

induced modification of solvent molecules occurs. The OES spectra of 
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solutions with different PLA concentrations (Figure 6.2b) show that the 

same transition lines as in the binary solvent mixture were still present 

when PLA was added. However, the intensities of all transition lines in 

the studied wavelength region (250–600 nm) decreased with increasing 

PLA concentration. It is well known that increasing polymer 

concentration leads to an increase in solution viscosity [448,494–496]. 

As a result of this higher viscosity, the gas bubbles generated in the 

solution during PEPT become smaller and therefore the intensity of the 

complete emission spectrum decreases with increasing PLA 

concentration. Due to this fact, most of the liquid characterization 

experiments in this chapter were performed with a low PLA 

concentration solution (2% w/v) to avoid masking of obtained signals by 

PLA molecules. It should be noted that even at this reduced 

concentration, the effect of PLA presence in the solutions could still be 

seen.   

 
Figure 6.2. Optical emission spectra of the plasma jet afterglow 

sustained in (a) pure solvents and the solvent mixture used in this 

work and (b) PLA solutions with various concentrations (PEPT 

parameters: 5 min, 0.5 L/min, 2 kV). 

Figure 6.3 shows the effect of Ar flow rate and applied voltage on 

the OES spectra of the plasma jet afterglow operating in ambient air 

and submerged in a 6% w/v PLA solution. In the plasma-solution 

system, unlike ambient air (Figure 6.3a and 6.3c), the increased gas 

flow rate and applied voltage caused a reduction in OH intensity.  

At the same time, a strong increase in the intensity of emission 

lines of organic fragments (Figure 6.3b and 6.3d) and Ar (not shown) 

was observed with increased gas flow rate and increased applied 

voltage. This was as expected: higher voltage and gas flow rate (i.e., 

higher energy deposited into plasma generation) resulted in larger 
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amounts of excited Ar atoms and free electrons in the plasma-solution 

environment. Larger number of these species interacting with the 

molecules of the solvents result in a higher effective collision frequency 

between them and thus effective chemical bond cleavage and higher 

fragmentation. 

 
Figure 6.3. Optical emission spectra of the Ar plasma jet afterglow as 

a function of gas flow rate (a) operating in ambient air and (b) 

submerged in a 6% w/v PLA solution (PEPT parameters: 5 min, 2 kV) 

and optical emission spectra of the Ar plasma jet afterglow as a 

function of applied voltage (c) operating in ambient air and (d) 

submerged in a 6% w/v PLA solution (PEPT parameters: 5 min, 0.5 

L/min). 

The effect of plasma treatment time on the optical emission of the 

plasma jet afterglow sustained in a 6% w/v PLA solution is presented 

in Figure 6.4. Increasing plasma treatment time led to a strong 

reduction in the emission intensity of OH radicals and at the same time 

to a strong increase in the intensity of emission lines from the organic 

fragments in the solutions. Since these were the same trends as for the 

influence of voltage and gas flow, the same hypothesis can be used to 

explain these phenomena.  
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Figure 6.4. Effect of plasma treatment time on the optical emission 

spectrum of the plasma jet afterglow sustained in a 6% w/v PLA 

solution (PEPT parameters: 0.5 L/min, 2 kV). 

 

6.2.2 EEM Fluorescence and UV-vis Absorption 

Spectroscopies, and pH Measurements 

Standardized EEM spectra of the pristine and plasma-modified liquids 

were obtained, providing information on the location and intensity of 

fluorescence peaks and distribution of fluorescence over different EEM 

regions. Figure 6.5 shows the EEM spectra of pure CHL, pure DMF, 

the binary mixture of CHL:DMF and PLA solutions with various PLA 

concentrations before and after PEPT. The figures within contour lines 

in Figure 6.5 are the distribution of fluorescence intensity of each Ex-

Em wavelength pair. The figures contained within the inner contour 

lines are of higher fluorescence intensity than the outer ones.  

As can be seen in Figure 6.5, considerable plasma-induced changes 

in fluorescence were observed for the binary mixture of CHL:DMF (8:2 

v/v) after PEPT, but not in case of the pure CHL and DMF fluorescence 

spectra. These observations are in excellent agreement with the OES 

results shown in the previous section where no excited solvent 

fragments could be observed for the pure solvents. Untreated CHL 

shows a small fluorescence peak at Ex-Em of 250–507 nm, with only a 

small peak appearing after PEPT at Ex-Em of 365–412 nm. Both 

untreated and plasma-treated DMF show a fluorescence peak at Ex-

Em of 290–295 nm. In the binary solvent mixture, the CHL peak does 
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not shift while there is a shift in the DMF peak towards higher Ex-Em 

values. The shift of the DMF peak towards longer excitation 

wavelengths may be attributed to the production of some oxygen-

containing groups in the binary solvent mixture due to the presence of 

DMF [497]. Also, the shift of this peak towards longer emission 

wavelengths can be related to assembly of the DMF molecules into 

larger molecules and consequently producing new organic compounds 

in the mixture [498]. Both of these shifts indicate the intramolecular 

electron charge-transfer interactions between the molecules in the 

binary solvent mixture [499]. Therefore, this intramolecular structure 

change leads to a different photochemical behavior.  

After PEPT, the relative intensity of the CHL peak in the plasma-

treated binary solvent mixture increases while the relative intensity of 

the DMF peak slightly decreases. These observations suggest that in 

the binary mixture CHL degraded more than DMF, resulting in larger 

conformational changes which expose fluorescent parts of the plasma-

treated CHL molecules and hide them for the plasma-treated DMF 

molecules [497,498]. Therefore, it would be expected that in the plasma-

treated binary solvent mixture, the pH changes (are shown in the next 

paragraphs) were mostly due to the plasma-treated CHL molecules, 

since the fluorescence intensities are highly sensitive to pH [497]. At 

the same time, PEPT leads to a considerable broadening effect on the 

DMF peak in the binary solvent mixture. Also the shape of the contour 

plots of this peak changed from narrow ellipse to an irregular shape 

after PEPT. These observations could be related to the presence of 

plasma-generated chemicals in the binary solvent mixture [500].    
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Figure 6.5. EEM spectra of pure solvents, the solvent mixture used in 

this work and PLA solutions with different PLA concentrations in the 

binary solvent mixture before and after PEPT (PEPT parameters: 2 

kV, 0.5 L/min, 5 min). 

The effect of increasing PLA concentration in the solutions from 4 

to 6% w/v is also represented in Figure 6.5. The untreated PLA 

solutions in all cases exhibited a major peak located at Ex-Em of 275–

388 nm (peak I), which can be attributed to the presence of PLA, as the 

relative intensity of this peak increases with increasing polymer 

concentration in the solutions. After PEPT, there is no shift in the 

position of peak I, but its relative intensity decreased after PEPT for all 

examined PLA concentrations. Additionally, the EEM spectra of the 

plasma-modified solutions show another peak at Ex-Em of 360–446 nm 
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(peak II). We tentatively attribute this peak to the formation of 

additional acid moieties in the solutions after PEPT [501]. 

The observed EEM results are likely directly related to the acidity 

of the solutions, because a pH change is known to affect the fluorescence 

yield as it can lead to fragmentation of  organic molecules [502]. Hence, 

pH measurements were also carried out to study possibly occurring 

plasma-induced acidity changes in the PLA solutions under various 

operational conditions and the obtained results are presented in Figure 

6.6. The pH values of CHL could not be detected before and after PEPT. 

However, the pH of pure DMF was found to decrease after plasma 

treatment (parameters: 5 min, 0.5 L/min, 2 kV) from 10.95 ± 0.27 for 

untreated DMF to 9.17 ± 0.63 for plasma-treated DMF. The pH of the 

binary solvent mixture of CHL:DMF (8:2 v/v) was also found to decrease 

after PEPT from 2.39 ± 0.18 to 1.58 ± 0.3.  

PEPT induced a considerable acidity in the plasma-treated PLA 

solutions. The acidity level was found to increase with increasing 

plasma treatment time, Ar flow rate and applied voltage (Figure 6.6a, 

6.6b and 6.6c). The pH values considerably decreased (following an 

exponential trend) with increased plasma treatment time and Ar flow 

rate while the pH plotted against applied voltage followed a more linear 

trend. The PLA concentration had no significant effect on pH (Figure 

6.6d).  
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Figure 6.6. Obtained pH values for untreated and plasma-treated PLA 

solutions as a function of (a) treatment time (PEPT parameters: 2 kV, 

0.5 L/min, 6% w/v), (b) Ar flow rate (PEPT parameters: 5 min, 2 kV, 

6% w/v), (c) applied voltage (PEPT parameters: 5 min, 0.5 L/min, 6% 

w/v) and (d) polymer concentration (PEPT parameters: 5 min, 2 kV, 

0.5 L/min). 

Results from EEM spectroscopy for the same operational conditions 

as the ones shown in Figure 6.6 are also presented in Figure 6.7. From 

this figure, it can be clearly seen that with increasing plasma treatment 

time, Ar gas flow rate and applied voltage, the relative intensity of peak 

I decreases while the relative intensity of peak II increases. The 

presence of peak II in the plasma-treated PLA solutions is in good 

accordance with the increased solution acidity (observed with pH 

measurements). This peak may be attributed to some plasma-

generated compounds in the solutions, which are formed through the 

decay of organic materials [503]. Moreover, it has also been suggested 

that a change in fluorescent intensity with pH could be due to an 

alteration of the molecular orbital of the excitable electrons [504], 
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which may occur as a consequence of ionization of organic molecules via 

PEPT.  

 
Figure 6.7. EEM spectra of the plasma-treated 6% w/v PLA solutions 

for various treatment times (top row; PEPT parameters: 2 kV, 0.5 

L/min), Ar flow rates (center row; PEPT parameters: 5 min, 2 kV) and 

applied voltage (bottom row; PEPT parameters: 5 min, 0.5 L/min). 

Thus, we showed the increased acidity induced in solutions after 

PEPT. However, it is also very important to determine whether the 

observed decrease in pH was due to the plasma-induced changes of the 

solvent molecules or if the PLA molecules also undergo chemical 

transformations during PEPT. For this, different liquid 

characterization techniques, such as UV-vis, EPR and NMR 

spectroscopy, were used.   

UV-vis spectroscopy was used to analyze the pure solvents, the 

binary solvent mixture and a 2% w/v PLA solution, before and after 

PEPT (as shown in Figure 6.8). The absorbance spectra of all examined 
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liquids showed a change after PEPT in the range 250–500 nm. In this 

wavelength range, the absorbance of the CHL:DMF mixture solvent 

and the PLA solution increased after PEPT while also a shift towards 

higher wavelengths was observed for these solutions (Figure 6.8b). 

These effects can be attributed to changes occurring in the polarity of 

the solutions [505], in agreement with the induced acidity and 

conductivity. 

 

Figure 6.8. UV-vis absorbance spectra of (a) untreated solvents and a 

2% w/v PLA solution, (b) plasma-treated solvents and a plasma 

treated 2% w/v PLA solution (PEPT parameters: 5 min, 0.5 L/min, 2 

kV). 

 

6.2.3 EPR Analysis of the Plasma-induced Radicals 

To gather more information on the source of the plasma-induced acidity 

in the pure organic solvents and also in the PLA solutions, an EPR 

study was also performed to investigate the plasma-generated radicals. 

Two different spin traps, DMPO and PBN, were used to produce more 

stable and thus detectable radical adducts via reactions with the 

otherwise too short-lived free radical species (see chapter 4 for details). 

We note that no differences between the EPR spectra of plasma-treated 

PLA solutions with 2, 4 and 6% w/v PLA concentrations were observed, 

except that the signals were found to have a higher intensity in a 2% 

w/v PLA solution (not shown). This PLA concentration was therefore 

chosen for EPR analysis, albeit still resulting in a relatively weak 

spectrum. The assignment of the most prominent radical adducts (both 

nature and percentage) was based on the best simulation fitting.  

The simulated EPR spectrum of the radical adducts with DMPO in 

plasma-treated CHL, DMF, the binary solvent mixture, are presented 
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in Figure 6.9a, 6.9b and 6.9c, respectively. The experimental and 

simulated EPR spectra of 2% w/v PLA solution is shown in Figure 6.10. 

Additionally, the total radical concentration as well as the relative 

concentration of the different DMPO-trapped radical adducts are 

presented in Table 6.1.  

The EPR spectrum of plasma-treated CHL with DMPO, shown in 

Figure 6.9a, was composed of four components. These were the radical 

adducts DMPO-H, DMPO-CHCl2 and DMPO-CCl3, which were formed 

from the solvent itself and an additional nitroxide adduct (aN = 1.42 

mT), which was possibly a degradation product of DMPO [462]. 

The EPR spectrum of plasma-treated DMF using DMPO as spin 

trap reagent is shown in Figure 6.9b. This spectrum was composed of 

DMPO-H, DMPO-CH3, DMPO-CHO/CON(CH3)2 and DMPO-

CH2N(CH3)(CHO) adducts, which were formed from pure DMF during 

PEPT. 

The PEPT of the DMPO solution in the binary solvent mixture 

(Figure 6.9c) resulted in the production of CH3, CHCl2, CCl3 and 

CHO/CON(CH3)2 radicals. This observation indicates that in the 

solvent mixture, both solvents undergo fragmentation via reactions 

with the generated plasma species. 
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Figure 6.9. DMPO adducts in plasma-treated (a) CHL [Adducts: 

DMPO-CCl3 (aN = 1.33 mT, aH = 1.57 mT); DMPO-CHCl2 (aN = 1.40 

mT, aH = 1.95 mT); DMPO-H (aN = 1.63 mT, aH = 1.83 mT (x2)); 

unidentified, possibly a nitroxide degradation product of DMPO (aN = 

1.42 mT)], (b) DMF [Adducts: DMPO-CH2N(CH3)(CHO) (aN = 1.26 mT, 

aH = 0.96 mT); DMPO-CHO/-CON(CH3)2 (aN = 1.43 mT, aH = 1.81 mT); 

DMPO-CH3 (aN = 1.43 mT, aH = 2.14 mT); DMPO-H (aN = 1.44 mT, aH 

= 1.90 mT (x2))] and (c) CHL:DMF (8:2 v/v) [Adducts: DMPO-CHO/-

CON(CH3)2 (aN = 1.41 mT, aH = 1.86 mT); DMPO-CCl3 (aN = 1.32 mT, 

aH = 1.61 mT); DMPO-CHCl2 (aN = 1.35 mT, aH = 1.97 mT); DMPO-

CH3 (aN = 1.55 mT, aH = 2.07 mT)]. 
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Figure 6.10. DMPO adducts in a 2% w/v plasma-treated PLA solution. 

Adducts: DMPO-CHO/-CON(CH3)2 (aN = 1.41 mT, aH = 1.81 mT); 

DMPO-CCl3 (aN = 1.33 mT, aH = 1.59 mT); DMPO-CHCl2 (aN = 1.36 

mT, aH = 1.93 mT); DMPO-CH3 (aN = 1.52 mT, aH = 2.04 mT). 

Figure 6.10 illustrates the DMPO adducts in the plasma-treated 2% 

w/v PLA solution. This figure reveals that the presence of PLA in the 

binary solvent mixture does not change the nature of the trapped 

radicals, in agreement with the previously obtained OES results (see 

above, Figure 6.2). However, the data in Table 6.1 and Figure 6.10 

clearly show that the total radical amount strongly decreases with the 

presence of PLA in the solution. Two possibilities could be considered 

for these observations: (1) the increased viscosity of the solution with 

adding PLA, leading to hindered mass transfer and hence slower spin 

trapping; (2) possible interactions of the radicals with the dissolved 

PLA molecules. Interestingly, there was a decrease in relative amount 

of one of the radical adducts: DMPO-CHO/CON(CH3)2 (Table 6.1). This 

may be due to the fast(er) interaction of these radicals with the 

dissolved PLA molecules. The same effect was also observed when PBN 

was used as a spin trap (see below).  

Similar to DMPO, the formed radical adducts in plasma-treated 

CHL and DMF with PBN were those formed from the solvents upon 

PEPT (Figure 6.11a and 6.11b).  

Besides these adducts, an additional unidentified PBN-adduct was 

also detected as shown in Figure 6.11b, which was possibly PBN-

CON(CH3)2 or PBN-N(CH3)2. As previously mentioned, these radicals 

were most likely formed from the DMF molecules upon PEPT.  
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Table 6.1. The spin adducts of DMPO and PBN spin traps formed in 

the plasma-treated CHL, DMF, the CHL:DMF (8:2 v/v) mixture and 

the 2% w/v PLA solution in the CHL:DMF mixture. 

Spin trap 

reagent 
Solvent 

Total adducts 

concentration 

(µM) 

Radical adduct 

Relative 

amount 

(%) 

DMPO CHL 57 -H 3 

   -CHCl2 6 

   -CCl3 74 

   Degradation product 17 

 DMF 48 -H 15 

   -CH3 42 

   -CHO/-CON(CH3)2 33 

   -CH2N(CH3)(CHO) 10 

 
CHL:DMF 

(8:2 v/v) 
25 -CH3 4 

   -CHCl2 19 

   -CCl3 29 

   -CHO/-CON(CH3)2 48 

 
2% PLA 

solution 
12 -CH3 16 

   -CHCl2 32 

   -CCl3 32 

   -CHO/-CON(CH3)2 20 

     

PBN CHL 20 -CCl3 48 

   -CHCl2 52 

 DMF 41 -H 10 

   Unidentified  32 

   
-CH3/-CHO/ 

-CH2N(CH3)(CHO) 
58 

 
CHL:DMF 

(8:2 v/v) 
32 -CHCl2 57 

   
-CH3/-CHO 

/-CH2N(CH3)(CHO) 
43 

 
2% PLA 

solution 
11 -CHCl2 66 

   
-CH3/-CHO/ 

-CH2N(CH3)(CHO) 
34 
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Figure 6.11. PBN adducts in plasma-treated (a) CHL [Adducts: PBN-

CHCl2 (aN = 1.43 mT, aH = 0.22 mT); PBN-CCl3 (aN = 1.39 mT, aH = 

0.17 mT)], (b) DMF [Adducts: PBN-CH2N(CH3)(CHO)/-COH/-CH3 (aN 

= 1.43 mT, aH = 0.3 mT); PBN-H (aN = 1.48 mT, aH = 0.80 mT (x2)); 

unidentified (aN = 1.44 mT, aH = 0.59 mT)] and (c) CHL:DMF (8:2 v/v) 

[Adducts: PBN-CHCl2 (aN = 1.43 mT, aH = 0.23 mT); PBN-

CH2N(CH3)(CHO)/-COH/-CH3 (aN = 1.45 mT, aH = 0.33 mT)]. 

The simulated EPR spectra of the plasma-generated radicals in the 

CHL:DMF (8:2 v/v) mixture and in the 2% w/v PLA solution are 

presented in Figure 6.11c and Figure 6.12, respectively. They show the 
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presence of CHCl2, CH2N(CH3)(CHO), COH and CH3 radicals in both 

liquids, which are with the exception of CCl3 exactly the same radicals 

as the ones which have been detected with DMPO. Similarly, the total 

amount of radicals detected with PBN strongly decreased when PLA 

was added to the solvent mixture (Table 6.1). Thus, as seen from the 

results of the EPR analysis, the solvent indeed underwent chemical 

transformations during PEPT, potentially leading to formation of new 

chemical compounds, which can be responsible for the observed pH 

changes. 

 
Figure 6.12. PBN adducts in a 2% w/v plasma-treated PLA solution. 

Adducts: PBN-CHCl2 (aN = 1.42 mT, aH = 0.21 mT); PBN-

CH2N(CH3)(CHO)/-COH/-CH3 (aN = 1.45 mT, aH = 0.28 mT). 

 

6.2.4 Analysis of the Aqueous Extracts 

The EPR data have revealed that the solvents underwent chemical 

transformations during PEPT, potentially leading to formation of new 

chemical compounds, which can be responsible for the pH changes. 

With CHL and DMF present in the solvent mixture, it can be 

hypothesized that a possible PEPT product leading to the decreased pH 

is hydrochloric acid (HCl). To confirm this hypothesis, we performed 

qualitative detection of the chloride anions. Untreated and plasma-

treated 2% w/v PLA solutions were mixed with 4 mL H2O. After 10 

minutes, 0.5 mL of the aqueous phase was separated. Then, 0.05 mL of 

a 2M solution of AgNO3 in H2O was added to the collected aqueous 

phase. A rapid formation of the white precipitate (AgCl) was observed 

for the plasma-treated PLA solution while no precipitation was seen for 

the untreated PLA solution. The same test was performed for untreated 

and plasma-treated pure CHL, DMF and their binary mixture. In this 

case, precipitation only occurred for the plasma-treated binary mixture 
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and not for the plasma-treated pure solvents. These observations 

suggest that an ionic polar compound with the Cl¯ anion is produced by 

PEPT only when CHL and DMF are both present in the treated liquid. 

The pH measurements of the aqueous extracts showed that the pH has 

decreased from 6.69 and 6.81 for the untreated binary solvent mixture 

and the 2% w/v PLA solution, respectively, to 2.45 and 2.63 for the 

corresponding plasma-treated samples. No change was observed when 

the pure solvents were used. This decrease of pH is consistent with the 

formation of Cl¯ under those conditions. Thus, we conclude that the 

plasma-induced species generated in the solvent mixture was HCl. In 

previous work, we also suggested the possible formation of HNO3 via 

PEPT as a result of the presence of DMF in the polymer solutions. 

Therefore a nitrate/nitrite colorimetric assay was performed (Assay kit-

Cayman Chemical). For this assay, 80 µL of Assay Buffer was added to 

80 µL of dilute plasma-treated samples (1:1). Then, 20 µL of Enzyme 

Cofactor Mixture and 20 µL of Nitrate Reductase Mixture were added 

to each sample. The samples were covered and incubated at room 

temperature for 1 hour. Then, 100 µL of Griess Reagent R1 and 

immediately after that 100 µL of Griess Reagent R2 were added to each 

sample. The samples were kept for 10 min and after that the 

absorbance at 540 or 550 nm was recorded using a plate reader. 

However, using the Griess test with reductase neither HNO3 nor HNO2 

were detected in the aqueous extract from the plasma-exposed PLA 

solutions. 

NMR analysis of the formed polar compounds was also performed. 

For this, the aqueous phase consisting of D2O, similarly to extraction 

with H2O, was added to the untreated and plasma-treated 2% w/v PLA 

solutions. The obtained D2O extract of the PLA solution was used for 
1H and 13C-NMR analysis (see Figure 6.13). The obtained aqueous 

phase extract thus consisted mostly of D2O and DMF, together with a 

polar compound possibly formed during PEPT. The obtained NMR data 

showed that no new NMR signals were detected by either 1H or 13C-

NMR analysis in the aqueous phase extract, indicating the absence of 

organic cations. This, together with the result of the Cl¯ anion detection, 

suggested that the acid formed in the solutions during PEPT was 

indeed HCl.  
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Figure 6.13. 13C (A) and 1H (B) NMR spectra of the aqueous extract 

from (1) an untreated and (2) a plasma-treated 2% w/v PLA solution. 

In the 13C NMR spectra shown in Figure 6.13, only the chemical 

shifts of carbon atoms of DMF and  residual CHCl3 were detected, with 

chemical shifts of 31.27, 36.77, 164.59 ppm (DMF) and 77.87 ppm 

(CHCl3). No differences in 13C NMR spectra before and after plasma 

treatment can be revealed. 1H-NMR analysis demonstrated signals 

with chemical shifts at 2.47 (NH2), 2.63 (OC=O), 4.39 (H2O), 7.32 

(CHCl3) and 7.56 (DMF) ppm and the same signals were present in the 

D2O extract after PEPT (Figure 6.13B). In the extract of the PEPT 

solution, the H2O signals originated either from impurities in D2O or 

from generated HCl. 

Additionally, 1H-NMR analysis of the PLA solution and the solvent 

mixture was performed. No new NMR peaks could be observed in the 
1H-NMR spectra (Figure 6.14). It could thus be tentatively concluded 

that, although the radicals detected by EPR in the solutions can 

interact to form new organic chemical products, these interactions must 

be minor due to absence of any significant amounts of these products.  
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Figure 6.14. 1H-NMR spectra of (a) a plasma-treated mixture solvent, 

(b) a plasma-treated 2% w/v PLA solution and (c) an untreated 2% w/v 

PLA solution in CDCl3. 

 

6.2.5 Morphology of the PLA Nanofibers 

In chapter 5, we have previously demonstrated the capability of PEPT 

to enhance the electrospinnability of PLA solutions and consequently 

enhance the morphology of the resultant PLA nanofibers [448]. It was 

concluded that mainly the large increases in viscosity and conductivity 

of the plasma-treated solutions play a role in enhancing the 

electrospinnability of PLA solutions. We showed that after PEPT 

(parameters: 5 min, 0.5 L/min, 2 kV) the remaining volume of a 10 mL 

6% w/v PLA solution decreased from 10 to 8.4 mL [448]. This was 

attributed to the solvent evaporation (mainly CHL) during PEPT and 

the plasma treatment itself. Hence, the final concentration of a starting 

6% w/v PLA solution increased to 7.1% w/v after PEPT. As a result, 

plasma-treated PLA solutions were found to exhibit a higher viscosity 

than the pristine ones. We showed that the observed viscosity increase 

as such is not sufficient to enhance the PLA electrospinnability and 

that only the combination of increasing viscosity and conductivity 

resulted in PLA nanofibers with better morphology. We hypothesized 
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that the increased solution conductivity plays a major role in the 

enhanced electrospinnability of the PLA solutions.  

After conducting the pH measurements in this work, it was 

observed that the acidity of the PLA solutions decreased dramatically, 

as discussed above. We further concluded that mainly the plasma-

induced formation of HCl is responsible for this increased acidity. 

Hence, the increased conductivity of the solutions after PEPT was 

likely due to the formed HCl. In other words, the improved 

electrospinnability of the PLA solutions was mainly due to the 

induction of HCl in the solutions during PEPT. 

To confirm this hypothesis and to elucidate the role of the increased 

solution acidity, additional control experiments have been performed. 

These experiments were selected in such a way that they can help to 

determine whether the obtained enhancement in PLA nanofiber 

morphology is related to plasma-induced changes in the liquid 

chemistry, or to plasma-induced changes in the PLA polymer chains (or 

both). 

Four different control PEPT experiments have been conducted (see 

description in Table 6.2). The resultant PLA solutions were 

subsequently used for electrospinning. To keep the same viscosity as 

for the plasma-treated PLA solution, the plasma-treated control 

samples were prepared with a fixed PLA concentration of 7.1% w/v. The 

SEM images of PLA nanofibers fabricated from an untreated PLA 

solution, a 6% w/v plasma-treated PLA solution (PEPT parameters: 5 

min, 0.5 L/min, 2 kV) and the different control PLA solution samples 

selected in this work are shown in Figure 6.15. The results from pH, 

conductivity and viscosity measurements for each investigated PLA 

solution are also listed in Table 6.3.  

As seen from Figure 6.15 and Table 6.3, PEPT of the PLA solutions 

clearly had a positive effect on the electrospinnability of the nanofibers 

(compare Figures 6.15a and 6.15b).  
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Table 6.2. Performed control experiments in this work. 

Name Description 

CONTROL 1 

PEPT was applied to a CHL:DMF (8:2 v/v) mixture (5 min, 0.5 

L/min, 2 kV). Then pristine PLA pellets were dissolved in the 

treated mixture to obtain a solution with 7.1% w/v concentration of 

PLA. 

CONTROL 2 

PEPT was applied to CHL and DMF separately (5 min, 0.5 L/min, 

2 kV). Then, a mixture of the treated CHL and DMF was prepared 

(6.4:2 v/v, to correspond to the solvent mixture after PEPT) and the 

pristine PLA pellets were dissolved in the treated solvent mixture 

to get a solution with 7.1% w/v concentration. 

CONTROL 3 

A plasma-treated PLA solution was dried after PEPT at room 

temperature to obtain a solid plasma-treated PLA phase. This PLA 

phase was then dissolved in a pristine CHL:DMF mixture (6.4:2 v/v) 

to get a 7.1% w/v PLA solution. 

CONTROL 4 

A pristine 7.1% w/v PLA solution in a CHL:DMF mixture (6.4:2 v/v) 

was prepared. Then HCl was added gradually to the prepared 

solution to achieve the same pH as for the plasma-treated 6% PLA 

solution and then electrospinning was done with the prepared 

solution after which the prepared solution was electrospun. 

In the first set of control experiments, either a mixture of solvent 

(Figure 6.15c) or individual solvents separately (Figure 6.15d) were 

plasma-treated, followed by dissolution of pristine PLA (to make 7.1% 

w/v). In both cases, the pH of the solution decreased while the 

conductivity and viscosity increased (Table 6.3). The data also show 

that the plasma-induced changes in physical properties were less 

pronounced for the sample CONTROL 2 compared to CONTROL 1 

(Table 6.3). This resulted in the presence of more beads along the PLA 

nanofibers. Importantly, although the PLA nanofibers morphology for 

the sample CONTROL 1 was much better than for the pristine PLA, 

small beads along the nanofibers were still present. Comparing the 

nanofibers shown in Figure 6.15c and 6.15d, it is clearly seen that a 

treated binary solvent mixture has a better effect on PLA 

electrospinnability than a binary mixture from separately-treated 

solvents.  

However, the most important discovery is that in both of these cases 

the nanofiber morphology was not as good (i.e., bead-free) as seen when 

PLA was plasma-treated together with the solvents (Figure 6.15b). This 

strongly suggests that PEPT induces modifications in PLA molecules, 

which also lead to the enhanced electrospinnability.  
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Additionally, the plasma-treated PLA was dried from plasma-

treated solvents and re-dissolved in an untreated solvent mixture. The 

electrospinning of this solution also resulted in nanofibers with small 

beads, as shown in Figure 6.15e. 

 
Figure 6.15. SEM images of electrospun PLA nanofibers fabricated 

from (a) an untreated PLA solution, (b) a plasma-treated 6% w/v PLA 

solution (PEPT parameters: 5 min, 0.5 L/min, 2 kV), (c) CONTROL 1, 

(d) CONTROL 2, (e) CONTROL 3 and (f) CONTROL 4. 

According to the obtained results, it can be concluded that the 

plasma-induced enhanced acidity and as a result, the enhanced 

electrical conductivity (due to the presence of HCl) play a key role in 

determining the final electrospinnability of PLA solutions. Only when 
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the acidity (and conductivity) is sufficiently enhanced, nicely elongated 

PLA nanofibers without the presence of beads can be attained. 

However, it may appear that addition of HCl to the untreated PLA 

solution will yield similar nanofibers as obtained for the plasma-treated 

PLA solution. To investigate this, we also added HCl to an untreated 

7.1% w/v PLA solution to increase the acidity to the values obtained 

under PEPT conditions. The resulting nanofibers (Figure 6.15f) clearly 

illustrate that, unlike the uniform and bead-free PLA nanofibers 

obtained from the plasma-treated solution, the addition of HCl still 

leads to the formation of beads and a certain degree of non-uniformity 

along the fibers. In addition, the mean fiber diameter of the sample 

with added HCl was smaller (180 ± 83) nm than that of the plasma-

treated sample (370 ± 48) nm. At the same time, the physical properties 

(conductivity, viscosity, pH) of these two solutions had very similar 

values (Table 6.3). Therefore, it is possible that the plasma also induces 

changes to the PLA polymer chains and these changes can affect the 

final electrospinnability behavior. Thus, the direct treatment of a PLA 

solution results in the lowest pH (and highest conductivity) and leads 

to the generation of bead-free, continuous, uniform and thin PLA 

nanofibers. 

Table 6.3. Conductivity, viscosity and pH values of an untreated PLA 

solution, a plasma-treated 6% w/v PLA solution (PEPT parameters: 5 

min, 0.5 L/min, 2 kV) and the control samples. 

Solution 

PLA 

concentration 

(% w/v) 

pH 
Conductivity 

(µS/cm) 

Viscosity 

(cP) 

Untreated PLA 

solution 
6 5.22 ± 0.20 1.23 ± 1.30 87.72 ± 5.46 

Treated PLA solution 7.1 1.52 ± 0.53 29.73 ± 1.70 146.16 ± 7.01 

CONTROL 1 7.1 3.12 ± 0.40 10.64 ± 1.45 150.75 ± 6.10 

CONTROL 2 7.1 3.52 ± 0.50 7.58 ± 1.40 139.86 ± 7.50 

CONTROL 3 7.1 2.64 ± 0.40 21.73 ± 1.50 129.90 ± 6.00 

CONTROL 4 7.1 1.52 ± 0.61 32.93 ± 1.20 134.21 ± 5.40 

 

6.2.6 XPS Analysis of  the PLA Nanofibers 

To study the effects of PEPT on the surface chemical composition of the 

resultant PLA nanofibers, XPS measurements were carried out with 
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untreated, plasma-treated and also the control samples. The XPS 

survey spectra of all investigated samples show only carbon and oxygen 

peaks from which the O/C ratios were determined and listed in Table 

6.4. The electronic C1s core level was also analyzed with high resolution 

and numerically fitted with Gaussian–Lorentzian functions. The C1s 

region was found to consist of three well resolved peaks at the binding 

energies 284.96, 286.88 and 288.95 eV, which can be assigned to C-C/C-

H, C-O and O-C=O groups, respectively (see Figure 6.16).  

Table 6.4. XPS results of PLA nanofibers prepared from an untreated 

PLA solution, a plasma-treated 6% w/v PLA solution (PEPT 

parameters: 5 min, 0.5 L/min, 2 kV) and the control samples. 

Precursor 
O/C 

ratio 

Relative area (%) 

C-C/C-H 

284.96 eV 

C-O 

286.88 eV 

O-C=O 

288.95 eV 

Untreated PLA solution 0.66 36.6 32.2 31.2 

Treated PLA solution 0.69 35.7 32.2 32.1 

CONTROL 1 0.70 37.5 29.0 33.5 

CONTROL 2 0.70 37.2 28.7 34.1 

CONTROL 3 0.70 37.9 28.3 33.8 

CONTROL 4 0.76 34.5 31.3 34.2 

Table 6.4 demonstrates that after PEPT the surface oxygen content 

of the PLA nanofibers slightly increases, except for the sample 

CONTROL 4, where a more pronounced increase is observed. The 

samples CONTROL 1 and CONTROL 2 had a similar O/C ratio, 

meaning that treating the binary solvent mixture and treating the CHL 

and DMF separately with subsequent mixing leads to the same final 

chemical composition of the electrospun PLA nanofibers. The chemical 

composition of PLA nanofibers electrospun from the sample CONTROL 

3 also illustrated that the presence of plasma-treated PLA molecules in 

an untreated binary solvent mixture leads to a similar chemical 

composition as for CONTROL 1 and 2. The slightly higher O/C ratio for 

the control samples 1 to 3 is mainly due to a relative increase in O-C=O 

bonds combined with a relative decrease in C-O groups. When 

examining the surface chemical composition of the control samples 1 to 

3, one can see that a similar O/C ratio is obtained. However, some minor 
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changes in the type of functional groups can be seen. For example for 

the PLA nanofibers electrospun from a plasma-treated PLA solution, 

only a very small relative increase in O-C=O bonds can be observed 

with no relative decrease in C-O bonds.  

 
Figure 6.16. Fitted C1s peak of PLA nanofibers produced from (a) 

untreated and (b) plasma-treated (PEPT parameters: 5 min, 0.5 

L/min, 2 kV) 6% w/v PLA polymer solutions. 

Comparing the plasma-treated sample with the sample CONTROL 

4 shows that the presence of HCl in the untreated PLA solution has a 

noticeably higher oxidation/degradation effect than the plasma-induced 

HCl in the treated solution. Most probably, the added HCl in the 

untreated PLA solution causes hydrolytic degradation effects via chain 

scission of carbonyl ester bond in the polymer backbone [506]. This can 

also explain the observed morphological difference between the plasma-

treated sample and the sample CONTROL 4 (Figure 6.15b and 6.15f).  

Based on XPS analysis, it can be concluded that the chemical 

composition of PLA is most preserved when the plasma-treated PLA 

solution is electrospun. This makes the developed PEPT method highly 

beneficial, as the preservation of the chemical composition of the 

original polymer is crucial in most applications.  

 

 

6.3 Conclusion 

In this chapter, we aimed to gain deeper understanding of the plasma-

enhanced electrospinnability of PLA solutions. We investigated PEPT-

induced chemical and physico-chemical changes in organic solutions of 

PLA, used for the enhanced production of electrospun fibers. Pure 
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solvents (CHL, DMF) and a mixture of CHL and DMF (with and 

without added PLA) were studied. The investigation included EEM, 

EPR, UV-vis absorption and NMR analyses, as well as measurements 

of viscosity, pH and conductivity of the plasma-treated liquids. These 

techniques were used to determine the chemical changes to the solvent 

molecules and the nature of species which lead to the enhanced 

electrospinning. Both pure solvents (CHL, DMF) and a mixture of CHL 

and DMF (with and without added PLA) were studied in this work. 

Additionally, the PEPT-induced effects on the morphology and 

chemistry of resultant electrospun PLA nanofibers were also 

addressed.  

OES measurements of the plasma jet afterglow generated inside 

the different liquids were used to gain insights into the plasma-

generated species in the PLA solutions as well as in the solvent 

mixture. Radical species formed in the pure solvents, the solvent 

mixture and the PLA solution upon PEPT were also detected by EPR. 

Using EEM spectroscopy, in conjunction with the aqueous extraction 

method and 1H and 13C-NMR, we propose that the main induced species 

responsible for the increased conductivity was hydrochloric acid (HCl). 

Morphological SEM studies of electrospun PLA nanofibers illustrated 

that a complete morphology enhancement only occurs when both PLA 

and solvent molecules were exposed to PEPT. No large changes in the 

surface chemical composition of the electrospun PLA nanofibers were 

observed in this case. Thus, the studied PEPT of polymer solutions can 

become an indispensible tool in enhancing the electrospinnability of 

different polymers. 
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Physicochemical Characteristics of 

PLA Nanofibers Produced from 

Plasma-treated Solutions 
 

 

 

7.1 Introduction 

The effects of PEPT on the physical and chemical properties of the PLA 

solutions have already been carefully examined in chapter 5 and 

chapter 6 [448,449]. These studies revealed that PEPT induced 

significant changes to the conductivity, viscosity and pH of the PLA 

solutions, resulting into an enhancement of electrospinnability and an 

improvement of PLA nanofiber formation. In the present chapter, it is 

aimed to reveal more fundamental knowledge on PEPT of PLA by 

addressing the following questions:  

1) What is the effect of PEPT on the molecular weight of PLA? 

2) What is the effect of PEPT on various characteristics (crystallinity, 

thermal stability, mechanical properties,…) of the resultant PLA 

nanofibers? 

3) Are the observed changes in PLA nanofiber properties solely the 

result of PEPT or is there a synergetic effect between PEPT and 

electrospinning?  

4) What is the effect of time after PEPT on the physical properties and 

the electrospinnability of the PLA solutions? 

To answer the first question, SEC has been carried out as it enables 

the determination of the molecular weight distribution of polymers. The 

effect of PEPT on various characteristics of the PLA nanofibers are also 

examined making use of different analysis techniques to provide an 
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answer to the second question. To characterize the crystallinity and 

thermal properties of PLA nanofibers, the nano/microstructure of the 

nanofibers were studied using XRD and DSC. TGA was also performed 

to quantify the thermal decomposition of the nanofibers in a controlled 

atmosphere. The surface chemistry of the PLA nanofibers were 

evaluated using XPS measurements. Moreover, SEM and tensile tests 

respectively were applied to examine the surface morphology and the 

mechanical properties of the nanofibers. Besides analyzing the 

properties of PLA nanofibers, PLA cast layers generated from pristine 

and plasma-treated PLA solutions are also analyzed making use of 

TGA, DSC and XRD. Comparing the results obtained on the nanofibers 

and the cast layers enables us to determine if synergetic effects between 

the plasma treatment and the electrospinning process occur. Finally, to 

answer the last question, aging studies on the pristine and plasma-

treated PLA solutions were performed by evaluating viscosity, 

conductivity, surface tension and pH of the solutions over a 10-day 

storage time. The aged solutions were also used to electrospin PLA 

nanofibers to investigate morphological changes of the PLA nanofibers 

as a result of aging duration. 

 

 

7.2 Results and Discussion  
 

7.2.1 Morphology of the Electrospun PLA Nanofibers 

In a first step, the morphology of the PLA nanofibers is examined 

making use of SEM to investigate the effect of PEPT on the 

electrospinnability of the PLA solutions. After PEPT, it was already 

observed that the number as well as the size of beads considerably 

decreased as a result of increased viscosity and conductivity of the 

plasma-treated solutions as reported in previous work [448]. SEM 

micrographs of PLA nanofibers produced from untreated and plasma-

treated PLA solutions (6% w/v) under various operational parameters 

are shown in Figure 7.1 while the mean diameters of the corresponding 

PLA nanofibers are also listed in Table 7.1. 
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Figure 7.1. SEM images of electrospun PLA nanofibers obtained from 

untreated and plasma-treated polymer solutions with various 

experimental conditions (top row: 6% w/v, 0.5 L/min, 2.0 kV, 0–9 min; 

middle row: 6% w/v, 5 min, 2.0 kV, 0–1.1 L/min; bottom row: 6% w/v, 5 

min, 0.5 L/min, 1.6–2.1 kV). 

In the first set of experiments, the effect of plasma treatment time 

on PLA nanofiber morphology was investigated at constant gas flow 

rate (0.5 L/min) and applied voltage (2.0 kV). As shown in Figure 7.1, 

PEPT of 1 and 3 min was not sufficient to remove all beads from the 

PLA nanofibrous mesh. However, PEPT of 5 min resulted in the 

fabrication of smooth, bead-free and thin nanofibers (Table 7.1). 

Treating the PLA solutions for more than 5 min however again resulted 

in the formation of non-homogeneous, thicker and beaded nanofibers 

(Table 7.1). Therefore, 5 min was chosen as the optimized PEPT 

duration. In the second set of experiments, the effect of Ar flow rate on 

the nanofiber morphology was examined at the optimized treatment 

time (5 min) and constant applied voltage (2.0 kV). From Figure 7.1, it 

can be seen that PEPT with a gas flow rate of 0.3 L/min led to beaded 

PLA nanofibers while plasma treatment with 0.5 and 0.7 L/min gas 

flow rates resulted in the production of bead-free nanofibers. Moreover, 

it can also be observed that PLA nanofibers fabricated from the plasma-

treated solution obtained with 0.5 L/min flow rate are finer (Table 7.1) 

and also more homogenous (Figure 7.1) than those fabricated from a 

solution exposed to a gas flow rate of 0.7 L/min. With a further increase 

in Ar flow rate, beads were again appearing along the nanofibers while 
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the nanofibers were also thicker and non-homogenous at the highest 

gas flow rate under study. Therefore, 0.5 L/min was chosen as the 

optimized Ar flow rate for PEPT. In the last set of PEPT experiments, 

the effect of the amplitude of the applied voltage was studied at the 

optimized treatment time (5 min) and gas flow rate (0.5 L/min). 

Completely bead-free nanofibers were obtained after PEPT with 1.8, 

1.9 and 2.0 kV applied voltages. Lower applied voltages resulted in the 

generation of beaded thin nanofibers while higher applied voltages 

resulted in the generation of beaded, thick and non-homogeneous 

nanofibers (Table 7.1). Although the finest PLA nanofibers were 

observed with an applied voltage of 1.8 kV (Table 7.1), increasing the 

applied voltage up to 2.0 kV promotes the ejection of a continuous jet 

during electrospinning. Therefore, 2.0 kV was chosen as optimized 

applied voltage amplitude for PEPT. The nanofibers obtained from the 

plasma-treated PLA solution under optimum condition (5 min, 0.5 

L/min, 2.0 kV) provided smooth, homogeneous nanofibers with an 

average diameter of (370 ± 48) nm. As shown above, PEPTs under more 

extreme conditions resulted in an increase in mean fiber diameter 

values in combination with a loss in homogeneity and a loss in bead-

free morphology.  

SEM micrographs of PLA nanofibers produced from polymer 

solutions with various PLA concentrations are shown in Figure 7.2 

while the mean fiber diameters determined from these SEM images are 

presented in Table 7.1. Figure 7.2 and Table 7.1 both show that PLA 

concentration has a considerable influence on the morphology and 

mean diameter of the electrospun PLA nanofibers.
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Table 7.1. Mean nanofiber diameter of PLA nanofibers fabricated from untreated and plasma-treated solutions. 

Treatment 

time (min) 

Mean 

diameter 

(nm) 

Ar flow 

(L/min) 

Mean 

diameter 

(nm) 

Voltage 

(kV) 

Mean 

diameter 

(nm) 

PLA 

concentration 

(% w/v) 

Mean 

diameter 

(nm) 

0 346 ± 191 0 346 ± 191 1.6 382 ± 140 4 untreated 207 ± 106 

1 359 ± 182 0.3 381 ± 122 1.7 336 ± 107 4 treated 216 ± 072 

3 469 ± 161 0.5 370 ± 048 1.8 314 ± 058 5 untreated 289 ± 123 

5 370 ± 048 0.7 371 ± 148 1.9 344 ± 066 5 treated 312 ± 085 

7 590 ± 150 0.9 376 ± 180 2.0 370 ± 048 6 untreated 346 ± 191 

9 810 ± 262 1.1 510 ± 272 2.1 459 ± 145 6 treated 370 ± 048 
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Figure 7.2. SEM images of electrospun PLA nanofibers obtained from 

PLA solutions with various polymer concentrations; (a) untreated 4% 

w/v, (b) untreated 5% w/v, (c) untreated 6% w/v, (d) treated 4% w/v, 

(e) treated 5% w/v, (f) treated 6% w/v (PEPT parameters: 5 min, 0.5 

L/min, 2.0 kV). 

The formation of more beads at lower PLA concentrations (Figure 

7.2) and the increase in nanofiber diameter with an increase in PLA 

concentration (Table 7.1) are attributed to changes in viscosity of the 

PLA solutions [507]. Viscosity is directly related to polymer chain 

molecules entanglement within the solution [508]. During 

electrospinning, a polymer solution with lower viscosity possesses a 

lower viscoelastic force. Therefore, it will not be able to match the 

electrostatic and columbic repulsion forces that stretch the 

electrospinning jet, which causes the polymer jet to partially break up. 

Due to the effect of surface tension, the high numbers of free solvent 

molecules in the solution come together, causing formation of beads. 

With increasing polymer concentration, the solution viscosity increases 

causing an improvement in viscoelastic force [448]. As such, partial 

break-up of the polymer jet is prevented. The increased polymer chain 

entanglements with increasing polymer concentration also enable the 

solvent molecules to be distributed over the entangled polymer 

molecules leading to the formation of smooth nanofibers and an 

improved fiber uniformity [507]. The increase in nanofiber diameter 

with an increase in polymer concentration is then a result of the 

gradually increasing viscoelastic force that limits the stretching effect 

of the electrostatic and columbic repulsion forces [507]. 

After PEPT and for all examined PLA concentrations, the number 

and size of the beads considerably decrease, which is a result of the 
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increased viscosity and electrical conductivity of the plasma-treated 

solutions [449]. The best morphological enhancement is however 

observed for the PLA concentration of 6% w/v because the optimization 

of PEPT parameters was already previously performed in this work for 

this specific PLA concentration. Therefore, we will continue to work 

with this PLA concentration throughout the rest of this chapter. 

Obviously, a better morphological enhancement can also be obtained 

for the other two PLA concentrations (4% and 5% w/v), however, with 

other optimized PEPT parameters. 

 

7.2.2 SEC Measurements 

To characterize the molecular weight of PLA before and after 

PEPT, SEC measurements were carried out on the untreated and 

plasma-treated PLA solution (optimum plasma treatment condition). 

The results show that the weight average molecular weight (Mw) and 

number average molecular weight (Mn) of PLA do not significantly 

change in the solution after PEPT (Figure 7.3).  

 

Figure 7.3. Mn and Mw values obtained for untreated and plasma-

treated 6% w/v PLA solutions (PEPT parameters: 5 min, 0.5 L/min, 

2.0 kV). 

It is known that the backbone of a polymer molecular structure can 

be altered by chemical modification or hydrolysis changing the 

molecular weight. However, there is also another kind of interaction 
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between a solute and solvent molecules, known as “solvation”, which 

leads to association and stabilization of the solute species in the 

solution. This latter interaction, which is distinct from solubility, 

involves different types of intermolecular interactions that affect the 

molecular chains only in areas of localized stress and thus does not 

affect molecular weight [509]. Solvation of polymer chains by solvents 

molecules has already been reported for polymer solutions in mixed 

solvents [510]. PEPT however changes the properties of the solvent 

mixture [448,449] and therefore it is expected that solvent molecules of 

the plasma-treated solution interact differently with the structural 

units of PLA chains. We hypothesize that plasma-treated solvent 

components concentrate closer to the PLA chains, which can affect a 

number of polymer solution properties [510,511]. Indeed, it is known 

that the conductivity of a solution depends on the solvation of its ions 

[512]. Therefore, to check our hypothesis, untreated and plasma-

treated PLA cast layers were dissolved separately in a pristine binary 

solvent mixture and their electrical conductivity was determined. The 

conductivity of the untreated sample was found to be (1.63 ± 1.30) 

µS/cm while for the plasma-treated sample the conductivity was (7.58 

± 1.40) µS/cm. According to these conductivity measurements, we can 

thus conclude that most likely mainly plasma-induced solvation of PLA 

occurs during PEPT through plasma-induced changes in the solvent 

mixture, which probably is a result of the localized stress to PLA chains 

during PEPT. 

 

7.2.3 Surface Chemistry of the Electrospun PLA 

Nanofibers 

XPS survey scans (Figure 7.4) show that the deposited PLA nanofibers 

only consist of carbon and oxygen, proving that solvent molecules are 

no longer present at the surface of the nanofibers after electrospinning. 
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Figure 7.4. XPS survey spectra of untreated and plasma-treated PLA 

nanofibers (PEPT parameters: 5 min, 0.5 L/min, 2.0 kV). 

Based on the gathered survey scans, the O/C ratio of the 

electrospun PLA mats was determined and the obtained results for 

varying experimental plasma parameters are listed in Table 7.2. A 

qualitative study of the functional groups present on the electrospun 

nanofibers was also carried out by detailed analysis of the high 

resolution C1s peak. In the curve-fitted C1s spectra, three peaks have 

been used: a main peak at 285.0 eV assigned to C-C/C-H of the PLA 

backbone, a peak with a higher binding energy of 286.9 eV attributed 

to C-O species (carbon bond to the ester group of PLA) and a peak at 

289.0 eV assigned to the ester groups (O-C=O) of PLA [513]. Based on 

the curve-fitted C1s peaks, information was revealed on the relative 

concentrations of the different carbon groups, of which the results are 

also presented in Table 7.2 for different applied plasma parameters. 
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Table 7.2. O/C ratio of the surface layer of electrospun PLA nanofibers 

and various components (%) of the high resolution C1s peaks. 

Treatment 

time (min)* 
O/C ratio 

Relative area (%) 

C-C/C-H 

285.0 eV 

C-O 

286.9 eV 

O-C=O 

289.0 eV 

0 0.66±0.04 36.6±1.2 32.2±1.0 31.2±0.7 

1 0.69±0.02 35.4±1.0 33.3±1.3 31.3±0.5 

3 0.70±0.01 35.7±0.5 32.4±1.2 31.9±1.0 

5 0.69±0.01 35.7±1.4 32.2±1.0 32.1±0.8 

7 0.68±0.02 35.5±1.1 33.0±0.4 31.5±0.7 

9 0.68±0.03 35.9±1.3 32.7±1.1 31.4±0.3 

*Ar flow: 0.5 L/min, voltage: 2.0 kV 

 

Ar flow 

(L/min)** 
O/C ratio 

Relative area (%) 

C-C/C-H 

285.0 eV 

C-O 

286.9 eV 

O-C=O 

289.0 eV 

0 0.66±0.04 36.6±1.2 32.2±1.0 31.2±0.7 

0.3 0.69±0.03 35.6±1.1 32.6±1.1 31.8±1.0 

0.5 0.69±0.01 35.7±1.4 32.2±1.0 32.1±0.8 

0.7 0.70±0.01 35.6±1.2 32.4±1.0 32.0±0.9 

0.9 0.70±0.02 35.5±1.3 32.7±0.9 31.8±0.5 

1.1 0.69±0.02 34.5±1.0 33.1±0.7 32.4±0.5 

**Treatment time: 5 min, voltage: 2.0 kV 

 

Voltage 

(kV)*** 
O/C ratio 

Relative area (%) 

C-C/C-H 

285.0 eV 

C-O 

286.9 eV 

O-C=O 

289.0 eV 

1.6 0.67±0.02 36.1±0.9 32.0±0.7 31.9±1.0 

1.7 0.68±0.01 35.5±1.5 32.8±0.9 31.7±1.0 

1.8 0.67±0.03 36.6±0.7 32.3±1.0 31.1±0.8 

1.9 0.66±0.03 35.3±1.1 32.5±0.9 32.2±1.1 

2.0 0.69±0.01 35.7±1.4 32.2±1.0 32.1±0.8 

2.1 0.68±0.04 35.3±1.2 32.7±1.2 32.0±1.0 

***Treatment time: 5 min, Ar flow: 0.5 L/min 

From table 7.2 and taking into account the obtained standard 

deviations, it can be seen that the surface chemistry of the PLA 

nanofibers is not affected by PEPT since the O/C ratio and various 

components of the high resolution C1s peaks do not significantly 
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change after all performed PEPT experiments. Therefore, PEPT can 

induce considerable morphological enhancement of PLA nanofibers 

without affecting their surface chemical composition, which is 

consistent with the results obtained in chapter 6. 

 

7.2.4 Thermal Stability of electrospun PLA Nanofibers 

The effect of PEPTs performed with different plasma parameters on the 

thermal stability of electrospun PLA nanofibers is also analyzed by 

TGA. TGA curves of the nanofibers synthesized from untreated and 

differently prepared plasma-treated PLA solutions, as depicted in 

Figure 7.5, show similar single-step degradation processes.  

 
Figure 7.5. TGA thermograms of PLA nanofibers obtained from 

plasma-treated solutions at (a) 5 and 9 min (0.5 L/min, 2.0 kV), (b) 0.5 

and 1.1 L/min (5 min, 2.0 kV) and (c) 1.6 and 2.0 kV (5 min, 0.5 

L/min); (d) TGA thermograms from PLA nanofibers obtained from 

untreated and plasma-treated solutions with 4% and 6% w/v 

concentrations (PEPT parameters: 5 min, 0.5 L/min, 2.0 kV). 
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A detailed evaluation of the thermograms shown in Figure 7.5 is 

also presented in Table 7.3. The decomposition temperature at 50% 

weight loss (T50%), the initial decomposition temperature (Tonset) as well 

as the maximum decomposition temperature (TM) of PLA nanofibers 

slightly shifted to lower temperatures after PEPT. Table 7.3 also 

reveals that these decreases in thermal decomposition temperatures 

are larger at higher treatment time, higher applied voltage and higher 

gas flow rate which is most likely the result of the more pronounced 

plasma treatment effects under these experimental conditions. In 

addition, the concentration of PLA in the solvent mixture does not seem 

to influence the observed decreases in decomposition temperatures. 

These differences in decomposition temperatures may be attributed to 

a different crystalline structure of the obtained PLA nanofibers. The 

thermal stability may decrease because of stronger interactions 

between the solvent molecules and polymer during PEPT leading to 

local distortion of the crystalline structure [514]. Therefore, the 

crystallinity of the samples will also be investigated in the following 

sections by means of DSC and XRD.  

Table 7.3. Thermal decomposition temperatures of differently 

prepared PLA nanofibers (error bar: ±2 ºC). 

Precursor 
T50% 

(ºC) 

Tonset 

(ºC) 

TM 

(ºC) 

Untreated 4% w/v PLA solution 354 341 366 

Treated 4% w/v PLA solution (5 min, 0.5 L/min, 2.0 kV) 328 304 356 

Untreated 6% w/v PLA solution 356 343 366 

Treated 6% w/v PLA solution (5 min, 0.5 L/min, 2.0 kV) 329 305 357 

Treated 6% w/v PLA solution (9 min, 0.5 L/min, 2.0 kV) 316 292 323 

Treated 6% w/v PLA solution (5 min, 1.1 L/min, 2.0 kV) 324 297 352 

Treated 6% w/v PLA solution (5 min, 0.5 L/min, 1.6 kV) 350 333 366 

 

7.2.5 DSC Evaluation of PLA Nanofibers 

The influence of PEPTs performed with different plasma parameters 

on the glass transition, crystallization and melting behavior of PLA 

nanofibers is assessed by DSC. Obtained DSC thermograms as a 

function of various plasma operational parameters are shown in Figure 

7.6.  
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Figure 7.6. DSC scans of PLA nanofibers obtained from plasma-

treated solutions at (a) 5 and 9 min (0.5 L/min, 2.0 kV), (b) 0.5 and 1.1 

L/min (5 min, 2.0 kV) and (c) 1.6 and 2.0 kV (5 min, 0.5 L/min); (d) 

DSC scans from PLA nanofibers obtained from untreated and plasma-

treated solutions with 4% and 6% w/v concentrations (PEPT 

parameters: 5 min, 0.5 L/min, 2.0 kV). 

Three thermal events (glass transition, crystallization and melting) 

typical for semi-crystalline polymers with their corresponding 

temperatures (glass transition temperature (Tg), crystallization 

temperature (Tc) and melting temperature (Tm)) are observed on the 

thermograms of all samples. These temperatures are presented in 

Table 7.4 for all examined experimental conditions and in the following 

paragraphs, the influence of PEPT and PEPT parameters on each of 

these temperatures will be described in detail.  

 

7.2.5.1 Influence of PEPT on Glass Transition Temperature 

From the glass transition temperatures shown in Table 7.4, it can be 

concluded that electrospun PLA nanofibers obtained from untreated 
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and plasma-treated spinning solutions have similar Tg values as the 

observed variations in Tg values are within experimental error. In 

addition, plasma treatment time, Ar gas flow rate, applied voltage and 

PLA concentration also do not have significant effect on Tg. As such, it 

can be concluded that all PEPTs performed in this study do not affect 

the glass transition temperature of the resultant electrospun PLA 

nanofibers. 

Table 7.4. DSC parameters (Tg: glass transition temperature, Tc: 

crystallization temperature, Tm: melting temperature and Xc: the 

degree of crystallinity) for PLA nanofibers determined from DSC 

heating curves (error bar: ±2 ºC). 

Precursor 
Tg  

(ºC) 

Tc 

(ºC) 

Tm  

(ºC) 

Xc  

(%) 

Untreated 4% w/v PLA solution 60 111 148 46 

Treated 4% w/v PLA solution (5 min, 0.5 L/min, 2.0 kV) 60 121 150 17 

Untreated 6% w/v PLA solution 60 112 148 47 

Treated 6% w/v PLA solution (5 min, 0.5 L/min, 2.0 kV) 59 128 151 19 

Treated 6% w/v PLA solution (9 min, 0.5 L/min, 2.0 kV) 60 N/A 152 2 

Treated 6% w/v PLA solution (5 min, 1.1 L/min, 2.0 kV) 59 131 151 4 

Treated 6% w/v PLA solution (5 min, 0.5 L/min, 1.6 kV) 60 110 148 46 

 

7.2.5.2 Influence of PEPT on Crystallization Temperature 

As visualized in Table 7.4, PEPT does affect the crystallization 

temperature of the electrospun PLA nanofibers as PLA nanofibers 

generated from plasma-treated solutions show a higher Tc compared to 

PLA nanofibers obtained from untreated spinning solutions. 

Nanofibers from 6% and 4% w/v untreated PLA solutions displayed a 

Tc of 112 ºC and 111 ºC, respectively, while after PEPT (5 min, 0.5 

L/min, 2.0 kV) the values increased to 128 ºC and 121 ºC, respectively 

(Table 7.4). With increasing Ar flow rate from 0.5 min to 1.1 L/min, Tc 

increased further from 128 ºC to 131 ºC. The same trend can be also 

observed with increasing applied voltage. The PLA nanofibers obtained 

from the plasma-treated solution at 9 min did not show a distinct 

crystallization peak, however, taking into account the obtained degree 

of crystallinity, it can be concluded that plasma treatment time also 

leads to an increase in Tc.   

The shift in Tc peak toward higher values after PEPT coincides with 

a reduction in the area under this peak (ΔHc, Figure 7.6), showing 

restructuring of certain crystalline structures, generally related to 
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thinner or less perfect crystals formed during the fabrication of 

nanofibers from plasma-treated spinning solutions [515]. The higher 

values of Tc for plasma-treated samples as compared to untreated 

samples could also be attributed to the improved interfacial adhesion 

energy that hinders crystallization during electrospinning [515]. The 

crystallization peak also shifts to a higher temperature with increasing 

PLA concentration, indicating the concentration dependence of the 

crystallization behavior. This shift is however much more pronounced 

after PEPT, as indicated in Table 7.4. It is known that crystallization 

is a slow process including formation of nuclei and growth of crystals 

[516]. As such, a higher PLA concentration may cause crystallization 

at higher temperature due to the higher nuclei density in the polymer 

matrix [517]. 

 

7.2.5.3 Influence of PEPT on Melting Temperature and 

Crystallinity 

The PEPTs performed in this study do not noticeably change the 

melting temperature of the electrospun PLA nanofibers as evidenced 

from the values presented in Table 7.4, however the area under the 

melting peak (ΔHm, Figure 7.6) decreases after PEPT. Moreover, no 

considerable changes can be seen between the Tm values of nanofibers 

electrospun from differently prepared plasma-treated solutions but 

again ΔHm decreases with plasma treatment time, Ar flow rate and 

applied voltage (Figure 7.6). Polymer concentration does not have a 

considerable effect on ΔHm. Although a simple melting peak typical of 

the α-crystalline phase is observed for all samples [515], small 

additional humps are also appearing just before and after the melting 

peak for the nanofibers obtained from plasma-treated solutions, 

showing the presence of more than one crystalline form (red boxes in 

Figure 7.7) [515]. Interestingly, these humps do not appear for the 

plasma-treated PLA cast layer, as will be shown further in this study 

(Figure 7.11a). As such, these additional crystalline forms are mainly 

generated during the electrospinning process and are not the result of 

PEPT itself.  

Based on the obtained DSC scans, the degree of crystallinity (Xc) is 

also calculated for all samples under study using equation 4.2. The Xc 

values, as presented in Table 7.4, are found to considerably change 

after PEPT. For better understanding, the effect of PEPT on the 
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crystalline structure of PLA nanofibers will be hereafter examined in 

detail with XRD. 

 
Figure 7.7. DSC scans from PLA nanofibers obtained from 6% w/v 

untreated and plasma-treated PLA solutions (PEPT parameters: 5 

min, 0.5 L/min, 2.0 kV). The small additional humps in the red boxes 

show the presence of more than one crystalline form. 

 

7.2.6 Crystallographic Structure of PLA Nanofibers 

XRD patterns of PLA nanofibers electrospun from pristine and 

differently prepared plasma-modified PLA solutions are shown in 

Figure 7.8. A characteristic α-crystal peak at 2θ = 17.15°, corresponding 

to (110)/(200) planes, together with a broad peak in the range of 2θ = 

10º–25° attributed to an amorphous phase, is observed for all untreated 

nanofibers with different polymer concentrations (Figure 7.8d) [515]. 

The mentioned broad peak and the α-peak confirm the semi-crystalline 

structure of the nanofibers electrospun from pristine PLA solutions and 

is in good agreement with literature [518,519]. After PEPT, the α-peak 

disappears and the broad peak, corresponding to the PLA amorphous 

structure, decreases with increasing plasma treatment time, Ar flow 

rate, applied voltage and PLA concentration. In addition, the presence 

of another reflection peak around 2θ = 31.56°, corresponding to the 

(207) plane, is identified for nanofibers electrospun from plasma-

treated solutions, which is associated with the β-crystalline structure 

which is more disordered than the α-crystalline phase [515,518,520]. 

The formation of β-phase for plasma-treated samples which is identified 

in XRD patterns, is in agreement with the variations of the melting 
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peak observed in DSC results. Formation of β- crystals in combination 

with the disappearance of α-crystals in the nanofibers generated from 

plasma-treated solutions is most likely caused by local stress and 

stretching of PLA polymer chains induced by PEPT, thereby leading to 

a different molecular organization during electrospinning [518]. The 

intensity of the β-crystal peak increases with increasing plasma 

treatment time, gas flow rate and applied voltage (Figure 7.8a, 7.8b and 

7.8c) while the intensity slightly decreases with increasing PLA 

concentration (Figure 7.8d). At higher treatment times, flow rates and 

voltages, the stretching of the polymer chains is probably more 

pronounced which leads to more β-crystal formation during 

electrospinning. 

 

Figure 7.8. XRD patterns of PLA nanofibers produced from untreated 

and plasma-treated polymer solutions as a function of (a) plasma 

treatment time, (b) Ar flow rate, (c) applied voltage and (d) polymer 

concentration. 

These XRD results seem to contradict the crystallinity degree 

values calculated from the DSC results, which were found to be 

considerably lower after PEPT. This contradiction could be caused by 
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the heating rate used during DSC measurements which is known to 

considerably affect DSC results [521] or also could be an effect of 

thermal history that is erased during first heating cycle in DSC while 

it is still present in the XRD measurements. Phase transition only 

occurs or can only be well separated from the melting peak at 

considerably low heating rates, otherwise these transitions cannot be 

observed [521]. Probably, the heating rate used for the DSC tests 

performed in this study was not sufficiently low to observe the α- to β-

crystal transition. Therefore, it can be concluded that the lower Xc 

values obtained via DSC for the PLA nanofibers fabricated from all 

prepared plasma-treated solutions (except at the lowest applied voltage 

of 1.6 kV) mainly indicate a less α-crystalline phase for these nanofibers 

[515]. The α-crystallinity degree of the PLA nanofibers obtained after 

PEPT also reduces with increasing plasma treatment time, gas flow 

rate and applied voltage as a result of the more pronounced plasma 

treatment. Table 7.4 also reveals that PLA concentration does not 

significantly affect the Xc value. The lower α-crystalline content of the 

nanofibers electrospun from plasma-treated solutions could be 

explained by improved interfacial adhesion energy between the 

polymer chains which reduces the mobility of PLA chains due to the 

increased Tc [515].    

 

7.2.7 Mechanical Properties 

Many applications involving the use of nanofibrous mats require 

adequate mechanical strength [507]. Therefore, mechanical tests are 

also performed on selected electrospun PLA nanofibers. Figure 7.9 

presents the stress-strain curves of differently prepared PLA 

nanofibers, from which mechanical parameters, such as TS, EB and YM 

have been determined and are presented in Table 7.5. This table clearly 

indicates that the TS values of the electrospun PLA nanofibers are 

improved by PEPT. Untreated 4% and 6% w/v PLA solutions show a TS 

of (0.9 ± 0.04) and (0.5 ± 0.1) MPa, respectively while after PEPT their 

TS values increase to (2.2 ± 0.2) and (5.4 ± 0.3) MPa, respectively.  
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Figure 7.9. Stress-strain curves of electrospun PLA mats obtained 

from (A) untreated 4% w/v, (B) treated 4% w/v, (C) untreated 6% w/v, 

(D) treated 6% w/v (5 min, 0.5 L/min, 2.0 kV), (E) treated 6% w/v (9 

min, 0.5 L/min, 2.0 kV), (F) treated 6% w/v (5 min, 1.1 L/min, 2.0 kV) 

and (G) treated 6% w/v (5 min, 0.5 L/min, 1.6 kV) PLA solutions. 

After PEPT, as a result of increasing viscosity and conductivity of 

the PLA solutions, smoother fibers with improved diameter uniformity 

were formed. Consequently, the number of nanofiber cohesion points 

increase in the nanofibrous mats, leading to statistically significant 

increased TS values. Table 7.5 also shows that the TS value is lower at 

a gas flow rate of 1.1 L/min, a treatment time of 9 min and an applied 

voltage of 1.6 kV, which could be attributed to the presence of beads in 

the electrospun mats, as shown in Figure 7.1. In addition, also the 

electrospun PLA nanofibers generated from the plasma-treated 4% w/v 

PLA solution were characterized by a lower TS value compared to the 

nanofibers spun from the corresponding 6% w/v solutions. This effect 

can also be explained by the presence of beads in the electrospun 

samples obtained from the 4% w/v solution, as depicted in Figure 7.2. 

In general, considering the morphology of nanofibers obtained from 

various plasma-treated solutions, it can be stated that PLA mats 

containing beads show lower TS values than the mats without beads. 

This is in agreement with previously published results which also show 

that mechanical properties are significantly affected by nanofiber 

morphology [522,523]. Beads are known as the main defects on a 
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nanofibrous mats and more beads corresponds to more weak points. 

The presence of beads in the nanofiber mats therefore causes fewer 

fiber-fiber interactions and increased weakness of individual fibers 

resulting in generally low TS values [507]. Besides the morphological 

effects, the crystallinity and orientation of the nanofibers also affect TS 

values [524]. Increasing β- crystallinity of the nanofibers fabricated 

from plasma-treated solutions could also contribute to the observed 

enhancement in TS values.  

As observed in Table 7.5, a significant improvement in EB is also 

achieved by PEPT. EB is important in determining the ability of a 

material to withstand sudden shocks of a given energy [507]. Table 7.5 

also reveals that the EB of PLA mats is not significantly affected by 

plasma treatment time and Ar gas flow rate. In contrast, the EB value 

is significantly higher for the plasma-treated 6% w/v solution (87.4 ± 

7.7) % compared to the 4% w/v solution (43.9 ± 3.1) % which could be 

attributed to the smaller fiber diameters of the latter. In general, the 

EB value tends to increase with increasing fiber diameter, owing to 

extension and alignment of thicker fibers in the matrix with tensile 

deformation, instead of fiber breakages [523]. However, with 

appearance of beads in the nanofiber matrix, the EB values can again 

decrease, as can be observed for the electrospun nanofibers generated 

from a PLA solution plasma-treated with an applied voltage of 1.6 kV 

(Table 7.5). It is also known that EB values decrease with crystallinity 

[525]. Therefore, the observed enhancement in EB with PEPT might be 

related to the much lower amount of perfect crystals (α-phase) after 

PEPT and the higher amount of disordered crystals (β-phase) in the 

crystalline structure of the nanofibers since both amount and type of 

crystalline regions are known to have an impact on mechanical 

properties [525]. 

The linear portion of the curves shown in Figure 7.9 is the elastic 

deformation region and the slope of this region gives a measure of the 

modulus of elasticity or YM. Table 7.5 shows that also the YM is 

strongly affected by PEPT. In general, plasma treatment results in 

significantly higher YM values. This is attributed to the effect of PEPT 

on crystallinity which can enhance the flexibility of the polymer chains 

and cause the nanofibers to become stiffer [526]. 
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Table 7.5. Mechanical properties of electrospun PLA mats. 

Precursor 
TS 

(MPa) 
EB (%) 

YM 

(MPa) 

Untreated 4% w/v PLA solution 0.9±0.04 34.6±1.9 8.7±0.6 

Treated 4% w/v PLA solution (5 min, 0.5 L/min, 

2.0 kV) 

2.2±0.2 43.9±3.1 20.3±0.7 

Untreated 6% w/v PLA solution 0.5±0.1 35.7±5.2 3.2±0.6 

Treated 6% w/v PLA solution (5 min, 0.5 L/min, 

2.0 kV) 

5.4±0.3 87.4±7.7 43.8±8.0 

Treated 6% w/v PLA solution (9 min, 0.5 L/min, 

2.0 kV) 

4.2±0.9 82.9±6.4 28.9±5.5 

Treated 6% w/v PLA solution (5 min, 1.1 L/min, 

2.0 kV) 

2.8±0.1 81.3±7.8 18.2±0.9 

Treated 6% w/v PLA solution (5 min, 0.5 L/min, 

1.6 kV) 

1.3±0.1 52.5±6.1 9.1±0.5 

By combining the results obtained from DSC, XRD and tensile 

tests, it could thus be revealed that the PLA nanofibers electrospun 

from plasma-treated solutions possess a lower α- and a higher β-

crystallinity content which can in turn be responsible for the 

considerably higher nanofiber ductility and toughness. Indeed, PLA 

nanofibers obtained from plasma-treated solutions are able to 

withstand a considerably higher stress than the corresponding 

untreated nanofibers. 

 

7.2.8 Cast PLA Layers  

As mentioned earlier, to exactly elucidate the effects of PEPT and to 

eliminate the effect of the electrospinning process, cast PLA layers have 

also been prepared after drying the pristine and plasma-treated (5 min, 

0.5 L/min, 2.0 kV) PLA solutions at room temperature. In a next step, 

the obtained PLA layers are also analyzed using TGA, DSC and XRD. 

The TGA results obtained from the cast layers are shown in Figure 

7.10. By comparing Figure 7.10 with Figure 7.5, it can be recognized 

that the single-step thermal decomposition behavior of the PLA cast 

layers is similar to that of the electrospun PLA mats. However, the 

decrease in thermal decomposition temperatures is only observed for 

the nanofibers obtained from the PEPT solution and not for the cast 

PLA layers, as shown in Figure 7.10b.  
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Figure 7.10. (a) TGA thermograms of cast PLA layers and (b) thermal 

decomposition temperatures of PLA nanofibers and cast PLA layers. 

Based on these results, it can be concluded that the differences in 

thermal stability are not due to PEPT, but are mainly caused by the 

electrospinning process afterwards. Earlier, we have concluded that 

PEPT probably induces solvation via localized stress to the polymer 

molecular chains. As a result, electrospinning may cause distortion of 

the conformations of the stressed chains [527]. This distortion may 

result in the α- to β-crystal transitions (obtained via XRD) which in turn 

causes a decreased thermal stability due to the lower amount of perfect 

crystalline structures. Moreover, the decrease in thermal stability of 

the electrospun PLA nanofibers prepared from plasma-treated 

solutions, as opposed to cast layers, might be also due to the high 

surface area of these bead-free and fine nanofibers as similar 

observations have already been reported in literature [518,528].  

DSC scans (Figure 7.11) of cast PLA layers have also been obtained 

showing the absence of the small additional humps just before and after 

the melting peak, which were observed for the nanofibers obtained from 

plasma-treated solutions (Figure 7.7). From these scans, Tg, Tc, Tm and 

Xc have again been determined and the results are presented in Figure 

7.11b and c together with the results obtained for the electrospun PLA 

samples. Figure 7.11b reveals that Tg, Tc and Tm are not affected by the 

plasma treatment for the cast PLA layers while previously it was 

observed that Tc is increased for PLA nanofibers as a result of PEPT. 

This increase in crystallization temperature is therefore mainly caused 

by the electrospinning process afterwards. As mentioned earlier, the 

higher value of Tc for plasma-treated nanofibers might be related to the 

improved interfacial adhesion energy that hinders crystallization 



214 
 

during electrospinning and therefore causes an increase in Tc value 

[515,529]. The untreated and plasma-treated nanofibers were found to 

exhibit a degree of crystallinity of 47% and 19% respectively while for 

the untreated and plasma-treated cast layers the values were 

approximately 60% and 71% respectively. This result shows that the 

degree of crystallinity of the electrospun nanofibers is considerably 

lower than the crystallinity degree of the cast layers. It has already 

been reported that electrospun fibers possess lower crystallinity 

compared to films cast from polymer solutions [530–532]. This can be 

attributed to the rapid solidification of the stretched polymer chains 

during electrospinning, which allows very little time for crystallization 

to occur [531].  

 
Figure 7.11. (a) DSC scans of cast PLA layers, (b) and (c) DSC 

parameters for PLA nanofibers and cast PLA layers. 

According to the obtained XRD results (Figure 7.12), both PLA cast 

layers have more crystalline peaks in their diffractograms compared to 

the nanofibers (Figure 7.8), which is in a good agreement with 

literature [492,508,531–533]. These peaks are characteristic for the α-

crystalline form of PLA [515].  
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Considering the height of the crystalline peaks as a rough 

estimation, it is concluded that XRD and DSC results both show that, 

unlike PLA nanofibers, the crystallinity of the cast PLA layers 

increases after PEPT. This effect may be due to the increased 

crystallization rate caused by increased molecular orientation [534]. 

This oriented nucleation and growth of crystals is probably the result 

of plasma-induced stress, which in turn induces crystallization for the 

cast layers. However, for electrospun PLA, probably due to a much 

faster solvent evaporation during electrospinning, the trend is opposite. 

In this case, upon plasma treatment, a transformation of α-phase to β-

phase is occurring probably due to the elongational forces during 

electrospinning [522]. Considering the results from the cast layers, it 

can therefore be concluded that the observed changes in thermal 

stability, Tc and Xc for the nanofibers are mainly the result of the 

electrospinning process performed after plasma modification of the 

PLA solutions and are not caused by the plasma treatment itself. 

 
Figure 7.12. XRD patterns of the cast PLA layers. 

 

7.2.9 Aging Studies 

In a final stage of this work, aging studies are also conducted to 

determine the behavior of untreated and plasma-treated (optimum 

condition) PLA solutions with respect to time after PEPT. Figure 7.13 
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shows the obtained evolution of viscosity, conductivity, surface tension 

and pH values over an aging period of 10 days.  

 
Figure 7.13. (a) Viscosity, (b) conductivity, (c) surface tension and (d) 

pH values of untreated and plasma-treated PLA solutions as a 

function of aging time. 

As visualized in Figure 7.13, aging of the untreated PLA solution 

causes no significant changes in conductivity, surface tension and pH 

values. However, a decrease in viscosity is observed with aging time, 

which strongly affects the morphology of the nanofibers (Figure 7.14). 

This decrease in the untreated solution viscosity with storage time is 

probably because of polymer degradation. With the fresh solution and 

thereby at higher viscosity, smoother fibers with a few beads are 

formed. With aging time and with decreasing viscosity, thinner fibers 

with more and bigger beads are however formed during the 

electrospinning process. In general, solutions with lower viscosities 

result in the formation of more bead defects instead of fibers which is 

thus consistent with the results obtained in this work [535–537]. 
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Figure 7.14. Morphology changes of PLA nanofibers obtained from 

aged untreated and plasma-treated solutions. 

For the plasma-treated solution, all four examined PLA solution 

properties change with time. First of all, the viscosity of the plasma-

treated PLA solution considerably decreases with time after PEPT, 

which may be again be attributed to polymer degradation with storage 

time. In addition, a slight reduction in surface tension is also observed 

for this solution, which can be the result of polymer degradation 

causing a decrease in cohesive forces between the solution molecules. 

Lower surface tension however is known to positively affect the 

electrospinnability of a solution [538]. On the other hand, the 

conductivity and pH values continue to increase and decrease 

respectively during the first 2 days after PEPT. After these 2 days, 

these values reach a stable level up to 10 days after PEPT. Post-plasma 

liquid chemistry can thus significantly affect the PLA solution 
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characteristics and owing to these effects, the appearance of the 

resultant electrospun PLA fibers also changes (Figure 7.14). A faster 

morphological deformation and thus the presence of more beads is 

observed for the fibers produced from the untreated PLA solution 

compared to those produced from the plasma-treated solution. This 

different behavior can be attributed to the fact that the conductivity of 

the plasma-treated solution even further increases after PEPT, which 

is known to avoid bead formation [539]. These aging results clearly 

show that PEPT-induced physical and chemical modifications to pre-

electrospinning PLA solutions cause a considerable morphological 

enhancement in the resultant nanofibers up to 4 days after plasma 

treatment.  

 

 

7.3 Conclusion 

In this chapter, PEPT of PLA spinning solutions was conducted making 

use of different plasma operational parameters, after which the 

solutions were used for electrospinning to fabricate PLA nanofibers. 

This study particularly focused on an extended characterization of the 

electrospun PLA nanofibers and on examining the effect of the used 

plasma parameters on the final PLA nanofiber properties. In a first 

step, SEM analysis revealed that after optimization of the plasma 

operational parameters, fine, nicely elongated and smooth electrospun 

PLA fibers could be obtained, which was not the case for the untreated 

PLA solutions under study. In addition, this plasma-induced nanofiber 

morphology enhancement could still be observed when the 

electrospinning process was conducted 4 days after plasma treatment. 

Although the nanofiber morphology was significantly enhanced, no 

changes in surface chemical composition were revealed as evidenced by 

XPS analysis. In addition, SEC analysis also confirmed that the 

molecular weight distribution of PLA in the electrospinning solution 

was not affected by the plasma treatment, proving that the plasma 

treatment is not destroying the PLA polymer chains. XRD also revealed 

that PEPT resulted in a shift of α- to β-crystals in the PLA nanofibers, 

which in turn were found to lead to a significantly higher nanofiber 

ductility and toughness. The observed α- to β-transition was however 

not observed for cast PLA layers and was therefore considered to be 
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mainly caused by the electrospinning process and not the plasma 

treatment itself. DSC also revealed that the conducted plasma 

treatments did not affect the glass transition and melting temperature 

of the PLA nanofibers. In contrast, they were found to result in an 

increase in crystallization temperature and a decrease in crystallinity 

degree. These changes were however not observed for cast PLA layers 

and are therefore mainly caused by the electrospinning process. The 

increase in crystallization temperature can be explained by the 

observed α- to β-transition, however, the decreasing crystallinity degree 

is somewhat unexpected taking into account the obtained XRD results. 

TGA also revealed that PEPT slightly decreased the thermal stability 

of the PLA nanofibers as a result of the restructuring of the crystalline 

regions. This thermal stability change was not observed for PLA cast 

layers and can thus mainly be attributed to the electrospinning process. 

The performed study thus clearly shows that PEPT can result in PLA 

nanofibrous mats possessing excellent morphological, mechanical and 

thermal properties, which can be used in a wide range of applications.
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General Conclusions and Outlook 

 

 

 

The final chapter of this thesis presents general conclusions to the work 

described in this doctoral dissertation. The main achievements are 

summarized followed by some suggestions regarding future directions 

of research related to this work. 

 

 

8.1 Concluding Remarks 

The main objective of this PhD thesis has been to investigate the 

capability of non-thermal plasma technology as a new route to create 

compatible polymer solutions for electrospinning. The physical as well 

as chemical effects of plasma treatments on the pre-electrospinning 

polymer solutions have been studied and the influence of the performed 

PEPTs on different properties of the final nanofibrous mats has also 

been examined. 

Chapter 1 has introduced nanofiber technology and different 

methodologies available for production of nanofibers. Since 

electrospinning is the focus of this thesis, a short introduction to the 

principals of electrospinning together with the technical aspects of this 

important process have also been presented in chapter 1. Chapter 2 has 

reviewed plasma-liquid systems, their classification as well as electrical 

breakdown mechanisms in liquids because the proposed PEPT in this 

thesis is directly dealing with PLIs. Regarding the broad spectrum of 

applications of PLIs, chapter 3 has dealt with most of the established 

applications of this new and promising research field. 

In its experimental section (chapters 5 to 7), this dissertation 

successfully demonstrated the applicability of pre-electrospinning 
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polymer solution treatment via an APPJ, resulting in the production of 

polymer nanofibers with enhanced morphology. Starting point of the 

work was the development of an APPJ which was directly submerged 

inside the polymer solutions. In a first exploratory stage, a general 

characterization of the AC driven Ar plasma jet has been carried out by 

exploring the discharge electrical properties and gathering optical 

emission spectra. Many parameters including plasma operational 

parameters (e.g. treatment time, applied voltage and gas flow rate), 

electrospinning parameters (e.g. feed rate, potential and collector 

distance) and concentration of polymer solutions have to be taken into 

account to obtain optimal nanofiber morphology results. In the present 

work however, the electrospinning parameters were kept constant 

while only the concentration of the polymer solutions as well as the 

plasma operational parameters have been varied to yield optimum 

conditions (meaning optimal nanofiber morphology). A broad range of 

analysis techniques, as introduced in chapter 4, have been employed in 

this work to examine the effects of the above-mentioned parameters on 

the plasma-induced changes into the polymer solutions, the subject of 

chapters 5 and 6, as well as on the plasma-induced effects on the 

electrospun polymer nanofibers, which is the subject of chapter 7.  

In chapter 5, plasma-treated polymer solutions were analyzed in 

terms of viscosity, surface tension and electrical conductivity. PEPT 

resulted in a considerable increase in both solution viscosity and 

electrical conductivity which in turn enhanced the morphology of the 

nanofibers. Surface tension values of the solutions however was found 

to not considerably increase after PEPT. Additional studies on 

evaporation and Ar-bubbling effects showed that the observed 

enhancements in the physical properties of the plasma-treated polymer 

solutions are indeed results of the conducted plasma treatments. 

Moreover, the bubble dynamics inside the plasma-treated solutions, 

during PEPT, were studied since bubbles provided more plasma-

solution interface for interactions. Additionally, more bubbling also 

resulted into an enhanced evaporation during PEPT which was also 

examined in detail. Morphological investigations using SEM revealed 

that the plasma-induced conductivity and viscosity enhancements are 

the main factors which positively affect the electrospinnability of PLA 

solutions and the corresponding morphology of the resultant 

nanofibers.  
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Chapter 6 tackled the investigation of plasma-induced chemistry, 

especially radical chemistry, in the polymer solutions as well as pure 

solvents to find out which plasma-generated chemical species are 

responsible for the observed increase in solution viscosity and 

conductivity. Several spectroscopic techniques have been applied to get 

more insights into the chemical effects of PEPT. OES and EEM results 

revealed that a considerable change in molecular level occurs when the 

binary solvent system (DMF and CHL) was exposed to plasma instead 

of pure solvents. Radical species in pure solvents, their binary mixture 

and PLA solution upon PEPT were detected using EPR. EEM and NMR 

results together with the aqueous extraction method have showed that 

most probably plasma-generated HCl is responsible for the increased 

electrical conductivity. SEM results also showed that a complete 

morphological enhancement is only achievable when both PLA and the 

binary solvent mixture were exposed to the plasma treatment. 

Additionally, XPS illustrated that PEPT highly preserved the surface 

chemical composition of the PLA nanofibers.  

Finally, in chapter 7, it was aimed to answer remaining questions 

on PEPTs such as for example the effect of PEPT on the resultant 

nanofiber chemistry and structure. An aging study was also performed 

to see how long after PEPT high quality nanofibers with enhanced 

morphology could still be obtained. It was observed that plasma-

induced morphological enhancement could still be observed when the 

electrospinning process was conducted 4 days after PEPT. No 

significant changes in nanofiber surface chemical composition were 

revealed as evidenced by XPS analysis, confirming the results obtained 

in chapter 6. SEC results confirmed that the molecular weight 

distribution of PLA in the solution was not affected by PEPT, proving 

that the plasma treatment is not destroying the PLA polymer chains. 

The obtained XRD results also confirmed that PEPT resulted in a shift 

of α- to β-crystals in the PLA nanofibers. The observed α- to β-transition 

was however not observed for cast PLA layers and was therefore 

considered to be mainly caused by the electrospinning process and not 

PEPT itself. DSC also revealed that the conducted plasma treatments 

did not affect the glass transition and melting temperature of the PLA 

nanofibers. They showed an increase in crystallization temperature 

which means they need more time for crystallization. These changes 

were however not observed for cast PLA layers and therefore it is 

hypothesized that these observations are mainly caused by the 



224 
 

electrospinning process and can be tuned by lowering the feed rate 

during electrospinning. However, the electrospinning working 

parameters have been kept constant in this research to be able to 

compare the obtained results from different PEPT conditions. TGA 

results revealed that PEPT slightly decreased the thermal stability of 

the PLA nanofibers as a result of the restructuring of the crystalline 

regions. This thermal stability change was not observed for PLA cast 

layers and can thus mainly be attributed to the electrospinning process 

and therefore can be tuned by adjusting the electrospinning working 

parameters. The performed PEPT are also capable of enhancing the 

mechanical properties of the PLA nanofibers.  

As a concluding remark, it can be stated that the performed study 

in this doctoral dissertation clearly demonstrates that PEPT can result 

in producing PLA nanofibrous mats possessing excellent 

morphological, mechanical and thermal properties, which can be used 

in a wide range of applications. 

 

  

8.2 Future Research Directions 

In my view, future research directions on PEPT can be considered as 

follows: 

 

1. PEPT and the consequent electrospinning processes can be further 

optimized to deposit nanofibers with smaller diameters. In this 

thesis, attention has been mainly paid to the plasma experimental 

parameters and their effects on the electrospinnability of polymer 

solutions. However, after optimizing the PEPT parameters, one can 

also further optimize the electrospinning parameters in order to 

reduce the diameter of the obtained nanofibers.  

 

2. The effect of the polymer solution volume (the length of the solution 

in the sample holder) can also be studied and an optimized energy 

density for PEPT can be defined. Based on these findings, one can 

increase the diameter of the sample holder to be able to treat a 

larger amounts of the polymer solution. 
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3. Depending on the desired applications, various types of polymer 

solutions can be treated using the same plasma configuration. 

 

4. The set-up used in this dissertation can be used for the fabrication 

of nanoparticle-embedded nanofibers if the polymer solution has a 

polar characteristics. In this case, it is possible to produce 

nanoparticles in situ during PEPT (which was already tested by 

myself for aqueous solutions and solutions with DMF alone).   

 

5. One of the main effects of PEPT on plasma-treated polymer 

solutions is the noticeable increased acidity due to the formation of 

plasma-generated chemical species in the solutions. This feature of 

PEPT can be used as an advantage to prepare electrospinnable 

polymer solutions using conducting polymers. This class of 

polymers always suffers from the low solubility in the common 

organic solvents. Therefore, it is in the most cases necessary to add 

organic acids to their pre-electrospinning solutions to increase their 

solubility. Theoretically, PEPT may help to make a suitable 

conducting polymer solution without using organic acids and can 

therefore be a more convenient approach for the fabrication of 

conductive nanofibers. 
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