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ABSTRACT 

 

Pulsed electric field (PEF) can induce irreversible electroporation in the bio-

membrane and cause the death of microbial cells without significant thermal effect, 

which can be used for inactivation of microorganisms and facilitation lysis of 

microbial cells for lipid extraction. The present study aimed to investigate the 

efficiency of PEF treatment of Arthrospira platensis and Saccharomyces cerevisiae 

using test cells with different types of electrodes and impulses with different 

waveshapes. An equivalent circuit modelling approach was also proposed and 

developed to describe the pulsed power system and the microbiological cell in the 

present study. 

The PEF test cells with three types of electrodes were developed in the present study: 

a traditional stainless steel test cell; a novel low-conductive test cell with 2 µm TiO2-

coating on electrode surface; and a novel test cell with non-conductive ceramic 

electrodes. Effective PEF inactivation of both A. platensis and S. cerevisiae was 

achieved using stainless steel and TiO2-coated test cells. Significant improvement in 

the energy efficacy of the PEF treatment was obtained using the TiO2-coated test cell. 

However, PEF inactivation of microorganisms in the ceramic test cell required 

electric fields with magnitude above 80 kV/cm. 

Three types of impulses, square impulse, smooth exponential impulse and oscillating 

exponential impulse were used in the present study. The best energy efficacy was 

achieved using the smooth exponential impulse for the field levels of 67 kV/cm and 

80 kV/cm. A correlation between the pulse waveshape, the electric field magnitude 

and the inactivation performance was established. 

The PEF treatments of A. platensis demonstrated that this type of cyanobacteria can 

be inactivated effectively but rupture of the cell structure was not achieved. The PEF 

process was capable of induction of the lethal damage to the A. platensis cells but not 

sufficient to cause significant mechanical damage to the cell structure.  
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Chapter I  

INTRODUCTION 

 

Effective inactivation of undesirable microorganisms has long been a challenge in 

medical and food industries. Varieties of decontamination and disinfection 

technologies have been developed to meet this challenge. However, many of the 

established technologies present limitations in terms of their environmental 

suitability, their side effects and their economic viability. Therefore, there is a strong 

continuous demand for the optimisation of established decontamination and 

disinfection technologies and for the development of novel inactivation methods and 

approaches. 

On the other hand, the products from the microorganism metabolism have attracted 

significant research and practical interest. For example, microalgae, cyanobacteria 

and their bio-products have drawn great global attention in the past decades. In the 

hunt for the alternatives to fossil fuel, these microorganisms turn out to be one of the 

most promising candidates due to their high lipid content as compared to other food 

crops and oil seeds, [1]. However, current methods of lipid extraction from 

microalgae and cyanobacteria are still ineffective and costly. Therefore, novel 

technologies are urgently required to facilitate lysis of the microbial cells effectively 

and economically. 

First systematically investigated and described in 1967, the process of pulsed electric 

field (PEF) treatment is based on the application of the high electric field to 

suspension with microorganisms which can induce lethal effects on these 

microorganisms, [2-4]. When subjected to an external electric field, pores can be 

formed in the microbial membrane under certain conditions and this process is called 

electroporation, [5]. Once the electric field exceeds a critical value, the 

electroporation process becomes irreversible and causes the death of the microbial 



2 
 

cell. The electroporation process gives the PEF technology the ability to inactivate 

microorganisms and potentially to facilitate lysis of the microbial cells. Although 

PEF inactivation of variety of bacteria and yeast has been well documented, limited 

amount of work has been done to facilitate lysis of microalgae and cyanobacteria 

using the PEF process. Investigation of PEF induced lysis of one of these lipid-rich 

microorganisms was one of the research aims of the present study. 

As a non-thermal inactivation technology, the PEF method has attracted significant 

research attention. This method has been employed in various applications over the 

last two decades and a large number of studies have been conducted to develop the 

PEF technology. However, there are some fundamental drawbacks which are 

associated with the traditional PEF treatment. To apply the electric field to 

microorganisms, the liquid suspension which contains these microorganisms is 

usually placed between two metallic electrodes. Once high voltage is applied to the 

electrodes, electro-chemical reactions can occur at the interface between the liquid 

and the electrodes, which can generate toxic metallic ions and gaseous bubbles. In 

addition, direct contact between the electrodes and highly conductive suspension 

results in a high ionic conduction current, which increases the suspension 

temperature through excessive energy dissipation. 

These undesirable effects are unavoidable in the conventional PEF chambers with 

metallic electrodes. To overcome such negative effects, a novel PEF test cell design 

was proposed in [6]. This conceptual PEF test cell has two layers of high permittivity 

ceramic separating the metallic electrodes and the liquid suspension. As a result, 

there will be no electro-chemical reactions between the metallic electrodes and the 

suspension, which minimises the possibility of the production of undesirable by-

products. Besides, the steady state ionic conduction current through the suspension 

will be eliminated, which will minimise the thermal effect and can significantly 

improve the energy efficacy of the PEF process. Implementation of this design in 

practice and investigation of the PEF performance of this conceptual test cell were 

the main tasks of the present study. 
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Over the last few decades, significant amount of studies have also been focused into 

the investigation of the effects of different operational and biological factors on the 

PEF process. These factors include the electric field magnitude, pulse waveshape, 

electrode material, size of the microbial cell, and the temperature and conductivity of 

the microbial suspension. Very limited amount of work has been conducted in order 

to investigate the effect of pulse waveshape on the PEF process, a few examples can 

be found in [7-8]. However, further understanding of the effects of the pulse 

waveshape on the PEF process will be beneficial and important for optimising the 

PEF systems and energisation parameters of the PEF process. To address this 

problem and to improve understanding of the influence of pulse waveshape on the 

PEF process efficacy, a study of the effect of different pulse waveshapes on 

inactivation of yeast was conducted in the framework of this project. 

Apart from practical PEF studies, significant efforts in the present work were made 

to establish the mathematic description and to model the PEF process. Accurate 

modelling of the PEF process can provide valuable information for understanding of 

the PEF inactivation mechanisms, development of the transient electric field across 

bio-membrane, and for optimisation of the PEF systems. Since the proposal of the 

Schwan’s equation in 1957, [9], in which the mathematic relationship between the 

external electric field and the induced trans-membrane potential was established, 

significant amount of studies have been conducted to model the PEF process using 

either equivalent circuit models or analytical models. However, the majority of these 

studies were focused on either the modelling of microbial cell on a micro-scale or the 

modelling of the PEF system on a macro-scale. The link between these two 

approaches, micro-scale cell model and macro-scale pulse driving circuit model, is 

important for further optimisation of the PEF process. To provide this connection, a 

comprehensive approach which described the pulsed power system and the 

microbiological cell was proposed and developed in the present study. This approach 

was used for analysis of the transient electric fields in the test cells (suspension) and 

across bio-membrane. 

An overview of the content of each chapter in the present thesis is given below: 
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Chapter II (Background and Literature Review) provides background information 

relevant to the field of study which was obtained and analysed during the course of 

the present project. Background information on microorganisms and current 

inactivation methods is given. Technical fundamentals of the pulsed power 

technology are discussed. A comprehensive literature review of the PEF technology 

including the inactivation mechanisms, design of the PEF chambers, results of PEF 

inactivation of yeast and algae, and the analysis of the recent PEF studies with a 

focus into different aspects of the PEF technology is presented in this chapter. 

Chapter III (Modelling of the PEF Process) presents two models which describe the 

development of the transient trans-membrane potential. These models include a 2-

dimentional equivalent circuit model and an analytical model which describes the 

PEF treatment in the non-conductive test cell. The obtained results and significant 

findings from these modelling works are discussed. 

Chapter IV (Development of the PEF Test Cells and PEF System) presents the 

details of the design process of two PEF test cells: a conductive stainless steel test 

cell and a non-conductive ceramic test cell. An impulse generator which produces 

HV impulses with square waveshape is also introduced in this chapter. 

Chapter V (PEF Treatment of Microorganisms Using the Initial Test Cells) discusses 

the experimental procedures and results of the PEF treatment of microorganisms 

using the PEF system developed in Chapter IV. The results obtained in these tests are 

presented and the PEF performance of the two test cells is compared. 

Chapter VI (Development of Improved PEF Test Cells and PEF System) analyses the 

drawbacks of the developed PEF system and PEF treatment approaches described in 

Chapter V. An improved stainless steel test cell and a low-conductive TiO2-coated 

test cell are designed and manufactured based on this analysis. Development of the 

smooth exponential impulse and oscillating exponential impulse generators is also 

discussed in this chapter. 
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Chapter VII (PEF Treatment on Microorganisms: Improved Test Cells) investigates 

the PEF inactivation performance of the re-designed stainless steel test cell and the 

novel TiO2-coated test cell. The effect of the pulse waveshape on the PEF 

performance is studied. The energy efficacy of the PEF treatment in different test 

cells stressed with PEF impulses with different waveshapes is obtained and discussed. 

Chapter VIII (Conclusions and Future Works) summarises the significant findings 

from the whole project, highlighting the contribution of the present study to the 

knowledge in the field of PEF inactivation. Recommendations for future work are 

also given. 
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Chapter II 

BACKGROUND AND LITERITURE REVIEW 

 

2.0 General 

This chapter presents a literature review of the relevant background information, 

current researches and the latest developments in the field of PEF inactivation of 

microorganisms. 

This literature review begins with an introduction of the basic background 

information on microorganisms, which includes the key structural elements of 

microorganisms, the benefits and hazards of the presence of microorganisms, and the 

current inactivation and disinfection technologies. The review also discusses the 

principle of pulsed power technology which underpins the PEF process. Essential 

elements of pulsed power systems, such as pulse forming methods and high voltage 

switches, will be described and current applications of the pulsed power technology 

will be introduced. The PEF inactivation technology, which is the focus of the 

present study, will be reviewed in details in the final part of this literature review. 

The principles of the PEF technology and the inactivation mechanisms will be 

discussed. Introduction to the recent PEF studies into the different factors that can 

affect the inactivation performance of the PEF process will be presented. These 

factors include the magnitude of field strength, pulse waveshape, electrodes material 

and microbial and suspension factors. 

Through this critical literature review, the gaps in the acquired knowledge in the field 

of PEF research will be identified and discussed. The main objectives and aims of the 

present study which will help to fill the identified gaps in the knowledge and in 

further development of the PEF technology will be outlined. 
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2.1 Background Information of Microorganism 

Since their discovery in the 17th century, the reliable estimate number of different 

microorganisms is 159,000 species, [10]. The name “microorganism” is given due to 

the very small sizes of these microscopic organisms with a cell diameter ranging 

from ~ 0.2 µm to 700 µm, [11]. As the first form of life developed on earth, single-

cell microorganisms existed since 3-4 billion years ago, [12-14], and remained the 

only form of life on earth for the following 3 billion years, [15]. Microorganisms can 

be classified into two types: prokaryote and eukaryote microorganisms. Figure II.1 

shows the typical structures of the prokaryote and eukaryote microorganisms, [16]. 

Prokaryote microorganisms have structurally simple cells, which lack a cell nucleus 

and the other membrane bound organelles. Bacteria and archaea are included within 

the prokaryotic group by their cell structural simplicity. Majority of bacteria can be 

sub-divided into two types, Gram-positive and Gram-negative, according to their 

response to Gram staining which highlights the composition of the cell wall, [11]. 

The eukaryote microorganisms contain relatively complicate organelles and are 

normally larger than the prokaryote microorganisms. Eukaryote microorganisms 

include most protists, some fungi, as well as some animals and plants. The following 

section of the review will introduce critical structures and elements of the 

microorganisms, the effect of their presence on people’s life and the current 

inactivation technologies.  

 

Figure II.1 Demonstration of typical prokaryote and eukaryote microorganism cells. 

Eukaryote microorganism (left): contains complicate organelles and is larger in size. 

Prokaryote microorganism (right): relatively simple structure and is smaller in size. Figures 

taken from [16]. 
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2.1.1 Structures of Microorganism Cell 

This section introduces some important components commonly seen in most of the 

microorganism cells and their key roles in cell’s functioning. 

2.1.1.1 Cell Wall 

The cell wall is the outermost layer of most of the microorganism cell. The basic 

function of the cell wall is to provide structural strength and protection to a cell, [17]. 

The cell wall is much stronger than the cytoplasmic membrane in order to withstand 

the significant osmotic pressure inside the cell, which can be as high as 2 atm in a 

typical prokaryotic cell, [11], and to prevent cell bursting. The cell wall of 

microorganism is a relatively permeable structure, which allows the exchange of 

small molecules between the cell and the surrounding environment.  

The composition of the cell wall varies for different microorganisms. In general, all 

bacterial cell walls contain peptidoglycan and other polysaccharide, [18]. Gram-

positive bacteria have a thick cell wall made of peptidoglycan, whereas Gram-

negative bacteria have a thinner peptidoglycan layer which is surrounded by an outer 

membrane. All archaea cell walls contain no peptidoglycan but only polysaccharide 

and other proteins, [19]. In eukaryotic microorganisms, cell wall of fungi consists 

mainly of chitin, glucans and proteins, [20], while cell wall of algae consists mainly 

of cellulose, [21].  

2.1.1.2 Cytoplasmic Membrane 

The cell membrane, also known as the cytoplasmic membrane, is one of the most 

critical structures of a cell. The cytoplasmic membrane is a thin layer inside the cell 

wall and separates the cytoplasm from the surrounding environment, [22]. Unlike the 

cell wall, the cell membrane is structurally weak and provides minimal protection 

from osmotic lysis, [11]. However, the most important function of the cytoplasmic 

membrane is to be selective permeable to ions, proteins and organic molecules. 

Table II.1 demonstrates the different permeability of the membrane to various 

molecules, [11]. This critical function allows the membrane to control the 
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movements of substance entering and exiting the cell and to maintain a relatively 

constant environment inside the cytoplasm, [23]. 

The basic structure of the cytoplasmic membrane is a phospholipid bilayer with 

different types of membrane proteins embedded, as shown in Figure II.2, [24]. The 

phospholipid bilayer consists of fatty acids, which point inward toward each other, 

and the hydrophilic portions, which point outward toward cytoplasm or external 

environment, [25], as demonstrated in Figure II.3, [26]. 

Table II.1 Comparative permeability of membranes to various molecules. Data taken 

from [11]. 

Substance 
Rate of permeability (relative scale: 

permeability of water is given as 100) 

Water 100 

Glycerol 0.1 

Tryptophan 0.001 

Glucose 0.001 

Chloride ion (Cl-) 0.000001 

Potassium ion (K+) 0.0000001 

Sodium ion (Ca+) 0.00000001 

 

 

 

Figure II.2 Demonstration of a typical structure of the cytoplasmic membrane. Figure taken 

from [24]. 
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Figure II.3 Demonstration of a phospholipid bilayer structure. Figure taken from [26]. 

2.1.1.3 Cytoplasm  

The cytoplasm is a liquid or gel-like mixture inside the cytoplasmic membrane. Most 

of the cell activities occur within the cytoplasm, for example many metabolic 

pathways and cell division, [27]. Some of the products from the metabolic processes 

are also stored in the cytoplasm, [11]. 

The contents of cytoplasm can be divided into three major elements, the cytosol, the 

organelles and the cytoplasmic inclusions. The cytosol consists mainly of water, 

inorganic ions and soluble macromolecules. The organelles are sub-structures 

enclosed by their own lipid bilayers, each having their own specific functions within 

the cell. The organelles are responsible for most of the cell activities. However, only 

eukaryote microorganisms have the organelles and the cell activities take place in the 

cytosol in the prokaryote microorganisms, [28]. The cytoplasmic inclusions are the 

insoluble substances in the cytoplasm, including glycogen, lipids, pigments and 

crystals. Many of the metabolic products are cytoplasmic inclusions. 

2.1.2 Benefits and Hazards of the Microorganisms 

Microorganisms exist in every parts of the biosphere on earth and can live in almost 

every extreme environment conditions. Due to this wide distribution, human beings 

are in constant contact with microorganisms in everyday life. Microorganisms play a 

very important role in people’s life and influence many aspects of human 
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civilizations. Some of the benefits of microorganisms, as well as their hazards, will 

be discussed briefly in this section. 

Perhaps the most important value of microorganisms is their crucial role in nutrition 

recycling in the ecosystem. Many bacteria and fungi act as decomposers in the 

ecosystem, [29-32]. Almost all types of organic matters can be broke down by these 

bacteria and fungi, [33]. Apart from this, a lot of soil microorganisms can participate 

in the nitrogen fixation process and therefore play a vital part in the nitrogen cycles, 

[34-37]. 

In addition to their natural functions, microorganisms have been widely used in the 

biotechnology applications since ancient time. Microorganisms have long been used 

in the fermentation process in winemaking, brewing, baking, yogurt making and 

cheese making, [38-43]. Apart from the various applications in food industry, 

different types of microorganisms have been used in the medical industry to produce 

variety of antibiotics, [11, 44 and 45]. In modern technology, microorganisms are 

also exploited in genetic engineering, [46-48]. 

Recently, the products from the microorganism metabolism, which can be 

accumulated and stored inside the individual cells, have raised great research interest. 

Among these microorganisms, microalgae, cyanobacteria and their bio-products have 

drawn great attention in recent decades, [49-60]. Due to their high protein content 

and nutritive value, several types of these microorganisms can be used as human and 

animal nutrition, [50-54]. Microalgae are also reported to be used for cosmetic 

products, [55-56]. Apart from being used as nutrition directly, extraction of high 

value molecule from the microalgae and cyanobacteria has also received a great 

research interest, [56-60]. These high value molecules include fatty acids, pigments 

and stable isotope bio-chemicals.  

Into the late 2000’s, microalgae and cyanobacteria drew increasing global attention 

as the potential sustainable sources for bio-fuel production [1, 61-64]. In the efforts 

of finding clean and sustainable alternatives for fossil fuel, which is considered to be 

unsustainable and have environmental impact on the planet, microalgae and 
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cyanobacteria are now considered to be one of the most promising candidates due to 

their high lipid content as compared to other food crops and oil seeds [1]. Several 

methods for cell disruption and lipid extraction have been investigated in order to 

extract the valuable content from these microalgae and cyanobacteria, [59, 62, 65 and 

66]. These methods include high-pressure homogenizer, autoclaving, mechanical 

homogenizer, addition of chemical solvent and, most recently, pulsed electric field 

(PEF) technology, [67-71]. 

Apart from the many benefits the microorganisms can bring, the presence of 

microorganisms can also be problematic. One of the most significant negative 

impacts of microorganisms is that they are the sources of many infectious diseases. 

Many infamous epidemic diseases, such as plague, tuberculosis and anthrax, are 

caused by pathogenic bacteria. Some of the protozoa are also the cause of diseases 

such as malaria, dysentery and toxoplasmosis, while some types of fungi are the 

sources for diseases like ringworm, candidiasis and histoplasmosis. 

Apart from the hazards on human’s health, microorganisms have significant impact 

on modern food industry. The presence of microorganisms is one of the most 

common causes of food spoilage, [72-74]. As a result, consuming food product 

contaminated by microorganisms can lead to serious food poisoning. Therefore, the 

presence of microorganisms is strictly controlled in the food industry, [75-76]. 

2.2 Current Methods of Inactivation  

Effective inactivation of microorganisms has long been widely needed in many areas, 

[77]. In the medical industry and healthcare environment, any pathogenic 

microorganisms need to be eliminated in order to provide safe medical equipment 

and environment. In the food industry, any undesirable or hazardous microorganisms 

should be inactivated in food products. In addition, as introduced in Section 2.1.2, 

inactivation and cell disruption could be a useful tool for biotechnology industry. In 

this section, some of the traditional inactivation methods will be briefly introduced, 

as well as some of the emerging new techniques. 
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2.2.1 Thermal Inactivation 

Thermal inactivation of microorganisms has a long history, which is one of the most 

studied inactivation methods and is still widely used in modern industry nowadays. 

Heat processing of food has been used by people even without any knowledge of 

microbiology, [78], and doctors in the 18th century knew to burn the surgical 

equipment or put them into boiling water for sterilization, [79]. Mathematical models 

of thermal inactivation were first discussed in early 1920’s, [80], and have been 

further developed, [81-83]. The basic principle of the thermal inactivation is that 

most microorganisms are sensitive to heat, and when subjected to stressful heat 

conditions cell activity will be hampered or even stopped. Therefore, inactivation of 

microorganisms can be achieved by exposing the microorganisms to environments 

above certain temperature for a certain period of time according to their individual 

heat resistance. For example, one of the established methods for sterilisation in the 

laboratory environment is to expose the equipment being sterilised at 121 °C for 15 

minutes. 

However, thermal inactivation has its own limitations. Some microorganisms, such 

as Bacillus sporothermodurans and Desulfotomaculum nigrificans, are very resistant 

to heat, [78]. It requires much higher temperature and much longer heating time to 

achieve effective inactivation of these microorganisms. Therefore, the thermal 

method becomes energy consuming and economically unwise in these applications. 

On the other hand, many applications in the food industry require non-thermal 

inactivation of microorganisms since the food products themselves have low heat 

resistance.  

2.2.2 Chemical Disinfection 

Chemical disinfection is another method for microorganism inactivation with long 

history. Several types of chemical substances have been used for disinfection in 

medical applications since 19th century and the use of alcohol for sterilisation can be 

dated back to the 13th century, [79]. The specific characteristics of these chemical 

substances, such as strong oxidation from chlorine [84], iodine [85] and ozone [86]; 
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and protein precipitate from alcohols [87], can trigger the dysfunction and lysis of 

the microorganism cells. Traditional chemical substances used for microorganism 

inactivation includes chlorine and chloride, iodine and iodide, ozone, alcohols and 

glutaraldehyde. Into the 20th century, new chemical antimicrobials have also been 

developed for enhanced and safer performance, [88]. The chemical disinfection is 

widely used in medical application and hospital environments, and it is also 

employed in other applications, such as water purification and food sterilization. 

Although chemical inactivation of microorganisms is very effective, this inactivation 

method has its own disadvantage. As most of the chemicals used for disinfection 

require special storage, handle and depose, extra costs are required for these 

additional operations. Besides, detection for remaining chemical substances after the 

inactivation process is needed in many applications in order to ensure the safety of 

the products or environments. In addition, some of the chemical substances and their 

decomposition products could be hazardous for human beings and environment, [89]. 

For example, chlorine and chloride need to be carefully dealt with, [90]. 

2.2.3 Ultraviolet Irradiation Inactivation 

The capability of inducing damage in microorganism cell of the ultraviolet (UV) 

irradiation was first recognized in the late 19th century, [91]. Since then, UV 

inactivation technology has been developed for variety of antimicrobial applications, 

such as water sterilisation, surfaces disinfection, food processing and air disinfection. 

The inactivation mechanism of the UV irradiation is the induced damage to the 

nucleic acids, DNA and RNA of the microorganism’s cell, [92]. With the nucleic 

acids and DNA disrupted, the cells are not able to conduct vital functions and 

subsequently die, [93]. The inactivation of microorganisms can be achieved by 

relatively low doses of UV irradiation; therefore this inactivation method is 

considered inexpensive, [92]. 

However, it was discovered that exposure to the UV irradiation can cause severe skin 

burn and leads to skin cancer in human body, [94-96]. Therefore, people are required 

to avoid exposure to the UV inactivation systems when in operation. Besides, it was 
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also found that the UV irradiation is able to break chemical bonds [97], as a result, 

UV disinfection of plastic surface can cause rapid aging of the material. 

2.2.4 High Pressure Inactivation 

The effect of high pressure on microorganisms was first studied in the late 19th 

century. However, it was not until 1980’s this method of inactivation attracted 

researchers and industries interest again and became an emerging inactivation 

technology since then, [98-100]. Applying high pressure, normally a few hundreds of 

MPa, to the microorganism cells can lead to changes to several cell components, [99]. 

For example, the fluidity of the cell membrane could be changed by the applied high 

pressure and the membrane-bound Na/K ATPase can no longer function properly, 

which results a drop in the internal pH and subsequently the death of the cell, [101]. 

Studies also suggested rapid release of the applied high pressure improves the 

inactivation performance, [102] 

As a non-thermal inactivation method, high pressure inactivation of microorganisms 

has a number of potential applications in food industry. However, this method still 

needs to overcome several challenges, [103]. Technically, filling and sealing of the 

treatment package brings some difficulties under such high pressure. On the other 

hand, in terms of economic feasibility, the cost of the high pressure inactivation 

process is still relatively high. 

2.2.5 High-Intensity Narrow-Spectrum Light Inactivation 

High-Intensity Narrow-Spectrum (HINS) light inactivation is a newly developed 

decontamination technology in the past decade, [104-106]. Inactivation of some 

bacteria using visible light, specifically blue-light, was reported in the early 2000’s, 

[107-108]. These studies indicated that visible light with wavelength ranging from 

400 nm to 420 nm has the capability to inactivate several bacteria, with maximum 

inactivation at 405 nm, [109]. The inactivation mechanism was reported to be 

oxygen dependent, [105, 110], photoexcitation of the endogenous porphyrins inside 
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the bacteria cell leads to the production of highly cytotoxic, oxygen-derived species, 

such as singlet oxygen. 

Unlike the UV irradiation, which has a damaging effect on skin and eyes, the 405 nm 

HINS light at required minimal inactivating does has no such detrimental effect to 

humans. Therefore, the HINS light technology allows people to be present while the 

disinfection process is underway. A study has been conducted where HINS light was 

used to decontaminate a hospital room while the room was occupied with a MRSA-

infected burns patient in [104]. It was shown from this study that the performance of 

the HINS light disinfection was greater than normal infection control and cleaning 

activity alone. This result suggested this new decontamination technology has 

promising potential in various clinical and non-clinical applications. 

2.2.6 Pulsed Electric Field Treatment  

Another emerging inactivation technology in recent decades is the PEF treatment. 

The phenomenon of disruption of microbial membrane by external electric field was 

firstly described in the early 20th century, [5]. But it wasn’t until the 1960’s that the 

lethal effect of pulsed electric field on microorganisms was found and systematically 

investigated, [2-4]. When microbial cell is subjected to external electric field, pores 

are formed in the membrane due to the large induced trans-membrane potential, 

which is called electroporation process, [5]. If this trans-membrane potential is 

greater than a critical value (~ 1V), the electroporation process becomes irreversible 

and results in cell death. As a non-thermal microorganism processing technology, 

PEF treatment has attracted great research interest and is being developed rapidly 

since then. 

During the past few decades, the PEF treatment technology has been employed in 

various applications. The most intensively studied PEF application is food 

preservation, [111-116]. PEF process is capable for inactivating bacteria and other 

microorganisms without significant thermal effects, which allows the food to be 

processed without losing its flavors, nutrients and vitamins. The other type of widely 

studied PEF application is electro-manipulation of cells, [5, 117-122]. Sub-lethal 
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membrane disruption can be induced to the microorganism cells by the PEF process, 

which allows several electro-manipulation applications to be possible. These 

applications include electropermeabilization (electroinjection), [117-120], which 

allows soluble materials to be injected into the cells; and electrofusion, [120-122], 

which allows the hybrids or formation of giant cell from the melting of individual 

cells. Most recently, researches have also been conducted to investigate the 

feasibility of extracting valuable lipids from microorganism cells, such as microalgae, 

using PEF treatment [67-71]. 

As the technology being studied in the present research project, the technical 

fundamentals of the PEF technology, the inactivation mechanisms, and recent 

investigations of the effects of different aspects of this technology will be discussed 

in details in Section 2.4 and Section 2.5. 

2.3 Microorganisms Used in the Study 

One of the microorganisms used in the present PEF study was cyanobacteria 

Arthrospira platensis. A. platensis are in the family of Microcoleaceae, phylum of 

Cyanobacteria and kingdom of Eubacteria [123]. A. platensis are also called 

Spirulina platensis due to the spiral shape of the individual cells, as can be seen in 

Figure II.4. Like other cyanobacteria, A. platensis are photosynthetic and aquatic. As 

a result, A. platensis are often called ‘filamentous blue-green algae’, [124-126]. 

However, A. platensis are not really microalgae as they are prokaryotic 

microorganisms and the microalgae are eukaryotic microorganisms.  A. platensis 

naturally occur in rivers and lakes with high salt content in the subtropical and 

tropical regions, [124]. A. platensis are rich in proteins and fatty acids [127-130] and 

can be used in medical and food applications. It was also reported that, similar to 

microalgae, lipid content in A. platensis cells is high and could potentially be used as 

a source of bio-fuel production [1, 130]. Being prokaryotes, the cell structure of the 

A. platensis is simpler as compared to microalgae cells, which suggests A. platensis 

are potentially more likely to be lysed by the PEF treatment. As a comparison, 

studies of several types of microalgae treated by the PEF process indicated that direct 
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lysis of the microalgae cells was difficult to achieve, [67, 68, 70, and 71]. Therefore, 

A. platensis has been chosen for treatment by the PEF impulses in the present study. 

  

Figure II.4   (a) A. platensis in the growth medium. (b) A. platensis cells under microscope 

(×400 magnification). 

The other microorganism used in the present study was yeast Saccharomyces 

cerevisiae (MUCL 28749), which were obtained from The Belgian Co-ordinated 

Collections of Microorganisms. The species S. cerevisiae are in the family of 

Saccharomycetaceae, phylum of Ascomycota and kingdom of Fungi [131]. 

S. cerevisiae are the most commonly used microorganism in the fermentation process 

since ancient time [38, 39] and are widely used in winemaking, brewing and baking 

industry [40]. The shape of S. cerevisiae cell is usually spherical or ovoid; 

S. cerevisiae cells have a diameter of 5-10 µm [132]. The reason for choosing 

S. cerevisiae as one of the microorganisms for PEF treatment in the present study is 

that S. cerevisiae are one of the model organisms used in molecular biology studies. 

As one of the most representative organisms, the culturing and statistical analysis 

procedures for S. cerevisiae are well established, which can be used to determine the 

PEF treatment performance accurately. In addition, the S. cerevisiae cells have rich 

lipid content similar to the microalgae, [133], which could also be a potential source 

of bio-fuel production [134-135]. Therefore it is worthwhile to investigate how PEF 

acts on these species. 
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2.4 Pulsed Power Technology 

The technology which underpins the PEF treatment is the pulsed power technology. 

The purpose of the pulsed power system is to deliver a certain amount of power into 

a load during a short period of time (impulse). Fundamentally, this is achieved by 

two steps. The first step is to accumulate the energy into a storage device, which is 

normally a capacitor, an inductor, or a transmission line, over a relatively long period 

of time. The second step is to release the energy stored in the storage device into the 

load by a trigger device, which is normally a high voltage switch, over a relatively 

short period of time. In this section, the key aspects of the pulsed power technology, 

such as the pulse generating circuit, the transmission line based pulse forming 

network and spark-gap high voltage switch, will be discussed. Apart from PEF 

treatment, other applications based on pulsed power technology will also be 

introduced briefly in this section. 

2.4.1 Capacitive Pulse Generating Circuit 

Electronic circuits, which are consisted of mainly RLC components, are widely used 

to generate high voltage pulse. These circuits can be broadly categorised into two 

types, either capacitive or inductive, according to their energy storage device, [136]. 

In general, capacitive pulse generating circuit is more frequently employed in pulsed 

power system.  

In a capacitive pulse generating circuit, charging capacitor is served as the energy 

storage device. Figure II.5 shows the schematic diagram of a basic capacitive pulse 

generating circuit and the typical load (ideal resistive load) voltage curve produced 

by this circuit. 
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Figure II.5   (a) Schematic diagram of a simple capacitive pulse generating circuit; (b) 

Typical load voltage curve produced by this circuit assuming ideal resistive load. 

During the charging process, the high voltage switch S remains open and the 

charging capacitor C is charged to the supply voltage V0 through the charging resistor 

Rc. The charging resistor limits the charging current during this process. The energy 

is stored in the charging capacitor in the form of electrical energy and this energy in 

Joules can be expressed as: 

𝐸 =
𝐶∙𝑉0

2

2
                                                           (II.1) 

where C is the capacitance of the charging capacitor and V0 is the charging voltage. 

The closing of the high voltage switch triggers the second step, in which the energy 
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stored in the charging capacitor is delivered to the load. In an ideal condition, the 

magnitude of the voltage across the load rises to the charging voltage instantaneously, 

as demonstrated in Figure II.5(b). However, in any practical pulse generating circuit, 

the rise time of the impulse is increased due to the presence of parasitic inductances 

of the capacitor, switch, load, and the connecting cables/wires. After reaching the 

charging voltage, the voltage across the load decays exponentially assuming an ideal 

resistive load, as demonstrated in Figure II.5(b). The decay process is governed by 

the resistance of the load and the capacitance of the charging capacitor and can be 

expressed as Equation II.2. 

𝑣(𝑡) = 𝑉0 ∙ 𝑒−
𝑡

𝑅𝐶                                            (II.2) 

where v(t) is the transient voltage across the load, V0 is the charging voltage, t is the 

time, R is the resistance of the ideal resistive load and C is the capacitance of the 

charging capacitor. 

It can be seen from Equation II.2 that, in such capacitive pulse generating circuit, the 

maximum voltage across the load is limited by the charging voltage, i.e. the 

magnitude of the high voltage supply. Normally, the majority of commercially 

available DC high voltage sources can provide voltage up to 100 kV. For pulsed 

power applications which require voltage of many tens or hundreds of kV, multi-

stages Marx generator is commonly used, [137-138]. Invented by Marx in 1923, 

[139], Marx generator is a multi-stages capacitive voltage multiplier. Figure II.6 

demonstrates the operation of an inverting Marx generator with four stages. 

    

Figure II.6   Operation of a four stages Marx generator: (a) Charging state; (b) Discharging 

state. 
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As can be seen in Figure II.6(a),  the switches are open in the charging state and the 

charging capacitors are connected in parallel. The voltage across each capacitor 

equals to the charging voltage from the supply, V0. In the discharging state, the 

switches are closed and the charging capacitors are connected in series, as shown in 

Figure II.6(b). As a result, voltage with an opposite polarity and with magnitude of 

N∙V0 is developed across the load, where N is the number of charging capacitors 

(number of stages). Therefore, much higher voltage can be achieved from a pulse 

generating circuit using a relatively low voltage supply.  

In the present study, a pulse power system was designed using the capacitive pulse 

generating circuit to generate high voltage impulses with smooth and oscillating 

exponential waveshapes. The design of this pulse power system will be presented in 

Section 6.4.  

2.4.2 Inductive Pulse Generating Circuit 

Apart from the capacitive pulse generating circuit, the other type of circuit used in 

pulsed power system is the inductive pulse generating circuit. In an inductive pulse 

generating circuit, the inductor is served as the energy storage device. Figure II.7 

shows the schematic diagram of a basic inductive pulse generating circuit and the 

typical load (ideal resistive load) voltage curve produced by this circuit. 
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Figure II.7   (a) Schematic diagram of a simple inductive pulse generating circuit; (b) 

Typical load voltage curve produced by this circuit assuming ideal resistive load. 

Initially, the high voltage switch S1 is closed, S2 is open and a DC current I0 flows 

through the inductor L, which stores the energy in the inductor. Unlike the capacitive 

pulse generating circuit, the energy stored in the inductor is in two forms: electrical 

energy and magnetic energy. It was demonstrated in [140] that the stored magnetic 

energy could be two orders of magnitude larger than the stored electrical energy in a 

simple inductive pulse generating circuit. The total energy stored in the inductor 

Joules can be expressed as: 

𝐸 =
𝐿∙𝐼0

2

2
                                                           (II.3) 

where L is the inductance of the inductor and I0 is the DC current flow through the 

inductor. The opening of the high voltage switch S1 and closing of S2 trigger the 

second step, in which the energy stored in the inductor is delivered to the load. In an 

ideal condition, the magnitude of the voltage across the load rises to the maximum 

voltage instantaneously, as demonstrated in Figure II.7(b). However, in any practical 

pulse generating circuit, the rise time of the resulting pulse is increased due to the 

presence of parasitic inductances of the switch, load, and the connecting cables/wires. 

The maximum voltage developed across the load is defined by Equation II.4. 
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𝑉𝑚𝑎𝑥 = 𝐿
𝑑𝑖

𝑑𝑡
                                                         (II.4) 

where L is the inductance of the inductor, di/dt is the rate of change of the current 

through the inductor. Therefore, high voltage switch with fast closing time and high 

di/dt can produce higher peak voltage across the load. After reaching the charging 

voltage, the voltage across the load decays exponentially assuming an ideal resistive 

load, as demonstrated in Figure II.7(b). The decay process is governed by the 

resistance of the load and the inductance of the inductor and can be expressed as 

Equation II.5. 

𝑣(𝑡) = 𝑉𝑚𝑎𝑥 ∙ 𝑒−
𝑡𝑅

𝐿                                             (II.5) 

where v(t) is the transient voltage across the load, Vmax is the initial peak voltage, t is 

the time, R is the resistance of the ideal resistive load and L is the inductance of the 

inductor. 

Another example of the inductive pulse generating circuit is the pulse generator 

using semiconductor opening switch (SOS), as described in [140-141]. The SOS is 

able to switch high-density current in nanoseconds, which allows high voltage to be 

generated from inductive storage device. The SOS pulse generator constructed in 

[141] can produce impulse with pulse voltages 250 kV and has the potential to 

generate pulse with voltage up to 5 MV. Figure II.8 shows a schematic representation 

of the SOS pulse generator. In this pulse generator, both switches (S1 and S2) are 

saturable core inductors. S1 is open initially until the core saturates, which closes the 

switch and allows C1 discharging into C2 through the forward biased SOS. When S2 

closes, the current through the SOS reverses rapidly and eventually opens the SOS. 

The power stored in L from C2 discharge is then diverted to the load. 

 

Figure II.8   Schematic representation of a SOS pulse generator. 
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2.4.3 Combined RLC Pulse Generating Circuit 

As demonstrated in Section 2.4.1 and Section 2.4.2, typical high voltage impulses 

generated by both capacitive and inductive pulse generating circuits have an 

exponential decaying waveshape. However, the waveforms of the impulse could 

have an impact on the efficiency and energy consumption of the PEF process, as 

demonstrated in [7]. Different combinations of R, L and C components in the pulse 

generating circuit allow some flexibility in the forming of the resulting pulse profile. 

It was shown in [7] that high voltage impulses with square and oscillatory decaying 

waveshapes could be generated by different combinations of RLC components in the 

pulse generating circuit. Figure II.9 shows the schematic circuit diagram of the 

square impulse generating circuit developed in [7] and the practical voltage 

waveform of this square impulse. Figure II.10 shows the schematic circuit diagram 

of the oscillatory decaying impulse generating circuit developed in [7] and the 

practical voltage waveform of this oscillatory decaying impulse. 

 

 

Figure II.9   (a) Schematic circuit diagram of the square impulse generating circuit, adopted 

from [7]; (b) Practical voltage waveform of this square impulse, figure taken from [7]. 
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Figure II.10   (a) Schematic circuit diagram of the oscillatory decaying impulse generating 

circuit, adopted from [7]; (b) Practical voltage waveform of this oscillatory decaying impulse 

together with an exponential decaying waveform, figure taken from [7]. 

2.4.4 Transmission Line Based Pulse Forming Network 

Instead of using the capacitor or inductor as the energy storage device, a length of 

transmission line or a transmission line network can be served as the energy storage 

device in a pulsed power system. The pulse forming line (PFL) or pulse forming 

network (PFN) based on transmission line is by far the most common technology 

used in the pulsed power system for the generation of short square impulse. 

Generation of square impulse can be achieved using a RLC pulse generating circuit, 

as demonstrated in Section 2.4.3, which is relatively simple in terms of circuit 

construction and inexpensive in cost. However, square impulse generated by simple 

RLC circuit does not have a stable peak, as can be seen in Figure II.9(b), and 

significant number of LC units need to be added in order to achieve a ‘flat’ peak. On 

the other hand, transmission line based PFL or PFN can produce square impulse with 
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stable peak and precise pulse duration. Therefore, despite the relatively high cost and 

complicate construction procedure, transmission line based PFNs are widely selected 

for the pulsed power application requiring square impulse. 

 

Figure II.11   Schematic circuit diagram of a simple pulse forming line (PFL). 

Figure II.11 shows a schematic circuit diagram of a simple PFL with the length of 

the transmission line equals to d. For a matched load, which the impedance of the 

load equals to the impedance of the PFL, a voltage of 0.5 V0 will appear across the 

load when the high voltage switch S is closed. At the same time, a pulse with 

amplitude of -0.5 V0 propagates down the transmission line toward d. When this 

pulse reaches the high impedance (charging resistor and the HV supply) at d, it will 

be fully reflected and propagates back towards the load. When the reflected -0.5 V0 

pulse reaches the load, the transmission line is discharged completely.  

The result of this process is a constant voltage with amplitude of 0.5 V0 appears 

across the load over a period of time which equals to the total propagation time of the 

-0.5 V0 pulse. The total propagation time, which is effectively the pulse duration of 

the resulting square impulse, can be determined by Equation II.6. 

𝑇 =
2∙𝑑√𝜇𝑟𝜀𝑟

𝑐
                                                          (II.6) 

where εr is the relative permittivity of the transmission line, µr is the relative 

permeability of the transmission line, d is the length of the transmission line, and c is 
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the speed of light. In an ideal situation, the square impulse generated by this PFL will 

rise and fall instantaneously. However, in any practical pulse forming line or pulse 

forming network, the rise time and the fall time of the generated square impulse will 

be increased and determined by the parasitic inductances in the switch, transmission 

lines, connecting cables/wires and the load. 

It can be seen from the above analysis that, the magnitude of the square impulse 

generated by a single pulse forming transmission line is only half of the charging 

voltage from the HV power supply. Improvement in the voltage magnitude of the 

square impulse generated by transmission line based generator had been made 

available by Blumlein in 1941, [142]. Figure II.12 shows the schematic circuit 

diagram of a Blumlein pulse generator. 

 

Figure II.12   Schematic circuit diagram of a Blumlein pulse generator. 

As can be seen from Figure II.12, in a Blumlein pulse generator, the load is 

connected in series between two transmission lines with identical length d. Consider 

a matched load in this configuration, the impedance of the load is twice of the 

impedance of each transmission line. When the HV switch S is closed, a pulse with 

voltage magnitude of V0 is triggered and travels through Line 1 toward the load. 

Once this pulse reaches the load, it is half reflected back to Line 1 and half 

transmitted into Line 2, resulting in two symmetrical voltage pulses with 0.5 V0 

magnitudes but opposite polarity, which propagate away from the load. As a result, a 

voltage with magnitude of 0.5𝑉0 − (−0.5𝑉0) = 𝑉0  appears across the load. These 

two voltage pulses then reach the end of each transmission line simultaneously and 
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will be reflected towards the load. Once both voltage pulses reach the load, the 

transmission lines are discharged completely.  

The result of this process is a constant voltage with magnitude of V0 appears across 

the load over a period of time which equals to the total propagation time of the two ± 

0.5 V0 pulses. The total propagation time, which is effectively the pulse duration of 

the resulting square impulse, can also be determined by Equation II.5. The 

significance of this Blumlein design is that the voltage magnitude of the resulting 

square impulse is doubled as compared to the single PFL when using HV supply 

with the same charging voltage. In addition, the other advantage of the Blumlein 

design is that the HV switch can now be grounded. As a comparison, the HV switch 

in a single PFL configuration is located on the high voltage charging line, as can be 

seen in Figure II.11, which complicates the technical requirement for the triggering 

electronics. 

Since the invention of Blumlein generator, efforts have been made to improve the 

performance and practical aspects of the Blumlein transmission line generator, [143-

145]. For example, a nominal voltage gain of 4 has been achieved using a stacked-

Blumlein generator developed in [143] and a pulse repetition rate of 1.1 MHz has 

been achieved using the Blumlein configuration designed in [145]. 

Apart from Blumlein configuration, other configurations of the transmission line 

based PFN have also been developed and used in variety of pulsed power 

applications, [146-152]. Marx generators based on transmission line networks rather 

than RC components were used in the pulsed power studies reported in [146-148]. In 

the pulsed power studies reported in [149-150], the RC based Marx generators were 

used to drive the PFL and PFN. Another type of transmission line based generator, 

the self-matched generator, was also described and developed in [151-152], where 

signal reflection can be eliminated regardless of the load impedance. 
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2.4.5 Spark-Gap Switches 

As demonstrated in Section 2.4.1-2.4.4, one of the key components in the pulsed 

power system is the high voltage switch. In most of the pulsed power system, the 

forming and delivery of the high voltage impulse is triggered by the actions of the 

high voltage switches. Therefore, the performance of the HV switch can significantly 

influence the overall performance of the pulse generator.  

In general, there are few critical requirements for the selection of switch in pulsed 

power system. First and foremost, the switch must be able to withstand the high 

voltage and the high power during the fast closure process. Besides, the switch 

should be able to recover from the closed state in a relatively fast time in order to 

allow the re-application of the charging voltage. This is one of the common 

requirements in pulsed power applications where fast pulse repetition rate is needed. 

In addition, the ‘jitter’, which is the statistical variation in the delay times between 

impulses, should be low in order to achieve a stable repetition rate. 

Varity of the high voltage switch have been designed and developed for different 

pulsed power applications for decades. All these HV switches can be broadly divided 

into three categories: spark-gap discharge switch, surface discharge switch and 

semiconductor switch, [153]. Among the three types of switch, the spark-gap 

discharge switch is the most intensively used switch in variety of pulsed power 

applications. The spark-gap switches are capable of operating with: high voltage 

(100’s V-100’s kV), high current (kA), high dV/dt, high dI/dt, and can provide fast 

closing time (10’s of ns) with low jitter (few ns), [154]. In the present study, the two 

high voltage switches used in the pulsed power system are both spark-gap switch. 

Therefore, a review of this particular type of switch will be presented in this section. 
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Figure II.13   Basic structure of a spark-gap discharge high voltage switch. 

As can be seen in Figure II.13, the basic structure of a spark-gap switch is two 

electrodes separated by an insulation medium, which is normally gas or liquid. When 

a discharge (spark) is triggered and develops between the two electrodes through the 

insulator, the switch closes. Spark-gap switches can be sub-divided by the triggering 

mechanisms, which include self-breakdown, trigatron triggering, field distortion 

triggering, corona stabilised triggering, ultraviolet triggering, laser triggering and 

electron beam triggering, [136]. A self-breakdown spark-gap switch and a corona 

stabilised spark-gap switch are used in the pulsed power systems in the present study. 

The triggering mechanisms of these two types of spark-gap switches will be 

discussed in the following sections. 

2.4.5.1 Self-Breakdown Spark-Gap Switch 

Self-breakdown or self-closing switches, which is robust, reliable and cost-effective, 

is the most basic and popular spark-gap discharge switch in pulsed power industry, 

[140]. The closure of the self-breakdown switch is triggered when the voltage across 

the electrodes exceeds the threshold voltage for dielectric breakdown between the 

switch electrodes. In order to operate the self-breakdown switch with different 

closing criteria, as required in many of the pulsed power applications, this threshold 

voltage should be adjustable. 
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In the case of gas insulation, the threshold breakdown voltage is governed by 

Paschen’s law, which the breakdown voltage of gas is a function of the product of 

gas pressure and gap length (p×d). Therefore, change of the threshold voltage of a 

self-breakdown switch can be achieved by either changing the inter-electrode 

distance or changing the gas pressure in between the two electrodes. To change the 

inter-electrode distance, adjustable or moving electrode topology is required. 

However, as reported in [155], the moving electrode topology makes the switch more 

complex and less reliable. Therefore, in pulsed power industry, majority of the self-

breakdown switches are designed to be fixed electrode and pneumatically operated 

switch, which the threshold voltage is controlled by changing the gas pressure in the 

switch.  

Self-breakdown switches are extensively used in the high voltage generators such as 

the Marx generators. In the present study, an adjustable self-breakdown spark-gap 

switch was used in one of the pulsed power system for high voltage impulse 

generation. This switch and the other components of the pulsed power system will be 

presented in Section 6.4. 

2.4.5.2 Corona Stabilised Spark-Gap Switch 

One of the limitations of the spark-gap switch is its relatively poor repetition 

capability. Fast repetition of a spark-gap switch is limited by the slow recovery rate 

of the insulating gas medium. This is caused by the presence of high current density 

discharge channel during the switch closure process, which results in strongly heated 

gas, strongly heated metal and slowly deionizing plasma at the electrodes. Several 

technologies have been developed to improve the repetition capability of the spark-

gap switch, [136]. One method is to force the gas to flow at an optimal velocity in the 

switch, which removes the hot plasma. Generator using this switch design can 

operate at a pulse repetition rate of 102-103 Hz. The other approach is to use spark-

gaps with multi-avalanche volume discharge, which reduces the current density 

significantly. Generator using this switch design can achieve 104 Hz pulse repetition 

rate. 
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Into the 2000s, another approach to improve the repetition capability of spark-gap 

switch was proposed in [156-157]. This is achieved by introducing highly non-

uniform field inside the switch, which allows the corona stabilisation to occur. 

Introduction of the highly non-uniform field can be achieved by different electrode 

topologies [156-159] or by intentional sharp edged electrodes [160]. Figure II.14 

shows a schematic diagram of a corona stabilised switch with intentional sharp edged 

disc electrodes. 

 

Figure II.14   Schematic diagram of a corona stabilised switch with intentional sharp edged 

disc electrodes. 

As can be seen in Figure II.14, the edges of both HV and ground electrodes are 

sharpen in order to create non-uniform field distribution when the electrodes are 

energised. Due to this non-uniform field, electron produced in the high-field region is 

attached by the electronegative gas (such as SF6) inside the switch and space charge 

is accumulated in the low-field region. Above a critical voltage, which is 

considerably lower than the main gap breakdown voltage, corona discharge occurs at 

the edge of the ground electrode. However, the space charge accumulated in the low-

field region shields the HV electrode and prevents the breakdown. By adjusting the 

pressure of the gas, this pre-trigger state can be reached at the required voltage. 

Application of the trigger pulse to the trigger electrode (the chamber wall) creates 

overvoltage in the low field region resulting in a complete discharge and the switch 

is closed. After closure, the switch returns back to the pre-trigger state and therefore 

allows fast repetitive triggering. 
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In the present study, a corona stabilised spark-gap switch was used in one of the 

pulsed power system. This switch and the other components of this pulsed power 

system will be introduced in Section 4.3. 

2.4.6 Environmental and Biological Applications of Pulsed Power 

Technology 

The rapid development and advancement of the pulsed power technology in the past 

decades has enabled the optimisation of established and creation of variety 

applications in different industry areas: such as high power microwave source; 

lighting and EMP simulation; material processing; military application; and, as the 

focus of the present study, biological applications, [161].  

Apart from the pulsed electric field treatment, other pulsed power technologies are 

also widely used for biological applications: such as gas discharge; water discharge; 

and pulsed light treatment. Pulsed power system can be used to generate discharge in 

air. Pulsed discharges in air are used for sterilisation of bacteria such as 

Escherichia coli and S. typhimurium in order to achieve air or surface 

decontamination, [162-163].  

Water discharge can be sub-divided into two categories: corona discharge and arc 

discharge. Corona discharge can be produced in a non-uniform electric field, as 

described in Section 2.4.5.2. Application of pulsed corona discharge in liquid can 

generate several antimicrobial sources: free radicals, electrons, and oxidative species, 

[164]. On the other hand, arc discharges are produced by introducing completely 

dielectric breakdown in the treated fluid. In addition to the antimicrobial effects 

produced by corona discharge, the arc discharges generate shockwave and produce 

toxic metallic ions in the fluid, [165-166]. However, both types of water discharge 

treatments are not suitable for food processing, as toxic compounds are generated 

during the discharge process. 

The development of the pulsed power technology also allows the evolution of some 

traditional microorganism inactivation technology, such as the UV inactivation 
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described in Section 2.2.3. Traditional UV inactivation is a continuous treatment 

which requires relatively long treatment duration and is limited in the effectiveness 

of the inactivation performance, [167]. On the other hand, the pulsed UV system can 

utilise high peak power for faster inactivation and spectral range optimisation, [147, 

168].  

2.5 Pulsed Electric Field Inactivation 

As briefly introduced in Section 2.2.6, PEF treatment has attracted significant 

research interest and has been developing rapidly since it was first described in the 

1960s. As the technology being investigated in the present study, a critical and 

detailed review of all aspects of the PEF technology is necessary and important. In 

this section, the main mechanisms of microbial inactivation in the PEF process will 

be discussed. Important PEF studies over the past few decades of PEF treatment of 

yeast and microalgae will be reviewed. Some of the famous PEF chamber designs 

will be introduced as well. Recent investigations into the effects of different aspects 

of the PEF technology will also be discussed in details in this section. 

2.5.1 Mechanisms of PEF Inactivation  

Lethal effect of pulsed electric field on microorganisms was first systematically 

investigated and described by Sale and Hamilton in 1967, [2-4]. Subsequent studies 

have been conducted continuously to investigate the exact inactivation mechanism of 

the PEF process. It is generally believed that the main inactivation mechanism is the 

irreversible electroporation in the cell membrane. 

When microbial cell is exposed to an external electric field, a larger membrane 

potential is developed at the two poles of the membrane, [169]. When this induced 

membrane potential reaches a critical value, a dielectric breakdown occurs on the 

membrane and results membrane pores to be formed in the membrane. The formation 

of the membrane pores was firstly described in [170] and was firstly visualised using 

transmission electron microscope in [171]. This phenomenon is now widely accepted 

and is called electroporation. 
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The critical membrane breakdown voltage has been found to be ~ 1V, [5]. It was 

showed in [172] that, at this critical voltage, if the external electric field is applied as 

a short pulse (<1 µs), the resulting membrane pores are resealable and no permanent 

damage is induced to the cell. In certain conditions, which the time of exposure to the 

external electric field is large (> 1 µs) or the induced membrane voltage is high (>1 

V), the electroporation process becomes irreversible, which introduces permanent 

damage to the cell and results in cell death. 

Numerous efforts have been made to establish the mathematic relationship between 

the external field strength and the induced membrane voltage. The most famous 

expression is the Schwan equation, which was developed by Schwan in 1957, [9]. A 

spherical model of the cell was considered in [9], as demonstrated in Figure II.15, the 

membrane of the cell was assumed to be non-conductive. The Schwan equation is 

expressed as: 

∆𝜑 =
3

2
𝐸𝑅 cos𝛼                                                   (II.7) 

where ∆φ is the induced membrane potential, E is the external electric field, R is the 

radius of the cell and α is the angle between the membrane site and the field direction. 

It can be seen from the Schwan equation that the induced membrane potential is 

linearly correlated to the magnitude of external field strength and the diameter of the 

microbial cell. The voltage developed on the membrane increases as the applied 

electric field increases and higher membrane potential will be developed on a larger 

cell. It can also be learned from Equation II.7 that the membrane potential varies 

along the surface of the cell and depends on the angle between the particular position 

of the membrane and the field direction. Therefore, it is easy to see that maximum 

membrane potential is developed at the ‘poles’ of the cell (closest to the electrode), 

where cos α = 1. 
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Figure II.15   Demonstration of the cell model used in [9]. 

After Schwan, others continued to develop the mathematic model based on the 

principle and approach developed by him in order to consider the cell’s physical and 

electrical properties more precisely. In [5, 173], the conductivity of the membrane 

and the membrane thickness were taken into account and the resting membrane 

potential difference was also considered in [5]. Effects of surface conductance and 

deformational forces on the membrane permeabilisation were taken into account in 

[174]. While in [175-176], development of the membrane potential in an ellipsoidal 

cell was evaluated. Recently, Timoshkin et al presented the development of the 

transient response of the membrane potential to an external electric field between a 

different electrodes topology, in which the metal electrodes are covered by a layer of 

high permittivity ceramic, [6]. 

Development of these mathematic descriptions of the membrane potential provides a 

good reference in the designing of PEF treatment system for specific applications. In 

the present study, the transient model described in [6] acts as an inspiration for the 

design of a novel non-conductive PEF test cell, and will be introduced and analysed 

in Section 3.2. 

Apart from the electroporation process, other electrical and electro-chemical 

activities take place during the PEF process. For example, metallic ions are released 

from the electrode into the liquid suspension due to the electro-chemical reaction 
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when voltage is applied to the metallic electrodes. Studies have shown that the 

presence of the metallic ions has an impact on the inactivation of microorganisms, 

which will be discussed in Section 2.5.4.3. The other major electrical activity during 

the PEF process is the ionic conduction. When liquid suspension with relatively high 

conductivity (few S/m) is placed between the metallic electrodes, ionic conduction 

current, which can be as high as few hundreds of Amperes, will flow through the 

liquid suspension, [7, 177]. However, the effect of ionic conduction in the 

inactivation of microorganism during PEF process has never been separately 

investigated by the time when the present study started. Therefore, the inactivation 

mechanism of the PEF process cannot be regarded solely as the irreversible 

electroporation process. 

2.5.2 Design of PEF Chambers  

PEF chamber is one of the vital components in the PEF treatment system. The 

general purpose of the PEF chamber is to house the liquid suspension to be treated 

and to deliver high voltage impulses to the suspension. In some cases, the design of 

the PEF chamber also implements the cooling requirement in order to maintain a 

relatively low temperature for the PEF system. Basically, a PEF chamber is 

composed of two electrodes held in position by insulating material, which forms a 

treatment region containing the liquid suspension. 

The PEF treatment process can be divided into the batch or continuous mode. In the 

batch processing, a static PEF chamber is used. In this case, a specific amount of the 

fluid are treated as a unit governed by the volume of the treatment region of the PEF 

chamber. In the PEF process with the continuous mode, the fluid to be treated is 

flowing into and emitted from the continuous PEF chamber at a certain steady flow 

rate. Due to their small treatment volume, static PEF chambers are mainly suitable 

for laboratory use for investigating the effects of relevant factors on the PEF 

treatment process. On the other hand, continuous PEF chambers are more efficient 

for the large scale PEF operation. 
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Over the years, various PEF chambers have been developed, constructed, 

manufactured and used by a number of universities, research groups and private 

industries for their respective PEF studies. In this section, some of the typical PEF 

chamber designs will be reviewed. 

2.5.2.1 Static Chamber 

A U-shaped static PEF chamber was developed and used in the first systematic PEF 

study conducted by Sale and Hamilton in 1967, [2-4]. As shown in Figure II.16, this 

PEF chamber contains two carbon electrodes supported by brass blocks, and a U-

shaped polythene spacer placed between the electrodes to form the treatment region. 

A coolant path is hollowed out in the brass block for coolant circulation in order to 

control the temperature of the fluid sample. The maximum magnitude of the electric 

field which this PEF chamber can withstand was limited to 30 kV/cm. This limitation 

was due to the electrical breakdown of the air above the fluid sample. 

 

Figure II.16   The static PEF chamber designed by Sale and Hamilton: (a) cross section 

view of the chamber. (b) U-shaped treatment region and coolant path. Figure taken from 

[178]. 

A similar static PEF chamber was designed by Grahl and Markl, [179], as shown in 

Figure II.17. This PEF chamber was consisted of two rectangular carbon-brass 
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electrodes which were separated by a rectangular Plexiglas frame with a thickness of 

0.5 cm. The volume of the treatment region of this PEF chamber was 25 cm3 

(5 cm×10 cm×0.5 cm). The fluid to be treated was filled into this PEF chamber by a 

syringe through the filler hole at the top of the chamber. Unlike the PEF chamber 

designed by Sale and Hamilton, no cooling measure was taken in this chamber 

design. The maximum electric field strength of 30 kV/cm was used in [179] without 

any electrical breakdown of the air above the filler-hole.  

 

Figure II.17   The static PEF chamber designed by Grahl and Markl: (a) longitudinal section; 

(b) frontal view; (c) cross-section. Figure taken from [179]. 
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Another laboratory scale static PEF chamber was designed and patented by Dunn 

and Pearlman, [180], as shown in Figure II.18. This PEF chamber was consisted of 

two parallel-plane stainless steel electrodes and a cylindrical nylon spacer. The two 

electrodes were separated by the spacer and the gap between the electrodes was 

maintained at 5 mm. The chamber had an effective treatment volume of 39 cm3 as 

the inner diameter of the electrodes was 10 cm. The fluid to be treated in this 

chamber is introduced through the small filling port on one of the electrodes. This 

filling port can also be used for measuring the fluid temperature during the PEF 

treatment process. 

 

Figure II.18   The static PEF chamber designed by Dunn and Pearlman, figure taken from 

[116]. 

The research group in Washington State University (WSU) designed and constructed 

a disk-shaped static PEF chamber in [7], as shown in Figure II.19. In this chamber 

design, two round-edged, disk-shaped, mirror surfaced stainless steel electrodes were 

held and separated by a polysulfone spacer. The effective area of the electrode was 

27 cm2 and the inter-electrode distance could be adjusted to either 0.95 cm or 0.5 cm, 

which gave the chamber a treatment volume of 25.7 cm3 and 13.5 cm3 respectively. 

Cooling of the PEF chamber during PEF treatment was achieved by circulating the 

coolant through jacket built into the electrodes. The maximum electric field strength 

up to 70 kV/cm could be applied to this PEF chamber. 
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Figure II.19   The static PEF chamber designed by the WSU research group, figure taken 

from [178]. 

Majority of the static PEF chamber designs employ the parallel-plane electrodes 

topology as this electrode configuration provides a uniform electric field distribution 

in the treatment region, which enable the vast majority of the fluid being subjected to 

a sufficient electrical stress. Nevertheless, static PEF chamber with other topology 

has also been designed. As shown in Figure II.20, a PEF chamber with wire-cylinder 

electrode topology was designed by Matsumoto et al. [181]. This static PEF chamber 

was consists of a cylinder aluminum electrode with inner diameter of the 20 mm and 

wire platinum electrode with diameter of 1 mm. The length of the chamber was 110 

mm which formed a treatment region with volume of 38 cm3. The maximum 

magnitude of the electric field used in this PEF chamber was 20 kV/cm. However, 

this electrode configuration resulted in an uneven field distribution: the field strength 

near the cylinder wall was much lower than that in the central axis of the chamber. 

To compensate this effect, a rotor was employed at the bottom of the chamber which 

introduced agitation of the fluid during the PEF process. When yeast S. cerevisiae 

was treated in this PEF chamber, 2 more log10 reduction in the surviving yeast 

population was achieved when the induced agitation was applied, [181].  
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Figure II.20   The static PEF chamber with wire-cylinder electrodes designed by Matsumoto 

et al., figure taken from [178]. 

2.5.2.2 Continuous Chamber 

In order to scale up the PEF system and to improve PEF performance, researchers 

commonly modified their initial static chambers to design the continuous PEF 

chambers and the chambers normally share similar configuration. As shown in 

Figure II.21, a continuous PEF chamber designed by the research group in WSU had 

a similar design as their static PEF chamber (Figure II.19). This continuous-flow 

PEF chamber consisted of two disk-shaped stainless steel electrodes which were 

separated by a polysulfone spacer. The baffled flow channel was created inside the 

chamber to increase the total time the fluid exposed to pulsed electric field. Similar 

to the static PEF chamber, the cooling of the chamber was achieved by circulating 

coolant through the jacket built into the electrode. The operating parameters for the 

PEF system using this continuous chamber were: inter-electrode gap of 0.95 or 0.51 

cm; chamber volume of 20 or 8 cm3; electric field strength of 35 or 70 kV/cm; liquid 

sample flow rate of 1200 or 6 ml/min, [182-183]. 
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Figure II.21   The continuous PEF chamber designed by the WSU research group: (a) cross 

section view; (b) top view. Figure taken from [178]. 

Dunn and Pearlman also adapted their static PEF chamber (Figure II.18) to design a 

continuous chamber, [180], as shown in Figure II.22. This design employed two 

parallel-plane electrodes separated by a spacer made from dielectric insulator. In this 

continuous PEF chamber, the fluid being treated was separated from the electrodes 

by ion conductive membranes. The regions between the membranes and the 

electrodes were filled with electrolyte solutions in order to facilitate electrical 

conductions. These electrolyte solutions were circulated in order to remove the 

products from the electrolysis process and reduce the concentration of ionic 

components. Another continuous PEF chamber with different topology was also 

designed by Dunn and Pearlman, [180], as shown in Figure II.23. In this design, the 

treatment region in the chamber was divided into several reservoir zones by the 

conical insulators and these reservoir zones were connected through the orifices 

created by the conical insulators. The fluid being treated in this chamber passed 

through each of these zones and the total treatment time was therefore increased. 
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Figure II.22   A continuous PEF chamber designed by Dunn and Pearlman, figure taken 

from [116]. 

 

Figure II.23   Another continuous PEF chamber designed by Dunn and Pearlman, figure 

taken from [178]. 

Unlike the static PEF chambers, the continuous chambers allow different electrode 

configurations to be employed as the flowing of the fluid results greater treatment 

uniformity. As a result, continuous PEF chambers with variety of electrode 

configurations have been designed in order to achieve field enhancement. Sensoy et 

al. designed a continuous PEF chamber which features enhanced electric field in the 

treatment region in [184], as shown in Figure II.24. The electrodes and the insulators 
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in this design had a conical shape so that the electric field strength in the treatment 

region was enhanced. 

 

Figure II.24   The continuous PEF chamber designed by Sensoy et al., figure taken from 

[116]. 

Another continuous PEF chamber with coaxial configuration was developed by the 

WSU research group in [185]. As shown in Figure II.25, the outer electrodes were 

designed to have a protruded section in order to enhance the electric field in the 

treatment region and reduce the field strength in the remaining parts of the chamber. 

Coolant paths were built into both electrodes so that the temperature of the chamber 

could be maintained during the PEF treatment. The whole chamber had an 

approximate outer diameter of 13 cm and the total height of this chamber was ~ 20 

cm. Flow rates from 30 to 120 liter/hr were achieved in the PEF system using this 

continuous PEF chamber in [186]. 
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Figure II.25   The continuous PEF chamber with coaxial configuration designed by the 

WSU research group, figure taken from [178]. 

A similar coaxial continuous PEF chamber was designed by Pizzichemi and 

Occhialini in [187], as shown in Figure II.26. The inner electrode of this PEF 

chamber was movable so that the equivalent resistance of the chamber can be 

adjusted in order to match the pulse generator and achieve optimal performance. 
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Figure II.26   The continuous PEF chamber with coaxial configuration designed by 

Pizzichemi and Occhialini, figure taken from [178]. 

2.5.2.3 Non-direct Contact Chamber 

As can be seen from Figure II.16-II.26, the fluid being treated in a PEF chamber has 

a direct contact with the metal electrodes in majority of the PEF chamber designs, 

with the exception of the chambers designed by Dunn and Pearlman (Figure II.22-

II.23) in which the fluid was separated with the electrodes by an ion conductive 

membrane. However, direct contact between the liquid and electrode can generate 

different types of by-products during PEF process, which will be discussed in detail 

in Section 2.5.4.3. The presence of these by-products can contaminate the fluid being 

processed and is regarded as undesirable, especially in PEF systems designed for 
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food processing. Therefore, apart from the Dunn and Pearlman’s designs, several 

attempts have been made to design a PEF chamber which separates the fluid with the 

metallic electrodes. 

As shown in Figure II.27, a static coaxial PEF chamber which separated the liquid 

sample and the electrodes was designed by Lubicki and Jayaram in [188]. In this 

design, the fluid being treated was filled in the glass tube which surrounded the inner 

electrode. The region between the electrodes outside the glass tube was filled with 

conductive liquid which had similar permittivity as the fluid sample. The PEF study 

using this chamber indicated that bacteria Yersinia enterocolitica were effectively 

inactivated by the PEF process without direct contact with the metallic electrodes, 

[188]. However, it was also revealed in [188] that no inactivation was observed if the 

conductive filling liquid outside the tube was replaced by non-conductive 

transformer silicon oil. 

 

Figure II.27   The static PEF chamber designed by Lubicki and Jayaram, figure taken from 

[188]. 
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Timoshkin et al. proposed a conceptual PEF chamber in [6] which the metallic 

electrodes and the liquid being treated were separated by a layer of high permittivity 

ceramic material, as demonstrated in Figure II.28. Such design can eliminate the 

electro-chemical reaction between the metallic electrodes and the liquid sample and 

its undesirable by-products. 

 

Figure II.28   Schematic diagram of the PEF chamber with dielectric layers proposed by 

Timoshkin et al. 

Novac et al. constructed a PEF chamber with similar design in [189], as shown in 

Figure II.29. The ceramic material used in this design had a relative permittivity of 

3200 and formed a treatment region with a volume of 4.5 cm3. In the PEF study 

reported in [189], E. coli were subjected to 100 PEF impulses in this PEF chamber 

with electric field strength from 130 kV/cm to 200 kV/cm. The results obtained from 

this PEF study demonstrated that E. coli were effectively inactivated by the PEF 

process in this chamber: 4-log10 reduction in surviving population at 130 kV/cm and 

6-log10 reduction at 200 kV/cm. This PEF study also revealed that the temperature of 

the liquid sample did not increased during the PEF process. 
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Figure II.29   PEF chamber with ceramic material designed by Novac et al., figure taken 

from [189]. 

2.5.3 PEF Inactivation of Microorganisms 

Several types of microorganisms have been widely used in PEF studies, including 

E. coli, S. cerevisiae, Bacillus subtilis, Staphylococcus aureus, Lactobacillus and 

Pseudomonas. Among these microorganisms, S. cerevisiae [7, 179, 181, 185, 190-

196] and E. coli [7, 179, 191, 197-201] are the most intensive studied 

microorganisms, as the presence of S. cerevisiae is one of the major causes of food 

spoilage while the E. coli is an important indicator of fecal contamination of food. In 

the 2010’s, as the microalgae and cyanobacteria draw increasing research attention as 

the promising bio-fuel source, several studies have been conducted to investigate the 

potential of PEF assisted inactivation and lipid extraction of these microorganisms 

[67-71]. Some of the important PEF studies of yeast and microalgae will be reviewed 

in this section.  

2.5.3.1 PEF Treatment of Yeast 

In general, S. cerevisiae cells are more susceptible to the PEF treatment than other 

microbial cells, which is most likely due to their large cell size. Qin et al. studied the 

inactivation of S. cerevisiae, E. coli and S. aureus using a continuous PEF system in 
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[185]. The three types of microorganisms, which were suspended in simulated milk 

ultrafiltrate (SMUF) liquid, were subjected to exponential decay impulse with peak 

field strength of ~ 60 kV/cm and pulse duration of ~ 40 µs. It was reported that 5-

log10 reduction in S. cerevisiae population was observed after the application of 8 

pulses. As a comparison, application of 30 and 40 pulses were required to achieve 

the same log reduction for E. coli and S. aureus respectively. Qin et al. concluded 

that S. cerevisiae cells were less resistant to the PEF treatment due to their larger size 

(linear dimensions of ∼6 μm) as compared to E. coli (2.2 μm×0.9 μm) and S. aureus 

(linear dimensions of ∼1 μm). 

The high susceptibility of the S. cerevisiae cells to the PEF process is also confirmed 

by the low critical electric field (Ec) and critical treatment time (tc) required for 

inactivation. Grahl and Markel reported a study of PEF treatment of S. cerevisiae in 

different suspension mediums in [179]. The following values were reported for 

S. cerevisiae suspended in sodium alginate: Ec = 5.4 kV/cm and tc = 0.4 µs at 

24.8 kV/cm; in UHT milk: Ec = 4.7 kV/cm and tc = 19.8 µs at 24.8 kV/cm. As a 

comparison, for E. coli cells suspended in sodium alginate: Ec = 14 kV/cm and 

tc = 4.5 µs at 24.8 kV/cm; in UHT milk: Ec = 12.7 kV/cm and tc = 130.2 µs at 

24.8 kV/cm. It was also suggested in [179] that 5-log10 reduction in S. cerevisiae 

population was possible at electric field magnitude as low as 7 kV/cm and energy 

input as low as 10 kJ/liter could be achieved for optimal treatment condition. 

Jacob et al. studied the PEF treatment on S. cerevisiae cells in different growing 

phases in [192]. It was reported that yeast cells in the logarithmic phase were more 

sensitive to PEF process than the cells in the stationary phase: 75% of the yeast cells 

in stationary phase survived after 4 pulses with electric field strength of 30 kV/cm, 

while only 5% of the cells in logarithmic phase survived after 4 pulses at 11 kV/cm. 

The similar results were reported by Gaskova et al. in [190], where S. cerevisiae 

were subjected to rectangular impulses with duration of ~ 200 µs. It was found that 

the killing rate of the yeast cell in the logarithmic phase was nearly 100% at 16 

kV/cm, whereas the killing rate of the stationary cells was less than 30% with electric 

field strength up to 28 kV/cm. 
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In [7], Qin et al. compared the performance of PEF treatment on S. cerevisiae using 

impulses with different waveshapes. S. cerevisiae cells, which were suspended in 

apple juice in a static PEF chamber, were subjected to square (~ 50 µs) and 

exponential decaying (~ 150 µs) impulse with field strength at 12 kV/cm. It was 

reported that ~ 4-log10 reduction in the S. cerevisiae population was observed after 

the application of 10 pulses for both types of the impulses. However, the study 

revealed that the energy efficiency for the square impulse was 91% and the energy 

efficiency for the exponential decaying impulse was only 64 %. Therefore, based on 

the results obtained in [7], Qin et al. concluded that impulse with square waveshape 

has the better energy efficiency in PEF process. 

Aronsson and Ronner investigated the effect of pH, water activity and temperature 

on PEF treatment of S. cerevisiae in [191]. In this study, S. cerevisiae cells were 

suspended in 0.9 % NaCl solution and the suspension was subjected to 20 square 

impulses with 25 kV/cm field magnitude and 4 µs duration in a continuous PEF 

system. The range of pH of the suspension being investigated was from 4.0 to 7.0, 

the range of water activity of the suspension being investigated was from 1.0 to 0.94 

and two temperature levels (10 °C and 30 °C) was investigated. It was found that the 

effect of pH and water activity on PEF treatment of S. cerevisiae was statistic 

insignificant. However, it was reported that increase in the suspension temperature 

significantly enhanced the killing effect of PEF for S. cerevisiae, as averaging 2 more 

log10 reductions in the population was observed at higher temperature. 

Harrison et al. used the transmission electron microscopy (TEM) to assess the PEF 

inactivation of S. cerevisiae in [193]. In this PEF study, S. cerevisiae cells were 

suspended in apple juice and were subjected to 64 exponential decaying impulse with 

40 kV/cm field magnitude and 4 µs duration in a static PEF system. The results 

obtained from the TEM observation gave little evidence to support the 

electroporation process as the major inactivation mechanism for S. cerevisiae. It was 

found that disruption of the S. cerevisiae cellular organelles was observed more 

frequently than the disruption of the cell membrane. Harrison et al. suggested the 

cytological disruption as an alternative inactivation mechanism to the widely 

accepted electroporation process. 
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The energy consumption for PEF inactivation of S. cerevisiae varies among the 

reported PEF studies, which was in the range from few tens to a few hundreds of 

kJ/liter. Mizuno and Hayamizu reported the energy input in the PEF treatment on 

S. cerevisiae was 126 kJ/liter for 3-log10 reduction in the surviving S. cerevisiae 

population in [194]. Matsumoto et al. reported a 84 kJ/liter energy consumption for 

5-log10 inactivation of S. cerevisiae in [181]. In the PEF study conducted by Zhang et 

al., the energy consumption was 77 kJ/liter when the surviving population of 

S. cerevisiae was reduced by 6-log10 in [195]. However, for the same 6-log10 

reduction, energy consumption of 300 kJ/liter was reported in the PEF study 

conducted by Ohshima et al. in [196]. 

2.5.3.2 PEF Treatment of Microalgae 

Unlike the PEF studies on S. cerevisiae and other yeast and bacteria, which have 

been conducted for years and cover almost all aspects of the PEF process, PEF 

research on microalgae is at a very early stage and focuses mainly on the feasibility 

of PEF induced or assisted lipid extraction from microalgae. 

Zbinden et al. investigated PEF treatment on green microalgae Ankistrodesmus 

falcatus in [67]. In this study, A. falcatus cells were subjected to exponentially 

decaying impulses with a characteristic decay time of 360 ns and a peak field 

magnitude of 45 kV/cm. The PEF chamber used in [67] had a parallel-plane topology 

and consisted of two stainless steel electrodes. The PEF process was used as the pre-

extraction treatment to disrupt the cell structure and followed by the solvent 

extraction. The solvents used in the study were ethyl acetate, methanol and water. 

The efficiency of the PEF treatment was assessed by comparison of lipid extraction 

and by microscopic inspection of an algae cell stained with propidium iodide. It was 

found in the study that, PEF treatment with a specific energy of 26 MJ/kg (dry 

weight) resulted in lysis ∼90% of the A. falcatus cells and the lipid yield of PEF-

treated A. falcatus was increased by 130% as compared with untreated A. falcatus. 

Eing et al. conducted PEF study of another type of microalgae, Auxenochlorella 

protothecoides in [68]. The A. protothecoides cells were subjected to square impulses 
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with electric field magnitude of 35 kV/cm and pulse duration of 1 µs. The efficiency 

of the PEF process was assessed by measuring of intracellular stored biomass, total 

organic carbon content (TOC), and carbohydrates released by the PEF process. The 

lipid extraction using ethanol from the treated and untreated A. protothecoides was 

also compared. It was found that PEF treatment with 2 MJ/kg specific energy 

resulted in ~ 433 % increase in release of intracellular stored biomass, ~ 400% 

increase in the release of TOC, ~ 1000% increase in the release of carbohydrates and 

~ 500% increase in lipid yield as compared with untreated A. protothecoides. 

Grimi et al. studied the PEF treatment of microalgae Nannochloropsis sp. for 

selective extraction of ionic components, pigments, and proteins and compared its 

performance with other cell disruption methods in [70]. The Nannochloropsis sp. 

cells were subjected to HV impulses with 20 kV/cm of field magnitude and 10 µs of 

pulse duration. The results obtained in this study showed that PEF process allowed 

selective extraction of water soluble ionic components, microelements, small organic 

compounds and water soluble proteins from Nannochloropsis sp. However, PEF 

treatments were ineffective for extraction of pigments as compared to other cell 

disruption methods such as ultrasonication and high pressure homogenization. 

The feasibility of direct PEF induced lipid extraction from A. protothecoides was 

investigated by Goettel et al. in [71]. In this study, A. protothecoides cells were 

treated by square impulses with field magnitudes of 23-43 kV/cm and pulse duration 

of 1 µs. In order to visualise the lipids inside the A. protothecoides cells and potential 

release by the PEF process, the cells were dyed with Nile Red. The Nile Red stained 

A. protothecoides cells were analyzed by light and fluorescence microscopy after the 

PEF treatment to detect any leakage of the lipid content. The results obtained in [71] 

showed that no lipid content was detected outside the A. protothecoides cells after 

the PEF process, which suggested that PEF treatment did not cause spontaneous 

release of lipids from A. protothecoides. 
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2.5.4 Factors Influencing PEF Inactivation Performance 

In recent decades, numerous studies have been focused into investigation of the 

factors that can affect the inactivation performance of the PEF process. These factors 

include the magnitude of electric field strength, the pulse waveshape, selection of the 

electrode material, as well as the microbial and suspension factors. Understanding of 

the effect of these factors can allow the optimisation of the design of PEF system and 

the selection of treatment parameters. Recent studies into the effects of these factors 

are reviewed in the following sections. 

2.5.4.1 Magnitude of Electric Field 

As discussed in Section 2.5.1, the main inactivation mechanism in the PEF process is 

the electroporation process, which is triggered when the membrane potential reaches 

the critical value of 1 V. It was also demonstrated that this membrane potential has a 

strong correlation with the magnitude of the external electric field. Therefore, the 

field strength of the applied electric field during the PEF treatment has a significant 

impact on the PEF inactivation performance and critical field strength needs to be 

reached in order to trigger PEF inactivation.  

Although mathematical relation between the external electric field strength and the 

membrane potential has been established in many studies, the value of this critical 

field strength, EC, varies significantly among different practical studies. Firstly, the 

value of EC varies among different microorganisms. It was reported in [179] that 

inactivation of S. cerevisiae can be observed at a critical field value of 4.7 kV/cm. In 

[202], EC was obtained for several microorganisms: 4 kV/cm for E. coli; 6 kV/cm for 

Klebsiella pneumonia; 8 kV/cm for Candida albicans and Pseudomonas aeruginosa. 

The variation in EC between different microorganisms is mainly the result of 

different microbial characteristics among microorganisms: such as the type of Gram 

staining, cell size, and growth stage of the microbial cell. The effects of these 

microbial factors on PEF treatment performance will be detailed in Section 2.5.4.4.  
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Secondly, the value of EC varies even for the same types of microorganism, as was 

demonstrated in [179, 202-203] where E. coli were subjected PEF treatment in these 

studies. However, a correlation between the pulse duration and this variation of EC 

for E. coli can be established. The reported EC values and their corresponding pulse 

duration were: 13.7 kV/cm (not specified) [179], 4 kV/cm (36 µs) [202], 4.9 kV/cm 

(50 µs) [203] and 40 kV/cm (2 µs) [203]. It can be concluded that higher field 

strength is required for PEF inactivation if shorter pulse is used. This conclusion 

shows a good agreement with the finding presented in [172], which stated that 

irreversible electroporation could be achieved by inducing higher membrane 

potential or maintaining the critical membrane potential for a longer time. 

However, using the critical field strength can only lead to minimum PEF inactivation, 

as demonstrated in [179, 202], in which only 0.2-log10, i.e. 37 %, reduction of the 

microbial population was observed using the critical field strength. When the field 

was increased to 7 kV/cm, the population reduction of S. cerevisiae was increased to 

5-log10 (99.999%) [179]. While in [202], when the field was increased to 10 kV/cm, 

the population reduction of E. coli increased to 3-log10 (99.9%) and the population 

reduction of C. albicans increased to 2-log10 (99%) when the field was increased to 

12 kV/cm. 

The results from these studies indicate that the field strength should be ~ 10 kV/cm 

in order to achieve useful levels of inactivation. In recent developed PEF treatment 

systems [67, 68, 197, and 204], the field strength is commonly selected to be above 

30 kV/cm in order to achieved reliable and effective PEF inactivation. It has also 

been shown that further increase in the magnitude of field strength could result in a 

more prominent inactivation effect. For example, PEF treatment with field strength 

up to 110 kV/cm was used to inactivate E. coli in [177]. The results obtained in [177] 

demonstrate that for field exceeds 60 kV/cm, the surviving population of E. coli 

decreases significantly as compared with lower field strength. However, such high 

field strength normally requires reasonably short duration (typically sub-µs) of PEF 

impulses in order avoid formation of spark breakdown between the electrodes. 
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2.5.4.2 Pulse Waveshape 

As demonstrated in Section 2.4, two most frequently used pulse waveshapes in the 

pulsed power system are the square and exponential waveshapes. Generation of an 

exponential impulse is normally relatively simple and inexpensive, which can be 

achieved by simple lumped elements pulse generating circuit. On the other hand, 

generation of a square impulse normally requires a transmission line based pulse 

forming network, which is relatively complex in construction and costly. Therefore, 

understanding of the effect of these two waveshapes on the performance of PEF 

process can be beneficial for the optimisation of pulsed power system design. 

Qin et al conducted a PEF study [7] to investigate the effect of these two waveshapes 

on the PEF inactivation performance. Three types of microorganisms, E. coli, S. 

cerevisiae and B. subtilis, were treated by PEF impulses with square and exponential 

decaying waveshapes in [7]. The waveforms of the square and exponential decaying 

impulses used in [7] are shown in Figure II.30. PEF impulse with these two 

waveshapes had the same peak magnitude of field strength and identical energy was 

delivered to the liquid suspension by each impulse. It was reported in [7] that 

impulses with square waveshape was more energy efficient than the impulses with 

exponential decaying waveshape. Qin et al stated that the long decaying tail of the 

exponential decaying impulse could be ineffectual for inducing lethal electroporation. 

Therefore, the exponential decaying impulse was less energy efficient than in the 

case of the square impulse. 

 

Figure II.30   Waveforms of the square and exponential decaying impulses used in [7], 

figure taken from [7]. 
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However, PEF study [7] was the only reported work which was focused on the 

comparison of PEF inactivation efficiency between square and exponential impulse. 

After Qin et al, a mathematic correlation between the frequency components of the 

pulse waveshape and the survival fraction was established by Love in [205], which 

demonstrated in a quantitative way that the square impulse has stronger inactivation 

effect over the impulse with other waveshapes. However, the establishment of some 

of the coefficients in this mathematic correlation was based on the experimental 

results from [7]. Therefore, the study reported in [205] should be regarded as a 

mathematic description of the results from [7], rather than an independent evaluation. 

In addition, the magnitude of the field strength used in [7] was 12 kV/cm, which was 

only above the 10 kV/cm critical field strength that allows effective PEF inactivation, 

as demonstrated in Section 2.5.4.1. Therefore, it suggests that within most of the 

exponential decaying impulse duration, the field magnitude was below the critical 

value as the impulse started to the decay gradually after reaching the peak. Therefore, 

it would be beneficial to conduct another PEF study to investigate the PEF 

inactivation efficiency of the two pulse waveshapes using a different field magnitude 

in order to obtain a better understanding of the actual effect of the pulse waveshape 

on the PEF process. 

Apart from square and exponential waveshapes, HV impulses with other waveshapes 

are also used in PEF studies, such as oscillatory impulse and bipolar impulse. A 

comparison of the PEF inactivation efficiency between oscillatory decaying and 

exponentially decaying impulses was made in [7]. The waveforms of the oscillatory 

and exponentially decaying impulses used in [7] are shown in Figure II.10(b). It was 

reported that the oscillatory decaying impulse was the least efficiency impulse as 

compared to the exponentially decaying impulse. The result was explained in [7] that 

the oscillations of the external electric field did not allow the charge accumulation at 

the membrane and reduced the inactivation efficiency. The results were in line with 

some analytical studies of the transient process of the development of the trans-

membrane potential, [206-207]. 
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Studies of the effects of bipolar impulses on PEF inactivation efficiency were also 

reported in [7, 8, and 208]. Comparison between the bipolar and monopolar impulses 

was made in [7]. It was reported that bipolar impulses were more lethal than the 

monopolar impulses. The reason was explained by that, the change in orientation of 

the electric field causes a corresponding change in the direction of the movement of 

charge molecules on the microbial membrane, which enhanced the electrical stress 

on the membrane. A similar result and the same explanation was reported by Ho et al. 

in [208], in which microorganism P. fluorescens was treated by PEF process using 

both bipolar and monopolar triangular impulses. However, contradicting results were 

reported by Beveridge et al. in [8], where E. coli, L. monocytogenes, and B. cereus, 

were subjected to PEF treatment using both bipolar and monopolar square impulses. 

The results from this study show that superior PEF inactivation efficiency was 

obtained consistently in the PEF process using monopolar impulses. An explanation 

was given in [8] that the pulse duration used in the study (1µs) was relatively short as 

compared with the PEF study in [7], in which the pulse duration was over 50 µs, so 

that the bipolar impulse used in [8] was effectively an oscillating impulse. Figure 

II.31 and Figure II.32 show the bipolar impulses used in [7] and [8] respectively. 

 

Figure II.31   Waveforms of the bipolar impulse used in [7], figure taken from [7]. 
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Figure II.32   Waveforms of the bipolar impulse used in [8], figure taken from [8]. 

2.5.4.3 Electrode Material 

As introduced in Section 2.5.1, during PEF process when metallic electrodes are used, 

metal ions can be generated and introduced into the liquid suspension due to electro-

chemical reaction. Many studies demonstrate that the presence of these metallic ions 

has an antimicrobial effect. Therefore, selection of the electrode material is critical 

for the design of the pulsed electric field system. For example, for a PEF system 

design for food processing, presence of these undesirable metallic ions should be 

minimised, while for a PEF system focus on bacteria inactivation, the presence of 

these metallic ions can improve the overall inactivation performance. 

The electro-chemical reaction, which is called electrolysis, occurs when metallic 

electrodes are in contact with electrolyte and subjected to the applied voltage. This 

electrolysis process produces not only the metallic ions, but also the gaseous 

products: oxygen is generated at the anode and hydrogen at the cathode when the 

electrolyte is water. The type of ions generated in the electrolysis process depends on 

the material of the electrodes. In most of the PEF applications, stainless steel and 

aluminium are selected as the PEF electrodes, and only a few studies investigate the 

effect of copper electrodes, [165]. In the case of copper, aluminium and stainless 

steel electrodes, the resulting ions in the liquid suspension are Cu2+, Al3+ and 

Fe2+/Fe3+ respectively. 
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It was demonstrated in [165] that the presence of Cu2+ showed the most significant 

antimicrobial effect. In [165], discharges were generated between two electrodes in 

order to introduce metallic ions into the liquid suspension between the electrodes 

which contains E. coli. The results showed that after 10 discharges, 90% of the 

E. coli population was inactivated when iron core electrodes were used, and the 

reduction in E. coli population became 99 % and 99.9% when aluminium core and 

copper core electrodes were used respectively. Therefore, copper electrodes are 

rarely used in PEF system. 

However, in the study reported in [209], the antimicrobial effect of ferric ions is 

more pronounced then the aluminium ions when the ion concentrations were kept the 

same. It was shown that when ions concentration was 2.5 mM, ~ 17% of the DC-3F 

cells were inactivated with the presence of ferric ions while only ~ 5% of the cells 

population was reduced with the presence of aluminium ions. On the other hand, 

however, aluminium is much more reactive than the stainless steel, which suggests 

more Al3+ can be released into the liquid suspension during PEF process. This was 

confirm in the same study [209], after the application of the same number of 

impulses, the concentration of the Al3+ was ~ 0.5 mM higher as compared with the 

concentration of the ferric ions (Fe2+/Fe3+). The highly reactive aluminium produces 

more gaseous products in the electrolysis process. During the PEF process, the 

accumulation of these gaseous molecules can form bubbles between the electrodes, 

which leads to undesirable dielectric breakdown in the PEF test cell [153]. In 

addition, it was reported in [210] that the presence of Al3+ can affect the membrane 

electroporation process. As a comparison, the stainless steel has a relatively high 

corrosion resistance and relatively low electro-chemical reactivity [211]. Therefore, 

stainless steel is a typical choice for the electrode of PEF systems used in 

experiments and industrial installations, especially for food processing. 

Apart from the metallic ions and gaseous molecules, other undesirable toxic by-

products can be generated by the electro-chemical reaction between the metallic 

electrode and liquid suspension during PEF process: such as chlorine [198], 

hypochloric/hypochlorous acid [212] and hydrogen peroxide [212]. 
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Recently, a conceptual PEF test cell was proposed by Timoshkin et al. in [6] which 

the metallic electrodes and the liquid suspension are separated by a slab of high 

permittivity ceramic material, as demonstrated in Figure II.28. This novel concept of 

PEF test cell design can potentially eliminate any electro-chemical reaction and the 

toxic by-products, as there is no direct contact between the metallic electrode and the 

liquid suspension. The probability of undesirable dielectric breakdown can also be 

reduced as no bubble can be generated by the electrolysis process. The other 

advantage of this concept is that the ionic conduction current through the liquid 

suspension will be eliminated with the presence of the dielectric ceramic. As the 

ionic conduction current is associated with the energy dissipation during the PEF 

procedure, elimination of the ionic conduction current suggests significant 

improvement in energy consumption could potentially be achieved using this non-

conductive PEF test cell design. However, practical PEF experiments using such 

conceptual PEF test cell have not been reported in anywhere at the time when the 

present project started. 

2.5.4.4 Microbial Factors 

As mentioned in Section 2.5.4.1, the characteristics of the microorganisms have a 

notable impact on the PEF inactivation performance, particularly on the critical 

magnitude of applied electric field. These microbial factors include the cell size, the 

type of gram staining, and the growth stage of the microbial cell. 

Among these factors, the size of the microbial cell has the most significant impact on 

the PEF inactivation performance. As can be seen from the Schwan equation 

(Equation II.7), the induced membrane potential has a linear correlation with the size 

of the microbial cell. With the application of external electric field with the same 

magnitude, greater voltage will be developed across the membrane in a cell with 

larger diameter, which suggests microorganisms with larger cell size are more 

sensitive to PEF process. This is confirmed in the practical PEF studies reported in 

[185, 213]. It has been shown in [185], that S. cerevisiae cells (with linear 

dimensions of ∼6 μm) were more susceptible to the PEF treatment than S. aureus 

cells (with linear dimensions of ∼1 μm). It was also reported in [213], that an 



64 
 

increased susceptibility of B. subtilis to the PEF treatment was observed as compared 

with smaller S. aureus. 

Comparison of the susceptibility to PEF treatment between the types of Gram strain 

of the bacteria has also been made in a few PEF studies [8, 116, and 202]. It was 

reported in [116] and [202] that Gram-negative bacteria were generally more 

susceptible to the PEF process than the Gram-positive bacteria. The potential reason 

for these obtained results was given in [116], which is due to the thick peptidoglycan 

layer in the Gram-positive bacteria. However, it was shown in [8] that there was no 

significant difference in the susceptibilities of the three bacteria being investigated: E. 

coli (Gram-negative), L. monocytogenes (Gram-positive), and B. cereus (Gram-

positive). 

Several studies also investigated the effect of the growth stage of the microorganism 

on the performance of pulsed electric field treatment. The critical electric field for 

E. coli of different growth stages was determined in [202]. The results obtained in 

[202] demonstrated that electric field of 8 kV/cm was necessary to start PEF 

inactivation of E. coli in the stationary phase while EC was only 2 kV/cm for the 

E. coli in log phase. In other PEF studies [190, 199, and 203], microorganisms in the 

stationary or lag phases all demonstrated less susceptibility to the PEF process as 

compared to the same microorganism in the log growth phase. 

On the other hand, many food-borne pathogenic bacteria are able to adapt to sub-

lethal inimical stresses and become more resistant to the lethal levels of the same 

source of stress, as reported in [214]. However, very little is known about whether 

this phenomenon is applicable to of stresses induced by PEF process. 

2.5.4.5 Characteristics of Suspension 

Characteristics of the liquid suspension, which include the temperature, the electrical 

conductivity and the pH of the suspension, also produce a notable effect on the PEF 

process, as demonstrated in many PEF studies, [173, 191, 199, 200-201, 215-219]. 
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As discussed in Section 2.2.1, microorganisms can be inactivated by the thermal 

process alone. Therefore, the suspension temperature is clearly an influential factor 

in the PEF process. Although pulsed electric field treatment is widely regarded as a 

non-thermal processing technology, the thermal effect of the PEF process can be 

governed by the rate of energy dissipation in the liquid suspension. If large amount 

energy is delivered to the suspension over a short period of time, the temperature of 

the suspension can be increased significantly. As a result, increase in suspension 

temperature is commonly observed during PEF process. The effect of the suspension 

temperature on PEF inactivation performance has been investigated in several PEF 

studies, [199-200], where temperature of the suspension was maintained at different 

level during PEF process. It was demonstrated in [199] that 2-log10 reduction in the E. 

coli population can be achieved by 20 exponential decaying impulses at 40 °C, while 

the same reduction in population required 50 impulses when the temperature was 

reduced to 30 °C. Similar tendency was reported in [200], in which E. coli was 

subjected to PEF impulse at two temperature levels. The obtained results showed that 

6.5-log10 reduction in population was achieved at 55 °C and less than 1-log10 

reduction was recorded when suspension temperature was maintained at 32 °C. The 

results obtained in these studies show a good agreement with the investigation of 

electroporation process described in [5], which illustrated that the critical membrane 

potential reduces significantly as the temperature increases: 2 V at 4 °C and 0.5 V at 

37 °C. Although high temperature can improve the inactivation performance of the 

PEF process, increase of the suspension temperature during PEF process is regarded 

as undesirable in many pulsed electric field applications and cooling system is 

employed to maintain the suspension temperature at a relatively low level. 

The other factor which can affect the PEF process is the electrical conductivity of the 

liquid suspension. The suspension conductivity can affect the PEF process in 

multiple ways. First of all, study into mathematic description of the induced 

membrane potential indicates that higher suspension conductivity would result a 

higher trans-membrane voltage, [173]. However, from the electrical point of view, 

suspension with high conductivity creates several engineering difficulties. PEF 

chamber containing liquid suspension can be equivalent to a resistive load in a pulsed 
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power system. Increase in the suspension conductivity reduces the equivalent 

resistance of the load. When connecting to a RC pulse generating circuit, this low 

resistance load will results a shorter pulse duration. When connecting to a 

transmission line based PFN, load with low resistance will result in a low load 

voltage and reflection due to the mismatched between the load resistance and the 

PEF impedance. On the other hand, when subject to the same electric field, higher 

ionic conduction current will flow through suspension with higher conductivity. This 

ionic conduction current is associated with the energy dissipation in the suspension 

and the resulting Joule heating. As a result, greater increase in the suspension 

temperature will be seen in the suspension with higher conductivity, which is 

undesirable in many PEF applications. More importantly, the energy efficacy of the 

PEF system will be reduced as more energy is dissipated into the suspension. 

However, in most of the PEF application, especially for the food processing, the 

conductivity of the suspension fluid is relatively high, in the range of 10-1-100 S/m 

[112]. The conceptual non-conductive PEF test cell design, proposed in [6], can 

potentially overcome this engineering difficulty. With the presence of the dielectric 

layer, ionic conduction current through the liquid suspension can be eliminated 

regardless the suspension conductivity. 

Another suspension factor which can affect the PEF inactivation performance is the 

pH of the suspension. The influence of the pH on the PEF efficiency depends on the 

type of microorganism as it was shown in different PEF studies [191, 201, 215-219]. 

Greater inactivation has been reported for lower pH solution which contains for E. 

coli [191, 201] and L. monocytogenes [215]. However, greater inactivation has been 

achieved at higher pH values of solution with S. enteriditis [216], and S. senftenberg 

[215]. Other studies reported that the inactivation performance was unaffected by the 

change of pH [3, 217]. However, it should be noted that the strong inactivation 

performance observed in low pH environment can be a synergistic killing effect of 

the combination of PEF and acids, as reported in [218]. It was also reported in [219] 

that Gram positive bacteria are more resistant to PEF treatment at neutral pH 

environment than Gram negative bacteria. However in acid conditions, Gram 

negative bacteria show more resistance to PEF process than Gram positive bacteria. 
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2.6 Discussion 

This chapter reviewed the relevant information gathered over the duration of the 

present project. Basic background information about microorganism and the current 

inactivation methods were introduced at the beginning of this review. In the second 

part of this review, fundamentals of the pulsed power technology, such as the pulse 

forming systems and the high voltage switch were discussed. Finally, a 

comprehensive review of the pulsed electric field (PEF) technology was conducted in 

this chapter. The main inactivation mechanism and other potential mechanism of the 

PEF process were introduced. Discussion about the recent PEF studies into the 

effects of different operational and biological factors on the PEF process were 

presented. Although numerous studies have been conducted over the past few 

decades and significant results have been achieved for almost all aspects of the PEF 

technology, there are still gaps in understanding of this process. Also, there is a need 

to improve inactivation and energy efficiency of the PEF process which will help to 

develop commercially viable applications of this technology. 

Firstly, a novel concept of the PEF chamber design was proposed by Timoshkin et al 

in [6]. This conceptual chamber design, in which the liquid suspension and the 

metallic electrodes are separated by layers of high permittivity ceramic, could 

potentially improve the performance of PEF process in several aspects. The 

separation of the metallic electrodes and the liquid suspension eliminate the 

electrolysis process during the PEF treatment. As a result, production of metallic ions 

and other toxic by-products and generation of the gas bubbles can be prevented. In 

addition, no ionic conduction current will flow through the suspension regardless of 

the suspension conductivity, which can significantly reduce the thermal effect of the 

PEF process. More importantly, the absence of the ionic conduction current can 

improve the energy efficacy of the PEF process significantly. However, construction 

of such PEF test cell and practical PEF study using this conceptual test cell has never 

been conducted at the beginning of the present study. 

Secondly, there is a lack of the study into the effect of the pulse waveshape on the 

inactivation performance of PEF process. Although a valuable and creditable work 
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has been conducted by Qin et al [7] and Beveridge [8] to investigate the effects of 

square, exponential decaying, oscillating decaying impulses and bipolar impulses, 

they are seemingly the only studies which focus on this aspect. However, the field 

strength used in [7] was just marginally higher than the critical field strength which 

can effectively induce lethal electroporation process. As a result, the PEF 

inactivation tendency and efficiency for different impulses obtained in [7] could 

potentially be the synergistic effect of the pulse waveshape and the magnitude of 

field strength. No study has ever been conducted to compare the effect of pulse 

waveshape using an elevated level of electric field strength. 

Microalgae and cyanobacteria draw increasing global attention in the past decade as 

the potential sustainable source for bio-fuel production due to its high lipid content as 

compared to other food crops and oil seeds. Several methods, such as high-pressure 

homogenizer, autoclaving, mechanical homogenizer, and chemical solvent, have 

been investigated for cell disruption and lipid extraction. As the main inactivation 

mechanism of the PEF process is the induced irreversible electroporation on the 

microbial membrane, the PEF technology can potentially be used to facilitate the 

lysis of microalgae and cyanobacteria cells and extraction of lipid content. At the 

time when the present project started, only handful of work has been conducted and 

little was known about the performance of PEF treatment on microalgae. The results 

from these studies indicated that direct lysis of the microalgae cells by PEF treatment 

were difficult to achieve. On the other hand, cyanobacteria, which have relatively 

simpler cell structure, could potentially be more susceptible to the PEF process. 

Therefore, the main objectives of the present project can be summarised as follows: 

 To design and construct a non-conductive PEF test cell and to conduct 

practical PEF treatment using the designed non-conductive PEF test cell to 

investigate the PEF performance of such design. 

 To investigate the effect of pulse waveshapes on the inactivation performance 

of the PEF process using elevated electric field strength to acquire a further 

understanding of the effect of pulse waveshape. 
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 To conduct PEF treatment on cyanobacteria to investigate the effect of PEF 

process on cyanobacteria cells and to establish if cell lysis could be achieved 

by the PEF treatment. 
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Chapter III 

MODELLING OF THE PEF PROCESS 

 

3.0 General 

This chapter presents the simulation models of the transient electric field across the 

bio-membrane during the PEF process. Two types of models have been developed: a 

model based on the equivalent circuit approach and a physical analytical model. A 2-

dimensional equivalent circuit model of the microbial cell includes layers of bio-

membrane and the cell wall. The response of this model to an external electric field 

was simulated using the OrCAD® PSpice software in order to investigate the effect of 

this layer of cell wall on the development of trans-membrane potential. 

The analytical model used in this chapter is based on paper [6]. This analytical 

approach was adopted in the present study to investigate the transient response of the 

trans-membrane potential to external electric field. This model includes two layers of 

dielectric material separating the metallic electrodes of the PEF test cell and the 

liquid suspension in order to implement the proposed non-conductive PEF cell 

topology as discussed in Section 2.5.2.3. The simulations based on this model were 

conducted using the MathWork® Matlab software. 

The obtained results, significant findings and their critical analysis are presented in 

this chapter. These results provide valuable suggestions and guidelines for the 

practical design of PEF systems and for optimisation of the PEF treatment regimes, 

which will be discussed in the following chapters.  

3.1 Equivalent Circuit Model of Microbiological Cell 

In physics and electronics, equivalent circuit model which consists of several lumped 

circuit elements (resistors, capacitors and inductors) is commonly used to describe 
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passive electrical properties of materials. Such approach can also be used for 

modelling of microbial cells exposed to the electric fields, [174, 206, 220-221]. To 

implement an equivalent circuit model of a microbial cell, different elements of the 

cell structure are represented as a lumped-element circuit in which the electrical 

connections between all cell elements and their own electrical properties are 

described by series-parallel, resistors-capacitors combinations. For example, a planar 

bilayer membrane was represented by a simple equivalent circuit in [220], where the 

membrane was modelled by parallel combined capacitance C and resistance R while 

R0 represented the external charging pathway, as shown in Figure III.1. The trans-

membrane potential ΔU(t), which is induced by the application of external voltage V0, 

can therefore be evaluated as a voltage developed across R and C connected in 

parallel. In [174], a biological cell was modelled as a lumped equivalent circuit, 

where the cell membrane was represented by RM and CM, the cytoplasm was 

represented by RC, the cell suspension was represented by RS and CS, and RL 

represented the external circuit resistance, as shown in Figure III.2. Such equivalent 

circuit model implemented in OrCAD® PSpice software will allow the investigation 

the response of microbial cell and its sub-elements to the external voltage source V(t). 

 

Figure III.1   Equivalent circuit model of a planar bilayer membrane, [220]. 

 

Figure III.2   Equivalent circuit model of a biological cell, [174]. 
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3.1.1 2-Dimentional Equivalent Circuit Model 

The shape of the microbial cell varies between different microorganisms, from the 

most common spherical shaped to rod shaped or even spiral shaped microorganisms 

[11]. Precise representation of the geometry of microbial cell can be extremely 

difficult. Even for an ideal spherical shaped cell, the equivalent circuit model of such 

cell can be very complex, as demonstrated in [206]. In [206], the spherical shaped 

cell and its surrounding suspension were modelled as a 5×5×5 matric of resistor-

capacitor lumped circuit elements. The cell was located in the center cube and the 

surrounding 124 cubes represented the surrounding suspension so that electric field 

distortion in the surrounding suspension caused by the spherical shaped cell was 

simulated. The resulting equivalent circuit model contained over two hundreds of RC 

components. For the purpose of the equivalent circuit model in present study, such 

complexity was not necessary. 

For a simple approximation, a microbial cell subjected to external electric field can 

be modelled as a cube inside plane-plane electrodes, as shown in Figure III.3. The 

external electric field can be generated by applying voltage to the electrodes. It was 

reported in [221] that maximum trans-membrane potential which triggered 

electroporation process would appear at the ‘polar caps’, which are the regions 

nearest to the electrodes in a spherical cell. The equivalent of these ‘polar caps’ in a 

cubical model is the planes which facing the electrodes (side A and D in Figure III.3). 

It was also demonstrated in [206] that trans-membrane potentials were ~ 0 V on the 

planes that are perpendicular to the electrodes (side B, C, E and F in Figure III.3). 

 

Figure III.3   Cubical model of a microbial cell between two electrodes. 
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Therefore, the 3D cubical model can be reduced to a 2-dimential model if the effect 

of those planes perpendicular to the electrode (side B, C, E and F) is neglected. As 

shown in Figure III.4, the microbial cell is represented as a series of parallel layers 

along the axis perpendicular to the electrode. From left to right in between the two 

electrodes, these layers represent the external suspension, the membrane, the 

cytoplasm, the membrane and the external suspension. Each of these layers can then 

be represented by a parallel resistor-capacitor combination according to the passive 

electrical properties of each layer. Therefore, an equivalent circuit representation of 

this model can be formed by connecting these RC equivalents of all the layers 

together, as shown in Figure III.5. The resulting equivalent circuit model will allow 

the evaluation of the transient response to an external electric field to be made. For 

example, the transient trans-membrane potential will be equivalent to the voltage 

across the parallel combined RM and CM. 

 

Figure III.4   2-dimentional representation of the microbial cell between two electrodes. The 

figure is for demonstration only, the scale in the figure does not reflect the true ratio between 

different cell structures. 
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Figure III.5   Equivalent circuit representation of the 2-dimentional model of microbial. 

As mentioned in Section 2.1.1, a microbial cell is normally enclosed by a layer of 

cell wall outside the cytoplasmic membrane. However, it was widely believed that 

the main inactivation mechanism of the pulsed electric field treatment is the 

electroporation process of the cytoplasmic membrane. Therefore, the cell wall was 

rarely represented in equivalent circuit models of the electroporation process. 

However, it would be interesting to investigate potential effect of cell wall on the 

development of trans-membrane potential when the microbial cell is exposed to the 

external electric field. Therefore, two layers of the cell wall were added to the 2-

dimentional cell model. The modified model and its equivalent circuit representation 

are shown in Figure III.6 and Figure III.7 respectively. 

 

Figure III.6   2-dimentional representation of the microbial cell between two electrodes with 

cell wall included. The figure is for demonstration only, the scale in the figure does not 

reflect the true ratio between different cell structures. 
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Figure III.7   Equivalent circuit representation of the 2-dimentional model of microbial 

including the cell wall. 

3.1.2 Electrical Properties of Microbial Cell 

In order to simulate the transient response to the external electric field using the 

equivalent circuit model developed in the previous section, the value of the RC 

components needs to be evaluated first. The RC equivalents can be determined by the 

electrical characters of the cell structures. For a 2-dimemtional model, the following 

equations can be used to estimate the value of RC components. 

𝑅 =  
𝑑

𝜎∙𝐴
                                                       (III.1) 

𝐶 =
𝜀0∙𝜀𝑟∙𝐴

𝑑
                                      (III.2) 

where d is the thickness of each layer of the cell structures, σ is the conductivity of 

each cell structure, A is the surface area of plane parallel to the electrode, 𝜀0 is the 

permittivity of free space and 𝜀𝑟 is the relative permittivity of each cell structure. The 

electrical properties of each layer of the cell structure will be discussed in the 

following sections. 

3.1.2.1 Cytoplasm 

As introduced in Section 2.1.1.3, the cytoplasm is a complex fluid and contains ions, 

nutrients, proteins, membrane bound organelles and other essential components. All 

these components can affect the dielectric properties of the cytoplasm. In several 
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studies, the values of relative permittivity of cytoplasm are provided and they are in 

the range from 50 to 200, [222-224]. Since the major content of the cytoplasm is 

water, it was decided to use 80 as the value of relative permittivity of the cytoplasm 

for the equivalent circuit model used in the present study. The same value was also 

selected in the modelling works in [6, 206-207]. 

In terms of conductivity, the cytoplasm can effectively be considered as a highly 

conductive water solution due to the presence of large amount of ions, [224]. 

Publications show that the conductivity of cytoplasm can be in the range of 0.2-10 

S/m, [222-223 and 225]. In the present model, it was decided to use 0.5 S/m as the 

conductivity of the cytoplasm, the same value was used in [6]. 

The thickness of the cytoplasm is effectively the diameter of the microbial cell, as the 

thickness of membrane and cell wall is 3 orders of magnitude smaller than the 

diameter of a typical microbial cell. Although the diameter of a microbial cell can 

vary from ~ 0.2 µm to ~ 700 µm, [11], most of the microorganisms have a cell 

diameter of a few µm. Therefore, 5 µm was selected as the diameter of the cell, i.e. 

the thickness of the cytoplasm layer, in the present modelling work. The same value 

was also used in [6, 206-207]. 

3.1.2.2 Cytoplasmic Membrane 

The cytoplasmic membrane is a thin layer between the cell wall and the cytoplasm, 

as introduced in Section 2.1.1.2. The basic structure of the cytoplasmic membrane is 

a phospholipid bilayer with different types of membrane proteins embedded. As a 

result, the relative permittivity of the membrane was reported to be in the range of 2-

10, [222, 224, and 226]. It was decided to use 2 as the relative permittivity of the 

membrane for the present study, the same as in [6, 174, 206-207, 220-221]. 

One of the most important functions of the membrane is a selective transport of ions. 

However, transportation of the ions is regulated by channel proteins, therefore under 

normal circumstances, the cytoplasmic membrane is regarded as highly non-

conducting, [224]. It was reported in [227], where impedance characteristics of the 
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membrane were investigated in frequency domain, that the membrane showed 

capacitive characteristic and the capacitance was estimated to be 1.05 μF/cm2 at low 

frequency. Based on this consideration, the membrane was modelled as an ideal 

capacitor in several modelling works, [6, 206-207]. However, an estimated 

conductivity of bio-membrane was found to be reported in the range of 10-8-10-4 S/m, 

[226-227]. Therefore, 10-6 S/m was selected as the conductivity of the membrane for 

the present modelling study. 

The thickness of the cytoplasmic membrane was estimated to be ~ 4-10 nm, [11, 

224]. As in [6], the thickness of 5 nm was selected to represent the membrane layer 

in the present 2-dimentional model.  

3.1.2.3 Cell Wall 

The cell wall is the outermost layer of a microbial cell. Most cell walls have a porous 

structure in order to exchange small molecules and ions with surrounding 

environment. As a result of being an ion exchanger, the electrical properties of the 

cell wall varies with the concentration of the ions in surrounding suspension, [226, 

228]. Different studies showed that the conductivity of the cell wall is in the range of 

0.01-1 S/m, [227, 229]. The relative permittivity of the cell wall was found to be at 

60 in [227]. The thickness of the cell wall varies from 10-80 nm, [11]. It was decided 

to use 40 nm, 0.1 S/m and 60 as the thickness, conductivity and relative permittivity 

of the cell wall respectively in the present modelling work. 

3.1.2.4 Liquid Suspension 

The electrical properties of the liquid suspension which surrounds the microbial cell 

are different in different PEF experiments. In general, the conductivity of the 

surrounding suspension is relative high, which can reach ~ 15 S/cm as in [68]. In the 

modelling studies reported in [206-207], the conductivity of the surrounding 

suspension was selected to be 10-4 S/m. However, this value of suspension 

conductivity is unrealistic in practical PEF treatment. Therefore, it was decided to 

use 0.1 S/m, which is more commonly used in PEF studies, as the conductivity of the 
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surrounding suspension in the present model. As for relative permittivity, 80 was 

widely used in modelling work, [6, 174, 206-207, 220-221]. This is a reasonable 

estimation as the suspension is a water-based solution in majority of the PEF studies. 

Therefore, the relative permittivity of surrounding suspension used in the present 

modelling study was 80. The thickness of the suspension layers in the present 2-

dimentional model was 5 µm, which is identical to the diameter of a typical 

microbial cell. 

Based on these considerations, the value of the RC representation of each layer in the 

2-dimentional model can be calculated according to Equation III.1-III.2. The surface 

area of each layer was 25 µm2 considering a 5 µm cell diameter. The results are 

listed in Table III.1 and will be used in PSpice simulation in Section 3.1.3. 

Table III.1 Electrical parameters used for equivalent circuit model. 

Layer Thickness  Conductivity  
Relative 

Permittivity  

Equivalent 

Resistance  

Equivalent 

Capacitance  

Suspension 5 µm 0.1 S/m 80 2 MΩ 0.00354 pF 

Cell Wall 40 nm 0.1 S/m 60 16 kΩ 0.332 pF 

Membrane 5 nm 10-6 S/m 2 200 MΩ 0.0885 pF 

Cytoplasm 5 µm 0.5 S/m 80 400 kΩ 0.00354 pF 

 

3.1.3 PSpice Simulations 

With the value of the RC components defined, the equivalent circuit model can now 

be used to simulate the transient response of the cell to an external electric field in 

PSpice. The equivalent circuit shown in Figure III.7, with RC values given in Table 

III.1, was implemented in PSpice. The circuit was connected to a pulse voltage 

source, which was set up to simulate a square impulse. The square impulse had a rise 

time and fall time of 10 ps, duration of the ON-time was 5 µs and the magnitude of 

the impulse was 45 V. As the total thickness of the 2-dimentional model is ~ 15 µm, 

therefore field strength of 30 kV/cm was simulated. The results of the PSpice 

simulations are shown in Figure III.8.  
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Figure III.8   PSpice simulations using 2-dimentional equivalent circuit model. The black 

line indicates the dynamic of the trans-membrane potential. The red line shows the transient 

potential across the whole cell. 

As can be seen from Figure III.8, the potential across the whole cell reaches its peak 

value after ~ 10 ps, which is the rise time of the pulse voltage source. However, the 

development of the trans-membrane potential is a relatively slow process. The trans-

membrane potential starts to develop at ~ 10 ns and reaches its peak value at ~ 1 µs. 

The delay and slow rate of the process of the development of trans-membrane 

potential is associated with membrane polarisation and charge accumulation 

processes as discussed in [6]. In general, the result from the current modelling work 

shows a good agreement with the simulation results obtained in [206-207]. However, 

modelling of the cell wall was not conducted in these works while the cell wall was 

considered in the present study. This suggests the effect of the cell wall on the 

dynamic of the trans-membrane potential is minimal. To investigate the exact effect 

of the cell wall on the transient charging process, an equivalent circuit model 

excluding the cell wall layers (Figure III.5) was also subjected the same pulse 

voltage source using the same RC parameters listed in Table III.1. The dynamic of 

the trans-membrane potential of the two simulations are compared and showed in 

Figure III.9. 
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Figure III.9   Comparison between the transient trans-membrane potentials using the 2-

dimentional equivalent circuit models with/without the cell wall layers. Black line: model 

without the cell wall layers. Red line: model with the cell wall layers included. 

The result from this comparison confirmed that the presence of cell wall has a 

minimum effect of the development of the trans-membrane potential. As can be seen 

from Figure III.9, the presence of cell wall slightly delays the development of the 

trans-membrane potential. Apart from this, the dynamic of transient trans-membrane 

potential is very similar using the two models and the peak magnitude of this 

potential are the same in both cases. This result can be explained by the unique 

electrical characteristics of the cell wall. As discussed in Section 3.1.2.3, the cell wall 

of the microbial cell can be regarded as an ions exchanger and therefore its electrical 

properties vary with the surrounding suspension. As a result, the conductivity and the 

relative permittivity of the cell wall are similar to that of the surrounding suspension, 

as listed in Table III.1. Therefore, the cell wall layer is effectively an extended layer 

of suspension and has a little impact on the dynamic of trans-membrane potential. 

It can be concluded from this equivalent circuit modelling work that the presence of 

the cell wall has minimum influence on the dynamic of transient membrane potential 

when the microbial cell is subjected to an external electric field. Neither the 
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membrane charging time nor the peak trans-membrane potential is significantly 

affected by the cell wall. 

3.2 Analytical Model of the Field across Membrane 

As introduced in Section 2.5.2, Timoshkin et al proposed a novel design of dielectric 

test cell for PEF treatment in [6]. The transient electric field strength across the 

microbial membrane during the PEF treatment in such test cell was analysed using an 

analytical model. Inspired by this paper, a dielectric PEF test cell was designed and 

developed in the present study. Therefore, the analytical work presented in [6] is 

considered as important for the present study and it is necessary to introduce and to 

discuss this model here. This analytical model will be presented in the following 

sections, the simulation results and the significant findings from this analytical model 

will be discussed as well. 

3.2.1 Transient Electric Field across Bio-membrane 

The dielectric PEF test cell proposed in [6] consisted of two identical parallel slabs 

of high permittivity ceramic, as demonstrated in Figure III.10. The space between the 

dielectric slabs is the treatment region of the PEF test cell which contains 

microorganism suspension. The other surface of the dielectric slabs is connected to a 

metal layer, forming the HV and ground electrodes. 

 

Figure III.10   Schematic diagram of the PEF chamber with dielectric slabs proposed in [6]. 
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To analyse the dynamic of the electric field inside the treatment region, the Ohmic 

conduction approach, described in [207], was applied in [6]. Using this Ohmic 

conduction approach, the time dependent effective field in the treatment region, E0(t), 

can be expressed as Equations III.3-III.15. The detailed derivation of these 

expressions is provided in Appendix A.1. 

𝐸0(𝑡) = 𝐸𝐿𝑒
−𝑡 𝜏𝑓⁄                                            (III.3) 

                             𝐸𝐿 = 𝑈0 (𝑧𝑙 + 2
𝜀𝑙

𝜀𝑑
𝑧𝑑)

−1
                               (III.4) 

𝜏𝑓 = (
𝜀𝑙

𝜀𝑑
+ 2

𝑍𝑙

𝑍𝑑
)

𝜀0𝜀𝑑

𝜎𝑙
                                      (III.5) 

where U0 is magnitude of the unit step external voltage source, in which potential 

equals to U0 at t = 0+; zd and zl represent the width of the dielectric barrier and 

treatment region respectively; εd and εl represent the relative permittivity of the 

dielectric barrier and the liquid suspension in the treatment region respectively; εd is 

the permittivity of the free space; σl is the conductivity of the liquid suspension; EL is 

the Laplacian electric field in the treatment region and τf is the characteristic field 

relaxation time, also calls Maxwell-Wagner relaxation time. This time determines the 

time of existence of the field in the liquid due to the Maxwell-Wagner surface 

polarisation mechanism. 

To investigate the transient potential across the membrane when microbial cell is 

subjected to the external electric field in the dielectric PEF test cell, a spherical 

model of a microorganism cell was employed in [6]. As demonstrated in Figure 

III.11, the membrane of the microbial cell was modelled as a non-conducting 

spherical shell, which enclosed the cytoplasm and suspended in the surrounding 

liquid. 



83 
 

 

Figure III.11   Spherical shell model of a microbial cell, figure taken from [6]. 

A spherical coordinate system has been used to obtain the transient response of the 

membrane to the time-varying electric field E0(t). By applying the same Ohmic 

conduction approach, the time dependent maximum electric field on the membrane, 

which occurs at the ‘poles’ of the membrane, can be written as Equation III.6. The 

detailed derivation of this expression and its coefficients is provided in Appendix A.2. 

𝐸𝑚𝑎𝑥(𝑡) = −𝐴𝑚(𝑡) + 2𝐵𝑚(𝑡) ∙ 𝑅1
3                      (III.6). 

where R1 is the radius of the cytoplasm region; Am(t) and Bm(t) are coefficients 

relating to: radius of the cytoplasm (R1) and the microbial cell (R2); relative 

permittivity of the cytoplasm(εc), the membrane (εm) and the surrounding liquid (εl); 

conductivity of the cytoplasm (σc) and the surrounding liquid (σl); the Laplacian 

electric field in the treatment region (EL); and the Maxwell-Wagner relaxation time 

(τf). 

The analytical model developed above can now be used to model the transient 

response of the trans-membrane potential to an external electric field in a dielectric 

PEF test cell. The modelling of this transient process was conducted using Matlab 

software and the parameters used in the model are shown in Table III.2. The result of 

this analytical model is showed in Figure III.12. 
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Table III.2 Parameters used for the analytical model 

Parameter Value 

External voltage  30 kV 

Thickness of the dielectric slab, zd 5 mm 

Width of the treatment region, zl 1 cm 

Radius of the cytoplasm, R1 5 µm 

Radius of the cell, R2 5.005 µm 

Relative permittivity of the dielectric slab, 𝜀𝑑 3000 

Relative permittivity of the cytoplasm, 𝜀𝑐 80 

Relative permittivity of the membrane, 𝜀𝑚 2 

Relative permittivity of the surrounding liquid, 𝜀𝑙 80 

Conductivity of the cytoplasm, 𝜎𝑐 0.5 S/m 

Conductivity of the membrane, 𝜎𝑚 0 S/m 

Conductivity of the surrounding liquid, 𝜎𝑙 0.01 S/m 

 

 

Figure III.12   The transient response of the electrical field at the poles of a spherical 

membrane. 
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As can be seen from the figure, the evolution of the membrane potential after the 

application of external voltage is a relatively slow process, which is in reasonable 

agreement with the result of equivalent circuit model. The development of the 

electric field in the membrane was separately described in 3 distinct physical phases 

in [6].  

In phase 1, shortly after the application of the voltage, the polarization processes in 

the membrane, the cytoplasm and the surrounding liquid have purely dielectric 

characters. The electric field is determined solely by the dielectric permittivity of 

these layers of the cell during this phase. The duration of this phase is defined by the 

characteristic time of the highly conductive cytoplasm   𝜏𝑐 = 𝜀0𝜀𝑐 𝜎𝑐⁄ , which is 

1.42 ns in the present analytical model.  

In the second phase, free charges start to accumulate on both internal and external 

surfaces of the membrane due to the ionic motion in the electric field. The 

characteristic time of cytoplasm (τc) and surrounding liquid (τl) determine the 

duration of this charge accumulation process on internal and external surfaces of the 

membrane respectively. As the conductivity of the surrounding liquid is much lower 

than the conductivity of the cytoplasm, the characteristic time of the surrounding 

liquid is much longer than that of the cytoplasm. Therefore the duration of this phase 

is determined by the longer characteristic time τl, which is 70.8 ns in the present 

analytical model.  

In phase 3, free charges continue to accumulate on the external surface and the 

electric field on the membrane tends to reach its maximum steady state value. 

However, with the presence of the dielectric barrier, the effective electric field inside 

the treatment region starts to decrease due to the Maxwell-Wagner field relaxation 

process, as discussed in Section 3.2.1. This field relaxation process results a drop in 

the electric field on the membrane. The duration of this phase is determined by the 

Maxwell-Wagner field relaxation time τf, which is 2.72 µs in the present analytical 

model. 
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It can be learned from the above analysis that the Maxwell-Wagner field relaxation 

process has a significant impact on the dynamic of trans-membrane potential in a 

dielectric PEF test cell. Unlike the conductive PEF cell, maximum steady state 

electric field on the membrane could not be reached or maintained due to this field 

relaxation process in a dielectric PEF cell. 

3.2.2 Effects of Cell Properties on Transient Field across 

Membrane 

As discussed in Section 3.2.1, the transient trans-membrane potential is determined 

by different electrical and physical parameters of the microbial cells in a dielectric 

PEF test cell. However, only the typical values were selected for these parameters in 

the modelling described in Section 3.2.2. Although the selected parameters and the 

resulting field is a good representation of parameters used for the PEF treatment of 

microorganisms, it is important to investigate the effect of variation of these 

parameters on the transient process in the dielectric PEF test cell. As discussed in 

Section 3.1.2, the electrical and physical properties of microbial cells vary. Therefore, 

it was decided to conduct additional modelling using the varying parameters listed in 

Table III.3. When one of the parameters was being investigated, the rest of the 

parameters were set to the typical value. The results of this investigation are showed 

in Figure III.13-III.20.  

Table III.2 Varying Parameters used for the analytical model 

Parameter Typical Value Range 

Radius of the cytoplasm, R1 5 µm 0.1 - 350 µm 

Thickness of membrane, d = R2 - R1 5 nm 4 – 10 nm 

Conductivity of the cytoplasm, 𝜎𝑐 0.5 S/m 0.2 - 10 S/m 

Relative permittivity of the membrane, 𝜀𝑚 2 2 – 10 

 

 

3.2.2.1 Size of the Microbial Cell 

Figure III.13 and Figure III.14 show the effects of varying cell diameter on the 

maximum field across bio-membrane. Figure III.13 compares the transient response 
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for the electrical field in the membrane using the upper value, typical and lower 

values of cell radius. Figure III.14 shows the change in maximum electric field in the 

membrane as a function of the radius of the cell. It can be seen from these two 

figures that the size of the microbial cell produces a significant impact on the 

development of the electric field strength across the membrane in the dielectric PEF 

test cell. The maximum field strength across the membrane increases significantly as 

the diameter of the microbial cell increase, which suggests that microorganisms with 

a larger cell radius will be subjected to a higher trans-membrane potential during 

PEF treatment using the dielectric PEF test cell. As a result, lethal electroporation 

process is more likely to occur in microorganisms with a larger cell size when the 

subjected to the same treatment conditions as compared with smaller microorganisms. 

This finding shows a good agreement with the PEF study reported in [185, 213]. This 

conclusion is confirmed experimentally in [185] and [213] that microorganisms with 

larger cell size are more susceptible to the PEF treatment than the microorganisms 

with smaller cell size. It should be noted that PEF studies in [185, 213] were 

conducted using a traditional metallic PEF test cell. Therefore, this finding from the 

present modelling study indicates that similar result should be observed using the 

dielectric PEF test cell.  

 

Figure III.13   The transient response of the electrical field at the poles of a spherical 

membrane with different cytoplasm radiuses: R1 = 350 µm (green line); R1 = 5 µm (blue line); 

R1 = 0.1 µm (red line). 
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Figure III.14   Maximum electric field across the membrane as a function of the radius of 

the cytoplasm. 

3.2.2.2 Thickness of Membrane 

Figure III.15 and Figure III.16 show the effects of varying membrane thickness on 

the development of the field across the membrane. Figure III.15 compares the 

transient response of the electrical field in the membrane using the upper, typical and 

lower values of membrane thickness. Figure III.16 shows the change in maximum 

electric field across the membrane as a function of the membrane thickness. It can be 

seen from the figures that the thickness of the membrane has a notable impact in the 

development of the electric field strength on the membrane in the dielectric PEF test 

cell. The maximum field strength on the membrane decreases gradually as the 

thickness of the membrane increases. However, in the range of parameters being 

investigated, the resulting maximum electric fields across the membrane had the 

same order of magnitude for all tested parameters. As value of the membrane 

thickness does not vary significantly for different microorganisms and remains in the 

range of 4-10 nm as reported in literature. The results obtained in the present study 

suggested that membrane thickness does not affect the transient value of electric field 

across the membrane as significant as the size of the microbial cell.  
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Figure III.15   The transient response of the electrical field at the poles of a spherical 

membrane with different membrane thickness: d = 10 nm (green line); d = 5 nm (blue line); 

d = 4 nm (red line). 

 

Figure III.16   Maximum electric field across the membrane as a function of the thickness of 

the membrane. 

3.2.2.3 Electrical Conductivity of Cytoplasm 

Figure III.17 and Figure III.18 show the effects of varying conductivity of cytoplasm. 

Figure III.17 compares the transient response of the electrical field in the membrane 
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using the higher, typical and lower values of the electrical conductivity of cytoplasm. 

Figure III.18 shows the change in the maximum electric field across the membrane 

as a function of the electrical conductivity of cytoplasm. It can be seen from the 

figures that the electrical conductivity of cytoplasm has a minimal impact in the 

development of the electric field strength across the membrane in the dielectric PEF 

test cell. As indicated in Figure III.17, the difference in cytoplasm conductivities 

only affects the first phase in the transient process. As discussed in Section 3.2.1, the 

initial phase of the transient process is the polarisation process in the cell. This phase 

which lasts up to 10-8 s is purely governed by the dielectric characters of different 

cell structure, especially by the highly conducting cytoplasm. Therefore, the 

cytoplasm conductivity affects the polarisation process significantly. However, as 

demonstrated in Figure III.18, the maximum field strength across the membrane 

barely changes as the cytoplasm conductivity changes. This is because the second 

and third phases of the transient process are mainly governed by the electrical 

properties of the membrane and the surrounding liquid. Therefore, as the present 

study suggested, the cytoplasm conductivity produces insignificant effect on the 

transient process of the trans-membrane potential for the range of parameters which 

were being used in the present study. 

 

Figure III.17   The transient response of the electrical field at the poles of a spherical 

membrane with different cytoplasm conductivity: σc = 10 S/m (green line); σc = 0.5 S/m 

(blue line); σc = 0.2 S/m (red line). 
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Figure III.18   Maximum electric field across the membrane as a function of the 

conductivity of the cytoplasm. 

3.2.2.4 Relative Permittivity of Membrane 

Figure III.19 and Figure III.20 show the effects of variation in the relative 

permittivity of the membrane on the transient electric field. Figure III.19 compares 

the transient response of the electrical field across the membrane using the upper, 

middle and lower (typical) values of the relative permittivity of membrane. Figure 

III.20 shows the change in the maximum electric field across the membrane as a 

function of the relative permittivity of the membrane. It can be seen from these 

figures that the relative permittivity of membrane has a notable impact on the 

development of the electric field strength across the membrane in the dielectric PEF 

test cell. The maximum field strength across the membrane reduces as the relative 

permittivity of the membrane increases. However, for the range of permittivity used 

in the present study, the maximum field across the membrane has the same order of 

magnitude. On the other hand, lower εm results in a slightly faster Maxwell-Wagner 

field relaxation process, as demonstrated in Figure III.19. In general, it can be 

concluded that relative permittivity of membrane influences the transient 

development of the trans-membrane potential in the dielectric PEF test cell. Accurate 

estimation of this value could provide a better understanding of the transient electro-
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mechanical mechanisms which could result into lethal electroporation effects during 

PEF treatment. 

 

Figure III.19   The transient response of the electrical field at the poles of a spherical 

membrane with different relative permittivity of membrane: εm = 10 (green line); εm = 6 (blue 

line); εm = 2 (red line). 

 

Figure III.20   Maximum electric field across the membrane as a function of the relative 

permittivity of the membrane 
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3.2.3 Effects of Electrical Conductivity of Suspension on Transient 

Field across Membrane 

The analysis conducted in the previous section reveals the significance of different 

electrical and physical properties of the microbial cell in the transient process of the 

trans-membrane potential and electric field in a dielectric PEF test cell. However, 

these parameters are determined by the microorganism’s natural properties and they 

are beyond control in a practical PEF process. Therefore, investigation into the effect 

of controllable parameters on transient fields across membrane can provide valuable 

information for optimisation of the practical PEF process. 

As was shown in Section 3.2.2, the Maxwell-Wagner field relaxation process has a 

significant impact on the dynamic of trans-membrane potential and field in the 

dielectric PEF test cell. Unlike in the case of the conductive PEF test cell, the 

maximum steady state electric field across the membrane could not be reached or 

maintained due to this field relaxation process in the dielectric PEF test cell. As can 

be seen from Equation III.5, τf is determined by several parameters, such as the ratio 

between the thickness of the dielectric barrier and the width of the treatment region, 

the permittivity of the dielectric barrier, and the conductivity of the surrounding 

liquid. Among all these factors, the conductivity of the surrounding liquid is the only 

controllable parameter in a practical PEF process. Therefore, it is necessary to find 

out an optimal conductivity range for preparation of the practical PEF study. It was 

decided to investigate the effect of the liquid conductivity on the dynamic of the 

transient trans-membrane potential and field using the analytical model with 

conductivity value which varies in the range 10-6-101 S/m. The results of this 

investigation are shown in Figure III.21-III.23. 

As can be seen from these figures, the suspension conductivity has significant 

influence on the development of the transient trans-membrane potential. Figure III.21 

compares the transient response of the electrical field across the membrane for the 

upper, typical and lower values of the suspension conductivity. Figure III.22 shows 

the maximum electric field across the membrane in the dielectric test cell as a 

function of the electrical conductivity of the suspension. The figure shows that, for 
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conductivity less than 10-1 S/m, the maximum electric field will not be affected 

significantly by the choice of liquid suspension. However, once the conductivity 

exceeds 0.1 S/m, the maximum field observed across the membrane drops 

significantly, as demonstrated in Figure III.21 (green line). On the other hand, as 

shown in Figure III.21 (red line) and Figure III.23, low conductivity can significantly 

increase the time required for the electric field across the membrane to reach its 

maximum value. Therefore, taking both findings into consideration, it can be 

suggested that a suspension with the electrical conductivity in the range of 10-3-10-2 

S/m should be used for the optimal development of trans-membrane potential, as a 

relatively short time is required for the membrane electric field to reach its relatively 

high maximum value. 

 

Figure III.21   The transient response of the electrical field at the poles of a spherical 

membrane with different suspension conductivity: σc = 10 S/m (green line); σc = 0.01 S/m 

(blue line); σc = 10-6 S/m (red line). 
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Figure III.22   Maximum electric field across the membrane as a function of the 

conductivity of the surrounding liquid. Conductivity of typical liquids are also highlighted in 

the figure. 

 

Figure III.23   Time required reaching maximum electric field across the membrane as a 

function of conductivity of surrounding liquid. Conductivity of typical liquids are also 

highlighted in the figure. 
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3.3 Discussion 

This chapter was focussed on the analysis of the transient behaviour of the field 

across the membrane of the microorganism in suspension in a non-conductive 

dielectric PEF cell. The developed models include an equivalent circuit model and an 

analytical model. The obtained results provide a better understanding of the transient 

process during the PEF treatment and lead to useful suggestions for practical design 

of PEF systems and optimisation of experimental PEF studies. 

A 2-dimensional equivalent lumped element circuit model of the microbial cell, 

which includes a cell wall, was developed and the transient process in the cell was 

modelled using OrCAD® PSpice software. The transient response to the application 

of an external electric field was simulated using this model. The results obtained in 

this study indicated that the development of the trans-membrane potential is a 

relatively slow process (~1µs), which is in a good agreement with other models 

presented in the literature, [206-207]. The results of this study also revealed that the 

cell wall has a minimum impact on the dynamic of trans-membrane potential and 

field as the cell wall, from the electrical point of view, is effectively an extended 

layer of the surrounding suspension. 

The analytical model based on the work in [6] was introduced and analysed in this 

chapter. This analytical modelling was conducted using the MathWork® Matlab 

software in order to investigate the transient response of the trans-membrane 

potential to an external field in a dielectric PEF test cell. The proposed PEF test cell 

consisted of two identical parallel slabs of high permittivity ceramic which form a 

treatment region between them filled with a liquid suspension. The results obtained 

using this analytical model indicate that the Maxwell-Wagner field relaxation 

process has a significant impact on the dynamic of trans-membrane potential and 

field in the dielectric PEF test cell. Unlike the conductive PEF test cell, the 

maximum value of the electric field across the membrane could not be reached or 

maintained due to fast field relaxation process. 
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Additional analysis has also been conducted to investigate the effect of different 

electrical and physical properties of the microbial cell on the dynamic of transient 

membrane electric field. The results obtained in this chapter suggest that the size of 

the microbial cell has a significant impact on the development of the field strength 

across the membrane. Microorganisms with a larger cell size will be subjected to a 

significantly higher trans-membrane potential during PEF treatment using the 

dielectric PEF test cell. Other parameters such as membrane thickness, cytoplasm 

electrical conductivity and relative permittivity of the membrane, have less 

significant influence on the transient process of the field strength across the 

membrane in the dielectric PEF test cell. Similar analysis has also been conducted to 

investigate the effect of the electrical conductivity of the suspension on the dynamic 

of transient membrane electric field. The result from this analysis suggests that the 

suspension with conductivity in the range of 10-3-10-2 S/m should be used in the 

practical PEF studies for the optimal development of trans-membrane potential. 

Based on the conducted analysis and obtained and discussed results, the parameters 

for practical PEF study has been developed and this study will be conducted in the 

next phase of the present project. The design of the PEF system including PEF test 

cell, the design of the PEF study based on this system and the obtained results will be 

discussed in the following chapters. 
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Chapter IV 

DEVELOPMENT OF THE PEF TEST CELL 

AND PEF SYSTEM 

 

4.0 General 

This chapter presents the initial development of the PEF test cells and the PEF 

system. Two PEF test cells, a traditional test cell with stainless steel electrodes and a 

novel PEF test cell with ceramic electrodes, have been designed and manufactured at 

this stage of the research. Stainless steel was selected as the electrode material due to 

its corrosion resistance and relatively low electro-chemical reactivity, as discussed in 

Section 2.5.4.3. This material is a typical choice for the electrode of the tests systems 

used in pulsed electric field inactivation experiments and industrial installations, [7, 

113, 230-232]. The ceramic capacitor with one electrode removed, due to its high 

permittivity and non-conductive characteristic, was selected as electrodes in the non-

conductive PEF test cell, which was proposed in [6]. Based on the previously 

published papers, [7, 8, 113, 230, and 233], it has been decided to design both PEF 

test cells using parallel-plane topology. The PEF treatment system, which consists of 

the designed test cells, an HV pulse generator and some accessories, will also be 

described in this chapter. 

4.1 Design of Metallic PEF Test cell 

A PEF test cell equipped with parallel plane stainless steel electrodes was designed 

and developed. This treatment PEF cell was used in a number of pulsed electric field 

inactivation tests which produced encouraging results. The inactivation results 

obtained with this test cell will be presented and discussed in Chapter V. However, 

during the PEF tests, some drawbacks in the design of this PEF test cell were 

exposed. These drawbacks include trapping air bubbles, potential dead zones and 
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field strength limitation, and will be discussed in Chapter VI. All these factors 

limited successful application of this PEF test cell for the pulsed electric field 

inactivation.  

4.1.1 PEF Test cell Topology 

One of the most popular PEF test cell electrode topology is a parallel-plane electrode 

topology, [7, 8, 113, 230, and 233]. In order to eliminate potential field enhancement 

at the electrode edges, disk-shaped electrodes were used in the PEF test cell. Figure 

IV.1 shows the exploded view of the PEF test cell used in the PEF tests presented in 

this Chapter. The test cell body is made of nylon. Two stainless steel electrodes are 

separated by a 3-mm thick dielectric spacer. When fully assembled, the electrode sits 

between the spacer and a dielectric cover. There are 4 outstanding screws evenly 

distributed over the exterior of the test cell, these nylon screws pass through the holes 

in the test cell body and are fixed by screw caps in order to keep the test cell tightly 

assembled. Figures IV.2 - IV.4 show the cross-sectional view of the three test cell 

components, the cover, the electrode and the spacer, respectively. In order to transfer 

the liquid suspension in and out of the test cell, a small inlet hole was drilled in the 

spacer. A simplified cross-sectional view of the assemble PEF test cell is shown in 

Figure IV.5.  

 

Figure IV.1 Exploded view of the stainless steel PEF test cell. 
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Figure IV.2 Cross-sectional view of the cover of the metallic cell design. 

 

Figure IV.3 Cross-sectional view of the electrode of the metallic cell design. 

 

Figure IV.4 Cross-sectional view of the spacer of the metallic cell design. 
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As discussed in Section 2.5.4.1, in the PEF treatment systems developed in [67, 68, 

197, and 204], the field strength was usually selected to be above 30 kV/cm in order 

to achieve reliable and effective PEF inactivation of microorganisms. The electric 

field across the sample in the PEF test cell can be calculated by the following 

equation: 

𝐸 =
𝑉

𝑑
                                                                   (IV.1) 

where V is the voltage applied to the PEF cell electrodes and d is the distance 

between the electrodes. As the pulse generator used in the project had a maximum 

output of 30 kV, an inter-electrode distance of 1 cm will provide the field strength 

required for effective PEF treatment. However, as mentioned in Section 2.6, one of 

the project aims was to investigate the efficiency of the PEF treatment using a higher 

field strength. Therefore, the inter-electrode distance in this initial PEF test cell 

design was set to 3 mm, which provided a maximum field strength of 100 kV/cm and 

covered the range of field strengths required in the present research project. 

The radius of the exposed electrode surface, where liquid sample with 

microorganism is in direct contact with the electrodes, was 19 mm. The resulting 

volume of the test cell was 3.4 ml, which provided sufficient amount of liquid 

suspension for assessment of the PEF treatment performance. The diameter of the 

inlet port was 1.5 mm, which allowed the needle of the syringe to pass through.    

 

Figure IV.5   Simplified cross-sectional view of assemble test cell. 
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A proper sealing of the test cell is essential for conduction of PEF experiments. 

Leakage of the liquid suspension from the test cell will not only create inaccurate 

results but also introduce air bubbles inside the test cell, which will certainly result in 

an electrical breakdown under this level of field strength. The sealing was achieved 

by introducing rubber O-ring slots on the surface of the electrodes, as can be seen in 

Figure IV.1 and Figure IV.5. Two rubber O-rings were tightly fit into the slot on 

each electrode. The test cell was sealed as the electrodes were pressed towards the 

spacer. 

4.1.2 Selection of Materials 

As discussed in Section 2.5.4.3, variety of different metals has been used to 

manufacture electrodes for PEF test cells, including copper, aluminium and stainless 

steel. Among all the material, stainless steel was most widely used in PEF treatment 

as it is regarded a safe material when in contact with foodstuff. Electro-chemical 

reactions, which introduce undesirable ions and other toxic chemical by-product into 

the sample, are likely to occur when copper or aluminium is used as electrodes, [165, 

209-210]. Although these by-products may help to achieve higher degree of 

inactivation of microorganisms being treated, the main focus of this research project 

was to investigate the effect of electric field in the PEF treatment. Therefore, 

stainless steel was selected as material for manufacturing the PEF test cell electrodes. 

In terms of the spacer and cover, several factors were taken into consideration during 

selection of appropriate materials. Firstly, the dielectric strength of this material 

should be sufficient to withstand the applied electric field. Secondly, the 

machinability of the material needs to allow accurate machining. Thirdly, the 

rigidness of the material should be relatively high to maintain the required geometric 

parameters when the test cell is assembled. The cost of the material also should be 

considered. Taking all those factors into considerations, nylon, with dielectric 

strength of 236 kV/cm [234], was selected as the material of the spacer and covers. 
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4.2 Design of Dielectric PEF Test cell 

The main objective of this research project was to investigate the feasibility of using 

of a non-conductive test cell in the PEF process. To implement this idea, a dielectric 

test cell with two non-conducting electrodes, created from ceramic capacitors, was 

also designed and built. 

4.2.1 Selection of the Material 

As discussed in Section 2.5.4.3, the basic idea of the non-conductive PEF test cell is 

to cover the metallic electrode with a layer of dielectric barrier, as demonstrated in 

Figure IV.6. In the figure, Zd and Zl represent the width of the dielectric barrier and 

liquid suspension respectively and εd and εl represent the relative permittivity of the 

dielectric material and the liquid suspension respectively. In this model, the static 

state electric field strength across the liquid suspension can be evaluated by the 

following equation: 

𝐸𝑙 =
𝑈0

𝑍𝑙+2
𝜀𝑙
𝜀𝑑

𝑍𝑑

                                    (IV.2) 

It can be concluded from the equation that, the ratio between the permittivity of the 

liquid suspension and the dielectric barrier has a significant impact on the field 

strength in the sample. The permittivity of the dielectric barrier needs to be higher 

than the permittivity of the liquid suspension to ensure sufficient field is applied to 

the sample. If εd is equal to or less than εl, the field will be concentrated on the 

dielectric barrier, resulting in much lower field in the suspension. As the liquid 

suspension contains mostly water, the value of εl is around 80. Therefore, the relative 

permittivity of the dielectric material needs to be at least 80 or higher. Some of the 

dielectric materials, such as nylon and PTFE, are therefore not suitable for this 

application as the relative permittivity of these materials is only ~ 2. 
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Figure IV.6   Schematic diagram of the proposed PEF test cell with dielectric barriers. 

The initial idea was to use an adhesive to bond the metallic electrode to a layer of 

high permittivity dielectric material. However, such approach raised technical 

difficulties in manufacturing. It was advised by the manufacturing staff that solid and 

uniform bonding between such two materials was difficult to achieve. In addition, 

the presence of the adhesive between the dielectric and the metallic electrode would 

introduce additional complexity in field distribution within the test cell. Therefore, 

alternative approach should be considered. 

After reconsideration, it was decided to use a body of the commercially available 

high voltage ceramic capacitor as a potential alternative electrode. The permittivity 

of ceramic material used in the HV capacitors is typically in the range from a few 

100’s to few 1000’s. Figure IV.7 shows the cross sectional view of a typical HV 

ceramic capacitor. As can be seen from the figure, this ceramic capacitor employs an 

electrode-ceramic-electrode topology and is usually coated with insulation material 

such as an epoxy resin. The capacitor was cut along the red dashed line, as shown in 

Figure IV.7, the larger remaining part was used as an dielectric electrode. The 

ceramic material acts as the dielectric barrier and is firm in contact with the metallic 

electrode. 

Therefore, two identical cylindrical ceramic capacitors, each with a nominal 

capacitance of 3 nF, were selected to manufacture the dielectric electrodes. These 
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capacitors have been cut as the figure suggests and the cut surfaces have been 

polished to make them as smooth as possible. The end products of the dielectric 

electrodes are shown in Figure IV.8. 

 

Figure IV.7   Cross sectional view of a typical ceramic capacitor. 

4.2.2 Topology of the Test cell 

Since the ceramic capacitors were cylindrical, the designed test cell with non-

conductive electrodes had the same topology as the metallic test cell shown in Figure 

IV.5. The two capacitors, which played a role of the dielectric electrode, were 

separated by a dielectric spacer as shown in Figure IV.8. Similar to the stainless steel 

test cell, the electrode sat between the spacer and a dielectric cover when fully 

assembled. There were 4 plastic studs evenly distributed on the spacer, which passed 

through corresponding threaded holes in the cover, and connected to 4 screw caps in 

order to keep the test cell tightly closed. A small inlet hole was drilled on the side of 

the spacer in order to inject liquid suspension in the test cell before the test and to 

remove the suspension after the application of HV impulses. 

To be consistent with the stainless steel cell design and provide direct comparison 

between the two test cells, the distance between the dielectric electrodes was kept at 

3 mm by the spacer. However, the volume of the ceramic test cell was slightly larger 

than the volume of the test cell with stainless steel electrodes (~ 5.9 ml) due to the 
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larger radius of the ceramic capacitor. The diameter of the inlet hole was 1.5 mm, the 

same as the stainless steel test cell. 

 

Figure IV.8 Exploded view of the ceramic PEF test cell. 

 

Figure IV.9 Cross-sectional view of the spacer of the ceramic cell design. 
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A tight sealing of the dielectric test cell was essential for successful PEF treatment. 

Any leakage of the liquid suspension will create inaccurate results and introduce air 

bubbles inside the test cell. The sealing was achieved by placing rubber O-ring 

between the electrodes and the spacer. However, unlike in the case of the metallic 

test cell, where an O-ring slot can be easily cut on the surface of the stainless steel 

electrodes, the O-ring slots cannot be cut onto the ceramic surfaces (electrodes). The 

ceramic body of the capacitors used to manufacture the dielectric electrodes was hard 

but fragile, which was impossible to machine accurately. The solution to this 

problem was to cut the O-ring slots on the nylon spacer, as shown in Figure IV.9. 

Two rubber O-rings were tightly fit into the slot on each side of the spacer and the 

test cell was sealed as the electrodes were pressed towards the spacer. 

4.3 Pulse Generating System 

A ready-made pulse generator was used in the project to generate square impulse. 

This pulse generator, shown in Figure IV.10, was manufactured by SAMTECH Ltd 

(UK), and consisted of several discrete units: a high voltage power supply, a trigger 

generator, a corona stabilised switch, a pulse forming network and a voltage gain 

network. Figures IV.11 and IV.12 show the schematic diagram of electrical 

configuration of this impulse generator and a practical square impulse waveform 

generated by this generator during the PEF experiment in the present study. Some of 

the key components of this square impulse generator will be briefly introduced in the 

following sub-sections. 

 

Figure IV.10   The square impulse generator. Manufactured by SAMTECH Ltd. (UK). 
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Figure IV.11   Schematic diagram of electrical configuration of the square impulse 

generator. PFN stands for pulse forming network; VGN stands for voltage gain network. 

 

Figure IV.12   Practical square impulse waveform generated by SAMTECH pulsed power 

supply. 
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4.3.1 Pulse Forming and Voltage Gain Network 

As shown in Figure IV.11, the pulse forming network (PFN) consists of four URM67 

transmission lines, with identical length of 100 meters. The transmission lines are 

connected in parallel. Therefore, as described in Section 2.4.4, this PFN is effectively 

four single pulse forming lines (PFL) connected in parallel. According to Equation 

II.6, the resulting square impulse has a pulse duration of ~ 1 µs. As the impedance of 

the URM67 cable is 50 Ω, the total impedance of this PFN is 12.5 Ω. For the single 

pulse forming line, the magnitude of the output voltage of the PFL is half of the 

charging voltage if a matched 12.5 Ω load is connected.  

In order to increase the output voltage, a 1:2 voltage gain network is connected to the 

PFN, as shown in Figure IV.11. This voltage gain network consists of four 100 meter 

transmission lines as well. For the transmission line network configuration displayed 

in Figure IV.11, Vout = 2 Vin and Zout = 4 Zin. Therefore, the output impedance of the 

voltage gain network is 50 Ω and the magnitude of the output voltage will equals to 

the charging voltage if a matched 50 Ω load is connected. 

4.3.2 Corona Stabilised Spark-Gap Switch 

A corona stabilised spark-gap switch is used in this pulse generator to trigger the 

PFN described in Section 4.3.1. The principle and closing mechanism of this type of 

switch is described in Section 2.4.5.2. A schematic diagram of the switch is shown in 

Figure IV.13. As shown in the figure, the switch consists of two plane-plane disc 

electrodes with sharp edges, which enable the forming of highly non-uniform electric 

field inside the switch. 

As detailed in Section 2.4.5.2, the two main electrodes will be energised to the 

required voltage, which should be below the self-breakdown voltage of the two main 

electrode but sufficient enough to develop a complete breakdown when the trigger 

impulse is applied to the trigger electrode. Therefore, two characteristic breakdown 

voltages define the working envelop of this switch: the self-breakdown voltage of the 

main electrodes, Vb, and the trigger threshold voltage, Vth. When the voltage applied 
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on the HV electrode is higher than Vb, an electrical breakdown will occur between 

the HV electrode and the ground electrode without a trigger impulse. On the other 

hand, when the applied voltage is lower than Vth, closure of the switch cannot be 

triggered by the application of the trigger signal. Both Vb and Vth can be changed by 

adjusting the gas pressure in the switch, as shown in Figure IV.14, to provide desired 

voltage output. For example, if a 20 kV output voltage is required, the pressure of the 

switch should be changed to around -0.4 ~ -0.2 bars (gauge). 

 

Figure IV.13   Schematic diagram of the corona stabilized spark-gap switch. 

 

Figure IV.14   Characteristic curves for the switch (filled with SF6), [235]. 
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The switch was originally designed to use SF6 as the filling gas and can be operated 

under charging voltage varying from 10 kV to 30 kV. It was decided to use an 

environment friendly gas (air) as the filling gas instead of SF6. Tests were conducted 

to examine the capability of the air-filled switch. The new characteristic curve of the 

air-filled switch is shown in Figure IV.15. It can be seen from the figure, the air-

filled switch can also cover the same voltage range from 10 kV to 30 kV. However, 

it requires much higher pressure to provide the same voltage output. For the same 20 

kV output, the air-filled switch now requires an air gauge pressure at least 1.5 bars. 

The recommended maximum pressure of the switch is 2 bars (gauge). As a result, the 

maximum charging voltage is limited to around 24 kV according to the new 

characteristic curves shown in Figure IV.15. 

 

Figure IV.15   Characteristic curves for the switch (filled with air). Error bars show standard 

deviation (n=10). 

4.3.3 Trigger Generator 

A trigger generator unit is employed in this pulse generator to deliver fast trigger 

voltage pulses to the trigger electrode of the corona stabilised spark-gap switch, as 

shown in Figure IV.11, thereby activate the pulse forming network. The trigger 

generator can be operated in either single-shot mode or continuous mode. In 
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continuous mode, the frequency of the triggering impulse can be adjusted from 

0.1 Hz to 10 Hz, results a pulse repetition rate range of 0.1 to 10 pulses per second 

(pps). 

4.4 Other Components of the PEF System 

4.4.1 Matching Resistor 

As mentioned in Section 4.3.1, the square impulse generator has an impedance of 

50 Ω. In order to achieve maximum power transfer to the load and to minimise signal 

reflection, it is beneficial to provide an impedance matching between the load and 

the generator. Therefore, the impedance of the load should be 50 Ω. In the PEF 

experiments, the load is the effectively the PEF test cell with the liquid suspension 

inside. Therefore, the impedance of the PEF test cells should be evaluated first. The 

test cells can be represented by the RC equivalents of the liquid suspension inside 

assuming ideal electrodes are used. Figure IV.16 shows the RC equivalents of both 

stainless steel and ceramic PEF test cells. 

 

Figure IV.16   (a) RC equivalent of the stainless steel test cell. (b) RC equivalent of the 

ceramic test cell. 

As can be seen from the figures, the stainless steel test cell is modelled as parallel 

connected equivalent resistor Req and equivalent capacitor Ceq of the liquid 

suspension. The ceramic test cell is modelled as the RC equivalent of the liquid 

suspension series connected with two capacitors, which represent the ceramic 



113 
 

material. Therefore, the equivalent impedance of the PEF test cells can be estimated 

using the following equations. 

 𝑅𝑒𝑞 = 
𝑑

𝜎∙𝐴
                                                       (IV.3) 

𝐶𝑒𝑞 =
𝜀0∙𝜀𝑟∙𝐴

𝑑
                                      (IV.4) 

1

𝑍𝑚𝑒𝑡𝑎𝑙𝑙𝑖𝑐
=

1

𝑅𝑒𝑞
+ 𝑗𝜔𝐶𝑒𝑞                     (IV.5) 

 𝑍𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 =
1

𝑗𝜔𝐶𝑐𝑒𝑟𝑎𝑚𝑖𝑐
+

1
1

𝑅𝑒𝑞
+𝑗𝜔𝐶𝑒𝑞

+
1

𝑗𝜔𝐶𝑐𝑒𝑟𝑎𝑚𝑖𝑐
   (IV.6) 

where d is the distance between the electrodes, σ is the conductivity of the liquid 

suspension, A is the surface area of the electrode, 𝜀0 is the permittivity of free space 

and 𝜀𝑟 is the relative permittivity of the liquid suspension. 

As suggested in Section 3.2.4, liquid suspension with conductivity in the range 

between 10-3-10-2 S/m will be optimal for effective PEF treatment. Therefore, the 

liquid suspension of microorganisms was prepared based on this consideration in 

actual experiments and had a conductivity of a few tens of µS/cm, which will be 

introduced in detail in Section 5.1.1-5.1.3. In the stainless steel test cell, the 

equivalent resistance of the sample was ~ 1 kΩ and the equivalent capacitance was ~ 

200 pF according to Equation IV.3 and Equation IV.4.  In the ceramic test cell, the 

equivalent resistance and capacitance of the sample were ~ 800 Ω and ~ 400 pF 

respectively. As the voltage waveform (Figure IV.12) of the impulse produced by 

this generator system indicated, the high voltage impulse had a relatively flat top 

with minimal oscillations. To simplify the calculation, the frequency component can 

be neglected and the PEF system was seen as a DC system, therefore the impedance 

of the stainless steel PEF test cell was effectively its equivalent resistance, which was 

~ 1 kΩ. On the other hand, the DC impedance of the ceramic test cell was effectively 

infinity. 
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As demonstrated, the equivalent impedances of both PEF test cells were much larger 

than the impedance of the impulse generator. Therefore, a 50 Ω resistor was 

connected with the PEF test cell in parallel to match the impedance of the pulse 

generator, as shown in Figure IV.17. 

 

Figure IV.17   The 50 Ω matching resistor connected with the stainless steel PEF test 

cell in parallel. 

4.4.2 Diagnostic Devices 

The high voltage diagnostic devices used in this work to monitor the real-time 

impulse waveform across the PEF test cell included an HV voltage probe and a 

digitising oscilloscope, Figure IV.18. The HV voltage probe used in this system was 

a Tektronix P6015A probe with a division ratio of 1000:1. This probe has a 

bandwidth of 75 MHz and can be used to measure HV impulses with magnitude up 

to 40 kV, which covers the range of the voltage used in the project. The voltage 

probe is connected to a Tektronix TDS2024 oscilloscope. The oscilloscope has a 

bandwidth of 200 MHz and a sampling rate of 2 GS/s. 

 

Figure IV.18  (a) Tektronix P6015A 1000:1 HV Probe. (b) Tektronix TDS2024 oscilloscope. 
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4.5 Discussion 

This chapter introduced the design process of the PEF test cells used for preliminary 

experiments. A traditional metallic test cell and a novel dielectric test cell have been 

designed.  

The metallic test cell and the dielectric test cell employ very similar geometry, which 

is cylindrical parallel plate to plate electrode with a 3 mm inter-electrode distance. 

The electrodes of the metallic cell are made of stainless steel while the electrodes of 

the dielectric cell are made from commercially available ceramic capacitors. The 

supporting structures of the test cells, i.e. the spacers and the covers, are made of 

nylon. The equivalent impedances of the test cells are also identified in order to 

design the PEF treatment system to achieved optimal performance. 

The pulse generator used in the preliminary experiment is also described in this 

chapter. This square impulse generator can produce repeated negative impulse with 

duration of 1 µs. The original generator with SF6 filled switch can provide stable 

output voltage up to 30 kV. With the replacement of SF6 with air, the maximum 

stable output voltage from the generator is reduced to around 24 kV. The impedance 

of the pulse generator is 50 Ω, which is much less than the estimated impedances of 

the PEF test cells. Therefore, in order to achieve maximum power transfer and 

minimised signal reflection, a 50 Ω matching resistor will be connected to the test 

cells in parallel during PEF treatment to match the impedance of the generator.  

The designed PEF test cells and the PEF system, described in this chapter, will be 

used to conduct a series of preliminary PEF treatments on microorganisms. The 

results of these preliminary experiments will be introduced in next chapter. 
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Chapter V 

PEF TREATMENT OF MICROOGANISMS 

USING THE INITIAL TEST CELLS 

 

5.0 General 

As described in Chapter IV, two PEF test cells were designed and constructed. A 

PEF system which included these two test cells and a square impulse generator were 

prepared for preliminary PEF experiments. The traditional metallic PEF test cell with 

stainless steel electrodes was used to carry out initial proof-of-principle PEF tests 

and to provide reference results for the dielectric PEF cell. The novel dielectric test 

cell with ceramic electrodes was used to conduct identical experiments in order to 

investigate whether the idea of non-conducting PEF test cell can achieve satisfactory 

result in practical experiment. 

In this chapter, the preparation process of the microorganisms used in the 

experiments will be introduced first. The methods to be used to determine the 

microbiological efficiency of the PEF treatment will also be described in this chapter. 

The experiment procedures will be presented and the PEF treatment results obtained 

using both test cells will be discussed. 

The results obtained in the PEF experiments demonstrated that successful PEF 

inactivation of microorganisms can be achieved using the stainless steel PEF test cell. 

However, the PEF tests in which ceramic PEF test cell was employed indicate that 

satisfactory practical PEF performance cannot be achieved in the proposed ceramic 

test cell design and HV impulses produced by the pulsed power system used in the 

present study. The reasons for this unsatisfactory performance of the ceramic test cell 

and potential ways of overcoming these drawbacks in the design of non-conductive 

PEF treatment system will be discussed in Chapter VI. 
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The analysis of the specific energy consumption of the PEF process in the stainless 

steel test cell has been conducted and the obtained results are compared with the 

literature data. The results showed that significant improvement in the specific 

energy consumption has been achieved in the present study as compared with 

literature data. The analysis and discussion of the reasons for this improvement in the 

energy efficiency is presented in this chapter. 

5.1 Preparation of Test Suspension with Microorganisms 

5.1.1 Conductivity of Liquid Suspension 

As mentioned in Section 3.2.4, the optimum conductivity of the liquid suspension 

containing microorganism sample should be in the range of 10-2 ~ 10-3 S/m in order 

to allow optimal development of trans-membrane potential in practical PEF tests. 

Using liquid suspension with conductivity higher than the recommended value can 

significantly reduce the maximum field strength developed across on the biological 

membrane due to the Maxwell-Wagner field relaxation process, which could cause 

ineffective PEF process in the ceramic test cell. On the other hand, using liquid 

suspension with conductivity lower than the recommended value will increase the 

time required for the development of trans-membrane potential and to reach its 

maximum value in both test cells, which may exceed the pulse duration. Therefore, it 

was decided to prepare liquid suspension with the conductivity satisfying the 

recommendation from the modelling result obtained in Section 3.2.4, which can 

provide a relatively short membrane charging time in both test cells and a relatively 

long Maxwell-Wagner relaxation time in the ceramic test cell. The conductivity of 

the liquid suspension was measured by a conductivity meter, Jenway 4150, each time 

prior to the PEF treatment experiment. 

5.1.2 Preparation of A. platensis 

The growth medium for A. platensis was Zarrouk medium, described in [236]. The 

Zarrouk medium was prepared using sterilized distilled water supplemented with the 

salts list in Table V.1. Fresh Zarrouk medium inoculated with A. platensis was 
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placed inside a stationary light incubator to allow the growth of the A. platensis. The 

lights inside the incubator were set to a 12 hours diurnal cycle and the temperature 

was remained constant at 25 ºC. Therefore natural conditions were simulated within 

laboratory conditions, which provided the best available condition for the 

A. platensis to grow. 

Table V.1 Components and the formula of Zarrouk medium and its characteristic. All 

chemicals are obtained from Sigma Aldrich UK. 

Component Concentration (g/1000 ml) 

NaHCO3 16.8 

NaNO3 2.5 

K2SO4 1 

NaCl 1 

K2HPO4 0.5 

MgSO4·7H2O 0.2 

Na2EDTA 0.08 

CaCl2 0.04 

FeSO4·7H2O 0.01 

H3BO3 0.00286 

MnCl2·4H2O 0.0018 

ZnSO4·7H2O 0.00022 

CuSO4·5H2O 0.00008 

(NH4)6MoO24 0.00002 

Characteristic of the Zarrouk Medium  

Electrical Conductivity 1.5-3 S/m 

pH 8.38 ± 0.06 

 

Fully grown (35 ~ 40 days) A. platensis was used for the PEF treatment experiment. 

However, as the growth medium contains mainly electrolytes, the conductivity of 

this growth medium, ~ (1.5-3) S/m, was 1000 times’ higher than the recommended 

conductivity value (Section 5.1.1). Therefore, A. platensis cell were removed from 

the growth media and re-suspended into a lower conductivity solution before PEF 

treatment. To do so, the growth medium containing the A. platensis cell was 

centrifuged at 4300 rpm for 10 minutes in the centrifuge, Heraeus Labofuge 400R, as 
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shown in Figure V.1. After centrifugation, the supernatant, which contained mainly 

conductive growth medium, was discarded. The precipitated biomass, which 

contained the A. platensis cells, was re-suspended in distilled water. This 

centrifugation and washing process was conducted three times and the resulting 

A. platensis solution had a conductivity of (2.26 ± 0.45) ×10-3 S/m. This solution 

satisfied the conductivity requirements as outlined in Section 5.1.1 and therefore can 

be used in the PEF experiments. However, it should be noted that highly diluted 

solutions could put additional stress on microbial cells due to changes in the 

extracellular environment. Therefore, all the control (untreated) samples were put 

into the same suspension with required conductivity. The same approach was also 

used in [237], in which a PEF study was conducted to extract protein from 

microalgae Nannochloropsis and Chlorella. 

 

Figure V.1   Heraeus Labofuge 400R centrifuge. 

5.1.3 Preparation of S. cerevisiae 

Unlike the A. platensis, the reproducing cycle of the S. cerevisiae is much shorter. 

The growth of S. cerevisiae can reach the end of the exponential phase within 20 

hours when incubated in fresh medium under optimal conditions, [238].  

In the present study, the S. cerevisiae sample was cultured in 100 ml solution of Malt 

Extract Broth (CM0057, Oxoid Ltd, UK) for 20 hours in a shaking incubator, New 

Brunswick Classic C25KC refrigerated incubator shaker, as shown in Figure V.2. 
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The incubator was set to rotate at 120 rpm and the temperature was remained 

constant at 30°C, which is the optimal temperature for culturing S. cerevisiae, [239]. 

Similar to the growth medium of A. platensis, this broth medium was also highly 

conductive. Therefore, the S. cerevisiae suspension was centrifuged at 4300 rpm for 

10 minutes in the centrifuge after incubation. The S. cerevisiae cells were then re-

suspended in 100 ml 0.05% Mycological Peptone (LP0040, Oxoid Ltd, UK) solution. 

The resulting S. cerevisiae suspension had a conductivity of (1.82 ± 0.13) ×10-2 

µS/cm, which satisfied the conductivity requirements as outlined in Section 5.1.1. 

Similar to the A. platensis sample, the centrifuge and dilution process was also 

applied to the control (untreated) S. cerevisiae sample.  

 

Figure V.2   New Brunswick Classic C25KC refrigerated incubator shaker. 

5.2 Assessment of Efficiency of PEF Treatment 

Several methods were used to determine the performance of the PEF treatment 

experiment in the present study. The assessments of A. platensis and S. cerevisiae 

were different and will be introduced in the following sections separately. 

5.2.1 Assessment of PEF Treatment of A. platensis 

Two methods were used to assess the performance of PEF treatment on A. platensis. 

Visual inspection of the A. platensis cell was conducted to provide direct 
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examination of the damage caused by the PEF treatment. The growth of the 

A. platensis was also monitored by plotting its growth curve to determine the damage. 

5.2.1.1 Visual Inspection 

An optical microscope, Nikon Eclipse E400 as shown in Figure V.3(a), was used to 

inspect the A. platensis cell visually. A drop of A. platensis suspension was placed 

onto the surface of a glass slide, as shown in Figure V.3(b). The glass slide 

containing cells was then placed under the microscope and viewed at ×400 

magnification. Both PEF-treated and untreated A. platensis suspensions were visually 

inspected using this method. The images of the PEF-treated and untreated cells are 

compared to determine any structural damage caused by PEF treatment. 

    

Figure V.3   (a) Nikon Eclipse E400 microscope. (b) Glass slide with a drop of A. platensis 

suspension on the surface. 

5.2.1.2 Growth Curve Measurement 

In addition to visual inspection, the growth curve of the A. platensis was monitored 

to assess the damage caused by the PEF treatment. The inspiration behind this idea 

was that the A. platensis suspension became denser and greener as the A. platensis 

cell grew and reproduced, as can be seen in Figure V.4. Therefore, the growth of the 

A. platensis can be quantified by measuring the optical absorption of the suspension. 

To do so, 0.1 ml of the suspension was transferred into 20 ml fresh growth medium. 

The optical absorption at 545 nm, which is the wavelength of green light and can be 

used to detect photosynthesis pigments, of the new 20 ml suspension was measured 
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by a spectrophotometer every 2 or 3 days. The spectrophotometer, Thermo 

Spectronic Biomate 5, is shown in Figure V.5. Figure V.4 shows a typical growth 

curve of the untreated A. platensis. The growth curves of both PEF-treated and 

untreated A. platensis samples were measured and compared to assess the 

performance of PEF treatment.  

 

Figure V.4   Growth curve of untreated A. platensis sample. 

 

Figure V.5   Thermo Spectronic Biomate 5 spectrophotometer. 

5.2.2 Assessment of PEF Treatment of S. cerevisiae 

The performance of PEF treatment on S. cerevisiae was assessed by calculating the 

reduction in population after treatment. To do so, the S. cerevisiae sample needed to 

be enumerated accurately before and after the PEF treatment. For enumeration of 

S. cerevisiae, specific amount of S. cerevisiae sample was plated onto agar plates and 

incubated for 24 hours at 30 ºC. Two plating methods, namely spiral plating and 

spread plating, were used to plate the S. cerevisiae sample. The appropriate plating 

method was selected based on the expected surviving population. The population of 
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the S. cerevisiae sample was determined by counting the number of S. cerevisiae 

colony on the agar plate after incubation. 

The agar used for enumeration of S. cerevisiae was Malt Extract Agar (CM0059, 

Oxoid Ltd, UK). 50 grams of the agar powder was added into 1 liter of distilled 

water to prepare the agar solution. The solution was then sterilized at 121 ºC for 15 

minutes in an autoclave. After sterilization, the agar solution was poured onto petri 

dishes and solidified as it cooled down to make up agar plates. The plates were 

placed into an incubator at 37 ºC for 24 hours to detect any contamination prior to be 

used in the experiment. 

5.2.2.1 Spiral Plating Method 

When the expected surviving population of the S. cerevisiae sample was in the range 

of 105 ~ 103 Colony Forming Units per Millilitre (CFU/ml), spiral plating method 

was used. This is an automatic plating method using an automated spiral plater, 

WASP 2 from Don Whitley Scientific Ltd. UK, as shown in Figure V.6. The plater 

dispensed 50 µl of the liquid S. cerevisiae suspension onto the surface of the rotating 

agar plate. The placement of the liquid suspension was in the shape of Archimedean 

Spiral and was in logarithmic decrease, as can be seen in Figure V.7(a). After 24 

hours’ incubation, the S. cerevisiae colonies were enumerated manually using a 

colony counter. A counting grid was centered at the agar plate, each marked grid 

division corresponded to a known constant volume of the plated liquid suspension. 

Therefore the population density of the S. cerevisiae suspension in CFU/ml was 

calculated by counting the colony number in a selected division and comparing the 

number with a supplied reference chart. 

 

Figure V.6   Don Whitley Scientific Ltd. WASP 2 automated spiral plater. 
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Figure V.7   (a) Spiral plate: logarithmic distribution. (b) Spread plate: linear distribution. 

5.2.2.2 Spread Plating Method 

When the expected surviving population of the S. cerevisiae sample was in the range 

of 103 ~ 102 CFU/ml, spread plating method was used. This plating method can be 

done manually or automatically using the same WASP 2 automated plater described 

above. The plater can also dispense 100 µl of the liquid suspension linearly on the 

surface of the rotating in the shape of Archimedean Spiral, as shown in Figure V.7(b). 

To do it manually, 100 µl of the liquid S. cerevisiae suspension was transferred onto 

the agar plate using a pipette (Gilson, UK). The suspension was evenly distributed on 

the surface of the agar plate using an L-shape spreader. Both manually and 

automatically prepared plates were then incubated at 30 ºC for 24 hours. After 

incubation, the number of the S. cerevisiae colonies on the plate was counted and the 

population density of the S. cerevisiae suspension in CFU/ml was calculated by 

multiplying this number by 10, which is the dilution factor. 

If the expected surviving population of the yeast sample was less than ~ 102 CFU/ml, 

the manual spread plating method was used to obtain an accurate result. In this case, 

500 µl or 1 ml of the S. cerevisiae suspension was transferred onto the agar plate 

using a pipette and was evenly distributed on the surface of the agar by an L-shape 

spreader. The plates were placed into the incubator after the liquid solution on the 

plates’ surface became completely dry. After the incubation, population density of 
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the S. cerevisiae suspension in CFU/ml was calculated by multiplying the number of 

the colonies on the plate by 2 in the case of 500 µl sample. In the case of 1 ml sample 

being plated, the number of the colonies equalled to the population density in 

CFU/ml. 

5.3 PEF Treatment of A. platensis 

A series of proof-of-principle PEF treatment experiments were conducted using the 

stainless steel test cell and the ceramic test cell. At this stage of the present study, the 

HV impulses with square waveshape were used in the PEF treatment experiments in 

which PEF test cells described in Chapter IV were used. The obtained results 

provided valuable information and guideline for the optimisation of the test cells and 

the subsequent experiments using the modified PEF test cells. This section 

introduces the experiment procedures and the results obtained from these 

experiments. The significance of the obtained results is also discussed. 

5.3.1 Experimental Procedures 

The suspension of A. platensis, prepared as described in Section 5.1.2, was 

transferred into the PEF test cell via a syringe. The test cell was then connected to the 

square impulse generator in parallel with the 50 Ω matching resistor. Two levels of 

voltage outputs from the generator, 10 kV and 20 kV, were used in the experiment. 

The corresponding electric field strengths across the PEF test cell were 33 kV/cm 

and 67 kV/cm respectively. The A. platensis sample was then subjected to 50, 100, 

500 and 1000 impulses. It was found during the experiments that, in the case of 500 

and 1000 impulses tests, the total time required for the experiment was relatively 

long that the A. platensis cells precipitated in the bottom of the test cell. Therefore, in 

order to minimise the sedimentation effect, the suspension were mixed within the test 

cell after every 250 impulses. 

As introduced in Section 5.1.2, the preparation procedure of the suspension involved 

3 times of centrifugation and washing process, which can apply considerable 

mechanical force on the A. platensis cells. Therefore, untreated but centrifuged 
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A. platensis sample was used as control sample to exclude the effect of centrifugation 

when analysed the performance of PEF treatment. The effect of centrifugation 

process on the A. platensis was analysed by compared centrifuged and un-

centrifuged samples. 

To check if the PEF treatment caused significant increase in the sample temperature, 

which could potentially contribute to microbial inactivation, the temperature of the 

treated samples was monitored using a thermocouple (Kane-May KM340, K-type) 

before and immediately after each experiment. 

All PEF experiments were conducted in triplicate, which allow statistical 

representation of the obtained results. 

5.3.2 Results of PEF Treatment in the Stainless Steel Test Cell 

This section discusses the obtained experimental results of PEF treatment of 

A. platensis in the stainless steel test cell using high voltage impulses with square 

waveshape. 

5.3.2.1 Visual Inspection 

Figure V.8 shows the images of individual A. platensis cells for untreated, 

centrifuged and PEF treated samples. As can be seen from the figure, the visual 

appearances of the centrifuged and PEF treated A. platensis cell were significantly 

different from that of the untreated sample. While there is a slight difference between 

the centrifuged and PEF treated samples. Since both centrifuged and PEF treated 

sample have been centrifuged for a considerable period of time, the visual 

observation result suggested that the mechanical force induced by the centrifuge 

process may cause some internal structural changes to the cell. This is supported by a 

PEF study reported in [240], in which the microalgae Nannochloropsis oculata cells 

were ruptured by mechanical force when treated by a blender, as shown in Figure 

V.8(d). However, from the results of growth curve measurement, the centrifuged 

A. platensis sample remained viable while the PEF treated sample were non-viable. 
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Therefore, it suggested that the PEF treatment induced damage to the cell which was 

invisible at this scale of magnification. Unlike mechanical treatment reported in 

[240], no rupture or external damage was detected in neither centrifuged nor PEF 

treated sample in the experiments. 

 

 

Figure V.8   Individual A. platensis cells under microscope (×400 magnification) (a) 

Untreated sample. (b) Centrifuged sample. (c) PEF treated sample (33 kV/cm, 500 pulses). 

(d) N. oculata treated by blender, figure taken from [240]. 

5.3.2.2 Growth Curve Measurement 

Figure V.9 and Figure V.10 show the growth curves for the PEF treated A. platensis 

sample. The results shown in these figures demonstrated that the effect of PEF 

treatment on A. platensis cell was significant using the stainless steel test cell in 

present study. 

In the group treated by 33 kV/cm field strength, as shown in Figure V.9, no growth 

of the A. platensis was observed by 15 days with 500 or more pulses. Optical 
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absorption at day 15 was even slightly decreased as compared to day 1, which was 

potentially due to the lysis process of the dead cells and the loss of chlorophyll. 

These no-growth curves indicated that the vast majority of the A. platensis cells in 

the sample have been inactivated by the applied impulses. However, the inactivation 

efficacy with smaller numbers of impulses (<500) was not as consistent as PEF 

treatment using higher numbers of impulses (≥500). When treated with 100 HV 

impulses, two independent tests demonstrated inactivation tendency represented in 

Figure V.9 and a third run showed A. platensis growth curve similar to that of the 

centrifuged curve. When treated with 50 impulses, only one independent test out of 3 

showed inactivation of A. platensis while two other runs showed that A. platensis 

continued to grow as demonstrated in Figure V.9. These results suggested that 

A. platensis can be inactivated by 50 or 100 impulses, but the effect was not 

consistent for electrical parameters (50, 100 impulses at 33 kV/cm) used in these 

tests. Larger numberss of impulses (500, 1000) were required to achieve stable 

inactivation performance. 

 

Figure V.9 Growth curves for untreated, centrifuged and PEF treated (33 kV/cm) 

A. platensis sample. Data points are the average value of triplicate treatments (with the 

exception of the 50 and 100 impulses groups, in which one outlying treatment is excluded), 

error bars show standard deviation (n=3).  
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In the group treated by 67 kV/cm field strength, as shown in Figure V.10, the effect 

of the HV square impulses was more pronounced. As can been seen in Figure V.10, 

the growth curves for A. platensis treated by all different numbers of impulses 

demonstrated no sign of growth. These results indicated that virtually all A. platensis 

cells have been inactivated after PEF treatment with 50 or more impulses. Under 

these field conditions, no treated sample showed an increasing optical density, 

indicating that reliable inactivation of the A. platensis have been achieved. 

 

Figure V.10 Growth curves for untreated, centrifuged and PEF treated (67 kV/cm) 

A. platensis sample. Data points are the average value of triplicate treatments, error bars 

show standard deviation (n=3). 

The obtained growth curves showed that reliable inactivation of the A. platensis can 

be achieved using ~ 500 and more impulses with the field magnitude of 33 kV/cm. 

When the field strength was doubled to 67 kV/cm, the number of impulses required 

for reliable inactivation was reduced to ~ 50. 
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5.3.2.3 Temperature Measurement 

As mentioned in Section 5.3.1, the temperature of the treated samples was monitored 

before and immediately after each treatment test. The result of these measurements 

showed that the PEF treatment regime used in the current study did not cause 

significant temperature increase. The maximum registered increase in the sample 

temperature did not exceed ~ 2°C. This was different from the majority of the PEF 

treatment studies, [7, 67, and 241]. It was reported in [67] that PEF treatment 

resulted in a 50 °C increase in the temperature of the sample when both pre-cooling 

of the microalgae suspension and ice-jacket cooling during treatment were employed.  

The reason of the insignificant temperature increase observed in the present study 

was the use of low conductivity liquid suspension. In order to reduce the 

conductivity of the liquid suspension, centrifugation and subsequent re-suspension of 

the A. platensis cells in distilled water was carried out three times, resulting in a 

significant reduction of the conductivity of the solution: the conductivity of all tested 

samples was in the range of (2.26 ± 0.45) ×10-3 S/m. In contrast, the sample solutions 

with significantly higher conductivities in the range of a few S/m were used in [241] 

and [7] in PEF treatment (0.9% NaCl solution and apple juice, respectively). A much 

higher conductivity will cause a high conduction current through the sample and 

significant Joule heating due to this current. As a result, a noticeable increase in 

temperature after PEF treatment was reported: the temperature of the PEF treated 

samples increased by a few 10’s of ºC. Therefore, the insignificant temperature rise 

observed in the present experiments was explained by the low conductivity of liquid 

solutions used in the tests. 

5.3.2.4 Specific Energy Consumption 

The specific energy consumption during the PEF treatment refers to the amount of 

energy dissipated in the liquid suspension in the PEF test cell normalised by the mass 

of the sample (J/kg). This specific energy consumption was estimated analytically by 

using the equivalent circuit model. The PEF test cell was considered to form a 

parallel RC circuit, as described in Section 4.4.1. The equivalent resistance R 
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represented the conduction through the liquid suspension in the test cell. The 

capacitance C represented the capacitance of the test cell and C is connected in series 

with a resistance, RESR, associated with the losses in the polarisation process. 

The energy which dissipated in the test cell can therefore be represented as the sum 

of the Joule energy due to ionic conduction in the liquid, EJ, and the energy 

associated with displacement current due to polarisation process in the test cell, Epol. 

The Joule energy dissipated in the PEF test cell can be calculated by the following 

equations:  

𝐸𝐽 =
𝑁∙∫𝑉2(𝑡)∙𝑑𝑡

𝑅
                                                     (V.1) 

  𝑅 =  
𝑑

𝜎∙𝐴
                                                   (V.2) 

where N is the number of impulses applied, V(t) is the voltage across the test cell, R 

is the equivalent resistance of the test cell, d is the distance between the electrodes, σ 

is the conductivity of the liquid suspension and A is the surface area of the electrode.  

It should be noted that the temperature of the liquid suspension has an impact on the 

conductivity of the suspension. However, it has been confirmed that the sample 

temperature changes slightly during the PEF treatment. Therefore, this change in 

temperature and the resulting change in the conductivity of liquid sample should be 

taken into account in order to ascertain potential changes in the equivalent resistance 

during the PEF treatment. To do so, the conductivity of the liquid suspension was 

measured after the PEF treatment and compared with the pre-treatment conductivity 

value. The result showed that the maximum increase in conductivity due to the PEF 

treatment did not exceed ~ 3.6 %. Therefore, the constant value of the equivalent 

resistance, R, obtained by Equation V.2 was used for the Joule energy calculations. 

Using the actual voltage waveform in calculation, it was found that the resulting 

Joule energy, EJ, was 77 mJ per pulse and 308 mJ per pulse in the case of 33 kV/cm 

and 67 kV/cm pulses respectively. 
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The energy which was dissipated in the test cell due to displacement current can be 

calculated by the following equations: 

             𝐸𝑝𝑜𝑙 = 𝑁 ∙ 𝑅𝐸𝑆𝑅 ∙ ∫ (𝐶
𝑑𝑉(𝑡)

𝑑𝑡
)
2

∙ 𝑑𝑡              (V.3) 

𝑅𝐸𝑆𝑅 =
𝑡𝑎𝑛𝛿

2𝜋∙𝑓∙𝐶
                                                            (V.4) 

𝐶 =
𝜀0∙𝜀𝑟∙𝐴

𝑑
                                                                  (V.5) 

where RESR is the equivalent series resistance of the capacitor in the lumped circuit 

model, f is the frequency which corresponds to the rise and fall times of the impulse, 

C is the equivalent capacitance of the test cell, 𝜀0 is the permittivity of free space, 𝜀𝑟 

is the relative permittivity of the liquid suspension and tanδ is the ratio of the 

imaginary and real parts of permittivity of the suspension. 

The displacement current, C∙dV(t)/dt, was calculated using the actual voltage 

waveforms obtained during the PEF treatment. tanδ was modelled with the 

dissipation factor of water, which is 1.94×10-4, at 25°C for f = 4 MHz, according to 

[242]. This frequency corresponded to the rise and fall times of the HV impulses 

used in the PEF treatments. The values obtained using Equations V.3-V.5 for the 

capacitive energy component, Epol, were 0.036 mJ per pulse for 33 kV/cm and 

0.150 mJ per pulse for 67 kV/cm. 

As can be seen, the capacitive energy components were significantly (3 orders of 

magnitude) lower than the corresponding Joule energy components. Therefore, the 

total specific energy during the PEF treatment can be approximated by the Joule 

energy losses only. 

The results from the growth curve measurements indicated that the reliable 

inactivation of the A. platensis was achieved by 500 pulses with the field magnitude 
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of 33 kV/cm. The volume of the test cell was 3.4 ml, and the concentration of 

A. platensis cells was ~ 13 g/l, therefore the specific energy required to achieve 

inactivation of the A. platensis was ~ 0.87 MJ/kg. In the case of 67 kV/cm PEF 

treatment, the number of impulses which were required to achieve reliable 

inactivation was reduced to ~ 50, and specific energy consumption in this case was ~ 

0.35 MJ/kg. 

Specific energy consumption of the PEF treatment achieved in this study was 

significantly lower than the energy consumption reported in the literature. For 

example, it was reported in [67] and [68] that energies of 26 MJ/kg and 2 MJ/kg 

were used in the PEF treatment respectively. These values are at least ~ 10 times 

higher than the specific energy value obtained in this study. Several potential reasons 

could explain such significant difference in the specific energy consumption. First, 

the conductivity of the A. platensis suspension used in this study (~ 20 µS/cm) was 

significantly lower than that in other’s reports: the A. protothecoides suspension used 

in [68] had a conductivity of 0.15 S/cm. The low conductivity of suspension used in 

the present study results in a lower conduction current in the test cell, and therefore 

lowers the energy dissipation.  

Although the size of microorganisms may make them more sensitive to the HV 

impulses, it is believed that this factor does not make significant contribution to the 

observed reduction in the energy consumption as compared with the literature data. It 

has been shown experimentally in [185] that the S. cerevisiae (with linear dimensions 

of ~ 6 µm) was more susceptible to the PEF treatment than the S. aureus, with linear 

dimensions of ~ 1 µm. The authors of [213] also attributed an increased 

susceptibility of the B. subtilis to the PEF treatment as compared with S. aureus of 

smaller size. Although the A. platensis used in the present work and the microalgae 

sepsis used in [67] and [68] were different, linear dimensions of the individual 

microorganism cells have the same order of magnitude (10’s of µm [123]). Therefore, 

it was concluded that the size factor did not play a dominant role in the observed 

reduction in the specific energy consumption and it was mainly due to the use of low 

conductivity A. platensis suspension. However, further investigation into the exact 
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mechanisms and factors which may result in lower specific inactivation energy is 

required. 

5.3.3 Results of PEF Treatment in the Ceramic Test Cell 

This section presents and discusses the experimental results of the PEF treatment of 

the A. platensis using the ceramic test cell. 

5.3.3.1 Visual Inspection 

Figure V.11 shows the images of the untreated, centrifuged and PEF treated 

individual A. platensis cells. Unlike the PEF treatment using metallic test cell, as can 

be seen from the figures, the visual appearances of the PEF treated sample cell was 

very similar to the centrifuged sample. The significant different between the PEF 

treated and untreated sample was likely to be the result of the centrifuge process. In 

addition, the results of growth curve measurement indicated the PEF treated sample 

using the ceramic test cell kept growing after the treatment. This suggested PEF 

treatment using the ceramic test cell may not induce any damage to the A. platensis 

cells. No rupture or external damage can be detected in PEF treated sample either. 
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Figure V.11   Individual A. platensis cells under microscope (×400 magnification): (a) 

untreated sample; (b) centrifuged sample; (c) PEF treated sample (33 kV/cm, 500 pulses).  

5.3.3.2 Growth Curve Measurement 

The Figure V.12 and Figure V.13 show the growth curves for the PEF treated, 

untreated and centrifuged A. platensis samples. The results shown in these figures 

suggested that PEF treatment in the ceramic test cell did not produce noticeable 

effect on A. platensis. All growth curves for untreated, centrifuged and PEF treated 

A. platensis samples were similar and the differences between them were statistically 

insignificnat. 

As can be seen in Figure V.12 and Figure V.13, optical absorptions of all the PEF 

treated samples started to increase around day 11 after PEF treatment regardless of 

field strength and number of impulses. These growth curves indicated that virtually 

no damage has been done to the A. platensis cells during the PEF treatment in the 

ceramic test cell. The vast majority of the A. platensis cells in the sample survived 

the treatment with the maximum field strength of 67 kV/cm and maximum number 

of impulses of 1000. 
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Figure V.12 Growth curves for untreated, centrifuged and PEF treated (33 kV/cm) 

A. platensis sample. Data points are the average value of triplicate treatments, error bars 

show standard deviation (n=3).  

 

Figure V.13 Growth curves for untreated, centrifuged and PEF treated (67 kV/cm) 

A. platensis sample. Data points are the average value of triplicate treatments, error bars 

show standard deviation (n=3). 
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5.3.3.3 Temperature Measurement 

Measurements of the sample temperature have also been conducted in the case of the 

ceramic test cell experiments. The results of these measurements showed that no 

change in temperature has been detected in all experiments in which the ceramic test 

cell was used. It was reported in [243] that the PEF treatment using a similar test cell 

limited the increase of the temperature significantly as compared with the traditional 

metallic test cell. However, this absence of the temperature increase observed in the 

present study could not be simply explained by the use of non-conductive ceramic 

test cell. Considering the results from visual inspection and growth curve 

measurements, it was possible to suggest that the electric field in the ceramic test cell 

relaxed over very short period of time without producing thermal or biological 

effects. 

5.3.4 PEF Treatment of A. platensis: Summary of Results 

The PEF treatment of A. platensis in both test cells produced valuable results which 

provided very useful information for the subsequent research. A brief summary of 

these results is provided below. 

 Reliable PEF inactivation of the A. platensis was achieved in the metallic test 

cell by 500 square HV impulses with field strength of 33 kV/cm. This number 

was reduced to 50 pulses when the field magnitude was increased to 67 

kV/cm. 

 No damage to the external structure of the A. platensis cells was observed 

using an optical microscope with ×400 magnification. However, inactivation 

of the A. platensis confirmed that critical internal structural damage and cell 

dysfunction was induced by PEF treatment in the stainless steel test cell. 

 The use of low conductivity solution helped to reduce the specific energy 

consumption significantly. The specific energy consumption of the PEF 
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treatment using the stainless steel test cell was at least 10 times lower than 

those values reported in the literature. 

 The use of low conductivity solution also helped to reduce the heating effect 

during the PEF treatment. The maximum increase in temperature recorded 

during the experiments was ~ 2°C, which was significantly lower than 

temperature values reported in the literature for the PEF treatment in 

traditional metallic test cell. 

 The PEF treatment using the ceramic test cell produced no inactivation results, 

which suggested that A. platensis was not subjected to strong enough or long 

enough electric field during the PEF treatment in the ceramic test cell. 

5.4 PEF Treatment of S. cerevisiae 

PEF treatment experiments of S. cerevisiae were also conducted using the initial 

designs of the PEF test cells, described in Chapter IV. Similar to the A. platensis 

experiments, square HV impulses were used for the PEF treatment of S. cerevisiae. 

These experiments also provided valuable information for the subsequent 

optimisation and improvement of the treatment of S. cerevisiae using the new PEF 

test cells. This section describes the experiment procedures and the obtained results. 

Significant findings and conclusions are highlighted and discussed in this section. 

5.4.1 Experimental Procedures 

Similar to the A. platensis PEF experiment, the suspension of S. cerevisiae, prepared 

as described in Section 5.1.3, was transferred into the PEF test cell via a syringe. The 

test cell was then connected to the square impulse generator in parallel with the 50 Ω 

matching resistor. Voltage magnitude of the generator output was set to 10 kV 

and 20 kV, which resulted in the electric field strength of 33 kV/cm and 67 kV/cm 

respectively. The liquid suspension containing S. cerevisiae were subject to 50, 100, 

250, 500 and 1000 HV impulses. The population density of the S. cerevisiae sample 

was measured, as described in Section 5.2.2, prior and after the PEF treatment to 
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detect any inactivation induced by the PEF treatment. Temperature of the 

S. cerevisiae suspension was also measured before and after the PEF treatment to 

detect any thermal effects. All experiments were conducted in triplicate and the 

resulting data points represented an average of 3 independent measurements. 

5.4.2 Results of PEF Treatment in the Stainless Steel Test Cell 

This section presents the obtained experimental results of PEF treatment of 

S. cerevisiae using the stainless steel test cell. Analysis and discussion of the results 

are also presented in this section. 

5.4.2.1 Temperature Measurements 

Similar to the case of PEF treatment of A. platensis in the metallic test cell, the 

maximum increase in the temperature registered in the S. cerevisiae PEF experiments 

was less than 3 °C. The reason of this insignificant thermal effect could also be the 

use of low conductivity liquid suspension. In the S. cerevisiae PEF tests, the 0.05% 

Mycological Peptone was used as the suspending media to reduce the conductivity of 

the liquid suspension, which provided a conductivity of (1.82 ± 0.13) ×10-2 S/m. This 

value was significantly lower than those reported in the literature, where significant 

heating of the liquid sample were reported. Therefore, the use of low conductivity 

sample solution was the most probable reason for this insignificant thermal effect, as 

explained in Section 5.3.2.3. 

5.4.2.2 Inactivation Tendency 

Figure V.14 shows the result of population count of the S. cerevisiae before and after 

PEF treatment using the stainless steel test cell. The results of these measurements 

were presented as the mean of surviving populations (log10 CFU/ml) and its standard 

deviation obtained from 3 independent PEF treatments. As can be seen from the 

figure, 2-log10 of reduction in population was achieved by 500 impulses with the 

field strength of 33 kV/cm. When the field strength was doubled, a 3-log10 of 

reduction was achieved by 500 impulses. In general, the PEF treatments using 

67 kV/cm field strength provided 1-log10 more reduction in surviving population as 
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compared with the 33 kV/cm field strength with the same number of impulses. 

However, no further reduction in the surviving population was achieved with an 

increase in the pulse number. The inactivation curves seem to be saturated after 500 

impulses, as can be seen in Figure V.14. This ‘tailing’ suggested that complete 

inactivation, as be seen in A. platensis experiments, was not achieved in the 

S. cerevisiae PEF experiment using the same metallic test cell. 

 

Figure V.14   Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. Data points are the average value of triplicate treatments, error bars show 

standard deviation (n=3). 

5.4.3 Result of PEF Treatment in the Ceramic Test Cell 

This section discusses and analyses the obtained experimental results of the PEF 

treatment of the S. cerevisiae in the ceramic test cell. 

5.4.3.1 Temperature Measurements 

Similar to the A. platensis PEF experiment using the ceramic test cell, no changes in 

the temperature have been detected in all S. cerevisiae experiments using the same 
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ceramic test cell. Considering the results from population counting, which will be 

introduced in the following section, it was likely that the S. cerevisiae cells were not 

exposed to the expected electric field (in terms of magnitude and duration) during the 

PEF process. 

5.4.3.2 Inactivation Tendency 

The results of population count of S. cerevisiae before and after PEF treatment using 

the ceramic test cell are shown in Figure V.15. It can be seen from the figure, that no 

reduction in the S. cerevisiae population was achieved during the PEF treatment 

regardless of the field strength and pulse number in use. Once again, this result 

indicated that the S. cerevisiae cells remained viable after the PEF treatment in this 

ceramic test cell. Taken the A. platensis results into consideration, it suggested that 

the field strength inside the ceramic test cell was far less than the expected value. As 

a result, microorganisms treated in this ceramic test cell remained unaffected during 

the treatment. The potential reasons for the ineffectual PEF inactivation performance 

of the ceramic test cell will be discussed in Section 6.1.1. 

 

Figure V.15   Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. Data points are the average value of triplicate treatments, error bars show 

standard deviation (n=3). 
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5.4.4 PEF Treatment of S. cerevisiae: Summary of Results 

A summary of the results of the PEF treatment of S. cerevisiae using both test cells is 

provided in this section. 

 The S. cerevisiae can be inactivated by the PEF treatment using the stainless 

steel test cell. 2-log10 of reduction in population was achieved by the 

application of 500 HV impulses with field strength of 33 kV/cm. Further 1-

log10 reduction was achieved when the field strength increased to 67 kV/cm 

by the same number of impulses. 

 Complete inactivation (7-log10 reduction in population) of the S. cerevisiae 

cells was not achieved using the stainless steel test cell. No further 

inactivation was observed after 500 impulses with both field strengths, 

leading to a ‘tailing’ effect in the inactivation curve. 

 The use of low conductivity sample solution helped to reduce the heating 

effect of samples during the PEF treatment in stainless steel test cell. Similar 

to the A. platensis PEF tests, the maximum increase in temperature recorded 

during the S. cerevisiae PEF experiments was less than 3 °C. 

 Similar to the A. platensis experiments, the PEF treatment of S. cerevisiae in 

the ceramic test cell produced no inactivation. S. cerevisiae was not 

inactivated using this dielectric test cell. 

5.5 Discussion 

The results of the PEF treatment of the A. platensis and S. cerevisiae using both 

stainless steel and ceramic test cells were presented in this chapter. The obtained 

results and main conclusions were also presented and discussed. 

In general, the PEF treatment using the stainless steel test cell results in successful 

inactivation of both A. platensis and S. cerevisiae. As demonstrated in this chapter, 
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A. platensis was inactivated by 500 square impulses with field magnitude of 

33 kV/cm and reliable inactivation was achieved by the application of 50 impulses if 

the field strength was doubled to 67 kV/cm. Although the A. platensis were 

successfully inactivated by the PEF treatment, the visual inspection of the individual 

cells revealed that no visible external structural damaged was produced. This finding 

suggested that the PEF treatment only induced an internal damaged and dysfunction 

of the microorganism cells. While in the S. cerevisiae experiments, 2-log10 reduction 

in S. cerevisiae population was achieved by 500 impulses at 33 kV/cm, further 1-

log10 reduction was achieved by the increase in the field strength to 67 kV/cm. 

The specific energy of the PEF treatment was also evaluated using the data from the 

A. platensis experiment using the metallic test cell. The results indicated that the 

specific energy consumption in the present study was much lower than the values 

reported in literature. It was calculated that the specific energy consumption in 

current study for reliable inactivation of A. platensis was as low as 0.35 MJ/kg. 

However in other microalgae studies [67, 68], the reported specific energy 

consumptions were 26 MJ/kg and 2 MJ/kg. The main reason of this improvement in 

energy efficacy was due to the use of low conductivity sample solution. This lower 

conductive solution reduced the conduction current significantly during the PEF 

treatment and therefore less energy was dissipated as Joule heating. The other benefit 

of using the low conductivity solution was therefore the elimination of heating effect 

commonly seen in other PEF studies. 

Although inactivation of the microorganisms by the PEF treatment was successfully 

achieved using the stainless steel cell, some drawbacks of the current design were 

also discovered during the experiments. Electrical breakdowns occasionally occurred 

between the electrodes during PEF treatments. In addition, complete inactivation of 

S. cerevisiae was not achieved even by the application of 1000 impulses with the 

maximum field strength of 67 kV/cm, which raised a suspicion of potential low field 

areas (dead zones) in the stainless steel test cell. On the other hand, in the case of 

PEF treatment using the ceramic test cell, experiments with both A. platensis and 

S. cerevisiae confirmed that inactivation of microorganisms was not achieved by the 

current non-conductive test cell. The drawbacks of the stainless steel test cell and the 
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ineffective ceramic test cell both called for an improvement for the test cell design, 

which will be discussed in next chapter.  
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Chapter VI 

DEVELOPMENT OF IMPROVED PEF TEST 

CELLS AND PEF SYSTEM 

 

6.0 General 

In Chapter V, it was demonstrated that the use of the non-conductive ceramic test 

cell in the PEF treatment was ineffective. On the other hand, it was shown that the 

use of low conductive solutions improves the energy efficacy of the PEF process and 

reduces the Joule heating. This important result supports the idea of utilising non-

conductive or low-conductive PEF test cells and suggests that further improvements 

in the energy efficacy could be achieved if conduction through the sample can be 

reduced or totally eliminated. Therefore, it is important to analyse the potential 

reasons for the ineffective inactivation performance of the ceramic test cell and to 

find an alternative approach to implement such idea. 

On the other hand, some drawbacks of the stainless steel test cell were discovered 

during the PEF experiments even though positive inactivation results have been 

achieved with this test cell. The initial design of the metallic cell led to occasional 

electrical breakdowns between the test cell’s electrodes due to the presence of air 

bubbles. In addition, the results from the S. cerevisiae experiments suggested that 

potential dead zones may exist in the test cell. Therefore, it was also important to 

improve the design in order to optimize the PEF performance. 

As the design of both dielectric and metallic test cells should be modified, it was 

decided to redesign both test cells for the subsequent PEF experiments. The 

drawbacks of the metallic test cell and the potential reasons for the ineffective 

performance of the dielectric cell will be analysed in this chapter. The redesigning 

process, based on the results obtained, will also be presented in this chapter. 
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One of the main objectives of this research is to investigate the effect of different 

pulse waveform on the PEF performance. Therefore, not only square impulses, but 

also two other types of the pulse waveforms will be used in the PEF treatment 

together with the modified test cells. The development of two pulse generators, 

which produce impulses with smooth exponential and oscillating exponential 

waveforms, will also be discussed in this chapter. 

6.1 Drawbacks and Limitations of the Initial Test Cell 

Designs 

Although preliminary PEF tests using the initially designed stainless steel test cell 

produced promising results, some drawbacks and limitations of this design were also 

found. The obtained results from the experiments using the ceramic test cell also 

indicate that the PEF process in this test cell was not efficient (no noticeable 

inactivation effects were recorded). This section will analyse potential reasons for the 

ineffective performance of the ceramic test cell and specific drawbacks of the 

stainless steel test cell and will provide an overview of potential solutions to these 

problems. 

6.1.1 Potential Reasons for the Ineffectiveness of the Ceramic Cell 

6.1.1.1 Maxwell-Wagner Relaxation of Electric Field 

During the PEF treatment, the field magnitude applied to the sample is obtained by 

measuring the voltage across the PEF test cell. This method provides an accurate 

estimation of the field in the liquid sample in the case of the metallic test cell. The 

stainless steel electrode can be seen as an ideal conductive electrode and the field 

strength across the sample can be calculated as voltage across the gap between the 

electrodes divided by the gap length. However, in the case of ceramic test cell, the 

Maxwell-Wagner field relaxation process takes place. As described in Section 3.2.1, 

this Maxwell-Wagner field relaxation process results in a field collapse between the 

dielectric layers with a characteristic collapse time equals to the Maxwell-Wagner 

relaxation time, τMW. This suggests that the field strength in the liquid sample inside 



147 
 

the ceramic test cell collapses shortly after the pulse is applied. Therefore, the 

Maxwell-Wagner relaxation time of this ceramic test cell should be calculated 

according to Equation III.5. For the convenience of reading, this equation is showed 

here as Equation VI.1.  

𝜏𝑀𝑊 = (
𝜀𝑙

𝜀𝑑
+ 2

𝑍𝑙

𝑍𝑑
)

𝜀0𝜀𝑑

𝜎𝑙
                                   (VI.1) 

where εd and εl represent the relative permittivity of the ceramic material and the 

liquid suspension respectively, Zd and Zl represent the width of the ceramic barrier 

and liquid suspension respectively and σl is the conductivity of the liquid suspension. 

Using Equation VI.1 and practical parameters of the test cell and liquid suspension, 

the Maxwell-Wagner relaxation time of the ceramic cell was found, τMW = 0.127 µs, 

which is only ~ 13% of the duration of the HV square impulse. To verify this 

calculation, a PSpice model of the PEF system with the ceramic cell was developed 

as direct measurements of the actual voltage drop across liquid suspension in the 

ceramic cell during PEF treatment are impossible. Figure VI.1 shows the equivalent 

circuit diagram of the PEF system developed in PSpice. The ceramic test cell is 

modelled as a RC equivalent circuit described in Section 4.4.1. The square impulse 

generator was also modelled using the lumped element circuit approach as described 

in Section 4.3. 

 

Figure VI.1   Equivalent circuit diagram of the PEF system with ceramic test cell. PFN 

stands for pulse forming network; VGN stands for voltage gain network. 
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Figure VI.2   Result of the PSpice simulation of PEF treatment using ceramic test cell. The 

voltage waveform in red indicates the voltage across the whole ceramic test cell; the voltage 

waveform in green indicates the voltage across the liquid suspension inside the ceramic test 

cell. 

The result of the PSpice simulation is shown in Figure VI.2. As can be seen in the 

figure, the actual voltage across the cell rises to 90% of its maximum value after 

~ 0.3 µs and starts to collapse at ~ 0.7 µs after the application of the impulse. 

However, the voltage drop across the liquid suspension behaves differently: it 

reaches its maximum value at ~ 0.3 µs after pulse application and then starts to 

collapse. The peak magnitude of the voltage drop in the liquid sample is significantly 

lower than the maximum voltage across the test cell. Despite 20 kV peak voltage 

across the whole ceramic test cell, the actual peak voltage across the liquid 

suspension can only reach ~ 8 kV. The result obtained from the PSpice simulation 

confirms the Maxwell-Wagner field relaxation process occurs in the ceramic test cell. 

Due to this Maxwell-Wagner field relaxation process, the voltage across the liquid 

suspension could not reach its maximum value as shown in Figure VI.2. This result 

indicates that the field strength applied to the sample could be much smaller than the 

expected value and its duration is only ~ 30 % of the pulse duration in the actual PEF 

treatment. 
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Also, as demonstrated in Section 3.1.3, an additional time is required for the trans-

membrane potential to rise due to polarisation and charge accumulation process 

across the membrane. Therefore, the trans-membrane potential and its transient time 

could be further reduced and shorten by the combination of these two processes and 

the Maxwell-Wagner field relaxation process. To evaluate this combined effect on 

the trans-membrane potential, the analytical model described in Section 3.2.2 was 

conducted again with the practical parameters which were used in the PEF 

experiments described in Chapter V. The results of this simulation are shown in 

Figure VI.3 and Figure VI.4. Figure VI.3 demonstrates how the field strength across 

the microbial membrane is changing when the sample is treated in the ceramic test 

cell. As can be seen, the field strength peaking at the τMW, which is 0.127 µs, before 

collapse due to the Maxwell-Wagner process. However, when compared with the 

trans-membrane potential of the bio-membrane in a sample treated in the stainless 

steel test cell, as shown in Figure VI.4, the peak field magnitude is only ~ 10% of the 

peak field magnitude achieved in the stainless steel cell. 

 

Figure VI.3   Electric field strength across the microbial membrane when sample is treated 

in the ceramic test cell. 



150 
 

 

Figure VI.4   Comparison between the electric field strength across the microbial 

membranes when samples are treated in the ceramic test cell (red line) and stainless steel test 

cell (blue line).  

It can be concluded from these simulations that the Maxwell-Wagner field relaxation 

process plays a significant role in the PEF treatment process in the ceramic test cell. 

Due to this field relaxation, the actual field strength inside the test cell is much lower 

(40%) as compared to the field strength across the whole test cell. In addition, due to 

the initial polarisation and charge accumulation processes, the trans-membrane 

potential could only reach an even smaller value, which is only ~ 10 % as compared 

to the sample being treated in the stainless steel test cell. These simulation results 

suggest that the external electric field needs to be significantly higher in order to 

have sufficient field strength across the liquid suspension and microbial membrane in 

this ceramic test cell. In the non-conductive PEF study reported in [189], a similar 

design of the non-conductive PEF test cell was used. This study reported on a 

successful inactivation of E. coli in the ceramic test cell. However, the field strength 

used in [189] was significantly higher (from 130 kV/cm to 200 kV/cm) than the field 

strength in the present study. The maximum field strength used in the PEF 

experiments described in Chapter V was 67 kV/cm, which was only half of the 

minimum field used in [189]. The results obtained in [189] confirmed the conclusion 
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from the above simulations that significantly higher field strength is required for 

successful inactivation of microorganism in a ceramic test cell. The relatively low 

field strength used in Chapter V could result in lower trans-membrane potentials due 

to the Maxwell-Wagner relaxation process, so that the lethal electroporation process 

may not occur under these conditions.  

6.1.1.2 Ceramic Electrode Surface 

The surfaces of the stainless steel electrodes designed in Section 4.1 were polished to 

a mirror finish. However, the same degree of smoothness was not achieved in the 

ceramic electrodes surfaces. Due to mechanical properties of the ceramic material, 

the surface of this ceramic had visible degree of roughness when the capacitor is cut. 

Although all possible efforts were made to polish the ceramic surfaces, these surfaces 

remained uneven due to the small pits, as shown in Figure VI.5. As a result, the field 

distribution in the vicinity of these electrodes can be distorted by this uneven surface. 

 

Figure VI.5   Close look at the surface of the dielectric electrode. 

6.1.1.3 PEF Experiment with Higher Field Strength 

As discussed in the previous sections, the higher electric field strength might be 

required in order to achieve successful inactivation of microorganism using the 
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ceramic test cell. Therefore, PEF treatment of S. cerevisiae in the ceramic test cell 

was conducted using the highest possible field strength obtained using the pulse 

generator described in Section 4.3. Due to technical restrictions, as demonstrated in 

Section 4.3, the maximum operating voltage generated by this pulsed power system 

with a stable pulse repetition rate was 24 kV. Therefore, the maximum field strength 

could be increased to 80 kV/cm with 3 mm inter-electrode gap. 

The S. cerevisiae samples were prepared following the procedure described in 

Section 5.1.3. The S. cerevisiae suspension was transferred into the ceramic test cell 

and subjected to 50, 100, 250, 500 and 1000 square impulses with field magnitude of 

80 kV/cm. The surviving population of the S. cerevisiae in CFU/ml was then 

compared with the untreated sample. The results of these PEF tests are shown in 

Figure VI.6. 

 

Figure VI.6   Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. Data points are the average value of triplicate treatments, error bars show 

standard deviation (n=3). 
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As Figure VI.6 shows, no inactivation of S. cerevisiae was achieved using 80 kV/cm 

field strength and 1000 or less square impulses in the ceramic test cell. This test 

suggested that much higher electric field strength was required in order to achieve 

inactivation of microorganism using this ceramic test cell. As shown in [189], the 

minimum field strength needed for successful inactivation in a similar ceramic test 

cell was 130 kV/cm. However, the PEF performance using the field strength lower 

than 130 kV/cm has not been investigated in that study. Therefore, based on the 

results obtained in the present study and the results reported in [189], it was possible 

to state that the critical electric field strength for PEF inactivation could lies between 

80 kV/cm and 130 kV/cm for a non-conductive ceramic test cell. 

6.1.2 Drawbacks of the Stainless Steel Cell 

6.1.2.1 Electrical Breakdown inside the Test cell 

One of the significant drawbacks observed during PEF experiments using the 

stainless steel test cell was the occasional electrical breakdowns between the 

electrodes. The cause of these breakdowns is the presence of air bubbles inside the 

test cell. As discussed in Section 2.5.4.3, gaseous bubbles can be generated by the 

electrolysis process during the PEF treatment, which normally triggers electrical 

breakdown after the application of a few impulses. However, during the PEF 

experiments described in Chapter V, some of the breakdowns occurred immediately 

after the application of the first HV impulse which suggests air bubbles existed 

before the PEF treatment. 

Due to the position of the inlet hole, which was located in the middle of the inter-

electrodes gap, small air bubbles can be introduced into the liquid suspension in the 

test cell during the filling procedure. In addition, as the inlet hole was relatively 

small and the test cell was a closed-top cell, it was difficult to inspect visually 

whether any air bubbles remain in the cell after filling it with the liquid suspension. 

The presence of such air bubbles caused undesirable electrical breakdowns inside the 

test cell during the PEF process, which not only interrupt the PEF treatment but also 

damage the surfaces of the electrodes, leaving breakdown pits on the electrode 
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surface. These breakdown pits with sharp edges increased the probability of 

undesirable electrical breakdown further 

6.1.2.2 Low Field Zones 

The experimental results of the PEF test with S. cerevisiae in the stainless steel cell 

suggest that potential zones with low electric field (“dead” zones) may exist inside 

the test cell. The obtained results indicate that 3-log10 reduction in the yeast 

population can be achieved by 500 PEF impulses, which means that 99.9 % of the 

yeast population in the sample had been inactivated by the HV impulses. However, 

the rest of the S. cerevisiae population in the sample, 0.1 %, still remained viable 

even if the pulse number was increased to 1000. Therefore, it was suggested that 

potentially there were dead zones in the stainless steel test cell, which accounted for 

0.1 % of the total sample volume. 

In order to identify these potential “dead” zones in which the field strength was 

lower than the critical field required for inactivation, an electrostatic field 

distribution in the cell was modelled using QuickField software. The result of this 

modelling is shown in Figure VI.7. As this figure shows, the majority of the 

treatment volume has a uniform field distribution. However, there are some areas 

where the field strength is much lower than the uniform field strength in the center of 

the test cell. Figure VI.8 shows the local field distribution in these “dead” zones. As 

highlighted in the figure, two types of “dead” zones have been identified. “Dead 

Zone” 1 is the small gap between the electrode and the nylon spacer created by the 

presence of the O-rings. “Dead Zone” 2 is the inlet hole for the syringe. The electric 

field strength in these areas is almost zero. Therefore, microorganisms in these areas 

remain untreated during the PEF process. This modelling result could explain the 

reason why complete inactivation was not achieved in this stainless steel test cell: a 

small portion of the liquid suspension remained untreated in these low-field zones. 
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Figure VI.7   Electrostatic field distribution in the metallic cell. 

 

Figure VI.8   Local electric field distribution in the potential dead zones. 

6.1.2.3 Field Strength Limitations 

As discussed in Section 4.3, it was found that due to some technical restrictions 

including operational performance of the pulsed power switch filled with air and 
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mismatch between the load impedance (PEF test cell) and the generator, the 

maximum operation voltage generated by this pulsed power system was 24 kV. As a 

result, the maximum field strength across the sample inside the test cell was limited 

to ~ 80 kV/cm according to Equation IV.1. Therefore, with the limited output voltage 

from the pulse generator, this stainless steel test cell with 3 mm inter-electrode gap 

was no longer suitable for PEF treatment with elevated levels of electric field and a 

modified test cell with smaller inter-electrode gap is required for this purpose. 

6.2 Modified Design of the Metallic Test cell 

Analysis of the drawbacks identified during the preliminary PEF tests was discussed 

in Section 6.1. This analysis leads to the conclusion that redesigning of the metallic 

test cell is required. A new design of metallic PEF test cell aims to achieve the 

following objectives: to avoid the presence of air bubble inside the PEF test cell after 

filling procedure; to enable the inspection and removal of any trapped air bubble; to 

eliminate potential low field zones identified in Section 6.1.2.2; and to enable PEF 

tests with elevated electric field strength. 

6.2.1 New Metallic Test Cell Topology 

In order to eliminate air bubbles in the test cell, an open-top topology for the test cell 

was proposed. The advantage of such open-top design is in natural upward 

movement of air bubbles formed in the liquid suspension during the filling process 

due to the buoyant force. In addition, such open top design allows visual inspection 

to be conducted. Air bubbles inside the test cell can be discovered prior to the test 

and any trapped air bubbles can be removed by tipping it out using a needle. Besides, 

the open-top design does not require an inlet hole as liquid is transferred into the cell 

using open top. Therefore, one of the potential dead zones, identified in Section 

6.1.2.2, can be eliminated.  

The open top test cell is equipped with two parallel plane stainless steel electrodes 

which are separated with an Π-shaped PTFE spacer as shown in Figure VI.9(a). The 

electrodes and the spacer are tighten by 7 sets of nylon screws, as shown in Figure 



157 
 

VI.9(b). The rectangular shape of the electrodes is needed to fit in the internal 

structure of a pressurised chamber used in the PEF treatment system, which will be 

introduced and discussed in Section 6.4.3. 

To achieve a higher electric field magnitude using the square-pulse HV generator, 

the inter-electrode distance should be reduced according to Equation IV.1. In an 

attempt to achieve the field strength of 200 kV/cm, as used in [189], 1 mm inter-

electrode gap was used. The electrode cross-section (their length and width) was 

selected to provide sufficient volume of liquid suspension for post treatment 

microbiological analysis. 

 

Figure VI.9   Re-designed metallic PEF test cell. (a) Schematic diagram of exploded 

metallic test cell. (b) Fully assembled metallic test cell.   

6.2.2 Electrode and Spacer Materials  

The electrodes used in this new test cell were manufactured of stainless steel, as in 

the case of the original test cell (Section 4.1.2). However, the 1 mm Π-shaped spacer 

was made of PTFE rather than nylon, which was used as the spacer material in the 

original test cell design, as the rigidness of nylon makes it very difficult to 

manufacture the spacer with the required shape. The choice of PTFE was proven to 

be a right one as this material provides a stable shape and maintains required 

thickness when compressed with nylon screws. In addition, a relative softness of 
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PTFE means a good sealing can be achieved by compression of the electrodes and 

the spacer. Therefore, O-rings were no longer needed and the other potential dead 

zone due to the presence of O-rings, as identified in Section 6.1.2.2, can be 

eliminated. 

6.3 Design of a TiO2-Coated Test Cell 

In the case of PEF treatment with non-conductive dielectric electrodes, the Maxwell-

Wagner field relaxation process will lead to a field collapse with a characteristic time 

equals to the Maxwell-Wagner relaxation time, τMW. In the case of the ceramic test 

cell, τMW is 0.127 µs, which results in a significant smaller trans-membrane potential 

and shorter effective treatment time, as demonstrated in Section 6.1.1.1. Together 

with an increase in the applied electric field in order to achieved inactivation of 

microorganisms, another approach should also be considered to minimise the effect 

of Maxwell-Wagner field relaxation process. Based on this consideration, a 

completely new test cell with Titanium dioxide (TiO2) coated electrodes had been 

designed. Different aspects of design and development of this test cell will be 

presented in following sections. 

6.3.1 Selection of Dielectric Material 

As demonstrated in Section 6.1.1, short τMW can significantly restrict the 

development of trans-membrane potential. Therefore, the effect of Maxwell-Wagner 

field relaxation can be limited if τMW will be increased, at least by a factor of 10, as 

compared with the ceramic test cell. According to Equation VI.1, τMW is defined by 

the permittivity of the dielectric material and liquid suspension, by the thickness of 

the dielectric layer, by the inter-electrode gap, as well as by the conductivity of the 

liquid suspension. The electrical properties of the liquid suspension and the inter-

electrode distance cannot be changed, leaving selection of a dielectric material with 

different properties the only optimisation option. As can be seen from Equation VI.1, 

the permittivity and the thickness of the dielectric material affect the Maxwell-

Wagner relaxation time. The relationship between the τMW and these two factors are 

plotted in Figure VI.10 and Figure VI.11. It can be found from these figures that 
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dielectric material with higher permittivity and smaller thickness can lead to a longer 

Maxwell-Wagner relaxation time. As highlighted in the figures, in order to provide a 

τMW around 1 µs, which equals to the pulse duration, the relative permittivity of the 

dielectric material needs to be increased to 40000 (with the thickness of the material 

unchanged, 30 mm) or the thickness of the dielectric material needs to be reduced to 

2.6 mm (with the permittivity of the material unchanged, 3500). However, dielectric 

materials with extremely high permittivity (>10000) are rare. Therefore, reducing the 

thickness of the dielectric material is the more practical approach to increase the τMW 

of a non-conductive PEF test cell.   

 

Figure VI.10   Relationship between the τMW and the relative permittivity of the dielectric 

material. 
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Figure VI.11   Relationship between the τMW and the thickness of the dielectric material. 

Based on this consideration, a copper plate coated by a thin film of TiO2 was selected 

as the electrode material of the new test cell. This TiO2-coated copper plate was 

processed by sol-gel process, in which sol solution containing TiO2 is sprayed on the 

surface of the copper plate for several times. The end product is a copper plate coated 

by a smooth, ultra-thin (2 µm) film, which is consisted of several layers of TiO2, as 

shown in Figure VI.12. The smooth surface of the TiO2 film provides an even 

distribution of the electric field and minimises the possibility of field distortion as 

suggested in Section 6.1.1.2.  

 

Figure VI.12   The TiO2-coated copper plate: (a) the un-coated side; (b) the TiO2-coated side. 
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Titanium dioxide can form a stable dielectric ceramic film in low temperature 

conditions, [243-246], which is applicable in the temperature condition in the present 

study. It was shown in [243] that the conductivity of a dry, thin TiO2 film is ~ 5×10-7 

μS/cm, which suggested a thin layer of TiO2 can be a good insulation in dry 

condition. It was also reported in [244] that the dielectric constant of TiO2 is ~ 95 at 

room temperature. As the dielectric constant of TiO2 is higher than the dielectric 

constant of water (~80), the electric field will be concentrated in the liquid 

suspension rather than on the TiO2 layer, as demonstrated in Section 4.2.1. Although 

the relative permittivity of TiO2 is significantly smaller than the permittivity of the 

ceramic material in the ceramic test cell, the 2 µm ultra-thin TiO2 layer will provide a 

much longer Maxwell-Wagner relaxation time, ~ 10 µs, as compared with the 

ceramic test cell (Section 6.1.1.1). In order to evaluate the trans-membrane potential 

in the microbial membrane treated in the test cell with the TiO2-coated electrodes, 

the same analytical model described in Section 3.2.1 was used. The obtained results, 

as shown in Figure VI.13, indicate that the field strength developed across the 

membrane can reach similar magnitude as in the case of the stainless steel test cell. 

 

Figure VI.13   The electric field strength across the microbial membrane treated in the 

proposed TiO2-coated test cell (red line) and in the stainless steel test cell (blue line). 
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6.3.2 TiO2-Coated Test Cell Topology  

In the case of TiO2-coated test cell, it would be beneficial to have a topology similar 

to the new stainless steel test cell. Therefore, a similar square shaped open-top design 

was employed, as shown in Figure VI.14(a). Two TiO2-coated electrodes are 

separated by the Π-shaped PTFE spacer, forming an open-top treatment volume. The 

thickness of the PTFE spacer is 1 mm, which is identical to the spacer used in the 

new stainless steel test cell. Therefore, the electric field strength in the TiO2-coated 

test cell can reach 200 kV/cm. 

 

Figure VI.14   The TiO2-coated PEF test cell. (a) Schematic diagram of the exploded test 

cell. (b) Fully assembled test cell. 

Since TiO2-coated copper plates are relatively thin, with a thickness of 1 mm, two 4 

mm stainless steel plates are connected to the un-coated side of each copper plate, as 

shown in Figure VI.14(b). By doing so, the total thickness of each electrode is 

extended to 5 mm, which is identical to the new stainless steel test cell. The fully 

assembled TiO2-coated test cell will also be thick enough to fit into the pressurized 

chamber, described in Section 6.4.3. The treatment volume of the dielectric cell (1.2 

cm3) is slightly smaller than the new stainless steel cell (1.5 cm3), which is due to the 

smaller dimensions of the TiO2-coated copper plates. However, this volume is still 

large enough to provide sufficient volume of liquid suspension for post treatment 

analysis. 
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6.3.3 Ionic Conduction in the TiO2-Coated Test Cell 

As reported in [243], in dry condition the thin TiO2 layer is a good insulator. 

Measurements of the resistance of the TiO2-coated electrodes in dry conditions have 

also been conducted in the present study using a digital multi-meter. All 

measurements demonstrated that there is no conduction through the TiO2 dry thin 

film. However, it was found that the conductivity of the TiO2-coated electrodes 

increases significantly when this thin film is in contact with water. 

The conductivity tests performed during this study revealed that the TiO2-coated 

electrodes became conductive when in contact with water/water solution. As 

demonstrated in Figure VI.15, a conduction through the TiO2 film was detected by 

the digital multi-meter: a drop of water was placed on the surface of the TiO2 film, 

and the digital multi-meter was used to measure the resistance between two probes, 

one in contact with the water dropped on the TiO2 surface and another in contact 

with the bottom (uncoated) side of the electrode. Therefore, during the PEF treatment 

when the TiO2-coated test cell is filled with liquid suspension, the TiO2 film became 

conductive and ionic current can flow through the test cell. The mechanisms for this 

conduction through the TiO2 film may include ionic transport through a thin TiO2 

film and requires further investigation using research methods which are beyond the 

scope of this project. 

 

Figure VI.15   Demonstration of the exploratory experiment about the conductivity 

characteristic of the TiO2-coated electrode. 



164 
 

Measurements of current in the TiO2-coated test cell during PEF process were 

conducted in order to obtain conduction current. The current measurements were 

used for calculations of the specific energy consumption of the PEF process. The 

results of the current measurements demonstrate that there is an ionic current in the 

TiO2-coated test cell during PEF process, as shown in Figure VI.16. As can be seen 

from Figure VI.16(a), the current waveform in the TiO2-coated test cell is very 

similar to the current waveform obtained in the stainless steel test cell, which 

suggests the dominant current regime in the TiO2-coated cell is the ionic conduction 

rather than displacement current obtained in the ceramic test cell, as shown in Figure 

VI.16(b). This finding confirms that the TiO2-coated electrodes became conductive 

when the test cell is filled with water solution during the PEF treatment. 

Although this result suggests that this TiO2-coated test cell could not be considered 

as a completely non-conductive test cell filled with liquid, the current measurement 

indicated that a notable reduction in the conduction current is achieved using this test 

cell, as shown in Figure VI.16(a). Since the ionic conduction current is the main 

cause of the energy losses in the PEF test cell, as discussed in Section 5.3.2.4, this 

notable reduction in the ionic conduction current means significant reduction in the 

energy consumption of the PEF process can be achieved using this TiO2-coated test 

cell. Therefore, it was decided to investigate the PEF performance of this low-

conductive PEF test cell with TiO2-coated electrodes. 

 

Figure VI.16   Current waveforms obtained during PEF treatment using square impulse. (a) 

Dark line: Current waveform in the test cell with stainless steel electrodes; Gray line: 

Current waveform in the test cell with TiO2-coated electrodes; (b) Current waveform in the 

test cell with ceramic electrodes. 



165 
 

6.4 Pulse Power Systems 

As discussed in Section 2.6, one of the main objectives of the project is to investigate 

the effects of different pulse wave-shape on PEF treatment. Therefore, in addition to 

the ready-made square impulse generator described in Section 4.3, two more pulse 

power systems were designed and built for the PEF studies using the re-designed 

stainless steel PEF test cell and the TiO2-coated PEF test cell. 

6.4.1 Smooth Exponential Impulse Generator 

Apart from the HV square impulse, other types of waveforms were investigated in 

this project. One of them is the HV impulse with smooth exponential waveshape. To 

generate impulse with smooth exponential waveshape, a new pulse power system 

was designed and built during this project.  

As discussed in Section 2.4.1, a single exponential impulse can be produced by a 

simple RC circuit, shown in Figure VI.17. When the switch is open, the capacitor is 

charged through the charging resistor up to the required voltage level. Once the 

switch is closed, the capacitor discharges through the load. The voltage across the 

load rises to the supply voltage rapidly and then decays exponentially according to 

Equation VI.2. 

𝑣(𝑡) = 𝑉0 ∙ 𝑒
−

𝑡

(𝑅𝐿//𝑅𝑝𝑟𝑜)𝐶
                              (VI.2) 

where v(t) is the transient voltage across the load, V0 is the supply voltage, t is the 

time, RL is the resistance of the load, Rpro is the resistance of the protective resistor 

and C is the capacitance of the charging capacitor. 

An exponential impulse generating system based on this RC circuit was designed and 

built as shown in Figure V.19. The system consists of a high voltage DC charging 

unit, a charging resistor, a self-breakdown plasma switch, a charging capacitor and a 
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protective resistor. The detail of each components and the consideration behind the 

selection are introduced in the following sections. 

 

Figure V.17   Diagram of a simple exponential impulse generating RC circuit. 

 

Figure V.18   Overview of the exponential impulse generation system. 
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6.4.1.1 High Voltage DC Module 

The HVDC module, manufactured by Glassman, type EH50P2, was used to provide 

HV charging voltage to the RC circuit. In order to be consistent with the square 

impulse generator, the module has a positive polarity with the maximum output 

voltage of +50 kV. Therefore, the impulse generated at the output terminal of the 

charging capacitor, which connects to the PEF test cell, has a negative polarity. This 

HVDC module has both voltage and current regulators. The voltage regulator 

controls the magnitude of the charging voltage on the charging capacitor. The current 

regulator controls the magnitude of the charging current, thereby controls the time 

required to reach the set charging voltage. Therefore, the pulse repetition rate can be 

modified by the current regulator. 

6.4.1.2 Charging Resistor 

The charging resistor, RC, is connected between the HVDC module and the input 

terminal of the charging capacitor. The resistance of this charging resistor should be 

relatively high so that the capacitor can be charged gradually through this high 

resistor to the supply voltage. A resistor module consisting fifty-six 470 kΩ resistors 

connected in series and having a total resistance of 26.32 MΩ (which satisfies the 

requirement of the charging resistor) was selected as the charging resistor in this 

smooth exponential impulse generator. 

6.4.1.3 Self-breakdown Spark-Gap Switch 

A self-breakdown spark-gap switch, S, was used to trigger the generation of 

exponential impulse in this pulse generating system. As shown in Figure V.19, the 

switch has a stationary ground spherical electrode and an adjustable HV spherical 

electrode. The switch is filled with air under atmospheric pressure. The closure 

mechanism of this type of switch is detailed in Section 2.4.5.1. As the charging 

voltage on the HV electrodes reaches the self-breakdown voltage, an air breakdown 

occurs between the two electrodes, allowing the charging capacitor to deliver 

exponential impulse to the PEF test cell. The distance of the inter-electrode gap can 

be changed to adjust the voltage magnitude of output impulse.  
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Figure V.19   Close look of the Self-breakdown spark-gap switch. 

6.4.1.4 Charging Capacitor 

The charging capacitor is used to deliver exponential impulse with an opposite 

polarity to the load when the switch is triggered. The capacitance of this capacitor 

defines the fall time of the impulse, therefore needs to be carefully selected. The 

following equation can be used for selection of the charging capacitor. 

𝜏 = −𝑙𝑛 (
1

2
) ∙ 𝑅𝐶                                                    (VI.2) 

where τ is the fall time of the impulse, during which the voltage across the load falls 

to 50% of its peak magnitude, R is the resistance of the load and C is the capacitance 

of the charging capacitor.  

In order to be consistent with the square impulse, the fall time should be 1 µs. 

Therefore, the capacitance of the charging capacitor should be ~ 28.8 nF if a load has 

an impedance of 50 Ω. Considering the practical impedance of the load, the PEF test 

cells and 50 Ω matching resistor in parallel, would be slightly smaller than 50 Ω, it 

would be beneficial to have a capacitor with a higher capacitance value. Therefore, a 
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40 nF capacitor was selected for this system and the exponential impulse produced 

by this generator has a falling time ~ 1 µs. 

6.4.1.5 Protective Resistor 

There is a protective resistor connected between the output terminal of the charging 

capacitor and ground, as shown in Figure V.16. This protective resistor is a water 

tube resistor with an approximate resistance of a few hundreds of kΩ. The purpose of 

using this resistor is to allow capacitor to be charged and to divert current to the 

ground in the case of open circuit or undesirable high impedance between the 

charging capacitor and the PEF test cell. 

6.4.1.6 Connection HV Cables 

There are two main connection cables in this generating system. One connects the 

HVDC power supply and the other one connects the output terminal and the PEF test 

cell. Both cables used in this system are URM67 coaxial cables, which have an 

impedance of 50 Ω. As a result, the impedance of this exponential impulse generator 

is 50 Ω, which equals the impedance of the square impulse generator. The length of 

the cables is ~ 2 m each, which produces a propagation delay of ~ 10 ns according to 

Equation VI.3. 

𝑃𝐷 =
𝑙√𝜇𝑟𝜀𝑟

𝑐
                                                 (VI.3) 

where PD is the propagation delay of the cable, l is the length of the cable, εr is the 

relative permittivity of the cable, µr is the relative permeability of the cable, and c is 

the speed of light. For a URM67 cable, relative permittivity εr ~ 2.2 and relative 

permeability µr ~ 1. Consider that the pulse duration is in the range of few µs, this 10 

ns propagation delay should not have any significant effects. 
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6.4.1.7 PSpice Simulations 

Prior to building the practical pulsed power system, the above design was simulated 

using PSpice software to investigate its feasibility. The components selected above 

were used in the simulation circuit, as shown in Figure V.20. The result shows a 

good agreement between exponential impulses produced by the pulsed circuit and the 

model PSpice circuit. The practical smooth exponential waveform generated by this 

generator during the experiments showed a high degree of similarity with the 

simulation waveforms, as can be seen in Figure V.21. 

 

Figure V.20   Pspice model of the exponential impulse generating circuit. 
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Figure V.21   (a) PSpice simulation result of an exponential waveform generated by the 

design circuit. (b) Practical smooth exponential impulse waveform generated by the 

generator during experiment. 

6.4.2 Oscillating Exponential Impulse Generator 

As discussed in Section 3.1.3 and Section 3.2.2, when the biological membrane is 

exposed to intensive electrical field, the trans-membrane voltage requires a certain 

time to reach its peak value. According to the 2-dimentional equivalent circuit model 

developed in Section 3.1 and the transient membrane charging model developed in 

[6], this charging time required to achieve the maximum voltage across membrane is 

~ 1 μs. This simulation result suggested that the trans-membrane potential could not 

be developed to its peak value when exposed to impulse with a shorter duration or 
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fast oscillating impulse. As it could be an important factor in practical PEF processes, 

it was decided to investigate the effect of fast oscillating impulse with oscillating 

period much shorter than 1 µs. 

As demonstrated in Section 2.4.3, a relatively complicated RLC circuit is required in 

order to generate a fast oscillating impulse. However, a fast oscillating impulse can 

also be generated by introducing an impedance mismatch between the load and the 

pulsed power system. When the un-matched load is connected to the generator, 

signal reflection occurs resulting in a fast oscillating signal across the load. As 

demonstrated in Section 4.4.1, the PEF test cell can be modelled as equivalent RC 

circuit and its equivalent impedance can be calculated by corresponding equations. 

According to Equation IV.2 ~ IV.5, the equivalent impedance of the re-designed PEF 

test cell is around 350 Ω. Meanwhile, the impedance of the exponential generator, as 

mentioned in Section 6.4.1, is 50 Ω. Therefore, an oscillating exponential impulse 

can be produced if the PEF test cell is directly connected to the generator. 

The design of such modified circuit was modelled in PSpice as shown in Figure V.22. 

The load is represented by the equivalent RC model of the PEF test cell, the 

connection wires are represented by respective inductances as well. The results of 

modelling this pulsed power system in PSpice analysis are shown in Figure V.23. As 

can be seen in this figure, a fast oscillating waveform is generated when the un-

matched PEF test cell is connected directly to the output of the pulsed power circuit. 

The fall time of the impulse is largely increased due to un-matched load at the same 

time. However, in practical tests, the fall time of the oscillating impulse remains 

similar to the exponential impulse, as can be seen in Figure V.24. At the same time, 

the oscillating period is ~ 0.14 µs, which is much shorter than the 1 µs membrane 

charging time. Therefore, it was decided to use this system to generate an oscillating 

exponential impulse for the research purposes of the present project. 
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Figure V.22   PSpice model of the oscillating impulse generating circuit. 

 

Figure V.23   PSpice simulation result of an oscillating impulse generated by the design 

circuit. 
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Figure V.24   Practical impulse with oscillating exponential waveshape generated by the 

generator during experiment. 

6.4.3 Other Components of the PEF System  

6.4.3.1 Pressurised Chamber  

As discussed in Section 6.1.2.1, the electrical breakdown inside the test cell due to 

the presence of air bubbles will damage the electrodes and interrupt the PEF 

experiment. Therefore, these undesirable breakdowns should be avoided. Although 

the new design of the PEF test cell aims to remove all the air bubbles completely 

prior to the PEF process, there is a need to reduce the probability of breakdown even 

if there will be no air bubbles trapped inside the test cell as gaseous bubble can be 

generated during PEF process. According to Paschen’s curve of air, as shown in 

Figure V.25, the breakdown voltage of air could be increased by either increasing the 

gap length or air pressure. In the case of the air bubble breakdown, the gap length is 

effectively the diameter of the air bubble. Therefore, the only way to increase the 

breakdown voltage is to put the PEF test cell in a pressurised environment. 
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Figure V.25   Paschen’s curve of air, figure taken from [247]. 

Based on this consideration, a pressurised chamber is used in addition to the redesign 

of the PEF test cell. The chamber, shown in Figure V.26, has an HV connector, a gas 

inlet, an HV electrode, a ground electrode, a viewing window and a removable front 

door. The HV connector is connected to the output cable of the pulse generators. The 

gas inlet is connected to an air compressor to allow the chamber to be pressurized up 

to 18 bars (absolute). The HV electrode, which is electrically connected to the HV 

connector, has a movable metal ball connected to a compressed spring. The distance 

between the top of the ball and the stationary ground electrode is slightly shorter than 

the thickness of the test cell. As the test cell is placed between the electrodes, the 

metal ball is pushed against the spring further, as shown in Figure V.26(b). Therefore, 

a solid electrical contact between the electrodes and the test cell is provided.  A glass 

viewing window is on top of the chamber, through which the situation inside the 

chamber can be monitor once the chamber is sealed. The placement and removal of 

the PEF test cell is done through the removable front door. The removable front door, 

made of aluminium, can provide reliable sealing in cooperation with an O-ring and 6 

sets of screws. 
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Figure V.26   The pressurised chamber. (a) Overview of the chamber with the front door 

closed. (b) Inside view of the chamber with the PEF test cell in place. 

6.4.3.2 Current Probe 

As discussed in Section 6.3.3, the current through the test cell was measured during 

the PEF treatment. The purpose of the current measurements is to distinguish 

different current regimes during the PEF treatment when using different test cells, as 

well as to obtain an accurate estimation of the specific energy consumption of the 

PEF process. 

 

Figure V.27   Current probe, 6585 from Pearson Electronic.  
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A current monitor, current transformer 6585 from Pearson Electronic, was used for 

this purpose, as shown in Figure V.27. This current transformer has a sensitivity of 

1 Volt/Ampere, an output resistance of 50 Ω, and is capable to measure a maximum 

current of 500 A. The length of the BNC cable was also selected so that it was 

identical to the length of the BNC cable of the voltage probe. By doing so, the 

propagation delay of both voltage and current signals should be identical and the 

effect of signal propagation delay can be regarded as negligible in estimation of the 

specific energy consumption. 

6.5 Discussion 

The potential reasons for the ineffective PEF performance of the ceramic test cell 

have been analysed in this chapter. Due to the Maxwell-Wagner field relaxation 

process, the actual field strength inside the ceramic test cell and the trans-membrane 

potential can be much smaller and the field in the suspension will last only a fraction 

(30%) of the pulse duration across the test cell before collapsing. In addition, the 

uneven surface of the ceramic capacitor may also cause a distortion of the field 

distribution inside the test cell. The results from these analyses and additional 

experiments suggested that much higher field strength (> 80 kV/cm) may be needed 

to achieve successful PEF treatment using the ceramic test cell. A new selection of 

the electrode material with a longer Maxwell-Wagner relaxation time may also be 

needed in order to achieve successful PEF inactivation using current field strength.  

The drawbacks of the initial designed stainless steel test cell have been discussed in 

this chapter. The geometries design of the original test cell will help to introduce 

undesirable air bubble inside the cell and there is no reliable method to detect these 

bubbles after the filling process. The presence of the bubbles will cause undesirable 

and damaging electrical breakdown. Besides, the use of O-rings and the inlet hole 

may form some potential dead zones, where microorganism samples are not be 

treated effectively during PEF treatment. On the other hand, the inter-electrode 

distance is too large for achieving high field strength required for PEF treatment. 

These findings suggest the design of the test cell should be improved in order to 
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eliminate the presence of air bubbles and dead zones, and be capable for higher field 

PEF treatment. 

Based on the findings and suggestions provided by this analysis, a new metallic test 

cell has been designed and built. The new test cell employed a different topology, 

which was an open-top rectangular parallel plate to plate electrode with a 1 mm 

inter-electrode distance. The electrodes of the new metallic cell remained stainless 

steel and the 1 mm inter-electrode gap was kept by a Π-shaped PTFE layer. The open 

top design reduced the probability of trapping air bubbles inside the cell and allowed 

visual inspection for these bubbles. The new design also eliminated necessity of the 

use of the O-rings and the inlet hole, which helped to remove the potential dead 

zones. The 1 mm inter-electrode gap allowed PEF treatment with the field strength 

up to 200 kV/cm to be conducted using the same pulse generator. In order to reduce 

the probability of air breakdown inside the test cell during PEF treatment further, a 

pressurized chamber was also employed. 

A new TiO2-coated PEF test cell has also been designed based on the analysis 

presented in this chapter. The topology of this TiO2-coated test cell was the same as 

the new stainless steel cell, rectangular parallel plate to plate electrodes separated by 

a 1 mm Π-shape PTFE spacer, which formed an open-top treatment area. The 

electrodes of the new TiO2-coated cell were made from copper plates coated by a 2-

µm TiO2 thin film. In dry condition, TiO2 can be regarded as a good insulation with 

relatively high permittivity and extremely low conductivity. The ultra-thin film also 

provided a much longer Maxwell-Wagner relaxation time as compared with the 

ceramic test cell. However, it was found that the conductivity of the thin TiO2 film 

changed dramatically when in contact with liquid suspension, resulting in an ionic 

conduction current through the test cell. However, this ionic conduction current was 

noticeable lower when compared with the conduction current during PEF treatment 

with stainless steel test cell, which suggested potential reduction in the specific 

energy consumption could be achieved using this TiO2-coated cell. 

In addition to the square impulse generator used in the preliminary experiments, 

another two pulse generators were designed and built, these generators will be used 
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for the subsequent PEF studies. The design process of these two RC circuit based 

generators, the smooth exponential impulse generator and the oscillating exponential 

impulse generator, was also described in this chapter. The smooth exponential 

impulse generator can produce negative impulses with a decay time of ~ 1 µs. The 

maximum output voltage from the generator can reach 50 kV if a matched load is 

used. On the other hand, the oscillating exponential HV impulses were generated by 

connecting the un-matched PEF test cell directly to the smooth exponential impulse 

generator. The result of this un-matched load was a fast oscillating (with oscillating 

period ~ 0.15 µs) exponential impulse with a similar decay time of ~ 1 µs. 

The new PEF test cells and the new pulse generators, described in this chapter, will 

be used in PEF treatment on microorganisms. The experiment process and the results 

of these experiments will be introduced and discussed in next chapter. 
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Chapter VII 

PEF TREATMENT OF MICROOGANISMS: 

IMPROVED TEST CELLS 

 

7.0 General 

As described in Chapter VI, a new stainless steel test cell and a low-conductive TiO2-

coated test cell have been designed and built. Two pulsed power systems, which 

produce impulses with smooth exponential waveshape and oscillating exponential 

waveshape, were also constructed for the PEF experiments. Both test cells will be 

used for PEF tests described in Chapter IV. The results from these tests in which re-

designed stainless steel test cell was used will be compared with the result obtained 

using the original stainless steel cell. These results will also provide reference for the 

PEF inactivation results obtained using TiO2-coated cell. The PEF experiments will 

also be conducted using the new TiO2-coated test cell to investigate whether this 

low-conductive PEF test cell can achieve satisfactory inactivation results in practical 

experiments. The successful inactivation of microorganisms in the TiO2-coated test 

cell would demonstrate that the PEF treatment with significantly low ionic 

conduction current can produce satisfactory practical PEF performance. 

The comparison between PEF performances obtained using HV impulses with 

different waveshapes will be conducted in this chapter. The results from this 

comparison will be compared with literature data and will provide further 

understanding of the effect of pulse waveshape on the PEF treatment. Specific 

energy consumption for the PEF treatment process will be obtained in both test cells. 

It is expected that significant improvement in the specific energy consumption can be 

achieved by using the low-conductive TiO2-coated PEF test cell. The analysis and 

discussion of this new test cell design will also be presented in this chapter. 
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7.1 Design of PEF Tests 

7.1.1 Microorganisms Used in the PEF Tests 

The microorganisms used in the PEF tests described in this chapter were A. platensis 

and S. cerevisiae. Both types of microorganisms were prepared according to the 

procedures described in Section 5.1 prior to the PEF experiments. 

One of the findings from the experiments described in Chapter V was the ‘tailing’ 

effect in the inactivation curves, which was observed in the PEF treatment of the 

S. cerevisiae: during PEF treatments the population of S. cerevisiae sample was not 

further reduced despite increasing the number of HV impulses. Potential reason for 

this effect was the presence of low field zones in the original stainless steel test cell. 

However, it would be beneficial to investigate PEF inactivation of S. cerevisiae 

sample with different population densities to investigate if this ‘tailing’ effect still 

exists. Therefore, additional procedures were taken to prepare S. cerevisiae sample 

with different cell concentrations. 

As verified in Section 5.4, the untreated S. cerevisiae suspension, prepared as 

described in Section 5.1.3, had an initial population density of ~107 CFU/ml. 

Therefore, the initial S. cerevisiae suspension was serially diluted to prepare 

suspension with different concentration. To do so, 1 ml of initial suspension was 

added into 9 ml of Mycological Peptone solution. The mixture of the resulting 

S. cerevisiae suspension had a population density of ~ 106 CFU/ml. Suspensions with 

population densities of ~ 105 and ~ 104 CFU/ml were also prepared using this method. 

7.1.2 Assessment of PEF Performance 

To investigate the efficiency of the pulsed electric field treatment of A. platensis, two 

established methods, as described in Section 5.2.1, were used. The growth curve of 

the A. platensis sample was measured and the visual inspection of individual cells 

was conducted using microscope. Both untreated and PEF-treated samples were 
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assessed using these two methods and their efficiencies were compared to determine 

the optimal regime of the PEF treatment. 

In the experiments with S. cerevisiae, the performance of the PEF treatment was 

assessed by calculating the reduction in the S. cerevisiae population density after 

PEF treatment. Population densities of untreated and PEF-treated samples were 

counted as described in Section 5.2.2. The reduction in the population density was 

determined by comparing the results of population counts in CFU/ml. 

In addition, the temperature of the liquid suspension was also measured for both 

A. platensis and S. cerevisiae experiments to detect any significant thermal effects. 

7.1.3 Potential Antimicrobial Effects of TiO2 

Although TiO2 has long been regarded as a chemically-stable and non-toxic 

substance, recently it has been reported that TiO2 demonstrates antimicrobial effects 

when photo-activated with near UV-light, [248-252]. When TiO2 molecule is excited 

by a photon with sufficient energy, an electron-hole pair will be generated on the 

TiO2 surface. The hole can react with water (H2O) or hydroxide ions (OH-) to 

produce hydroxyl radicals (OH•), while the electron can react with oxygen (O2) to 

produce superoxide ions (O2
-), [248]. These radicals are extremely reactive when 

contacting with organic compound and eventually inhibiting the DNA cloning 

process. However, during the PEF treatment procedure, the TiO2-coated electrodes 

are not exposed to any near-UV light and the total treatment time is relatively short 

compared to the 1~2 hours exposure time required to achieve noticeable 

antimicrobial photo effect as reported in [252]. 

Although it is unlikely that the antimicrobial properties of TiO2 film will affect 

microorganisms during PEF treatment, it is important to verify this suggestion. 

Therefore, a control group of microorganism samples has been prepared prior to the 

PEF experiments. In these control tests a S. cerevisiae sample was placed inside the 

TiO2-coated test cell without the application of HV impulses for the same period of 

time as duration of the PEF treatment. The surviving population of the S. cerevisiae 
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from this control group was compared with the untreated S. cerevisiae sample, which 

was located in a glass bottle without contact with TiO2 surface, to detect any 

antimicrobial effect of the TiO2 film. The results of this control group test are shown 

in Figure VII.1. 

 

Figure VII.1 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of duration 

of contacting with TiO2-coated electrodes. Error bars show standard deviation for 3 

independent tests (n=3). 

As can be seen from Figure VII.1, no reduction in S. cerevisiae population of the 

sample placed in TiO2-coated test cell was observed after 30 minutes, which was 

slightly longer than the maximum time required for the PEF experiment. Therefore, 

it can be concluded that there was no observable antimicrobial effect induced by the 

TiO2-coated electrodes. Any inactivation of microorganisms during the PEF 

experiment using this TiO2-coated test cell should be considered as the direct result 

of the PEF treatment. 
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7.1.4 Field Magnitude in the PEF Test Cells 

In the PEF tests with the original test cells (described in Chapter V), two levels of 

field strengths (33 kV/cm and 67 kV/cm) were used. To make direct comparison 

with these results, the PEF process in which the new test cells were employed should 

also be conducted using the same field magnitudes. Therefore, comparison of the 

PEF efficiency could be made between the original and re-designed test cells. As the 

inter-electrode distance in the re-designed cells was reduced to 1 mm, the required 

voltage which will provide 33 kV/cm and 67 kV/cm field magnitudes was 3.3 kV 

and 6.7 kV respectively. However, as shown in Figure IV.14, the lowest stable 

voltage output from the square impulse generator was ~ 5 kV. Therefore, the field 

magnitude of 33 kV/cm cannot be achieved in the PEF treatment using the re-

designed test cells. 

On the other hand, the maximum achievable field strength was also limited. It was 

aimed to achieve a field magnitude of 200 kV/cm using the re-designed PEF test 

cells, as discussed in Section 6.5. Several attempts have been made to produce this 

level of electric field. The reduced inter-electrode gap in the new test cells allowed 

such field magnitude to be developed using the same square impulse generator. The 

open-top design also reduced the probability of air bubbles being trapped inside the 

test cell during the filling process, which minimised the probability of an electrical 

breakdown under such high electric field. In addition, a pressurised chamber was 

also used to elevate the air pressure in order to minimise the probability of electrical 

breakdown if an air bubble is developed inside the test cell during the PEF process. 

Although these efforts proved to be effective in reducing the numbers of undesirable 

breakdowns, the maximum field strength was still limited by another type of 

breakdown. As the field strength increased, electrical breakdown started to occur at 

the ‘triple point’ at the opened top, which was the junction of liquid suspension, 

electrode and the air. As a result, it was established that a maximum field strength 

which can be applied to the PEF test cell without breakdown was 80 kV/cm. 

Therefore, two field magnitudes were used in the PEF experiments with the new test 

cells. One field magnitude was 67 kV/cm, which was identical to the field strength 
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used in the PEF experiments with original test cell. The other field magnitude was 

80 kV/cm, which was the maximum field strength achievable in the current 

configuration of the PEF system. 

7.2 PEF Treatment of A. platensis 

7.2.1 Experimental Procedures 

In the present experimental procedure, liquid suspensions of A. platensis, prepared as 

described in Section 5.1.2, were transferred into the PEF test cells by a syringe. The 

visual inspection of the test cell was conducted to detect any trapped air bubbles. Air 

bubbles trapped in the test cell were removed prior to the test cell being placed inside 

the pressurised chamber. The chamber was then sealed and pressurised to 8 bars 

(absolute), which was the maximum safe pressure output from the air compressor, 

Fiac FX95. HV impulses with square waveshape were used to treat A. platensis. Two 

levels of the field strengths, 67 kV/cm and 80 kV/cm, were used in the tests. The 

A. platensis samples were subjected to 50, 100, 500 and 1000 HV impulses, as in the 

experiments described in Section 5.3.1. The liquid suspension containing the 

A. platensis sample was mixed after every 250 impulses in the tests in which the 

number of impulses exceeded 250, in order to compensate the sedimentation effect. 

After the PEF treatment, the liquid suspensions were taken out from the test cell for 

assessment. The obtained results from the assessments were compared with untreated 

sample. As discussed in Section 5.3.2, the centrifugation process introduced 

considerable mechanical effects to the A. platensis cell. Therefore, the same 

assessment was also conducted for A. platensis samples which were centrifuged but 

not subjected to HV impulses, in order to investigate the effect of centrifugation 

process. All PEF experiments were conducted in triplicate (n=3). The assessment 

results obtained from both the stainless steel and TiO2-coated test cells will be 

presented and discussed in the following sections. 
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7.2.2 Visual Inspection of A. platensis 

Figure VII.2 shows the images of individual A. platensis cells of untreated, 

centrifuged and PEF treated samples. As can be seen in Figure VII.2, the visual 

appearances of the centrifuged and PEF treated A. platensis cells, both in stainless 

steel and TiO2-coated test cells, were significantly different from that of the untreated 

sample. However, the difference between the centrifuged and PEF treated samples 

was not so obvious. It is worth to notice that, unlike in the case of the ceramic cell, 

the A. platensis cells treated in the TiO2-coated test cell showed a slight difference 

from the centrifuged sample, as in the case of stainless steel cell. This visual 

difference indicated that PEF impulses in the TiO2-coated and re-designed stainless 

steel test cells produce an impact on the inner structure of A. platensis cell. 

   

   

     

Figure VII.2   A. platensis cells under microscope (×400 magnification) (a) Untreated 

sample; (b) Centrifuged sample; (c) PEF treated sample (Stainless steel test cell, 67 kV/cm, 
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500 pulses); (d) PEF treated sample (Stainless steel test cell, 80 kV/cm, 500 pulses); (e) PEF 

treated sample (TiO2-coated test cell, 67 kV/cm, 500 pulses); (f) PEF treated sample (TiO2-

coated test cell, 80 kV/cm, 500 pulses). 

The obtained visual inspection results from both re-designed stainless steel and TiO2-

coated test cells are similar with the visual observation of A. platensis sample treated 

by the original stainless steel test cell, as shown in Section 5.3.2.1. It suggested that 

any potential internal structural changes may be caused by the mechanical force 

induced by the centrifuge process. However, this mechanical force was not strong 

enough to cause any rupture or external damage as reported in other literature, [240]. 

In contrast, PEF treatment induced internal damage to the A. platensis cells, which 

was invisible at this scale of magnification, but resulted in inactivation of A. platensis. 

It can also be noticed from the figure that there was no significant difference in 

visual appearances between the samples treated with 67 kV/cm and 80 kV/cm 

impulses. In both cases, A. platensis treated in stainless steel and TiO2-coated test 

cells, the visual appearances of the individual A. platensis cells were very similar 

regardless of the field strength. 

In order to visualise potential physical damage induced by the PEF process, 

significantly higher magnification will be required. For example, transmission 

electron microscope (TEM) and scanning electron microscope (SEM) are capable of 

producing images of surfaces of microbial cells and their internal structure with 

magnification factor of a few tens of thousands. The other approach to visualise the 

damage to the cell is to use specific dyes for monitoring of the morphological 

changes in the cells and production of free radicals, as was used in other 

microbiological studies, [71, 253-254]. 

7.2.3 Assessment of PEF Efficiency: Growth Curves  

The results of A. platensis growth curve measurements are shown in Figure VII.3-

VII.6. The growth curves of the A. platensis samples treated in the stainless steel test 

cell are shown in Figure VII.3 and Figure VII.4. As can be seen in these figures, no 

growth was observed after 15 days in all groups. This result indicated that 
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A. platensis were inactivated by PEF treatment using the re-designed stainless steel 

test cell. Similar to the experiment with the original stainless steel test cell, complete 

inactivation was achieved by 50 HV impulses at 67 kV/cm. 

The same PEF performance was also achieved in the new TiO2-coated test cell, as 

shown in Figure VII.5 and Figure VII.6. It can be seen from the figures that growth 

of A. platensis has been halted by the PEF treatment. In both 67 kV/cm and 80 

kV/cm groups, no growth of A. platensis was detected after 15 days regardless of the 

number of the HV impulses. These results demonstrated that complete inactivation of 

A. platensis was achieved by 50 HV impulses with magnitude of 67 kV/cm in the 

new TiO2-coated test cell. 

 

Figure VII.3 Growth curves for untreated, centrifuged and PEF treated (67 kV/cm, re-

designed stainless steel test cell) A. platensis sample. Data points are the average value of 

triplicate tests, error bars show standard deviation (n=3). 
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Figure VII.4 Growth curves for untreated, centrifuged and PEF treated (80 kV/cm, re-

designed stainless steel test cell) A. platensis sample. Data points are the average value of 

triplicate tests, error bars show standard deviation (n=3). 

 

Figure VII.5 Growth curves for untreated, centrifuged and PEF treated (67 kV/cm, TiO2-

coated test cell) A. platensis sample. Data points are the average value of triplicate tests, 

error bars show standard deviation (n=3). 
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Figure VII.6 Growth curves for untreated, centrifuged and PEF treated (80 kV/cm, TiO2-

coated test cell) A. platensis sample. Data points are the average value of triplicate tests, 

error bars show standard deviation (n=3). 

7.2.4 Temperature Measurements 

As mentioned in Section 7.1.2, the temperature of liquid suspensions was measured 

before and after PEF treatment in order to detect any significant thermal effects. The 

results of these measurements indicate that no significant heating had occurred 

during the PEF treatment as the maximum increase in temperature of liquid 

suspension was less than 1 °C.  

In the case of PEF treatments in the stainless steel test cell, the reason for this 

insignificant heating effect is the same as observed in the PEF tests sing the original 

stainless steel cell, as discussed in Section 5.3.2.3. The Joule heating of the liquid 

suspensions, which is due to ionic conduction through the sample, is significantly 

reduced by the use of low conductive suspension. In the case of the TiO2-coated test 

cell, the ionic conduction is reduced further due to low-conductive coating. The Joule 

heating of the liquid suspension was further reduced during the PEF treatment in the 

TiO2-coated cell. 
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However, in the PEF treatment with the new test cells, the temperature measurement 

could only be conducted after the depressurisation of the chamber and removal of the 

treated samples from the chamber. This process takes ~ 2 minutes, during which the 

liquid suspension could be cooled down due to its small volume. Therefore, the 

observed insignificant increase in temperature could also be the result of this process. 

7.2.5 Summary of the Results of PEF Treatment of A. platensis  

In this section a summary of the results of the PEF experiment of A. platensis in the 

new test cells is provided. The main findings can be summarised as follow: 

 PEF inactivation of A. platensis was realised in the re-designed stainless steel 

test cell. Similar to PEF inactivation in the original stainless steel test cell, 

complete inactivation was achieved by 50 HV impulses with square 

waveshape with a field magnitude of 67 kV/cm. 

 PEF inactivation of A. platensis was achieved in the new TiO2-coated test cell. 

As in the case of the re-designed stainless steel test cell, complete inactivation 

was achieved by application of 50 HV impulses with square waveshape with 

a field magnitude of 67 kV/cm. 

 No damage of the external structure of the A. platensis cells was observed 

under optical microscope with ×400 magnification. However, inactivation of 

the A. platensis confirmed that internal structural damage and cell 

dysfunction were induced by PEF. 

 Heating effects were not significant during the PEF process in both stainless 

steel and TiO2-coated test cells. Maximum increase in temperature recorded 

during the PEF tests was ~ 1°C. In the case of stainless steel test cell, the 

heating was limited by the use of low conductive sample suspension. In the 

case of TiO2-coated test cell, the ionic conduction was reduced by the use of 

low-conductive electrodes and the Joule heating was reduced further. 

However, the delay in measurement of the sample suspension temperature 
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after PEF treatment due to the depressurisation process could introduce some 

uncertainty in temperature measurement. 

7.3 PEF Treatment of S. cerevisiae 

7.3.1 Experimental Procedures 

Before the PEF treatment, liquid suspensions of yeast S. cerevisiae, prepared as 

described in Section 5.1.3 and Section 7.1.1, was transferred into the PEF test cells 

by a syringe. As with the A. platensis PEF tests, visual inspection of the test cells was 

then conducted in order to detect and remove any trapped air bubbles prior to placing 

the test cell inside the pressurised chamber. The chamber was then sealed and 

pressurised to 8 bars (absolute), the same pressure as used in the A. platensis 

experiments. 

HV impulses with three types of waveshapes, the square, smooth exponential and 

oscillating exponential, were used in the S. cerevisiae PEF experiments in which the 

effects of different pulse waveshapes on PEF efficiency were investigated. In the 

tests using impulses with square and smooth exponential waveshapes, the 50 Ω 

matching resistor was connected in parallel with the test cell outside the pressurised 

chamber in order to match the impedance of the pulse generators. In the PEF 

experiments in which oscillating exponential impulses were used, the matching 

resistor was removed to obtain the desirable waveshape, as discussed in Section 6.4.2. 

The field magnitude of 67 kV/cm and 80 kV/cm were used in these tests and the 

S. cerevisiae samples were subject to 25, 50 and 100 PEF impulses. 

After the PEF treatment, the liquid suspension was taken from the test cell for 

assessment. The surviving population of the PEF treated S. cerevisiae was compared 

with untreated S. cerevisiae sample. All experiments were conducted in triplicate 

(n=3). The results obtained using the re-designed stainless steel and TiO2-coated test 

cells will be presented and discussed in the following sections. 
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7.3.2 Characterisation of the Waveforms 

As introduced in Section 7.3.1, in addition to the HV impulse with square waveshape, 

HV impulses with smooth and oscillating exponential waveshapes were used in the 

PEF treatment of yeast with the new test cells. In order to compare the PEF 

performance of different impulses directly, the voltage output from all impulse 

generators should be the same for a required field magnitude. Due to the difference 

in waveshapes of the HV impulses, as shown in Figure VII.7, it was necessary to 

define what voltage output should be for each impulse waveshape. It was decided 

that, in the case of impulse with smooth and oscillating exponential waveshape, the 

corresponding field strength was defined by the peak voltage of these impulses. For 

example, to provide an 80 kV/cm impulse, the peak voltage from the impulse 

generators should reach 8 kV, given that the inter-electrode distance is 1 mm. 

However, in the case of impulse with square waveshape, the voltage over-shot 

occurred frequently at the beginning of the impulse, as demonstrated in Figure 

VII.7(a). Then the voltage magnitude was stabilised to form a ‘flat top’ over majority 

time of the pulse duration. Therefore, it was decided that the corresponding field 

strength was defined by the voltage magnitude of this stabilised ‘flat top’ in the 

impulse with square waveshape. 
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Figure VII.7 Voltage waveform of different impulses during PEF experiment: (a) impulse 

with square waveshape; (b) impulse with smooth exponential waveshape; (c) impulse with 

oscillating exponential waveshape. The red dashed lines in the figures indicate the defined 

peak voltage level. 

7.3.3 PEF Treatment in Stainless Steel Test cell 

7.3.3.1 Temperature Measurement 

As discussed in Section 7.1.2, the temperature of the liquid suspensions was 

measured before and after the PEF treatment to detect any variations of the 

temperature induced by the PEF impulses. The obtained results of these 

measurements showed that the maximum increase in the temperature after PEF 

treatment in stainless steel test cell was ~ 1.5 °C. 

As explained in Section 5.4.2.1, this insignificant thermal effect was likely to be the 

result of the use of low conductive suspension. The ionic conduction current through 

the suspension was limited in low conductive suspension and therefore the Joule 

heating of the liquid sample was restricted. However, as indicated in Section 7.2.4, 

the process of depressurisation of the host chamber and removal of the test cell could 

delay the temperature measurement by up to 2 minutes. This delay allowed the liquid 

suspension to cool down due to its small volume. Therefore, the insignificant 

increase in sample temperature could be a result of both factors. 
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In the PEF experiments of S. cerevisiae, the current through the test cell was 

measured during the PEF tests, which allowed the estimation of the specific energy 

consumption of the PEF process. A correlation between the calculated specific 

energy consumption and the change in the temperature of the liquid suspension was 

established, which will be discussed in Section 7.3.4.3.1. 

7.3.3.2 PEF Treatment with Square Impulses 

The results of the PEF treatment of S. cerevisiae by impulses with square waveshape 

are shown in Figure VII.8 and Figure VII.9. These figures show the results of PEF 

tests with impulses with the field magnitudes of 67 kV/cm and 80 kV/cm 

respectively. As can be seen from the figures, the surviving population of the 

S. cerevisiae reduced as the number of impulses increased, which indicated that the 

S. cerevisiae were effectively inactivated by the HV impulses with square waveshape 

in the re-designed stainless steel test cell.  

 

Figure VII.8 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with square waveform of different initial populations. Field 

strength was 67 kV/cm. Error bars show standard deviation (n=3). 
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Figure VII.9 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with square waveform of different initial populations. Field 

strength was 80 kV/cm. Error bars show standard deviation (n=3). 

As shown in Figure VII.8, 2-log10 reduction was achieved after 100 impulses with 

field magnitude of 67 kV/cm regardless of the initial populations. The inactivation 

tendencies obtained for samples with different initial populations were very similar 

except for the 107 CFU/ml initial population. In this case, less impulses were needed 

to achieve the same log10 reduction as in the case of other initial populations. PEF 

tests with this particular initial population can be used to compare the PEF 

inactivation efficiency between the re-designed and original test cells, as shown in 

Figure VII.10. When subjected to 50 HV square impulses with field magnitude of 67 

kV/cm, the population of the S. cerevisiae was reduced by only 1-log10 in the original 

test cell while 2-log10 reduction was observed in the re-designed test cell. This result 

suggested that the PEF inactivation performance was improved by the use of the re-

designed stainless steel test cell. Some of potential low field zones, as identified in 

Section 6.1.2.2, may be eliminated in the new test cell. However, the ‘tailing’ effect 

in the inactivation curve still existed, as shown in Figure VII.9. 
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Figure VII.10 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with square waveform of 67 kV/cm. Solid line, the original test 

cell; Dash line, the re-designed test cell. Error bars show standard deviation (n=3). 

When S. cerevisiae sample was treated with pulsed electric field with magnitude of 

80 kV/cm, 3-log10 reduction in surviving population was achieved after application 

of 100 square impulses regardless of the initial population, as shown in Figure VII.9. 

As in the case of the 67 kV/cm tests, inactivation tendencies of S. cerevisiae samples 

with different initial populations were similar. However it was shown that, 80 kV/cm 

impulses resulted in better inactivation efficiency as compared with the 67 kV/cm 

impulses. This was demonstrated using direct comparison of the PEF results, as 

shown in Figure VII.11. The PEF results for only two initial populations, the highest, 

~ 107 CFU/ml, and the lowest, ~ 104 CFU/ml, were shown in the figure in order to 

provide clear representation of the inactivation curves. As there was no significant 

difference in the inactivation tendencies for other two initial populations used in 

these tests, 106 CFU/ml and 105 CFU/ml, they were not shown in the figure. It could 

be seen from Figure VII.11 that the PEF treatment with the higher field strength 

provided superior inactivation performance. In both 107 CFU/ml and 104 CFU/ml 
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groups, the PEF treatment with field magnitude of 80 kV/cm provided ~ 1-log10 

more reduction in S. cerevisiae population as compared with PEF treatment with 67 

kV/cm impulses using the same number of impulses.  

 

Figure VII.11 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with square waveform of different initial populations. Solid lines, 

67 kV/cm; Dash lines, 80 kV/cm. Error bars show standard deviation (n=3). 

7.3.3.3 PEF Treatment with Smooth Exponential Impulses 

Figure VII.12-VII.13 show the results obtained from the PEF treatment of 

S. cerevisiae by HV impulses with smooth exponential waveshape. The obtained 

results from PEF tests with impulses magnitudes of 67 kV/cm and 80 kV/cm are 

shown in Figure VII.12 and Figure VII.13 respectively. As demonstrated in these 

figures, the surviving population of the S. cerevisiae sample reduced as the number 

of impulse increased, which indicated that S. cerevisiae were effectively inactivated 

by PEF treatment using HV impulses with smooth exponential waveshape in the re-

designed stainless steel test cell. 
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Figure VII.12 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with smooth exponential waveform of different initial 

populations. Field strength was 67 kV/cm. Error bars show standard deviation (n=3). 

 

Figure VII.13 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with smooth exponential waveform of different initial 

populations. Field strength was 80 kV/cm. Error bars show standard deviation (n=3). 



200 
 

It can be seen from Figure VII.12 that, 3-log10 reduction in the surviving 

S. cerevisiae population was achieved after the application of 100 impulses with field 

magnitude of 67 kV/cm regardless of the initial population. However, in the case of 

PEF treatment with 80 kV/cm impulses, the same 3-log10 reduction of S. cerevisiae 

population was achieved after the application of 50 impulses in all initial population 

groups, as demonstrated in Figure VII.13. In both cases, for PEF tests with 67 kV/cm 

and 80 kV/cm impulses, the inactivation tendencies of S. cerevisiae sample with 

different initial populations were very similar. However, the ‘tailing’ effect of the 

inactivation curves was still observed, especially in the 80 kV/cm group as shown in 

Figure VII.13, where no further inactivation was observed after 50 impulses. In 

general, the PEF performance of impulses with 80 kV/cm field magnitude was 

superior to that of 67 kV/cm impulses, as shown in Figure VII.14 where direct 

comparison between the impulses with two levels of field magnitudes was made. 

Again, only two initial populations, 107 CFU/ml and 104 CFU/ml, are shown in the 

figure for a clear observation of the inactivation curves. The inactivation curves of 

other two initial population demonstrated very similar inactivation tendencies and 

therefore not shown in Figure VII.14. It can be seen in the figure that a higher degree 

of reduction in S. cerevisiae population was achieved by the impulses with higher 

field strength using the same number of impulses. 

 

Figure VII.14 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with smooth exponential waveform of different initial 

populations. Solid lines: 67 kV/cm; Dash lines: 80 kV/cm. Error bars show standard 

deviation (n=3). 
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It can be noted from Figure VII.12 and Figure VII.14, ‘shoulders’ in the inactivation 

curves of S. cerevisiae appeared at 25 impulses with the electric field strength of 

67 kV/cm. The ‘shoulder’ effect was also observed in other inactivation studies [255-

256]. The potential reason for this ‘shoulder’ effect is that the microorganisms are 

adjusting to the external stress and a sub-population of microorganisms remain viable 

after the treatment. However, it was demonstrated in [255] using real-time 

monitoring method that the damage had been done to C. albicans treated by pulsed 

UV light at the ‘shoulder’ points of the inactivation curves. In [255], real-time 

monitor of the changing substances in C. albicans suspension indicated that 

substance’s content in the suspension starts to change at the ‘shoulder’ points. 

Further investigation of the ‘shoulder’ effect using lower electric fields or lower 

number of pulses could be beneficial for better understanding of the mechanisms of 

microbial cell adjustment to external stresses. 

7.3.3.4 PEF Treatment with Oscillating Exponential Impulses 

The results obtained from PEF treatment of S. cerevisiae using HV impulses with 

oscillating exponential waveshape are shown in Figure VII.15 and Figure VII.16. 

These figures demonstrated the results of for PEF tests with field magnitude of 67 

kV/cm and 80 kV/cm respectively. Similar to PEF tests using impulses with the other 

two waveshapes, the surviving population of the S. cerevisiae sample reduced as the 

number of impulse increased, which indicated that S. cerevisiae were inactivated by 

PEF treatment using impulses with oscillating exponential waveshape in the re-

designed stainless steel test cell. 
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Figure VII.15 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with oscillating exponential waveform of different initial 

populations. Field strength was 67 kV/cm. Error bars show standard deviation (n=3). 

 

Figure VII.16 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with oscillating exponential waveform of different initial 

populations. Field strength was 80 kV/cm. Error bars show standard deviation (n=3). 
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In the PEF treatment using impulses with field magnitude of 67 kV/cm, 2-log10 

reduction in surviving S. cerevisiae population was achieved after 100 impulses 

regardless of the initial populations, as shown in Figure VII.15. It can also be seen 

that the inactivation tendencies of S. cerevisiae samples with different initial 

populations were similar in the 67 kV/cm group. While in the PEF treatment with 80 

kV/cm field magnitude, 3-log10 reduction in S. cerevisiae population was achieved 

after 100 impulses in all initial population groups. The inactivation tendencies were 

slightly different among different initial populations when S. cerevisiae samples were 

treated by impulses with 80 kV/cm field magnitude, but the general tendencies were 

similar. The inactivation performance obtained using impulses with 80 kV/cm 

magnitude was superior to that obtained using 67 kV/cm field strength, as displayed 

in Figure VII.17 and Figure VII.18 where direct comparison between the two groups 

has been made. Comparison between all initial populations groups have been made 

in separate figures (Figure VII.17 and Figure VII.18) for clear viewing. It can be seen 

in the figure that higher level of reduction in S. cerevisiae population was achieved 

using higher field strength with the same number of impulses. The ‘shoulder’ effect 

was also observed in the inactivation curves of the PEF treatment using 80 kV/cm 

impulses with initial S. cerevisiae population of 104-106 CFU/ml. 

 

Figure VII.17 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with oscillating exponential waveform of different initial 

populations. Solid lines, 67 kV/cm; Dash lines, 80 kV/cm. Error bars show standard 

deviation (n=3). 



204 
 

 

Figure VII.18 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with oscillating waveform of different initial populations. Solid 

lines, 67 kV/cm; Dash lines, 80 kV/cm. Error bars show standard deviation (n=3). 

7.3.3.5 Summary of PEF Results: Stainless Steel Test Cell 

A summary of the obtained results of the PEF inactivation of S. cerevisiae in the re-

designed stainless steel test cell is provided in this section. The main conclusions 

which can be made based on the conducted experiments and the comparison of PEF 

performance obtained using impulses with different waveshapes will be discussed in 

Section 7.3.4. 

 Successful inactivation of S. cerevisiae was achieved by PEF impulses in the 

re-designed stainless steel test cell. PEF impulses with the three different 

waveshapes, the square, smooth exponential and oscillating exponential 

waveshapes, demonstrated successful inactivation of S. cerevisiae in this test 

cell. 

 PEF tests with all impulse waveshapes demonstrated that the inactivation 

tendencies were very similar for different initial concentrations of 
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S. cerevisiae in suspension. A similar log10 reduction was achieved by the 

same number of impulse regardless of initial yeast population. 

 After application of 100 impulses, 2-log10 reduction in surviving S. cerevisiae 

population was achieved by 67 kV/cm impulses with square and oscillating 

exponential waveshapes, while 3-log10 reduction was achieved by using 

impulses with 67 kV/cm field magnitude and smooth exponential waveshape. 

 3-log10 reduction in surviving S. cerevisiae population was achieved using 

100 impulses of all the waveshapes with the peak field of 80 kV/cm.  

 PEF impulses with a higher magnitude (80 kV/cm) demonstrated better 

performance than impulses with lower magnitude (67 kV/cm). This tendency 

was observed in PEF tests using impulses with all three types of waveshapes. 

Greater reduction in surviving S. cerevisiae population was achieved using 

same number of PEF impulses with higher field strength. 

 PEF process in the re-designed test cell showed a better inactivation 

performance than in the original test cell, as demonstrated by the experiment 

results using 67 kV/cm square impulses. One extra log10 reduction was 

achieved after 50 impulses using the re-designed test cell. This result 

demonstrated that the PEF performance has been improved in the new 

stainless steel test cell. 

 It was shown that the ‘tailing’ effect in the inactivation curves existed in most 

of the PEF experiments: no further reduction in surviving population of 

S. cerevisiae was achieved by increasing the number of impulses. 

Investigation of the potential reasons for the ‘tailing’ effect will be discussed 

in Section 7.3.5.4. 

 The ‘shoulder’ effect in the inactivation curves was also observed in several 

PEF experiments. The presence of the ‘shoulder’ in the inactivation curves 

suggested that damage has been done to the S. cerevisiae cells but sub-
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population of the S. cerevisiae sample was adjusting to the stress produced by 

the PEF process. 

 Heating effect was not significant in the PEF treatment in the re-designed 

stainless steel test cell: the maximum increase in temperature recorded during 

the experiments was ~ 1.5 °C. The heating effect was limited by the use of 

low conductive sample suspension. However, the measurements of 

temperature were also delayed due to the depressurisation process, which 

could allow the sample to be cooled down during this process. 

7.3.4 PEF Treatment in TiO2-Coated Test cell 

7.3.4.1 Temperature Measurements 

The potential thermal effects of the PEF process were monitored by measuring the 

temperature of the sample suspensions after the treatments, as mentioned in Section 

7.1.2. The results obtained from these measurements showed that the maximum 

increase in temperature after PEF treatment in the TiO2-coated test cell was ~ 0.5 °C. 

As explained in Section 7.2.4, this insignificant increase in temperature was likely to 

be the result of the use of low conductive sample suspension and low-conductive 

TiO2-coated electrodes. However, as highlighted in Section 7.2.4, the 

depressurisation process of the pressurised chamber and the removal of the test cell 

could also affect the temperature measurements. The delay in measurement 

potentially allowed the sample suspension to cool down before the temperature 

measuring process. Therefore, the insignificant increase in sample suspension 

temperature could be the combined result of both factors. 

7.3.4.2 PEF Treatment with Square Impulses 

The S. cerevisiae samples were treated in the TiO2-coated test cell using HV 

impulses with square waveshape. Figure VII.19-VII.20 show the results obtained 

from these PEF tests using field magnitudes of 67 kV/cm and 80 kV/cm respectively. 

As can be seen from these figures, the population of the S. cerevisiae sample was 
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reduced through the application of PEF impulses, which indicated that S. cerevisiae 

were effectively inactivated by HV impulses with square waveshape in the TiO2-

coated test cell. 

 
Figure VII.19 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with square waveform of different initial populations. Field 

strength was 67 kV/cm. Error bars show standard deviation (n=3). 

 

Figure VII.20 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with square waveform of different initial populations. Field 

strength was 80 kV/cm. Error bars show standard deviation (n=3). 
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As can be seen from Figure VII.19, 3-log10 reduction in S. cerevisiae surviving 

population was achieved after the application of 100 impulses with field magnitude 

of 67 kV/cm regardless of the initial sample concentration. However in the case of 

80 kV/cm field magnitude, only 50 impulses were required to achieve the same 3-

log10 reduction in S. cerevisiae population. It can also be seen from both figures that 

the inactivation tendencies for different sample concentrations were very similar 

except for the 107 CFU/ml group, where 3-log10 reduction was achieved after only 25 

impulses using both 67 kV/cm and 80 kV/cm field magnitudes. Generally speaking, 

PEF treatment using 80 kV/cm impulses produced better inactivation performance 

when compared with impulses with 67 kV/cm field magnitude. Figure VII.21 

demonstrates a direct comparison between two inactivation curves from PEF 

treatments of S. cerevisiae sample with 107 CFU/ml and 104 CFU/ml initial 

concentrations. The other two initial concentrations are not shown in the figure to 

provide a clear presentation. The inactivation tendencies of these two non-presented 

groups were very similar to the 104 CFU/ml group, as can be seen from Figure 

VII.19-VII.20. It should also be noticed that the ‘tailing’ effect can be clearly seen in 

all the inactivation curves. The ‘shoulder’ effect can also be observed in the 

inactivation curves of the PEF treatment using S. cerevisiae samples with initial 

population of 104-106 CFU/ml. 

 

Figure VII.21 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with square waveform of different initial populations. Solid lines, 

67 kV/cm; Dash lines, 80 kV/cm. Error bars show standard deviation (n=3). 
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7.3.4.3 PEF Treatment with Smooth Exponential Impulses 

The results obtained using PEF impulses with smooth exponential waveshape are 

shown in Figure VII.22-VII.23, for the field level of 67 kV/cm and 80 kV/cm 

respectively. As the two figures demonstrate, population of the S. cerevisiae reduced 

with an increase in the PEF impulses. These results suggested that effective 

inactivation of S. cerevisiae was achieved by PEF process in the TiO2-coated test cell 

using impulses with smooth exponential waveshape. 

 
Figure VII.22 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with smooth exponential waveform of different initial 

populations. Field strength was 67 kV/cm. Error bars show standard deviation (n=3). 
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Figure VII.23 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with smooth exponential waveform of different initial 

populations. Field strength was 80 kV/cm. Error bars show standard deviation (n=3). 

Regardless of the initial S. cerevisiae cell density and the levels of field magnitude, 

3-log10 reduction in viable cells was achieved after the application of 50 impulses, as 

demonstrated in Figure VII.22-VII.23. It can also be seen that the inactivation 

tendencies of PEF tests with 107 CFU/ml initial sample concentration were more 

pronounced than the tests with other initial yeast populations, as 3-log10 reduction in 

population was achieved by only 25 impulses when the initial populations were 107 

CFU/ml. However, inactivation tendencies of the other groups, with initial sample 

populations of 106 CFU/ml, 105 CFU/ml and 104 CFU/ml, were very similar. 

Comparison between the PEF inactivation curves (107 CFU/ml and 104 CFU/ml 

groups) using different field magnitudes has been made and shown in Figure VII.24. 

It was showed in this figure that PEF process with the 80 kV/cm field magnitude had 

a slightly better performance than with the 67 kV/cm magnitude. Again, the ‘tailing’ 

effect in the inactivation curves was observed clearly in all the obtained results. The 

‘shoulder’ effect can be seen in the inactivation curves of the 67 kV/cm PEF 

treatment using S. cerevisiae samples with initial population of 104-106 CFU/ml. 
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Figure VII.24 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with smooth exponential waveform of different initial 

populations. Solid lines, 67 kV/cm; Dash lines, 80 kV/cm. Error bars show standard 

deviation (n=3). 

7.3.4.4 PEF Treatment with Oscillating Exponential Impulses 

Figure VII.25-VII.26 show the inactivation curves of S. cerevisiae treated using 

oscillating exponential PEF impulses. The results obtained from PEF tests with the 

field magnitudes of 67 kV/cm and 80 kV/cm are presented in Figure VII.25 and 

Figure VII.26 respectively. As shown in both figures, population of the S. cerevisiae 

was reduced by the PEF process, which indicated the S. cerevisiae were inactivated 

by PEF impulses with oscillating exponential waveshape in the TiO2-coated test cell. 
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Figure VII.25 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with oscillating exponential waveform of different initial 

populations. Field strength was 67 kV/cm. Error bars show standard deviation (n=3). 

 

Figure VII.26 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with oscillating exponential waveform of different initial 

populations. Field strength was 80 kV/cm. Error bars show standard deviation (n=3). 
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It can be seen from Figure VII.25 that, a 2-log10 reduction in S. cerevisiae population 

was achieved by the application of 100 impulses with the field magnitude of 67 

kV/cm, regardless of the initial population of the sample. However, as demonstrated 

in Figure VII.26, 3-log10 reduction in the S. cerevisiae population was achieved when 

the field magnitude was increased to 80 kV/cm. The inactivation tendencies of PEF 

treatment of S. cerevisiae sample with different initial concentrations were very 

similar except for the 107 CFU/ml group, which were more pronounced than the 

other groups. Figure VII.27 shows the direct comparison between the inactivation 

curves of PEF treatment using different field magnitudes. As the figure demonstrates, 

PEF treatment with 80 kV/cm impulses provided better inactivation performance 

than PEF treatment using impulses with lower magnitude. The ‘tailing’ and ‘shoulder’ 

effects were also observed in S. cerevisiae inactivation curves. 

 

Figure VII.27 Surviving population of S. cerevisiae (log10 CFU/ml) as a function of number 

of impulses. PEF treatment with oscillating exponential waveform of different initial 

populations. Solid lines, 67 kV/cm; Dash lines, 80 kV/cm. Error bars show standard 

deviation (n=3). 
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7.3.4.5 Summary of PEF Results in TiO2-Coated Test Cell 

A summary of the results obtain in the PEF experiments in which S. cerevisiae was 

treated in the TiO2-coated test cell is provided in this section. The main findings and 

the comparison of PEF inactivation efficiencies between different pulse waveshapes 

and different test cells will be discussed in Section 7.3.4. 

 It was demonstrated that S. cerevisiae can be inactivated HV impulses in the 

TiO2-coated test cell. PEF treatment using impulse with three different 

waveshapes, the square, smooth exponential and oscillating exponential, 

demonstrated successful inactivation of S. cerevisiae was achieved. 

 It has been shown that when the initial concentration of S. cerevisiae cells 

was in the range of 104-107 CFU/ml, the inactivation tendencies were similar 

and did not depend on the initial concentration of microorganisms. However, 

it was observed that the ‘tailing’ effect in the inactivation curves appeared 

faster (with application of fewer impulses) for a higher concentration of 

S. cerevisiae in suspension, with initial population of 107 CFU/ml. 

 It was shown that when the field magnitude was 67 kV/cm, 2-log10 reduction 

in S. cerevisiae population was achieved after the application of 100 impulses 

with oscillating exponential waveshape. However, application of 100 

impulses with square and smooth exponential waveshapes resulted in 3-log10 

reduction in S. cerevisiae population. 

 When the S. cerevisiae samples were treated by PEF impulses with field 

magnitude of 80 kV/cm, 3-log10 reduction in surviving population was 

achieved using all the pulse waveshapes by the application of 100 impulses.  

 It was established that impulses with higher field magnitude (80kV/cm) 

demonstrated better PEF inactivation performance as compared with impulses 

with lower field magnitude (67 kV/cm). This tendency was observed in PEF 

experiments using impulses with all three types of waveshapes. A higher 
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degree of inactivation (log10 reduction in surviving population) was achieved 

in the case when higher field strength was used. 

 The ‘tailing’ effect in the inactivation curves was observed in most of the 

experiments: no further reduction in S. cerevisiae population was observed by 

increasing the number of HV impulses. Additional PEF experiments were 

conducted in the present study to investigate the potential reason for this 

effect and the obtained results will be discussed in Section 7.3.5.4. The 

‘shoulder’ effect in the inactivation curves was also observed in several PEF 

tests, especially with initial concentration of 104-106 CFU/ml. 

 It was established that heating of the liquid suspension during PEF treatment 

in TiO2-coated test cell was not significant. The recorded maximum increase 

in temperature after the PEF test was ~ 0.5 °C. This increase in temperature 

was even lower than the temperature increase obtained in the PEF 

experiments using stainless steel test cell. This result was likely to be 

explained by the combined factors of low conductive liquid suspension, low-

conductive TiO2-coated electrodes, and the depressurised process. A 

correlation between the specific energy consumption and the temperature 

change was established and will be discussed in Section 7.3.5.3.1. 

7.3.5 PEF Treatment of S. cerevisiae: Main findings 

As demonstrated in the previous sections, PEF treatment of S. cerevisiae have been 

conducted using both re-designed stainless steel and TiO2-coated test cells using 

impulses with three different types of waveshape. The results obtained from the 

experiments indicate that inactivation of the S. cerevisiae sample was successfully 

achieved using both test cells and impulse with all three waveshapes. It would be 

interesting to compare the PEF inactivation performance between different impulse 

waveshapes and different test cells directly. On the other hand, the ‘tailing’ effect in 

the inactivation curves was observed despite improvement in PEF performance has 

been achieved using the re-designed test cell. Therefore, the potential cause of this 

‘tailing’ effect should be reconsidered. 
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In this section, direct comparisons of the PEF performance using impulse with 

different waveshapes and different test cells will be made and discussed. The specific 

energy consumption corresponding to each type of impulse and test cell will be 

estimated and discussed. Correlation between these estimated energy consumption 

and the change in suspension temperature will be established. The potential reason of 

the ‘tailing’ effect observed in inactivation curves will also be investigated and 

discussed in this section. 

7.3.5.1 Comparison between Different Waveforms 

Comparison between the PEF inactivation performances using impulses with three 

types of waveshape are shown in Figure VII.28-VII.31. In all figures, two initial 

concentrations of S. cerevisiae, the highest, 107 CFU/ml, and the lowest, 104 CFU/ml, 

are shown in order to provide clear representation of the inactivation curves. The 

inactivation curves for initial population of 105 CFU/ml and 106 CFU/ml are not 

showed in these figures as their inactivation tendencies were similar to the curves 

presented, as demonstrated in the previous sections. Figure VII.28 and Figure VII.29 

show the results obtained from PEF tests in stainless steel test cell using field 

magnitudes of 67 kV/cm and 80 kV/cm respectively. Figure VII.30 and 

Figure VII.31 demonstrate the respective results using the TiO2-coated test cell. 
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Figure VII.28   Surviving population of S. cerevisiae (log10 CFU/ml) treated in stainless 

steel test cell as a function of pulse number for 67 kV/cm impulses: square waveshape (blue), 

smooth exponential waveshape (red) and oscillating exponential waveshape (black). Square 

symbol: 107 CFU/ml initial population; Star symbol: 104 CFU/ml initial population. Error 

bars show standard deviation (n=3). 

 

Figure VII.29   Surviving population of S. cerevisiae (log10 CFU/ml) treated in stainless 

steel test cell as a function of pulse number for 80 kV/cm impulses: square waveshape (blue), 

smooth exponential waveshape (red) and oscillating exponential waveshape (black). Square 

symbol: 107 CFU/ml initial population; Star symbol: 104 CFU/ml initial population. Error 

bars show standard deviation (n=3). 
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Figure VII.30   Surviving population of S. cerevisiae (log10 CFU/ml) treated in TiO2-coated 

test cell as a function of pulse number for 67 kV/cm impulses: square waveshape (blue), 

smooth exponential waveshape (red) and oscillating exponential waveshape (black). Square 

symbol: 107 CFU/ml initial population; Star symbol: 104 CFU/ml initial population. Error 

bars show standard deviation (n=3). 

 

Figure VII.31   Surviving population of S. cerevisiae (log10 CFU/ml) treated in TiO2-coated 

test cell as a function of pulse number for 80 kV/cm impulses: square waveshape (blue), 

smooth exponential waveshape (red) and oscillating exponential waveshape (black). Square 

symbol: 107 CFU/ml initial population; Star symbol: 104 CFU/ml initial population. Error 

bars show standard deviation (n=3). 
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As can be seen from Figure VII.28-VII.31, regardless of the field magnitude and the 

test cell used in the PEF treatment, the best PEF inactivation performance was 

achieved when HV impulses with smooth exponential waveshape were used. On the 

other hand, impulses with oscillating exponential waveshape produced the worst PEF 

inactivation performance as compared with other types of impulses. 

According to [7], in which PEF treatment with square and exponential decay 

impulses was studied, square impulses were more energy efficient than exponential 

decaying impulses. In [7], both impulses with the same peak field magnitude 

delivered the same amount of energy to the sample. It was reported that the PEF 

treatment in which square impulses were used required a lower number of impulses 

to achieve the same inactivation result. However, in the present study, it was shown 

that the PEF treatment using impulses with smooth exponential waveshape required 

lower pulse number to achieve the same inactivation result. Although the peak field 

magnitude was the same for all pulse waveshapes, the specific energy delivered by 

each type of impulse was not identical in the present study. Therefore, it is important 

to compare the PEF performance of impulses with different waveshapes in terms of 

energy efficacy, which will be conducted in Section 7.3.5.3. 

The PEF treatment with oscillating exponential impulses demonstrated a relatively 

poor inactivation performance. This can be explained by the nature of the fast 

oscillations which should restrict the development of trans-membrane potential 

according to the analysis in Section 3.1.3 and Section 3.2.2. However, it should be 

noticed that while the peak field magnitude of these three impulses was the same, the 

average field strength of the oscillating exponential impulse was significantly lower 

than the other two due to the fast oscillations. As can be seen in Figure VII.32, where 

the voltage waveforms of the oscillating exponential impulses were processed by an 

adjacent-averaging function in the Origin Pro 9 software package, the average peak 

field strength were only 47 kV/cm and 59 kV/cm when the actual peak field strength 

reached 67 kV/cm and 80 kV/cm respectively. This significant lower average field 

means lower specific energy was delivered to the sample by each oscillating 

exponential impulse. Therefore, it would be necessary to compare the oscillating 

exponential impulse with the other two impulses in terms of energy efficacy. 
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Figure VII.32 Voltage waveforms of oscillating exponential impulses showing the adjacent-

averaging voltage processed by Origin Pro 9 software package: (a) voltage waveform 

corresponding to 67 kV/cm field strength; (b) voltage waveform corresponding to 80 kV/cm 

field strength. 

7.3.5.2 Comparison between Different Test Cells 

The comparison between the PEF inactivation of S. cerevisiae conducted in the 

conductive stainless steel test cell and the low-conductive TiO2-coated test cell is 

presented in this section. Figure VII.33-VII.34 show the surviving population of 

S. cerevisiae treated with square impulses in both test cells, Figure VII.35-VII.36 

show the inactivation curves of S. cerevisiae treated with smooth exponential 

impulses and Figure VII.37-VII.38 show the inactivation results of PEF treatment 

with oscillating exponential impulses in both test cells. Inactivation curves of 

S. cerevisiae sample with two initial concentrations, 107 CFU/ml and 104 CFU/ml, 

are presented in these figures in order to provide clear representation.  
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Figure VII.33   Surviving populations of S. cerevisiae (log10 CFU/ml) as a function of pulse 

number for 67 kV/cm square impulse: stainless test cell (blue); TiO2-coated test cell (red); 

square symbol represent 107 CFU/ml initial population; star symbol represent 104 CFU/ml 

initial population. Error bars show standard deviation (n=3). 

 

Figure VII.34   Surviving populations of S. cerevisiae (log10 CFU/ml) as a function of pulse 

number for 80 kV/cm square impulse: stainless test cell (blue); TiO2-coated test cell (red); 

square symbol represent 107 CFU/ml initial population; star symbol represent 104 CFU/ml 

initial population. Error bars show standard deviation (n=3). 
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Figure VII.35   Surviving populations of S. cerevisiae (log10 CFU/ml) as a function of pulse 

number for 67 kV/cm smooth exponential impulse: stainless test cell (blue); TiO2-coated test 

cell (red); square symbol represent 107 CFU/ml initial population; star symbol represent 104 

CFU/ml initial population. Error bars show standard deviation (n=3). 

 

Figure VII.36   Surviving populations of S. cerevisiae (log10 CFU/ml) as a function of pulse 

number for 80 kV/cm smooth exponential impulse: stainless test cell (blue); TiO2-coated test 

cell (red); square symbol represent 107 CFU/ml initial population; star symbol represent 104 

CFU/ml initial population. Error bars show standard deviation (n=3). 
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Figure VII.37   Surviving populations of S. cerevisiae (log10 CFU/ml) as a function of pulse 

number for 67 kV/cm oscillating exponential impulse: stainless test cell (blue); TiO2-coated 

test cell (red); square symbol represent 107 CFU/ml initial population; star symbol represent 

104 CFU/ml initial population. Error bars show standard deviation (n=3). 

 

Figure VII.38   Surviving populations of S. cerevisiae (log10 CFU/ml) as a function of pulse 

number for 80 kV/cm oscillating exponential impulse: stainless test cell (blue); TiO2-coated 

test cell (red); square symbol represent 107 CFU/ml initial population; star symbol represent 

104 CFU/ml initial population. Error bars show standard deviation (n=3). 
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As can be seen from these figures, PEF treatment in the TiO2-coated test cell 

demonstrated an improved inactivation performance as compared with the stainless 

steel test cell. In most cases, more log10 reduction in S. cerevisiae population was 

achieved by the application of the same number of impulses using the TiO2-coated 

test cell. In addition, as the current measurement revealed, the ionic conduction 

current in the TiO2-coated test cell was significantly lower than that in the stainless 

steel test cell, as shown in Figure VII.39. The peak magnitude of the ionic 

conduction current was reduced by ~ 30% on average as compared with the stainless 

steel test cell in all cases. This significant reduction in the ionic conduction current 

suggested that even better PEF performance in terms of energy efficacy can be 

achieved in the TiO2-coated test cell, as ionic conduction is the major contributor to 

the specific energy consumption of the PEF process. Therefore, comparison between 

two test cells (stainless steel and TiO2-coated) in terms of energy efficacy will be 

made and discussed in the following section. 

 

Figure VII.39  Current waveforms obtained during PEF treatment using stainless steel test 

cell (dark line) and TiO2-coated test cell (grey line): (a) square impulse; (b) smooth 

exponential impulse; (c) oscillating exponential impulse. 
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7.3.5.3 Specific Energy Consumption 

As discussed in the previous sections, it is necessary to evaluate the specific energy 

consumption during the PEF treatment and to compare energy consumption for 

impulses with three different waveshapes and different test cells used in the present 

study. As the current measurement indicated, continuous ionic conduction current 

existed in both stainless steel and TiO2-coated test cells during PEF process. As a 

result, the specific energy consumption in both test cells was associated with two 

transient processes: the polarisation process which is manifested by the appearance 

of the displacement current, Epol, and the ionic conduction process which results the 

Joule energy loss in the treated samples, EJ. It was demonstrated in Section 5.3.2.4 

that, ~ 99.9% of the energy dissipated in the liquid suspension during PEF treatment 

was associated with the ionic conduction process. 

In the PEF treatment experiments using the re-designed stainless steel and the new 

TiO2-coated test cells, the direct measurement of current was taken, allowing the 

total energy consumption (combination of Epol and EJ ) to be obtained using the 

following equation: 

𝐸𝑡𝑜𝑡𝑎𝑙 = ∫𝑉(𝑡) ∙ 𝐼(𝑡) ∙ 𝑑𝑡                       (VII.1) 

where V(t) is the transient voltage across the test cell and I(t) is the transient current 

through the test cell. The total energy losses were calculated using the experimental 

voltage and current waveforms during PEF treatments and these losses are shown in 

the following tables. 

Table VII.1 Specific Energy Delivered per Pulse in PEF Treatment Using Stainless Steel 

Test cell. 

Waveform 
Field Strength 

(kV/cm) 

Initial Population (log10 CFU/ml) 

~ 104 ~ 107 

Square 
67 0.527 J 0.626 J 

80 0.821 J 0.945 J 

Exponential 
67 0.400 J 0.600 J 

80 0.628 J 0.832 J 

Oscillating 
67 0.445 J 0.514 J 

80 0.598 J 0.664 J 
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Table VII.2 Specific Energy Delivered per Pulse in PEF Treatment Using TiO2-Coated Test 

cell. 

Waveform 
Field Strength 

(kV/cm) 

Initial Population (log10 CFU/ml) 

~ 104 ~ 107 

Square 
67 0.327 J 0.394 J 

80 0.459 J 0.641 J 

Exponential 
67 0.299 J 0.401 J 

80 0.409 J 0.544 J 

Oscillating 
67 0.262 J 0.352 J 

80 0.387 J 0.526 J 

 

As can be seen from Table VII.1 and Table VII.2, the energy losses are higher for 

impulses with higher electric field. The tables also demonstrated that the energy 

delivered by a single impulse increases with an increase in the initial population of 

the yeast sample. This was due to the difference between the conductivity of the 

S. cerevisiae suspension: the conductivity of the 107 CFU/ml samples was 

~ 182 μS/cm while the conductivity of the 104 CFU/ml samples was ~ 124 μS/cm. 

As a result, the ionic conduction current was higher in the case of 107 CFU/ml 

samples than that of the samples with initial population of 104 CFU/ml. Therefore, 

the energy losses due to the conduction current were higher in the case of higher 

S. cerevisiae concentrations. 

It should also be noticed that the largest amount of energy was delivered by a single 

square impulse, while the minimum amount of energy was delivered by a single 

oscillating exponential impulse. Comparison between Tables VII.1 and Table VII.2 

also showed that specific energy consumption in the TiO2-coated test cell was 

significantly lower than that in the stainless steel test cell. These calculations 

confirmed that the energy losses vary between different waveforms and test cells. 

Therefore, the inactivation results from PEF experiments should be re-presented in 

order to have a better understanding of the energy efficacy of the pulse waveshapes 

and the electrode materials.  
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7.3.5.3.1 Correlation between Energy and Temperature  

Assuming all energy delivered to the liquid suspension was converted into heat, 

Equation VII.2 can be used to establish the correlation between the energy 

consumption and the change in suspension temperature: 

∆𝑇 =
𝐸𝑡𝑜𝑡𝑎𝑙

𝑐∙𝑀
                                                       (VII.2)  

Where ∆T is the change in temperature in °C, Etotal is the energy absorbed by the 

liquid suspension, c is the specific heat capacity of water and M is the mass of the 

liquid suspension. As can be seen from Table VII.1-VII.2, the maximum calculated 

specific energy consumptions were 0.641 J per pulse and 0.945 J per pulse in the 

case of TiO2-coated test cell and the stainless steel test cell respectively. According 

to the equation, the expected increase in temperature would be ~ 0.13°C and ~ 

0.15°C after a single impulse in the TiO2-coated and stainless steel test cells 

respectively. At this rate, temperature of the liquid suspension in the two test cells 

would be increased by ~ 13°C and ~ 15°C respectively after the application of 100 

HV impulses, which was the largest number of impulse used in the present study. 

However, as discussed in Section 7.3.2.1 and Section 7.3.3.1, the maximum increase 

in suspension temperature after PEF treatment was measured at ~ 0.5°C and ~ 1.5°C 

when using TiO2-coated and stainless steel test cells respectively. Therefore, the 

temperature of the liquid suspension can potentially be cooled during the 

depressurisation process or even in between the application of each impulse. A heat 

transfer model developed in [257] was used to investigate this possibility. The results 

show that the ~ 0.13°C/0.15°C heat, which was induced by one impulse, would be 

dissipated into surrounding environment (the electrodes and air) within 1 second. 

Therefore, as the pulse repetition rate used in the present study was 1 pulse per 

second, the heat can hardly be accumulated between impulses. Therefore, it is 

reasonable that the maximum measured increase in temperature in the present study 

was only ~ 1.5°C. 
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However, as a comparison, few tens of °C increase in temperature has been reported 

in literatures [7, 67, and 241], which suggested much higher energy was delivered by 

a single impulse in those works. The insignificant of the heating effect observed in 

the present study is likely to be the effect of using the low-conductive liquid 

suspension and low-conductive TiO2-coated electrodes. 

7.3.5.3.2 Comparison between Electric Field Magnitudes 

Using the obtained experimental data on PEF inactivation and the specific energy per 

pulse, the surviving population of S. cerevisiae can be re-presented as a function of 

the specific energy delivered to the test cell during PEF treatment. Figure VII.40-

VII.43 show the surviving population of S. cerevisiae for different electric field 

magnitudes. It should be noted that only the energy efficacy of the PEF treatment of 

107 CFU/ml yeast sample is shown in the following figures. As demonstrated from 

Section 7.3.2.2 to Section 7.3.3.4, the inactivation tendencies of samples with 

different concentrations were similar; therefore energy efficacies of PEF treatments 

of S. cerevisiae with other initial populations had similar tendencies and were not 

presented in the figures. 

In order to provide a quantitative analysis of the inactivation tendencies in terms of 

energy efficacy, the inactivation data were fitted with analytical fitting curves, as 

shown in Figure VII.40-VII.43. However, as demonstrated in Section 7.3.3 and 

Section 7.3.4, the ‘tailing’ effect in the inactivation curves was obvious, which 

suggested that increase in the energy cannot result in further inactivation. Therefore, 

only experimental data prior to the start of ‘tailing’ effect were used for the fitting. A 

fitting procedure requires at least three data points, however in the case of PEF 

treatment using the TiO2-coated test cell with square and smooth exponential 

impulses, 3-log10 reduction in S. cerevisiae population was achieved after 25 

impulses, which means only 2 data points were available for the fitting. Therefore, 

no comparison between the field magnitudes was made in these two groups. 

The fitting was done by Origin Pro 9 software package. The fitting function was a 

two parameter exponential function, as shown in Equation VII.3. 
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𝑦 = 𝐴 ∙ 𝑒−𝐵𝑥                                                 (VII.3) 

where y represents the surviving population in log10 CFU/ml, and x represents the 

specific energy consumption in kJ/liter. Two coefficients can be obtained by this 

fitting process. Coefficient A relates to the initial population of microorganism. 

Coefficient B describes the kinetic process of inactivation (liter/kJ). Larger value of 

B indicates better energy efficacy of the PEF process. The obtained values of 

coefficient B are listed in Table VII.3. 

 

Figure VII.40   Energy efficacy of PEF treatment (stainless steel test cell, square impulse) 

using field magnitude of 67 kV/cm (black) and 80 kV/cm (red). Initial population of 

S. cerevisiae was 107 CFU/ml. Error bars show standard deviation (n=3). 
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Figure VII.41   Energy efficacy of PEF treatment (stainless steel test cell, smooth 

exponential impulse) using field magnitude of 67 kV/cm (black) and 80 kV/cm (red). Initial 

population of S. cerevisiae was 107 CFU/ml. Error bars show standard deviation (n=3). 

 

Figure VII.42   Energy efficacy of PEF treatment (stainless steel test cell, oscillating 

exponential impulse) using field magnitude of 67 kV/cm (black) and 80 kV/cm (red). Initial 

population of S. cerevisiae was 107 CFU/ml. Error bars show standard deviation (n=3). 
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Figure VII.43   Energy efficacy of PEF treatment (TiO2-coated test cell, oscillating 

exponential impulse) using field magnitude of 67 kV/cm (black) and 80 kV/cm (red). Initial 

population of S. cerevisiae was 107 CFU/ml. Error bars show standard deviation (n=3). 

Table VII.3   Obtained Value of Coefficient B in the Fitting. 

Test Cell Stainless Steel Test Cell TiO2-coated Test Cell 

Impulse 

Waveshape 
Square 

Smooth 

Exponential 

Oscillating 

Exponential 
Square 

Smooth 

Exponential 

Oscillating 

Exponential 

Field 

Magnitude 

(kV/cm) 

67 
0.017 

(0.014-0.020) 
0.018 

(0.012-0.024) 
0.010 

(0.008-0.012) 
N/A N/A 

0.021 

(0.013-0.029) 

80 
0.016 

(0.016-0.016) 
0.019 

(0.017-0.021) 
0.011 

(0.009-0.013) 
N/A N/A 

0.021 

(0.015-0.027) 

Note: Values in the brackets indicate the range of value of coefficient B with 95% confidence 

based on the standard error from the fitting and Student coefficient table. 

 

It can be seen from all the figures that PEF inactivation tendencies are very similar 

when using both field magnitudes of 67 kV/cm and 80 kV/cm: the surviving 

population of S. cerevisiae sample reduced gradually as the specific energy delivered 

to the sample increased. It can also be learned from Table VII.3 that field magnitude 

had minimal impact on the energy efficacy of the PEF process. The value of 

coefficient B, which describes the inactivation kinetic, showed little variation 

(maximum ~ 9%) between the two levels of field magnitude. Therefore, it can be 
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concluded that the magnitude of field strength did not have significant impact of on 

the energy efficacy of the PEF treatments at the field level being investigated (67 

kV/cm and 80 kV/cm). 

7.3.5.3.3 Comparison between Pulse Waveshapes 

The same fitting procedure was applied to compare the effect of the pulse waveshape 

on the energy efficacy of PEF treatment. As demonstrated in Section 7.3.5.3.2, the 

magnitude of field strength had minimal impact on the energy efficacy. Therefore, 

PEF treatment data for different field strengths (but for the same pulse waveshape 

and the same test cell) were combined for the following analysis. By doing so, the 

analytical fitting procedure and analysis can now be conducted for the results of the 

PEF treatment in the TiO2-coated test cell as the number of data points for each 

inactivation curve was at least three. 

Figure VII.44-VII.45 show the surviving population of the S. cerevisiae as a function 

of the specific energy delivered to the test cell using impulses with different 

waveshapes. Figure VII.44 shows the inactivation kinetic obtained when the 

S. cerevisiae suspension was treated in the stainless steel test cell, while Figure 

VII.45 shows the inactivation kinetic when the PEF treatment was conducted using 

the TiO2-coated test cell. The obtained values of coefficient B for the analytical 

fitting are listed in Table VII.4. 
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Figure VII.44   Energy efficacy of PEF treatment (stainless steel cell) using smooth 

exponential (red), square (blue) and Oscillating exponential (black) impulses. Initial 

population of S. cerevisiae was 107 CFU/ml. Error bars show standard deviation (n=3). 

 

Figure VII.45   Energy efficacy of PEF treatment (TiO2-coated cell) using smooth 

exponential (red), square (blue) and Oscillating exponential (black) impulses. Initial 

population of S. cerevisiae was 107 CFU/ml. Error bars show standard deviation (n=3). 
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Table VII.4   Obtained Value of Coefficient B in the Fitting. 

Impulse Waveshape Square 
Smooth 

Exponential 

Oscillating 

Exponential 

Test Cell 

Stainless Steel 
0.017 

(0.016-0.018) 
0.019 

(0.017-0.021) 
0.010 

(0.008-0.012) 

TiO2-coated 
0.036 

(0.030-0.042) 
0.041 

(0.037-0.045) 
0.023 

(0.017-0.029) 

Note: Values in the brackets indicate the range of value of coefficient B with 95% confidence 

based on the standard error from the fitting and Student coefficient table. 

 

It can be seen from the two figures that all three types of waveforms provided similar 

PEF inactivation tendencies in the experiments in which both stainless steel and 

TiO2-coated cells were used. In all cases, the surviving population of S. cerevisiae 

reduced gradually as the specific energy delivered to the sample increased. However, 

as shown in Table VII.4, the pulse waveshape had a significant impact on the energy 

efficacy of the PEF process, as the coefficient B describing the inactivation kinetic 

varied among the pulse waveshape being investigated. As shown in Table VII.4, 

impulses with smooth exponential waveshape demonstrated the best energy efficacy: 

their value of coefficient B was ~ 13% greater than square impulses and ~ 84% 

greater than the oscillating exponential impulses. On the other hand, oscillating 

exponential impulse showed the worst energy efficacy: their value of coefficient B 

was ~ 84% lower than the smooth exponential impulse and ~ 63% lower than the 

square impulse. Using the obtained values of coefficient B, the log10 reduction in 

S. cerevisiae population can be estimated for a fixed amount energy input in the PEF 

system described in the present study. For example, the expected log10 reduction in 

S. cerevisiae population for an energy input of 10 kJ/liter is listed in Table VII.5. As 

can be seen from the table, more log10 reduction in S. cerevisiae population is 

expected when the S. cerevisiae suspension is subjected to PEF impulses with 

smooth exponential waveform as compared with PEF impulses with the other two 

waveforms. 
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Table VII.5   Estimated log10 reduction in S. cerevisiae population for an energy input of 10 

kJ/liter. 

Impulse Waveshape Square 
Smooth 

Exponential 

Oscillating 

Exponential 

Test Cell 

Stainless Steel 1.1 1.2 0.7 

TiO2-coated 2.1 2.4 1.4 

 

As mentioned in Section 2.5.4.2, limited results have been reported in the literature 

on the comparison of the PEF performance using impulses with different waveshapes 

except for the study conducted in [7, 8]. It was reported in [7] that impulses with 

square waveshape were more energy efficient than exponentially decaying impulses, 

which is opposite to the findings of the present study. However, the field strength 

used in [7] for the PEF treatment was only 12 kV/cm, which is just above the 10 

kV/cm critical level which is required, as discussed in Section 2.5.4.1, for the 

effective irreversible electroporation process to take place. For the waveshapes 

reported in [7], the field strength was above 10 kV/cm for only ~20 μs in the case of 

a single exponential impulse, while in the case of a single square impulse the field 

strength was above 10 kV/cm for ~50 μs. This suggested the long decaying tail of the 

exponential impulse could be ineffectual for inducing lethal electroporation. 

Therefore, the square impulses were more energy efficient than the exponential 

decaying impulses in the case of [7]. However, in the present study, the field strength 

used was much higher than the 10 kV/cm critical field strength. This suggested that 

the long decaying tail of the smooth exponential impulse could still induce lethal 

electroporation using this relatively high field strength. The duration of parts of the 

smooth exponential and square impulses which exceeded 10 kV/cm were 2.5 μs and 

1 μs respectively. Therefore, it was found that the smooth exponential impulse was 

more energy efficient in the present study. Based on this analysis, a correlation 

between the effective impulse duration (period where the field strength is above the 

critical field strength) and the PEF performance can be established according to the 

results reported in [7] and the present study. Thus, the difference in time during 

which the field exceeded the critical value may explain the advantage of one impulse 
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over the other impulse. The pulse waveshape with the longer effective duration 

results in a better PEF performance in terms of energy efficacy. 

In the case of the oscillating exponential impulse, despite having a similar effective 

duration to the smooth exponential impulse, energy efficacy of this fast oscillating 

impulse was the worst as compared to the other impulses. This can be explained by 

the lower average peak fields and deep oscillations at the peak of the waveform. The 

average peak field strengths of the oscillating exponential impulse are 47 kV/cm and 

59 kV/cm for the two levels of charging voltage respectively, as shown in Figure 

VII.32. Both values were below the 60 kV/cm threshold identified in [164], above 

which the HV impulses demonstrated noticeably better PEF performance. On the 

other hand, the oscillating exponential impulse had deep oscillations at its peak, 

duration of the 1/4 period of these oscillations was ~ 30 ns. According to the 

transient membrane charging model described in Section 3.1 and Section 3.2, time 

required to achieve the maximum potential across microbial membrane is ~ 1 μs and 

during the 30 ns period the field across the membrane can reach only ~ 10% of its 

potential maximum value. This result was in line with the experimental result 

reported in [7], where an oscillatory impulse was also used for PEF treatment and 

demonstrated least efficient. 

Based on the discussions above it can be stated that, in order to achieve high energy 

efficacy in the PEF inactivation process, it is desirable to increase duration of 

exposure to the critical field and to avoid field oscillation. However, it is not clear 

which of these two factors play a dominant role and further investigation is required 

to clarify their contribution to pulsed electric field inactivation. 

7.3.5.3.4 Comparison between Test Cells 

It can also be seen from Table VII.4 and Table VII.5 that there was a significant 

difference in the energy efficacy for the PEF process in the two test cells. Therefore, 

it is important to present the direct comparison between the inactivation kinetic in the 

stainless steel and TiO2-coated test cells. Figure VII.46-VII.48 show the inactivation 
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kinetic obtained using the square, smooth exponential and oscillating exponential 

impulses respectively. 

 

Figure VII.46   Energy efficacy of PEF treatment (square impulse) using TiO2-coated cell 

(red) and stainless steel cell (black). Initial population of S. cerevisiae was 107 CFU/ml. 

Error bars show standard deviation (n=3). 

 

Figure VII.47   Energy efficacy of PEF treatment (smooth exponential impulse) using TiO2-

coated cell (red) and stainless steel cell (black). Initial population of S. cerevisiae was 107 

CFU/ml. Error bars show standard deviation (n=3). 
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Figure VII.48   Energy efficacy of PEF treatment (oscillating exponential impulse) using 

TiO2-coated cell (red) and stainless steel cell (black). Initial population of S. cerevisiae was 

107 CFU/ml. Error bars show standard deviation (n=3). 

It can be concluded from these figures that the energy efficacies of the PEF treatment 

using the stainless steel and TiO2-coated test cells were significantly different: the 

specific energy losses in the TiO2-coated test cell which were associated with the 

same log10 reduction in the S. cerevisiae population were significantly lower as 

compared with the stainless steel test cell. The analysis of the inactivation kinetic 

confirmed this tendency, as shown in Table VII.4. In the case of square, smooth 

exponential and oscillating exponential impulses, the values of coefficient B of the 

PEF process in the TiO2-coated test cell were 112%, 116% and 130% greater 

respectively as compared with the PEF process in the stainless steel test cell. It can 

also be seen from Table VII.5 that more log10 reduction in S. cerevisiae population 

was expected by the PEF treatment in the TiO2-coated test cell. 

The main reason for the reduction in specific energy consumption was the lower 

ionic conduction current though the S. cerevisiae suspension in the test cell with 

TiO2-coated electrodes, as ionic conduction current results in Joule heating and 

accounts for the majority of specific energy consumption. Therefore, the obtained 
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results showed that using the low-conductive test cell can result in similar 

inactivation performance and improve the energy efficacy of the PEF process 

significantly. 

The result also confirmed the main mechanism of PEF inactivation is the non-

thermal process, which is the irreversible electroporation involves electro-mechanical 

disruption of the microbial membrane. The presence of ionic conduction through the 

liquid suspension during the PEF process had a minimum impact in terms of 

inactivation performance, but worsened the energy efficacy of the PEF process. 

Potentially further reduction in the specific energy consumption could be achieved if 

completely non-conductive electrodes are used. However, as demonstrated in Section 

6.1.1, this non-conductive design of the PEF test cell will be accompanied by the 

Maxwell-Wagner field relaxation process. To compensate for this Maxwell-Wagner 

reduction in field, either the field strength or the Maxwell-Wagner relaxation time 

constant should be increased. Such PEF process was implemented in [176], where 

inactivation of E. coli was successfully achieved by using a high field magnitude (up 

to 200 kV/cm). A similar approach was used in the present study however 

inactivation of microorganisms was not achieved in the ceramic test cell with field 

strength up to 80 kV/cm. 

7.3.5.4 Tailing Effect 

In the PEF experiments using the new test cells, the ‘tailing’ effect in the inactivation 

curves was observed despite the removal of the potential dead zones identified in the 

original test cell design. The results for all experiments conducted during the present 

study showed that the inactivation curves for the S. cerevisiae samples with an initial 

population of 107 CFU/ml would eventually saturated at ~ 104 CFU/ml. However, 

fresh S. cerevisiae samples with an initial population of 104 CFU/ml can also be 

reduced to ~ 101 CFU/ml using the same experiment parameters. 

During the PEF experiments, it was observed that there was significant 

sedimentation of the S. cerevisiae cells during the time (~20 minutes) associated with 

pressurising/depressurising of the test chamber and applying PEF impulses. 
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Therefore, an additional test was designed to investigate the effect of the sample 

sedimentation. In this test, S. cerevisiae suspension was first subjected to 100 HV 

impulses before a mixing procedure was introduced. The sample inside the test cell 

would be re-mixed to a homogeneous state after the first 100 HV impulses in order to 

minimise the sedimentation, and the re-mixed suspension was then subjected to 

another 100 HV impulses. The surviving population of this re-mixed sample was 

compared with the surviving population of the sample which was subjected to 200 

HV impulses without re-mixing procedure. This PEF test was conducted in both 

stainless steel and TiO2-coated test cells and the results are shown in Figure VII.49 

and Figure VII.50 respectively. It can be seen from both figures that further reduction 

in the surviving S. cerevisiae population was achieved by introducing the re-mixing 

process. This result suggested that the sedimentation of the microorganism cells 

could be the cause of the ‘tailing’ effect and the re-mixing procedure could be used 

to eliminate the ‘tailing’ effect. 

 

Figure VII.49   Comparison of the PEF performance between treatments in the stainless 

steel test cell with and without sample mixing after 100 pulses. Black line represents the PEF 

treatment with mix process; Red line represents PEF treatment without mix process. Error 

bars show standard deviation (n=3). 
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Figure VII.50   Comparison of the PEF performance between treatments in the TiO2-coated 

cell with and without sample mixing after 100 pulses. Black line represents the PEF 

treatment with mix process; Red line represents PEF treatment without mix process. Error 

bars show standard deviation (n=3). 

The ‘tailing’ effect was also observed in [7-8, 258] and an attempt to investigate the 

cause of this undesirable phenomenon was made in [258]. It was suggested in [258] 

that the cell clumps and inherent resistance to PEF treatment of sub-population of 

cells could be the cause of the ‘tailing’ effect. However, the experimental results 

strongly suggested that the occurrence of the ‘tailing’ effect was not the consequence 

of neither factors. In the present study, there are other potential reasons for the 

presence of the ‘tailing’ effect apart from cell sedimentation. Firstly, there could be 

low field areas (dead zones) in the PEF test cells. Secondly, the S. cerevisiae samples 

were incubated overnight for reproduction prior to the PEF treatment, which 

suggested that the sample suspension consisted of S. cerevisiae cells with different 

ages. As discussed in Section 2.5.4.4, microorganisms with different growing phases 

have different susceptibility to the PEF process. Therefore, it could be possible that 

sub-population of the S. cerevisiae samples was less-susceptible to the PEF process 

and the cells in this sub-population were dying at a slower rate. The introduction of 

the mixing procedure not only minimised the sedimentation effect but also changed 
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the location of S. cerevisiae cells in the test cell and unified the distribution of the 

cells with different ages. Therefore, the effect of those two potential causes of the 

‘tailing’ effect were also minimised by the mixing procedure. 

In [7-8, 258] and the present study where ‘tailing’ effect was observed, batch PEF 

treatment process was used, during which the liquid suspension was stationary 

without the mixing procedure. However, in several other studies where continuous 

PEF treatments were employed and the microorganism samples were mixed 

continuously, the ‘tailing’ effect was less pronounced [182-183, 232, 259]. It was 

also reported in [232] that continuous flowing chamber was more effective in 

microorganism inactivation than the static systems. The results from these reports 

were in line with the finding from the additional test conducted in the present study. 

These findings suggested that measures which unify the distribution of 

microorganism samples during the PEF treatment, either by using continuous flow 

PEF system or by applying a mixing procedure, can be used to eliminate the ‘tailing’ 

effect and to improve PEF performance. However, the exact causes of the ‘tailing’ 

effect in the inactivation process require further investigation. 

7.4 Discussion 

In this chapter, the results of investigation into PEF treatment of A. platensis and 

S. cerevisiae in the re-designed stainless steel and the low-conductive TiO2-coated 

test cells were presented and discussed. It was found that both test cells can be used 

for successful PEF inactivation of A. platensis and S. cerevisiae in liquid suspension.  

It was established that the A. platensis were inactivated by application of 50 square 

impulses with magnitude of 67 kV/cm and 80 kV/cm in both test cells. Although the 

A. platensis was successfully inactivated by the PEF impulses, the visual inspection 

(under optical microscope with ×400 magnification) of the individual A. platensis 

cells revealed that no visible external structural damage, such as visually detected 

cell rupture or lysis, has been introduced by the HV impulses. This finding suggested 

that PEF impulses only induced internal damage and dysfunction to the 
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microorganism cells. Significant degree of rupture of the A. platensis cells (which 

would be noted under optical microscope) could not be achieved by PEF treatment 

only. 

It was established that, the population of S. cerevisiae was reduced by 3-log10 after 

application of 100 HV impulses regardless of test cell, field magnitude, initial 

S. cerevisiae population and pulse waveshapes. Moreover, in most cases, this 3-log10 

reduction in the S. cerevisiae population was achieved after application of 50 HV 

impulses. However, further increase in the number of impulses did not lead to 

additional reduction in surviving population of the S. cerevisiae. Thus, it was shown 

that the ‘tailing’ effect of the inactivation curve was also observed during PEF 

treatment in the re-designed test cells. However, comparison of the PEF performance 

of the original and re-designed stainless steel cells demonstrated that improvement in 

the PEF performance has been achieved in the re-designed cell: when subjected to 50 

HV square impulses with field magnitude of 67 kV/cm, the population of the 

S. cerevisiae was reduced by 1-log10 in the original test cell while 2-log10 reduction 

was observed in the re-designed stainless steel test cell. Therefore, some of the 

potential low field zones which were presented in the original test cell design have 

been eliminated in the re-designed test cell. 

Specific energy consumption of the PEF treatment of S. cerevisiae has been obtained. 

The PEF performance in terms of energy efficacy using different field magnitudes, 

pulse waveshapes and test cells has also been analysed and discussed in this chapter. 

It was established that the field magnitude has minimal impact on the energy efficacy 

of the PEF process: the difference in the values of coefficient B, which reflects the 

inactivation kinetic, was less than ~ 9% using the two field magnitudes (67 kV/cm 

and 80 kV/cm). It was also established that HV impulses with smooth exponential 

waveshape demonstrated the best energy efficacy: the value of coefficient B was 

~ 13% greater than square impulses and was ~ 84% greater than the oscillating 

exponential impulses. HV impulses with oscillating exponential waveshape showed 

the worst energy efficacy: the value of coefficient B was ~ 84% lower than the 

smooth exponential impulses and ~ 63% lower than the square impulses. Based on 

this result obtained in the present study and limited literature data, important 
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conclusions can be made. In order to achieve high efficacy in the PEF inactivation 

process, it is desirable to increase duration of exposure of microorganisms to the 

critical field and to avoid fast field oscillations. However, it is not clear which of 

these two factors play a dominant role in determination of PEF efficiency and further 

investigation is required to clarify their contribution to pulsed electric field 

inactivation. 

It was established that significant improvement in energy efficacy can be achieved 

by using the low-conductive TiO2-coated test cell: the values of coefficient B of the 

PEF process using TiO2-coated test cell were 112%, 116% and 130% greater when 

using the square, smooth exponential and oscillating exponential impulses 

respectively as compared with the same waveforms in the stainless steel test cell. The 

main reason for this reduction in energy consumption was the lower ionic conduction 

current though the S. cerevisiae suspension in the test cell with TiO2-coated 

electrodes. The result also suggested the main inactivation mechanism of the PEF 

process was the non-thermal irreversible electroporation, which involves electro-

mechanical disruption of the microbial membrane. The ionic conduction process had 

insignificant impact in terms of inactivation performance, but impaired the energy 

efficacy of the PEF process significantly. Therefore, potentially further reduction in 

the specific energy consumption could be achieved if completely non-conductive 

electrodes will be used. 

The cause of the ‘tailing’ effect in the inactivation curve was also discussed in this 

chapter. It was found that the sedimentation of S. cerevisiae cells during the PEF 

treatment could potentially be one of the reasons for this ‘tailing’ effect. Therefore, 

the measures which unify the distribution of microorganisms during the PEF 

treatment can be used to improve PEF performance: for example, through application 

of a mixing procedure as demonstrated in the present study or by using continuous 

flow PEF system as reported in several studies. The ‘shoulder’ effect also appeared 

on the several inactivation curves of the S. cerevisiae samples, especially with initial 

population of 104~106 CFU/ml. The potential reason for this ‘shoulder’ effect is that 

the microorganisms are adjusting to the external stress and sub-population of the 

microorganisms remain viable despite damage has been done. Further investigation 
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of the ‘shoulder’ effect using lower electric field strength or lower number of pulses 

could be beneficial for better understanding of the mechanisms of microbial cell 

adjustment to external stresses. 

The obtained results from temperature measurements before and after the PEF 

experiments indicated that the heating effect was not significant. It was shown that 

the maximum increase in temperature recorded during the experiments in both test 

cells (stainless steel and TiO2-coated) was ~ 1.5 °C. A correlation between the 

delivered specific energy and the increase in suspension temperature was established 

in this chapter. It was shown that the suspension temperature should be increase by a 

maximum of 15 °C (in the case of application of 100 square impulses in the stainless 

steel test cell) after the PEF treatment. However, it was also demonstrated that the 

0.15 °C of heat, which is generated by the energy dissipated into the liquid 

suspension after each impulse, will dissipate into surrounding environment in the 

time interval between impulses (1 s). This fast dissipation of heat can be the reason 

for the insignificant increase in suspension temperature in the present study. 

Nevertheless, the thermal effect induced by the PEF process in the present study is 

significantly smaller as compared to other PEF studies reported in literature, in which 

few tens of °C increase in temperature was observed. It suggests that significantly 

less energy is delivered by the HV impulse in the present study. The heating of liquid 

suspension and specific energy consumption are limited by the low conductivity of 

the liquid suspension, which significantly reduced the ionic conduction through the 

suspension during PEF treatment. The use of low-conductive TiO2-coated electrodes 

results in even lower increase in suspension temperature. This founding also suggests 

that PEF treatment in completely non-conductive test cell will be beneficial as 

thermal effects will be reduced significantly in such scenario. 
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Chapter VIII 

CONCLUSIONS AND FUTURE WORKS 

8.0 General Conclusions 

In the present study the PEF treatment of two species of microorganisms, A. platensis 

and S. cerevisiae has been conducted and investigated. The objectives of the present 

study were made clear through the comprehensive literature review in Chapter II, in 

which the gaps in the current knowledge in the field of the PEF treatment of 

microorganisms were identified. These objectives have been achieved in the course 

of this project, which provided valuable information in the field of PEF treatment of 

microorganisms. The main goals achieved in the course of the present study are 

highlighted below and will be discussed in detail in the following sections. 

 The lumped element circuit models of the PEF process have been developed, 

which included the pulse generating system, PEF test cell and the microbial 

cell. 

 Novel non-conductive ceramic PEF test cell has been designed and developed. 

Investigation of the PEF process in this ceramic test cell has been conducted. 

 Novel low-conductive TiO2-coated PEF test cell has been designed and 

constructed. PEF inactivation performance in this TiO2-coated test cell has 

been studied. 

 Investigation of the effect of the pulse waveshapes (squre, smooth 

exponential and oscillating exponential) on the inactivation performance and 

energy efficacy during the PEF treatment has been conducted. 

 The effect of the electrical conductivity of the suspension on the energy 

consumption has been investigated. 
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 The potential cause of the tailing effect in the inactivation curves obtained 

during the PEF experiment has been investigated and the recommendations 

for minimising this undesirable effect have been made. 

 Investigation of PEF inactivation and lysis of A. platensis has been conducted. 

8.1 Equivalent Circuit Models of PEF Process 

The equivalent lumped element circuit models of the PEF process, which include the 

pulse generators, PEF test cells and the microbial cell, were developed over the 

course of the present study. The development of equivalent circuit models of three 

pulse generating systems, which generate square, smooth exponential and oscillating 

exponential impulses, were presented in Chapter IV and Chapter VI. Simulations 

conducted in the OrCAD® PSpice environment using the developed models showed a 

good agreement with the practical waveforms produced by the pulse generating 

systems. 

The equivalent circuit models of the PEF test cells designed in the present study were 

also developed, as described in Chapter IV and Chapter VI. These models were used 

to evaluate the equivalent impedance of the PEF test cells, which provides valuable 

information for the design of the PEF system. The model describing the ceramic test 

cell was used to analyse the transient electric field in the treatment region in the 

ceramic test cell, which is in good agreement with the analytical model developed in 

[4]. 

A 2-dimentional equivalent model of the microbial cell was also developed, as 

described in Chapter III. The response of this model cell to an external electric field 

was simulated using the OrCAD® PSpice software in order to investigate the effect of 

cell wall on the development of trans-membrane potential. The obtained results show 

that the presence of cell wall has minimal effect on the dynamic of the induced 

voltage across the membrane. The unique electrical characteristics of the cell wall, 

which act as an ions exchanger, make its electrical properties very similar to that of 
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the surrounding suspension. As a result, from the electrical point of view, the cell 

wall is effectively an extended layer of the surrounding suspension. 

Apart from the lumped element circuit models, an analytical model developed in [4] 

was also introduced and analysed in Chapter III and Chapter VI. This model 

allowed estimation of field relaxation time and the transient behaviour of the field 

across the membrane in a non-conductive ceramic PEF test cell. In Chapter III, the 

effects of different microbial cell properties and suspension properties on the 

transient development of the field across the membrane were investigated based on 

this model. The obtained results indicated that the size of the microbial cell and the 

electrical conductivity of the liquid suspension are two main factors which affect the 

transient process. The effects of these parameters are useful for optimisation of the 

PEF process. For example, liquid suspension with conductivity in the range of 10-3-

10-2 S/m was recommended to be used in the practical PEF studies for the optimal 

development of trans-membrane potential. 

8.2 Non-Conductive Ceramic and Low-Conductive TiO2-

Coated Test Cells 

A novel non-conductive ceramic PEF test cell was designed and constructed, as 

presented in Chapter IV. This ceramic PEF test cell implements the novel concept 

proposed in [6]. In Chapter V, PEF treatment of A. platensis and S. cerevisiae was 

conducted using this ceramic test cell. The results obtained from these experiments 

confirm that the effective PEF inactivation of microorganisms was not achieved in 

the developed ceramic test cell using PEF impulses with the field magnitudes of 33 

kV/cm and 67 kV/cm. 

The reason for the ineffective PEF performance in the developed ceramic test cell 

were analysed in Chapter VI. It was established that the main reason is the field 

relaxation due to the Maxwell-Wagner field relaxation process in the liquid 

suspension between the two ceramic electrodes. According to the analytical model of 

transient trans-membrane potential developed in Chapter III, the actual electric field 
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in the treatment region and the induced potential across the microbial membrane are 

much smaller, which is only ~10% as compared with the case of stainless steel test 

cell. In addition, the field and the induced trans-membrane potential last only ~ 13% 

of the total pulse duration across the electrode before collapsing. 

These analytical results and further experiment suggest that the electric field with 

much higher magnitude (> 80 kV/cm) is required to achieve successful PEF 

treatment using the developed ceramic test cell, as demonstrated in [189] where 

successful inactivation of E. coli was achieved in a similar ceramic PEF test cell 

using the field magnitude of at least 130 kV/cm. The other approach to achieve 

effective PEF inactivation at a relatively low field magnitude in the non-conductive 

test cell is to select dielectric material with much longer Maxwell-Wagner 

characteristic time. This can be achieved either by using dielectric material with a 

significantly high permittivity or by using dielectric layer with significantly small 

thickness. 

The latter approach was implemented in the present study and a PEF test cell with 

TiO2-coated electrodes was designed and constructed, as presented in Chapter VI. 

The electrodes of this test cell were made of copper plates coated with a 2 µm-thick 

TiO2 film. The test cell was designed in such a way that the Maxwell-Wagner 

characteristic time of this test cell would be significantly longer (~ 1 µs) as compared 

with the ceramic test cell (~ 0.1 µs), which allows the trans-membrane potential to 

develop to the same level as in the case of the stainless steel test cell. However, the 

non-zero conductivity of the TiO2 film was observed when these electrodes were in 

contact with liquid suspension, which allows the conduction current to flow during 

the PEF process. Although the TiO2-coated test cell was not completely non-

conductive, the magnitude of the ionic conduction current was reduced by ~ 30% as 

compared with the conductive stainless steel test cell, which resulted in significant 

reduction in the energy consumption. 

The PEF treatment of A. platensis and S. cerevisiae was conducted using this low-

conductive TiO2-coated test cell, as presented in Chapter VII. The results obtained 

from these experiments show that effective PEF inactivation of both A. platensis and 
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S. cerevisiae was achieved in the TiO2-coated test cell. The PEF inactivation 

performance in the TiO2-coated test cell was similar to the case of stainless steel test 

cell, which suggests the main inactivation mechanism of the PEF process is the non-

thermal irreversible electroporation, while the ionic conduction process has 

insignificant impact in terms of inactivation performance. 

Evaluation of specific energy consumption of the PEF treatment of S. cerevisiae was 

conducted in Chapter VII. The obtained results indicated that the energy efficacy of 

the PEF process can be improved significantly in the low-conductive TiO2-coated 

test cell as compared with stainless steel test cell, which indicates further reduction in 

the specific energy consumption could be achieved if completely non-conductive 

electrodes are used. 

8.3 Effect of Pulse Waveshape and Field Magnitude 

In addition to the square impulse generator, another two pulsed power systems which 

generate HV impulses with smooth exponential and oscillating exponential 

waveshapes were built in the present study, as described in Chapter VI. PEF 

treatment on S. cerevisiae using these three types of impulses was conducted and 

their energy efficacies were compared in Chapter VII. Although successful 

inactivation of S. cerevisiae was achieved using impulses with all the waveshapes, 

the best energy efficacy of the PEF treatment was obtained using the smooth 

exponential impulses, while PEF treatment using the oscillating exponential impulses 

demonstrated the worst energy efficacy. 

The obtained results from the present study are partially different from the PEF study 

in [7], in which the PEF performances of square, exponential decaying and 

oscillatory decaying impulses were compared. In [7], PEF treatment using the square 

impulse demonstrated better energy efficient as compared with PEF treatment using 

the exponential decaying impulse. However, different field magnitudes are used in 

the present study (67 kV/cm and 80 kV/cm) and in [7] (12 kV/cm). A correlation 

between the effective impulse duration (period where the field strength is above the 
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critical field strength) and the PEF performance is established. The pulse waveshape 

with the longer effective duration, during which the magnitude of the field exceeds 

the critical field strength EC (~ 10 kV/cm), results in a better PEF performance in 

terms of energy efficacy.  

Both the present study and the PEF study reported in [7] show that impulses with fast 

oscillations demonstrated the worst energy efficacy. The fast oscillations impede the 

development of the trans-membrane potential according to the transient membrane 

charging model described Chapter III. Therefore, in order to achieve high energy 

efficacy in the PEF inactivation process, it is desirable to increase duration of 

exposure of microorganisms to the critical field and to avoid fast field oscillations. 

In the present study, the effect of the field magnitude on the energy efficacy of the 

PEF process was also investigated, as discussed in Chapter VII. The obtained results 

indicate that the magnitude of the applied electric field has a minimal impact on the 

energy efficacy of the PEF treatment for the field level being investigated (67 kV/cm 

and 80 kV/cm). It should be noted that these field levels are much higher than the 

critical field strength, which is ~ 10 kV/cm. Therefore, this conclusion should only 

be applied to the PEF process using PEF impulses with a relatively high field 

magnitude. 

8.4 Low Conductive Suspension for Energy Reduction 

In the present study, the liquid suspension used for the PEF treatment was prepared 

to have conductivity in the range of 10-3-10-2 S/m. These values were selected based 

on the results of the transient analytical analysis, as described in Chapter III. The 

use of low conductive suspension reduced the specific energy consumption of the 

PEF process significantly, as demonstrated in Chapter V. In the PEF experiment 

with A. platensis in the conductive stainless steel test cell, the specific energy 

consumption is significantly lower than the values reported in the literature. It was 

calculated that the specific energy consumption in present study for reliable 

inactivation of A. platensis was as low as 0.35 MJ/kg. It was significantly lower than 
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the energy consumption of PEF treatment of microalgae reported in [67-68], where 

the same material (stainless steel) was used for the PEF test cell electrodes, the 

reported specific energy consumption in these studies was 26 MJ/kg and 2 MJ/kg 

respectively. 

In addition, the use of the relatively low conductive liquid suspension reduced the 

thermal effect during the PEF process. In all the PEF experiments conducted in the 

present study, the maximum increase in suspension temperature after the PEF 

treatment was ~ 3°C. As a comparison, few 10’s of °C increase in temperature has 

been reported in literatures [7, 67, 241]. 

8.5 Potential Cause of the Tailing Effect 

In the PEF treatment of S. cerevisiae conducted in Chapter V and Chapter VII, the 

tailing effect on the inactivation curves was observed. It was observed that the 

inactivation curves for the S. cerevisiae samples saturated after 3-log10 reduction 

regardless of the initial S. cerevisiae cells’ concentrations, the impulse waveshapes 

and the test cells. No further reduction in the viable population was observed despite 

the increase in the pulse number. Further PEF experiments were conducted to 

identify the potential cause of this undesirable tailing effect and it was found that the 

sedimentation of S. cerevisiae cells during the PEF treatment could potentially be the 

reason. Further reduction in the surviving S. cerevisiae population was achieved by 

introducing a mixing procedure during the PEF treatment, which unified the 

distribution of the S. cerevisiae cells. Therefore, it was suggested that measures 

which unify the distribution of microorganisms during the PEF treatment can be used 

to improve PEF performance: for example, through application of a mixing 

procedure as demonstrated in present study or by using continuous flow PEF system 

as reported in several literature [182-183, 259]. The exact causes for the ‘tailing’ 

effect require further investigation. 
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8.6 Potential PEF Stimulated Lysis 

Investigation into the possibility of PEF inactivation and lysis of A. platensis was 

conducted in the present study, as presented in Chapter V and Chapter VII. The 

obtained results showed that the growth of the A. platensis was stopped by the PEF 

treatment in the stainless steel and TiO2-coated test cells, which suggested that 

effective PEF inactivation of A. platensis can be achieved. However, the visual 

inspection of the individual A. platensis cells using optical microscope with ×400 

magnification revealed that no visible external structural damage, such as cell rupture, 

has been introduced by the PEF process. This finding suggested that the PEF 

treatment (with parameters used in the present study) can induce critical internal 

damage and dysfunction to the microorganism cells. Significant degree of rupture of 

the A. platensis cells (which would be noted under optical microscope) was not 

detected in the present study. Visualisation of the induced damage requires other 

approaches: using powerful TEM or SEM microscopes or using specific dyes to 

monitor cell changes and free radicals production. 

8.7 Recommendations for Future Work 

Based on the results and significant finding obtained over the course of the present 

study, recommendations for future investigation and potential scale-up product 

development directions can be made. 

As demonstrated in the present study, the PEF treatment using a low-conductive 

TiO2-coated PEF test cell results in significant improvement in the energy efficacy 

and suggests that further improvement can be achieved using a completely non-

conductive PEF test cell. On the other hand, due to the Maxwell-Wagner field 

relaxation process, significantly higher field magnitude, > 130 kV/cm, is required to 

achieve PEF inactivation using the non-conductive ceramic test cell, [189]. Such 

high field magnitude would raise technical difficulties in the pulsed power system 

design and in the potential scale-up process in the future. Therefore, optimisation of 

the test cell design is required in order to achieve effective PEF inactivation at a 
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lower field magnitude. One of the directions is to design a non-conductive PEF test 

cell with longer Maxwell-Wagner characteristic time, which will require novel 

dielectric materials with high permittivity or ultra-thin thickness. 

On the other hand, in the PEF experiments using stainless steel and TiO2-coated test 

cells (in which microorganisms were successfully inactivated), the ‘tailing’ of the 

inactivation curves was observed. Further investigation suggested that this 

undesirable effect could be eliminated by unifying the distribution of the 

microorganisms in the PEF test cell. Therefore, continuous flow PEF systems or PEF 

test cells with a mixing function should be developed for future scale-up applications 

in order to improve the PEF performance. The exact reasons for this ‘tailing’ effect 

are unknown and further investigation is required for better understanding of 

microbial cell response during the PEF process. These potential causes include 

microbial cell sedimentation, microbial cell clumping, inherent resistance of cells to 

the PEF treatment, dead zones in the PEF test cell, and microbial cells in different 

growing phases. 

In addition to the ‘tailing’ effect, the ‘shoulder’ effect was also observed in some 

inactivation curves, which suggested that the damage to the cells has been done and 

the microbial cells were adjusting to the stress induced by the PEF process. Further 

investigation of the ‘shoulder’ effect should be conducted in order to understand the 

mechanisms of microbial cell adjustment to external stress and ultimately to 

understand the exact inactivation mechanisms of the PEF process. For example, 

when microbial cells are treated by PEF impulses with lower field strength or shorter 

duration, the formation of the pores in their membranes could still be reversed or 

may not be started. However, the damage could also be induced through other 

mechanisms, which could result in dysfunction of the microbial cells and their 

inactivation. 

Although the A. platensis were successfully inactivated by the PEF treatment, 

significant degree of rupture of the A. platensis cells was not detected in the present 

study. However, critical internal damage which results in cell death is induced to the 

A. platensis cells by the PEF process, which suggested that the structure of the cells 
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could potentially be weakened after the PEF treatment. Therefore, it will be 

interesting to combine the PEF treatment with other established extraction methods 

to investigate whether this combination can improve the efficiency of extraction of 

oily content from cyanobacteria and microalgae. 

For future scale-up PEF systems, the following development directions and 

considerations could be suggested: 

 Real-time monitoring of the inactivation process: especially for applications 

using lower electric field strength. 

 Possible development of biofilms within the PEF treatment chamber: 

especially in the case of continuous flow systems. 

 Potential combination of the PEF treatment and other microbial control 

technologies including pulsed UV, spark discharge and non-thermal plasma. 

 Evaluation of the overall energy consumption and operational cost of scale-up 

PEF systems. 
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APPENDIX A: 

DERIVATION OF ANALYTICAL EXPRESSION 

FOR TRANSIENT FIELD IN THE MEMBRANE 

IN DIELECTRIC PEF CELL 

A.1   The Effective Field in the PEF Cell 

Analysis in Appendix A.1 and A.2 follows the analytical work in [6] and presents the 

derivation of Equation III.3-III.6 used in Chapter III. A dielectric PEF test cell which 

consists of two identical parallel slabs of high permittivity ceramic was introduced in 

[6], as shown in Figure A.1. The space between the dielectric slabs is the treatment 

region of the PEF test cell which contains microorganism suspension. The other 

surface of the dielectric slabs is connected to a metal layer, forming the HV and 

ground electrodes. 

 

Figure A.1   Schematic diagram of the PEF test cell with dielectric slabs proposed in [6]. 

To analysis the dynamic of the electric field inside the treatment region, the Ohmic 

conduction approach, described in [194], was applied in [6]. In this approach, the 

electrical potentials of different regions in the dielectric PEF test cell was written as: 

𝜑1(𝑧, 𝑡) = −𝐴1(𝑡) ∙ 𝑧 + 𝐵1(𝑡) ; 
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𝜑2(𝑧, 𝑡) = −𝐴2(𝑡) ∙ 𝑧 + 𝐵2(𝑡) ;                             (A.1) 

𝜑3(𝑧, 𝑡) = −𝐴3(𝑡) ∙ 𝑧 + 𝐵3(𝑡) . 

where φ1 and φ3 are the potentials in the two ceramic slabs and the potential in the 

treatment region, is φ3. The time-dependent coefficients, Ax(t) and Bx(t), were 

determined from the boundary conditions at the liquid-dielectric and the electrode-

dielectric interfaces, where electrical potentials across these interfaces are equal: 

 𝜑1(0, 𝑡) = 𝑈0 ∙ 𝑓(𝑡) ;                                                        

𝜑1(𝑧𝑑 , 𝑡) = 𝜑2(𝑧𝑑 , 𝑡) ;                                      (A.2) 

𝜑2(𝑧𝑑 + 𝑧𝑙 , 𝑡) = 𝜑3(𝑧𝑑 + 𝑧𝑙 , 𝑡) ;                                    

𝜑3(𝐿, 𝑡) = 0 .                                                                     

where U0·f(t) describes the external voltage applied to the chamber. In [6], this 

external voltage source was a unit step function with potential U0 at a time t = 0+. 

L=2·zd+zl is the distance between the two electrodes. These boundary conditions 

assume that there is no distributed space charge in the dielectrics. 

A second boundary condition was obtained as accumulation of free electrical surface 

charges takes place along the dielectric-liquid interface due to the conduction in the 

liquid. This charge continuity condition determines that the rate of change of the 

surface charge density equals the difference between the conduction current densities 

on either side of the boundary. Assuming the dielectric barriers are non-conductive 

(σd=0), this charge continuity boundary conditions at the liquid-dielectric interfaces 

were written as: 

𝐽𝑙 − 𝐽𝑑 = 𝜎𝑙𝐸0(𝑡) − 𝜎𝑑𝐸𝑑(𝑡) = −
𝜕𝛾𝑠(𝑡)

𝜕𝑡
         (A.3) 
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𝛾𝑠(𝑡) = 𝜀0𝜀𝑙𝐸0(𝑡) − 𝜀0𝜀𝑑𝐸𝑑(𝑡)                        (A.4) 

�⃗� = −∇⃗⃗ 𝜑                                                            (A.5) 

where Jl and Jd are the conduction current densities on either side of the boundary; 

γs(t) is the free surface charge at the boundaries; E0(t) and Ed(t) are the electric fields 

in the treatment region and the dielectric barriers, respectively; and ε0 is the 

permittivity of free space.  

Therefore, the time dependent effective field in the treatment region, E0(t), was 

obtained by substituting the potential (Equation A.1) into boundary conditions 

(Equation A.2-A.5). The solution of the resulting equations provides an expression 

for E0(t): 

𝐸0(𝑡) = 𝐸𝐿𝑒
−𝑡 𝜏𝑓⁄                                            (A.6) 

𝐸𝐿 = 𝑈0 (𝑧𝑙 + 2
𝜀𝑙

𝜀𝑑
𝑧𝑑)

−1
                              (A.7) 

𝜏𝑓 = (
𝜀𝑙

𝜀𝑑
+ 2

𝑍𝑙

𝑍𝑑
)

𝜀0𝜀𝑑

𝜎𝑙
                                    (A.8) 

where EL is the Laplacian electric field in the treatment region and τf is the 

characteristic field relaxation time, also calls Maxwell-Wagner relaxation time. This 

time determines the time of existence of the field in the liquid due to the Maxwell-

Wagner surface polarization mechanism. 

A.2   Transient Membrane Potential  

To investigate the transient potential across the membrane when microbial cell is 

subjected to the external electric field in the dielectric PEF test cell, a spherical 

model of a microorganism cell was employed in [6]. As demonstrated in Figure A.2, 
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the membrane of the microbial cell was modelled as a non-conducting spherical shell, 

which enclosed the cytoplasm and suspended in the surrounding liquid. 

 

Figure A.2   Spherical shell model of a microbial cell. Figure taken from [6]. 

To obtain the transient response of the membrane to a time-varying electric field 

E0(t), a spherical coordinate system was used in [6] and the same Ohmic conduction 

approach was applied in [6]. The potentials in the cytoplasm, membrane and the 

surrounding liquid were written as: 

𝜑𝑐(𝑟, 𝑡) = 𝐴𝑐(𝑡) ∙ 𝑟 cos𝜃  ;                                                                

𝜑𝑚(𝑟, 𝑡) = 𝐴𝑚(𝑡) ∙ 𝑟 cos 𝜃 + 𝐵𝑚(𝑡) ∙ 𝑟−2 cos 𝜃 ;             (A.9) 

𝜑𝑙(𝑟, 𝑡) = −𝐸0(𝑡) ∙ 𝑟 cos 𝜃 + 𝐵𝑙(𝑡) ∙ 𝑟−2 cos 𝜃.                          

where φc, φm and φl are the potentials in the cytoplasm, membrane and the 

surrounding liquid respectively. To obtain the time dependent membrane potential, 

the coefficients Am(t) and Bm(t) need to be solved, which can be done by analysing 

the boundary conditions. The boundary conditions at R1 and R2 can be defined as the 

potentials and the electric flux density on either side of the membrane-cytoplasm and 

liquid-membrane boundaries are equal: 
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𝜑𝑐(𝑅1, 𝑡) = 𝜑𝑚(𝑅1, 𝑡) ;                                                           

𝜑𝑚(𝑅2, 𝑡) = 𝜑𝑙(𝑅2, 𝑡) ;                                         (A.10) 

𝜎𝑐𝐸𝑟𝑐(𝑡) = −𝜀0𝜀𝑙

𝜕𝐸𝑟𝑐(𝑡)

𝜕𝑡
+ 𝜀0𝜀𝑚

𝜕𝐸𝑟𝑚(𝑡)

𝜕𝑡
 ;                   

𝜎𝑙𝐸𝑟𝑙(𝑡) = 𝜀0𝜀𝑚

𝜕𝐸𝑟𝑚(𝑡)

𝜕𝑡
− 𝜀0𝜀𝑙

𝜕𝐸𝑟𝑙(𝑡)

𝜕𝑡
 .                         

where Erc(t), Erm(t) and Erl(t) are the normal components of the electric field in the 

cytoplasm, membrane and the surrounding liquid respectively. By solving the 

boundary equations, the coefficients Am(t) and Bm(t) were obtained in [6] and 

expressed as: 

𝐴𝑚(𝑡) =
−3𝐸𝐿

𝜏1𝜏2 − 2(𝑅1 𝑅2⁄ )3𝜏3𝜏4
                                                

× [
𝑒

−𝑡 𝜏𝑓⁄

𝑘
(1 −

𝜏𝑙+𝜏1

𝜏𝑓
+

𝜏𝑙𝜏1

𝜏𝑓
2 )                               (A.11) 

−
𝑒−𝑡 𝜏5⁄

𝜆
(1 −

𝜏𝑙 + 𝜏1

𝜏5
+

𝜏𝑙𝜏1

𝜏5
2 )                                   

−
𝑒−𝑡 𝜏6⁄

𝜇
(1 −

𝜏𝑙 + 𝜏1

𝜏6
+

𝜏𝑙𝜏1

𝜏6
2 )]                                 

 

𝐵𝑚(𝑡) =
3𝐸𝐿𝑅1

3

𝜏1𝜏2 − 2(𝑅1 𝑅2⁄ )3𝜏3𝜏4
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× [
𝑒

−𝑡 𝜏𝑓⁄

𝑘
(1 −

𝜏𝑙+𝜏3

𝜏𝑓
+

𝜏𝑙𝜏3

𝜏𝑓
2 )                        (A.12) 

−
𝑒−𝑡 𝜏5⁄

𝜆
(1 −

𝜏𝑙 + 𝜏3

𝜏5
+

𝜏𝑙𝜏3

𝜏5
2 )                                

−
𝑒−𝑡 𝜏6⁄

𝜇
(1 −

𝜏𝑙 + 𝜏3

𝜏6
+

𝜏𝑙𝜏3

𝜏6
2 )]                              

where 𝜏𝑙 = 𝜀0𝜀𝑙 𝜎𝑙⁄  is the liquid characteristic time, which determines the duration of 

accumulation of free charges on the external membrane surface. Coefficients τ1-τ6 are 

expressed as: 

𝜏1 =
2𝜀𝑚 + 𝜀𝑙

𝜎𝑐
𝜀0 ;          𝜏2 =

2𝜀𝑙 + 𝜀𝑚

𝜎𝑙
𝜀0 ;                                

𝜏3 =
𝜀𝑙−𝜀𝑚

𝜎𝑐
𝜀0 ;                 𝜏4 =

𝜀𝑙−𝜀𝑚

𝜎𝑙
𝜀0 ;                        (A.13) 

 𝜏5,6 =
2

𝑝 ∓ (𝑝2 − 4𝑞)1 2⁄
 .                                                             

where coefficients p and q are: 

𝑝 =
(𝜏1+(𝜏2 2⁄ )−(𝑅1 𝑅2)⁄ 3(𝜏3+𝜏4))

((𝜏1𝜏2 2)−⁄ (𝑅1 𝑅2)⁄ 3
𝜏3𝜏4)

                                              (A.14) 

𝑞 =
(1−(𝑅1 𝑅2)⁄ 3

)

((𝜏1𝜏2 2)−⁄ (𝑅1 𝑅2)⁄ 3
𝜏3𝜏4)

                                                (A.15) 

and coefficients k, λ and µ are expressed as: 

𝑘 =
1

𝜏5𝜏6
−

1

𝜏𝑓
(
1

𝜏5
+

1

𝜏6
) +

1

𝜏𝑓
2  ;                                         
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𝜆 =
1

𝜏5𝜏6
−

1

𝜏𝑓
(

1

𝜏6
−

1

𝜏5
) +

1

𝜏5
2 ;                                   (A.16) 

𝜇 =
1

𝜏5𝜏6
−

1

𝜏𝑓
(
1

𝜏5
−

1

𝜏6
) +

1

𝜏6
2
 .                                                     

Now with the coefficients Am(t) and Bm(t) solved, the electric field at the membrane 

can now be expressed as: 

𝐸𝑚(𝑟, 𝑡) = −
𝜕𝜑𝑚(𝑟,𝑡)

𝜕𝑟
= −𝐴𝑚(𝑡) + 2𝐵𝑚(𝑡) ∙ 𝑟3        (A.17) 

The field at the membrane’s poles (r=R1), where cos θ = 1, has no tangential 

components and therefore can reach its maximal value. Therefore, the time 

dependent maximum electric field on the membrane can now be written as: 

𝐸𝑚𝑎𝑥(𝑡) = −𝐴𝑚(𝑡) + 2𝐵𝑚(𝑡) ∙ 𝑅1
3                      (A.18) 
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