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Abstract: The paper investigated studies on the application of pulsed electric fields for the treatment 

of liquid media in a continuous manner in a co-field treatment chamber with elliptic insulator 

profiles. The electric field distribution and the temperature rise in the treatment chamber were 

evaluated via the finite element method. A non-uniform electric field was found at the elliptical 

insulator edges, while the electric field distribution on the insulator surface was rather uniform. The 

maximum temperature rise in the liquid media was located slightly behind the elliptic insulator due 

to the accumulated heat in the flowing liquid media. In the optimized treatment chamber, the 

average electric field intensity could be as high as 12.21 kV/cm at the moderate voltage at 7.5 kV. As 

a strategy to improve the inactivation while limiting the temperature rise, a series of treatment 

chambers was verified by experiments under the conditions of 7.5 kV, a 2.5% duty cycle, and 250 

Hz. It was found that an increase in the treatment units could increase the inactivation efficiency for 

Escherichia coli. The average log reduction could be improved from 1.82 to 2.39 when the number of 

treatment units was increased from 1 to 5, respectively. 

Keywords: pulsed electric field; co-field treatment chamber; elliptic insulator; Escherichia coli; 

microbial inactivation; series electrodes 

 

1. Introduction 

Among the non-thermal pasteurization techniques, the method of pulsed electric fields (PEF) is 
still under intensive study and has a prospect for practical use. The pulsed electric field method is 

considered a promising technique for the aseptic processing of foods [1–6]. The principle of the PEF 

method is the application of a high electric field to induce poration on the membrane of target 

microorganisms, leading to the inactivation of microorganisms due to the permanent disruption of 

the membrane. Pores on the microorganism’s membrane are induced by the accumulation of charges 

on both sides of the membrane, resulting in a transmembrane potential. The induced transmembrane 

potential (vm) has to be larger than the natural potential of the cell membrane to create a pore. The 

value of the critical vm for the poration depends on the type, size, and shape of microorganisms, and 

it typically ranges from 0.5 to 1.5 volts. This process is called electroporation [1,2,7–12]. 
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The utilization of pulsed electric fields is now widely studied for food industry applications to 

increase the shelf life of foods due to a variety of merits, which can be described as follows. This 

method consumes a small amount of energy for treatment as the energy is needed only for inducing 

the breakdown of the microbial membrane, not for generating heat. With optimal pulse parameters 

(time, frequency, etc.), it is possible to control the increase in the temperature of the treated samples, 

thus limiting the influences of the treatment on the nutritional contents, appearance, and taste of the 

food product. Even though the PEF technique for food pasteurization has been proposed for more 

than 50 years, there are still issues needed that to be clarified for the use of PEF in practice. This is 

due to the fact that there is a variation in the types of microorganisms and in the natures of food 

materials, which need different treatment conditions for the PEF treatment. Moreover, the treatment 

chamber or actuator design, electrode geometries, electric pulse characteristics, electric field intensity, 

and other process factors also affect the treatment efficiency for the specific microbial inactivation of 

liquid foods [2,3,7,11,13–15]. Generally, the PEF technique requires a very short pulse width (1–100 

microseconds), with magnitudes in the range of 5–50 kV/cm. The treatment should operate with a 

short residence time (lower than 1 s) at a 20–60 °C liquid food temperature to allow efficient 

microorganism inactivation with a high level of food safety [2,7,13,16]. 

However, the disadvantage of current PEF technology in static liquid treatment is the 

requirement of considerable operation energy, because a large treatment system is usually used to 

reduce the operating time for liquid replacement. In this type of the treatment process, a liquid 

medium is usually stored in a large treatment chamber, and time-consumingly treated with a very 

high pulsed voltage, dependent on the size and distance of electrodes, to satisfy the electroporation 

criteria for microbial inactivation [2,7,17–19]. Therefore, the requirement of an expensive pulsed 

voltage generator is unavoidable. The possibility of solving this problem would be an application of 

the PEF treatment with a flow-through system [3,4,13,14,17,20–25]. In this type of treatment system, 

the PEF treatment chamber could be in-line equipped in the liquid food production line. Therefore, 

the PEF chamber size, the magnitude of the pulsed voltage generation, and the time and energy 

consumption could be decreased. However, the design of the PEF treatment chamber including the 

treatment parameters is rather complicated. Most of these PEF treatment types require a re-

circulation pumping system for the re-treatment process to improve the inactivation efficiency. 

Therefore, the issue of time consumption is still incompletely resolved. 

Recently, the flow-through liquid treatment chamber has been focused on due to the 

aforementioned advantages. The treatment chambers have been developed into several 

configurations, such as parallel, coaxial, and co-field or co-linear treatment chambers [14,20,22,25–

27]. However, the co-field treatment chamber seems to have preferable geometry. The co-field 

treatment chamber is composed of two hollow electrodes separated by an insulator. In this chamber 

configuration, the electric field distribution is not highly uniform due to the interface between the 

electrode and insulator. The PEF systems could be operated at lower power in comparison with the 

static treatment system [22,28,29]. The insulator profile can significantly reduce the maximum field 

at the interface between the electrode and insulator, resulting in joule heating reduction. It should be 

noted that during the PEF processes, joule heating is unavoidable since electric current passes 

through a conductive liquid food. The heat may affect the quality of the treated food. Therefore, how 

to design the optimal insulator profile for the co-field treatment chamber is an essential and 

challenging topic [5,13–15,20,28,30]. In addition, the use of treatment electrodes arranged in a series 

manner for the purpose of temperature control and treatment efficiency enhancement has not been 

fully investigated in the literature up to now. 

In this research, the study aimed to focus on the application of the PEF method in order to yield 

an efficient non-thermal treatment process for the inactivation of microorganisms in a liquid 

substance. The influences of the electrode and insulator geometry on the electric field strength 

distribution in the co-field chamber were optimized by the simulation of the finite element method 

(FEM). Then, an application of the proposed co-field chamber with the elliptic insulator types would 

be verified by experiments in the non-recirculate flow-through system. In this instance, Escherichia 

coli (E. coli), which is one of the most common inadmissible intestinal pathogenic bacteria in the food 
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industry, is of interest. The pulsed electric fields have been studied for the effective treatment of E. 

coli suspensions. In addition, the use of energizing electrodes in series is analyzed to enhance the 

treatment efficiency. 

2. Materials and Methods 

2.1. Co-Field Treatment Chamber Configuration 

The axisymmetric configuration, along the z-axis, of a co-field treatment chamber with an elliptic 

insulator for the proposed treatment chamber is depicted in Figure 1. One unit (NHV1) of the electrode 

couple consists of two treatment zones. The radius of the treatment chamber (r) is 2.5 mm, and the 

length of the inlet and outlet ground electrodes (L) is 20 cm. The grounded electrode length (A), the 

elliptic insulator length (B), the high voltage electrode length (C), and the elliptic insulator height (h) 
have been optimized to maximize the electric field strength at the treatment zone by the FEM 

simulation. The number of electrode couples could be added in by using the ground electrode to 

connect each unit of the electrode couple, arranged in series. It should be noted here that the gap 

between each electrode couple is A (in mm), while the ground electrodes at the inlet and outlet of the 

set of multi-unit of electrode couple are 20 mm in order to avoid the turbulent flow entering the 

treatment chambers. 

 

Figure 1. Schematic drawing of the co-field treatment chamber with one treatment unit (NHV1) of high 

voltage electrode. 

2.2. E. coli and Treated Liquid Medium Preparations 

The standard laboratory strain of Escherichia coli or E. coli (TISTR Number 074) obtained from 
Thailand Institute of Scientific and Technological Research (TISTR) was used for the original E. coli 
culture stocks. One colony of E. coli from the culture stock was diluted in 5 mL of liquid nutrient 

broth media, and incubated at 30 ± 0.1 °C for the 1st E. coli liquid stock. After 18 h of incubation, 1 

mL of E. coli solution was diluted in 1000 mL of 121 °C autoclaved reverse osmosis (RO) water and 

incubated again for 3 h to obtain the E. coli culture in the stationary growth phase for the 2nd E. coli 

liquid stock. Then, the treated liquid media were prepared by the dilution of 6–7 mL of the 2nd E. 

coli liquid stock in 1000 mL of autoclaved RO water. The final concentration of E. coli in the treated 

liquid media was around 1.7 × 1010 CFU/mL, and the electrical conductivity of the RO water increased 

from 0 to 0.18 mS/cm. 

Viable cell counts were determined by the drop plating method on standard agar culture plates. 

The treated liquid medium in each serial dilution was centrifuged at 2800 rpm by a vortex mixer 
before the serial dilution sampling. Each culture plate was divided into 6 sectors depending on each 

serial dilution, ranging from 102 to 107 dilution of the treated liquid media. In each dilution zone, 5 
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drops of 10 µL of treated liquid medium were dropped. All the preparation and cell culture processes 

were conducted in a laminar flow cabinet. The culture plates were then incubated for 18 h before 

viable cell counts. In each experiment, 2 culture plates were duplicated for each experimental 

condition. The total experiment consisted of 5 experimental sets, which were performed once each 

on three different days for statistical analysis. The inactivation of E. coli was evaluated on average by 
calculating the log reduction in the viable cell counts in the serial dilution sector, which contained 

fewer than 30 colonies per 10 µL drop. The viable cell counts for all the experimental conditions were 
compared and statistically analyzed by one-way analysis of variance (ANOVA) using a significance 

level of 0.05 (p < 0.05). 

2.3. Implementation of the PEF Treatment for Microorganism Inactivation 

The co-field treatment chamber configuration was determined based on the simulation results 
[22,28]. In the current work, we aimed to experimentally verify the implementation of the proposed 
PEF chamber for E. coli inactivation in flowing liquid media. Figure 2 illustrates the schematic 

diagram of a PEF treatment operation. A high voltage DC (HVDC) power supply (Matsusada AU-

30P10) was applied to the system via a 3 MΩ-charging resistor (RB). A 200 pF-capacitor (CS) acted to 
store the energy delivered from the RB. When the capacitor was fully charged, the energy (pulsed 

voltage) was discharged to the treatment chamber via a HV solid-state trigger switch (Behlke, HTS 

201-03-GSM). Resistors, RsP and RsN, were used to control the trigger switch effect on the rise time of 

the output pulsed voltage. Their values were 200 Ω and 1 MΩ, respectively. 

The initial treated E. coli suspension in a beaker placed on a magnetic stirrer was flowed through 

the PEF treatment chamber via a submersible pump with a flow rate of 10 mL/min. Therefore, the 

mass flow rate during the treatment process in the treatment zone would have been 0.14 g/s 
approximately. Before an experimental run, the flow-through system was sterilized with 95% ethanol 

pumped through the system for 15 min. Then, the system was cleaned with sterilized autoclaved RO 

water again. Before the PEF treatment process, to remove the residual cleaning RO water in the 
system, the E. coli solution was flowed through the system to the downstream storage beaker. The 

PEF treatment was conducted at the source voltage of 7.5 kV, at 250 Hz, with a 2.5% duty cycle. The 

PEF treatment chambers were 5 units connected in series; however, only the high voltage electrodes 
of the involved units were connected to the high voltage pulse source, while the others were 

grounded, as shown in Figure 3. In this work, the numbers of high voltage electrode (NHV) were 1, 3, 

and 5 units to study the influence of the number of electrode units on the efficacy of E. coli 
inactivation. In each experimental condition including the untreated condition (0 V), the HVDC and 

HV switch were operated to treat the initial E. coli suspension totally for 6 min during the treatment 

process. A 20 mL sampling of the treated E. coli suspension was performed at the sampling valve 

after the third minute of the treating process for the laboratory measurement of E. coli. 

The characteristics of the pulsed voltage and current were monitored using an oscilloscope 

(Siglent SDS2304). A high voltage probe (Pintek HVP-18HF) was used to monitor the voltage across 

the treatment unit. A 100 Ω monitored resistor (RM) was connected between the ground electrode and 

the system ground to observe the pulsed current waveform. 
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Figure 2. The schematic diagram of a pulsed electric fields (PEF) treatment operation. 

 

Figure 3. The serial connection of 5 units of the treatment chamber. 

3. Experimental Results and Discussion 

3.1. Electric Field and Temperature Field 

Regarding the proposed co-field treatment chamber configuration in Section 2.1, the treatment 

chamber configuration parameters of the grounded electrode (A), the elliptic insulator (B) and the 
high voltage electrode length (C), and the elliptic insulator height (h) had been optimized to 

maximize the electric field strength at the treatment zone from the FEM simulation using Elmer FEM, 

an open source multiphysical simulation software. The GiDTM commercial software was used to draw 

the electrode configuration and generate a mesh for the co-field treatment chamber. 

The FEM simulation was performed as follows. The finite element governing equation for the 

potential  in this paper is 2 = 0. The electric field normal to the boundary conditions surface of 

the inlet, outlet, insulator, and asymmetrical axis was set as zero, while the high voltage electrode 

and ground electrode boundary conditions were set as  = 7.5 kV and  = 0, respectively. The liquid 

flow was assumed to be laminar flow with an average inlet flow velocity of 0.05 m/s (Reynold 

number, Re = 499). The tangent velocity at the boundary condition of high voltage, insulator, and 

ground electrodes was zero. The material properties chosen from the Elmer library were applied to 

the fluid (Escherichia coli (E. Coli) suspension). However, the electrical conductivity of water was 

adjusted, followed by the actual solution, to 0.018 mS/cm. The temperature of the water at the inlet 

and the external temperature were set as room temperature (25 °C) with natural convection. The heat 

transfer coefficient at the metal electrodes and the heat flux of the outlet and insulator surface were 

2000 W/m2K and 0 W/m2, respectively. 

Regarding previous studies on the co-field treatment chamber designed in [26,30], it was found 

that the electric field intensity at the treatment zone was affected by the high voltage electrode length 

and the insulator height. A highly non-uniform electric field was found at the junction between the 

elliptical insulator and the high-voltage (z = 20.5 mm)/grounded electrode (z = 26.5 mm), where z is 

the distance from the inlet to outlet along the asymmetrical axis, while the electric field distribution 
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on the insulator surface was rather uniform, as shown in Figure 4a,b. However, the height of the 

insulator could affect the slight turbulent flow and accumulating heat in the flowing liquid 
[3,14,21,28,30], as shown in Figure 5. Since the effectiveness of microbial inactivation is strongly 

dependent on the electric field intensity, it could be difficult to avoid the accumulating heat in the 

liquid media resulting from the high pulsed electric field without an extra external cooling system. 
Our suggestion is that a serial connection of the treatment chamber would enable the reduction of 
the required intensity of the high-pulsed electric field and the maximum temperature of the liquid 

media compared with a single treatment chamber. This is since the increase in the number of the 

treatment chambers would increase the residence treatment time and the probability of 

microorganism treatment. However, too high numbers of treatment chambers would also lessen the 

inactivation efficiency due to sharing of energy among the treatment chambers, where the capacity 

of the power supply is limited. Therefore, based on the aforementioned discussion, A, B, C, and h 

were optimized to be 20, 6, 5, and 0.8 mm, respectively, and the maximal number of the treatment 

chamber was 5 units. For this geometry, the volume of one treatment zone would be 83.13 mm3, 

approximately. 

 

(a) (b) 

Figure 4.  Simulation results for (a) Electric field intensity, and (b) electric field intensity distribution 

along the insulator surface and symmetrical line in the first treatment zone. 

It could be seen in Figure 4b that the electric field intensity in the treatment zone was rather 

uniform near the center of the insulator, which occupies almost half of the length of the insulator. For 

the proposed configuration, the maximum and average electric field intensities at the treatment zone 

were as high as 12.66 and 12.21 kV/cm at the supplied pulsed voltage of 7.5 kV, respectively. It should 

be noted that all the treatment zones have the same distribution of electric field intensity. 

Joule heating could be generated in the conductive liquid media, since an amount of current 

could flow through the media once the high voltage was applied to the treatment chamber. It not 

only causes a thermal rise in the liquid media but also influences the profile of the flowing liquid’s 

viscosity and density [13,28,30]. Figure 5a presents the simulation results for the temperature rise in 

the treatment system. It could be noticed that the most accumulating thermal spots were found at the 

locations behind the elliptical insulators indicated by the letters A and B, which are the locations with 

the highest temperatures at the first and second insulators of each treatment unit. This issue comes 

from the combination of many factors, such as the fluid flow velocity, electric field distribution, and 

joule heating. 
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Figure 5. Simulation results for the liquid’s (a) temperature, (b) velocity, and (c) joule heating along 

the z-axis at the first treatment chamber (NHV1). 

 

During the treatment process, the liquid heated in the treatment zone continued flowing along 

the z-axis. However, the fluid velocity near the insulator surface is close to zero (a blue vortex-like 

region in Figure 5b) This could imply that the temperature rise, generated owing to joule heating in 

the treatment zone (Figure 5c), could slowly diffuse to the tube wall. This results in thermal 

accumulation in the regions A and B, which are slightly behind the maximal joule heating region. 
Since the region A is in the first treatment zone, there was no thermal accumulation in the liquid 

before. The treated liquid from the first treatment zone would flow to the second treatment zone. 
During the flow, some amount of thermal energy would diffuse to the metal ground electrode, 

resulting in the reduction of the treated liquid medium temperature. However, the distance of the 

metal electrode is not long enough to diffuse the entire generated heat. Therefore, the heated liquid 

medium from the first treatment zone will be heated up again, owing to the joule heating in the 

second treatment zone [3,14,21,28,30] This reason causes the temperature to rise at region B higher 

than that at region A. 

However, the PEF system containing a single unit of a high voltage electrode (NHV1) in the non-
recirculated treatment system practically requires a high pulsed voltage to efficiently inactivate the 

microorganism, since there is only one short treatment period for one round of treatment. The high-
pulsed voltage, in this case, would cause the more serious problem of a temperature rise and 

troublesome electrochemical reactions in the liquid media [3,14,21,28,30,31]. Therefore, a series of 

multiple treatment units would be key to enable the multi-treatment process, which could improve 

microbial inactivation efficiency in the non-recirculated treatment system. Moreover, it decreases the 

temperature rise since the lower pulsed voltage magnitude is applicable. 
Figure 6 presents the simulation results for the liquid temperature along the flowing axis (z-axis) 

of five treatment units. It can be seen that the temperature evolution at positions A and B of every 

treatment unit has the same trend as that illustrated in Figure 6a. This reason could be explained in 

the same way as discussed for one treatment unit. However, the magnitude of the temperature rise 

increases corresponding to the order of the treatment units, owing to the accumulated thermal energy 

from the previous treatment unit. As depicted in Figure 6b, an increase in the temperature from 

region A to B slightly increases within the range of 10 milli-Celsius differences for each unit. The 

temperature at regions A and B of the NHV5 is higher than that of the NHV1 by around 0.01%. The 

average liquid temperature at the outlet slightly increased for 0.02 Celsius, which could imply that 

the treated media would not be affected by the accumulating thermal energy in this proposed system. 

It should be mentioned here that an increase in the pulsed voltage and number of the treatment units 

could also influence the increase in the liquid temperature. Additionally, the liquid medium’s 

electrical conductivity, the liquid media flow rate, and the insulator height would correspondingly 

take part in this temperature rise issue (data not shown here). Therefore, to avoid accumulating heat 

in the treated liquid media, the aforementioned factors should be optimized.  
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(a) (b) 

Figure 6. Simulation results for (a) the liquid temperature along the z-axis and (b) the liquid 

temperatures at positions A and B. 

3.2. Electrical Characteristics of PEF During the Treatment Process 

During the PEF treatment process, the electrical characteristics were monitored. For all the 

experimental conditions, except the no-load treatment condition, a 7.5 kV applied voltage was set at 

the HVDC source, and the current from the power source was 0.81 mA. Under this operating 

condition, the specific energy would be 43.93 kJ/kg, approximately [3,13,32]. Figure 7a,b show the 

pulsed voltage and current waveforms across the treatment chamber during the PEF treatment. As 

presented in Figure 7a, the high voltage pulses were around 5.91 kV for the no-load treatment 

condition (measured across the output terminal of the HV switch without the treatment chamber). 
This implied that there was a large voltage drop in the system, which was in the part before the HV 

switch, of almost 1.59 kV. This is because a large ballast resistor used for the current limitations causes 

a large voltage drop across it. Moreover, the voltage drop would possibly be due to the small leakage 

current through the parasitic elements in the treatment system. However, this leakage current was 

very small and undetectable with a shunt resistor. It could be noticed that the average voltage pulses 

decreased as the number of the treatment chambers increased. The average voltage pulses, across the 

treatment chambers, were 2.30, 1.65, and 1.42 kV for NHV1 NHV2, and NHV3, respectively. As presented 

in Figure 7b, the current pulses were generated through the conductive liquid media during the 

existence of voltage pulses. The magnitude of the average current pulses had an opposite trend to 

that of the voltage pulses, which were 0.95, 2.23, and 5.18 A for NHV1 NHV2, and NHV3, respectively. 

  

(a) (b) 
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(c) 

Figure 7. Electrical characteristics of (a) pulsed voltages, (b) pulsed currents, and (c) voltage 

waveforms for various conditions. 

Figure 7c presents the waveform of a single voltage pulse across the treatment chamber. It could 

be noticed that the pulse voltage in the no-load treatment condition was almost constant, around 5.91 

kV, with a pulse width of around 75 µS. Meanwhile, in other conditions, the pulsed voltage rapidly 

decreased with different discharge times corresponding to the number of the treatment chambers. As 

the liquid medium bridges the high voltage and ground electrodes, it hence acts as a liquid resistor. 

A series of treatment zones causes a parallel connection of the liquid resistors since the treatment 

chambers have common high voltage and ground electrodes. Therefore, the increase in the treatment 

zones increases the number of current flowing paths. Consequently, the more treatment units there 

are, the faster the discharge time. This factor explains the characteristics of the pulsed voltage 

magnitude, which dropped across multiple electrode units. 

3.3. Effect of the Number of Treatment Chambers on E. coli Inactivation 

After the PEF treatment process, the treated E. coli suspension from every condition was 

incubated by the drop plating method for 18 h on a standard agar culture plate for viable cell 

counting. The temperature change of the treated E. coli suspension was unnoticeable with the 

thermometer. The temperature was the same as the room temperature (25 °C), which is consistent 

with the simulation results. This would be due to the fact that the treated solution has dissipated 

accumulated thermal energy through the long outlet metal ground electrode. 

Figure 8a presents the average E. coli colony count. The viable cells of the control group were 

around 1.7 × 1010 CFU/mL, while the average viable cells of other conditions were around 6.99 × 107–

2.57 × 108 CFU/mL. From the statistically analysis by ANOVA, it could be confirmed that the E. coli 

were significantly reduced (p < 0.05) in every condition, as shown on a log scale in Figure 8b. The 

average E. coli log reduction was 1.82, 2.25, and 2.39 for NHV1, NHV3, and NHV5, respectively. The average 

E. coli inactivation efficiencies showed the same trend for every repeated experiment. 
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(a) (b) 

Figure 8. Results from the different numbers of high voltage (HV) electrodes. (a) Amount of 

Escherichia coli (E. coli) colony, and (b) E. coli log reduction. 

From the experimental results, it could be confirmed that an increase in the number of treatment 

zones could increase the efficiency of E. coli inactivation. The average E. coli log reduction of NHV3 and 

NHV5 was higher than that of NHV1 by a factor of 1.24 and 1.31, respectively. This would owe to the fact 

that increasing the number of treatment chamber units increases the possibility for E. coli to be 

inactivated by electroporation. Regarding the treatment condition, as E. coli pass the treatment zone, 

they could possibly be subjected to the high electric field for 75 pulses, for a 7.5 ms duration. Since a 
treatment unit has two treatment zones, E. coli were hence treated twice. Therefore, for n treatment 

units, E. coli would be subjected to the high electric field for 150 × n pulses.  

However, the increase in the treatment units decreases the energy per pulse since the resistance 

of the liquid resistors is reduced due to the increase in parallel liquid resistors. This reason results in 

the voltage drops in contrast to the pulsed current across the treatment chamber, as shown in Figure 

7. Since the treated medium is conductive, this fact possibly contributes, to a certain degree, to the 

joule heating during the treatment process. Moreover, from the simulation results (data not shown 

here), it is found that a serial connection of the treatment units increases the liquid flow velocity near 
the surface of the elliptical insulators. This is due to the fact that the diameter of the fluid path is 

narrower at the treatment zone; therefore, the liquid flow velocity is affected by variation of the tube 

volume, as described by the equation of continuity [13,14,22,28,33]. This effect influences the 

treatment efficiency since the liquid flows faster at the treatment zone and is then subjected to 
decrease in treatment time. Therefore, the time for which the E. coli are subjected to a high electric 

field is shorter than expected, causing efficiency reduction. Another issue of concern is that the 

number of series treatment units should also be optimized, since the temperature rise in the treatment 

zone increases with an increase in treatment units, as shown in the simulation results in Figure 6. 

However, regarding the hypothesis of this research and the experimental results, it could be 

confirmed that a proper increase in the number of treatment chambers can improve the efficiency of 

microbial inactivation. Only a short treatment time (milliseconds) efficiently reduces the number of 

viable E. coli colonies, which can save processing time compared with the convention PEF treatment 

process, which requires a re-treatment process as a cycle with extended processing time 

[2,7,14,17,19,29,34–36]. 

The current research has proposed a novel PEF treatment system, which lays a critical 

foundation for the method of PEF for microorganism inactivation. In addition, the results from the 

research could also have an application to processes for agricultural products, not limited to 

inactivation or shelf-life extension. However, regarding the aforementioned weakness issues in this 

study, further elaboration is necessary. A possibility to overcome the drawbacks of the proposed 

system, which is a further detailed study, would be using a very short high voltage pulse in the 

nanosecond range with a higher frequency to decrease the energy loss in the conductive liquid media. 
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The separation of a serial connection of multiple treatment chambers with a separating high voltage 

power source would be another prospect to reduce the difference in flow velocity and shared energy 

per pulse, which cause a decrease in the treatment efficiency. 

4. Conclusions 

Analytical and experimental studies on the parameters of pulsed electric fields (PEF) for the 

treatment of Escherichia coli (E. coli) suspensions in a flow-through system were presented. With the 

optimized co-field type with an elliptic insulator treatment chamber, the treatment zone volume was 

83.13 mm3, approximately; the maximum and average electric field intensity at the treatment zone 

could be as high as 12.66 and 12.21 kV/cm at the moderate 7.5 kV from the HVDC power supply, 

respectively. Accumulated heat in the flowing liquid media during the treatment process resulted in 

temperature rises in the liquid media, mainly located slightly behind the elliptic insulator along the 

flow-through direction. However, in this work, the temperature rise was not significantly increased. 

It was found from the verified experiments that an increase in the treatment units increased the 

inactivation efficiency for the E. coli suspension. The average E. coli log reduction was improved by 

1.24 and 1.31 times, when the number of treatment units was increased from 1 to 3 and 5, respectively. 

This owes to the fact that an increase the number of treatment chamber units increases the possibility 

for E. coli to be inactivated by electroporation. However, the number of treatment units should be 

optimized together with the treatment chamber geometry and treatment parameters, since the energy 

per pulse would be decreased due to joule heating in a series of the treatment chambers. 
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