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Abstract 

Drinking water in Hong Kong could become contaminated when it is 

transported through pipes or kept in storage in buildings. Some notorious 

bacteria may grow quickly in water and, when drunk, could cause serious 

illness in people. 

This project was to develop a low voltage pulsed-electric field (PEF) 

device equipped with micro-engineered electrodes, to kill 99.9% of bacteria in 

tap water to bring it to a safe level. And the water quality after pulsing 

treatment should be within the standard suggested by the World Health 

Organization for drinking water. 

In this study, a square wave pulsed circuit design was selected and 

simulated in Multisim, which is a circuit design simulation software. The circuit 

was built on a breadboard which was successfully used in the batch system 

experiment. The size (length x width x height) of pulse generator was greatly 

reduced, from 40.6cm x 12.7cm x 40.6cm to 3.4cm x 0.6cm x 2.2cm. 

There were 25 electrodes made in the past seven months. The 

electrodes were made of stainless steel, brass and copper grids with a plastic 

lamination between each metal plate. The electrodes underwent the batch 

system and flow system microbial test. They were also tested under different 

operation conditions, for instance, voltage applied, pulse width and treatment 

time. The percentages of bacteria reduction in each electrode were 

calculated, and comparisons of the data were performed to see the effect of 

the number of meshes, number of laminations and lamination types on the 

percentage of reduction. In conclusion, the electrode with more layers of 

lamination, a thinner lamination and greater number of meshes was 

considered to have a better performance in bacteria reduction . The highest 

percentages of reduction were 98.4% in 10 minutes and 91.6% in 5 minutes. 

In the flow system, it took 9 minutes to reach a steady state and the electrode 

was in multi-levels, 43 layers. The highest percentage of reduction was 66% 

in the flow system. 

The water quality test showed that the hardness of the samples did not 

vary much and the free chlorine level increased slightly after the pulsing 

treatment. One possible reason for this is the conversion of chloride ions to 

chlorine during pulsing. The increased chlorine level was still within the Hong 

Kong average chlorine level and WHO standard. 
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Chapter 1 Introduction 

Introduction of project 

Water from the water treatment plant in Hong Kong is clean enough to drink. 

However, as it travels through pipes and being stored in water tanks of 

buildings, the water is contaminated by the dust from the ventilation system of 

the water tanks. Recently, Legionella pneumophila, a kind of bacteria that 

causes lungs infection, was found in the water sample of Pamela Youde 

Nethersole Eastern Hospital [1]. By adding chemicals like chlorine to the 

water tanks, the bacteria could be killed . However, the odour of chlorine would 

remain in the water. In addition, when chlorine reacts with organic materials, 

chloroform is formed. Chloroform can cause dizziness and even death. The 

use of filters can block the bacteria effectively. However, if the users do not 

replace new filters regularly, the filters may become a source of bacteria. 

Project objectives 

Our project aims to utilize a low voltage PEF device equipped with micro

engineered electrodes to reduce 99.9% of bacteria in tap water. This would be 

achieved without the addition of chemicals but instead using an electrical field 

to kill the bacteria by electroporation, increasing the permeability of the cell 

membrane. No residue would be present using this sterile method. The best 

electrode will be selected for the development of the system, which would be 

installed in hospitals to ensure tap water quality. The system could reduce the 

chance of bacterial infection through tap water. Figure 1 showed the flow chart 

of the project. 

PEF generator 
circu it design 

l 
Electrodes \. " Microb ial 

"' 
Prototype A device Fabrication , , Tests I Assembly 

~~ T 
Water 
qual ity tests 

For Improvement 

Figure 1: A Flow chart of the major tasks 

President's Cup - Final Report 5 I 



I 

Chapter 2 Background and Literature Review 

History of Pulse Electric Field Technology development 

The concept of pulsed electric field was first proposed by Doevenspeck in 

Germany in 1967. He patented the PEF equipment. During this time, series 

of articles were published on microbial inactivation by PEF. 

In late 1980s, researchers worked on the development of PEF application for 

the preservation of food. In 1992, PEF was recognized as a non-thermal 

preservation method effective in providing fresh-like foods and valuable 

sensory properties. In the 21st century, PEF is regarded as a very promising 

technology for pasteurization of pumpable foods and a non-thermal 

disinfection of water. 

Mechanism of Microbia/Inactivation of PEF technology 

In general, two mechanisms have been proposed for microbial inactivation of 

PEF technology: irreversible electroporation and electrical breakdown. 

Normally, the cell membrane of bacteria is impermeable [3] by electric 

currents and acts as a capacitor. When an external electric field is applied to 

the cell, the cell membrane remains impermeable. If the potential of 

membrane exceeds a threshold value, the constituents of the cell are 

temporarily disrupted. If the bacteria are exposed for a sufficient period of 

time, it leads to the swelling and rupture of the cell membrane and eventually 

cell death occurs. 

Actually, the electroporation process can be interpreted by an electric model 

of cell. Cytoplasm is electrically conducting and the cell membrane acts as a 

dielectric. The application of PEF leads to the accumulation of charges on the 

cell membrane and there is a change in potential difference across the 

membrane. This will increase the permeability of the cell, and the result may 

be either reversible or irreversible of electroporation. Irreversible 

electroporation occurs when there is a higher electric field or longer treatment 

time. [4] Figure 2 showed the mechanism of irreversible electroporation of a 

cell membrane. 
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Figure 2: Irreversible Electroporation of a cell membrane 

Chapter 3 Electrode fabrication 

Figure 3: Four governing parameters for electrode fabrication 

There are four governing parameters for electrode fabrication , as shown in 

Figure 3. These parameters could greatly affect the effectiveness of the 

electrodes. The connection between the designed electrode and pulse 

generaior is shown in Figure 4. By altering the above four governing 

parameters, different types of electrodes were made. An example of this can 

be seen in Figure 5. 

Pulse generator 

-- Lamination 

Metal grids 

Flow direction 

Figure 4: The connection between the 
designed electrode and pulse generator 
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Chapter 4 Circuit Design 

Due to the large size of the pulse generator shown in Figure 6, a mini-circuit 

was built in a bid to save space and for ease of installation. The size (length x 

width x height) of pulse generator was greatly reduced, from 40.6cm x 12.7cm 

x 40.6cm to 3.4cm x 0.6cm x 2.2cm. In November, the circuit was simulated in 

software called Multisim. The major parameters in the circuit were the 

waveform, voltage, frequency and pulse width. The waveform was set to be a 

square-waved pulse because it could generate a stable peak value for a 

longer time and reduce the thermal effect. [5] The target voltage, frequency 

and pulse width were 15V, 1OOHz and 1 001JS respectively based on literature. 

[6] Pulse width was then changed to 9001JS as the experimental performance 

was better. 

----
Figure 6: A 40.6cm x 12.7cm x 40.6cm pulse generator 

The integrated circuit 555 timer that produces square waveform was chosen. 

The designed circuit was simulated in Multisim as shown in Figure 7. To 

obtain the target values, the resistance and capacitance in the circuit were 

adjusted. 

, .. o 

Figure 7: The designed circuit in Multisim Figure 8: The circuit on a 3.4cm x 0.6cm x 
2.2cm breadboard 

After the simulation , the designed circuit was built on breadboard as shown in 

Figure 8. Table 1 shows the component values on the breadboard . The circuit 
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output was then obtained in a CRO and the output is shown in Table 2 and 

Figure 9. 

Components Value 
Power Supply 15V 
Resistor 1 39k0 
Resistor 2 300k0 
Capacitors 0.0331-JF 

Table 1: Component values 

Target value Output value in CRO 
Voltage 15V 14.8438-15V 
Duration 0.9ms 1.09-1.2ms 
Frequency 100Hz 96-97Hz 

Table 2: Output values 

Figure 9: Output in CRO 

Chapter 5 Microbial tests in a batch system 

In the batch system, the purpose was to test the effectiveness of the electrode 

by comparing (a) different electrode specifications and (b) different operating 

conditions. The highest percentages of reduction were 98.4% in 10 minutes 

and 91.6% in 5 minutes. 

In the microbial test, the experiment was performed in the biological safety 

cabinet. The designed electrodes were connected with the pulse generator 

which generated pulses to kill the bacteria. In order to count the number of 

colonies, the dilution was performed by mixing different volumes of NaCI. The 

dilution factors were set as 101 and 102 respectively. 9ml of NaCI was mixed 
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with 1 ml samples when the dilution factor was 101 while 1Om I of NaCI was 

mixed with 0.1ml samples when the dilution factor was 102
. After the 

experiment was performed, the number of colonies was counted and the 

concentration of bacteria in different dilution factors in electrodes was 

calculated. By comparing the concentration of bacteria in control, the 

percentage of bacteria reduction was determined in the following way: 

The percentage of bacteria reduction (%) 

[concentration of bacteria in control - concentration of bacteria in electrode] 
= . fb . . l X 100% concentration o actena m contra 

In the initial stage of this project, the pulse generator was used to produce the 

pulse for killing bacteria. When the designed circuit was built, the pulse 

generator was replaced by the designed circuit shown in Figure 10. 

Figure 10: A designed circuit connected with the power supply 

5. 1 Results and Discussion 

Part A. Different electrode specifications 

1. The effect of different lamination types 

Comparing electrode 1 with electrode 4, the only difference between the 

two was the lamination type. Electrode 1 was laminated by PET whereas 

electrode 4 was laminated by nylon. The comparison between electrode 1 

and electrode 4 is shown below. 

President's Cup - Final Report 10 I 



I 

Comparison of different lamination types 
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Lamination types 

• Electrode 1 

• Electrode 4 

Figure 11 : Percentages of bacteria reduction in an electrode 1 and electrode 4 

Figure 11 shows that the percentage in electrode 1 was higher than that of 

electrode 4. The thickness of nylon was 0.42mm while the thickness of 

PET was 0.30mm. According to the Coulomb's law, electric field strength is 

inversely proportional to separation between electrode plates [7]. In other 

words, the smaller the gap distance, the larger the electric field strength. 

2. The effect of different number of levels 

Comparing electrode 1 with electrode 7, the only difference between the 

two was the number of levels. There was 1 layer in electrode 7 while there 

were 5 layers in electrode 1. The result is shown in Figure 12. 

Comparison of different number of levels 

40 

35 

30 ] 
25 

• Electrode 1 

• Electrode 7 

5 layers 1 layer 

Number of levels 

Figure 12: Percentages of bacteria reduction in an electrode 1 and electrode 7 
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Comparing electrode 7 with 1, the percentage in electrode 7 was lower 

than that of electrode 1. Extra number of levels contributes to the larger 

electric field region, hence the electrode with more levels has the greater 

ability to kill bacteria. 

3. The effect of different number of meshes 

Comparing electrode 23 with electrode 24, the only difference is the 

number of meshes in the electrode plate. Electrode 23 was made of 

stainless steel with 100 meshes whereas electrode 24 was made of 

stainless steel with 150 meshes. 

Comparison of different number of meshes 

in the electrode plate 

100 .---------------
ro ·c: 
OJ 80 +----------t 
+-' 

~ ~ 60 ..c - +---------1 
'+- c 
0 0 40 
OJ ·.;:; 
0.0 u 
ro ::I 20 -1--
+-' <:l 
c OJ 
~ .... 0 -1---.... 
OJ 
a.. 100 meshes 150 meshes 

Number of meshes in the electrode plates 

• Electrode 23 

• Electrode 24 

Figure 13: Percentage of bacteria reduction in electrode 23 and electrode 24 

Figure 13 shows that the percentage of bacteria reduction in electrode 24 

was higher than that for eiectrode 23. This means that the percentage of 

bacteria reduction is increased when the number of meshes in the 

electrode plate is increased. 

Part B. Different operating conditions 

4. The effect of different peak-to-peak voltages 

Apart from the electrode properties, the operating condition was another 

factor affecting the percentage of bacteria reduction. The only difference 

between electrode 3 and electrode 1 0 was the peak-to-peak voltage 

levels. The results are shown below. 
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Figure 14: Percentages of bacteria reduction in electrode 3 and electrode 1 0 

The change of voltage condition drastically influences the percentage of 

reduction. In the comparison between electrode 10 in 1 OV and 30 V, 

Figure 14 shows that there was an 8 time increase in the reduction 

percentage when the peak-to-peak voltage was increased to 30V. In the 

case of electrode 3, the percentage also increased nearly two times. From 

the above data, it is concluded that the result of 30V is better than that of 

10V. 

5. The effect of different treatment times 

Using electrode 21, electrode 22, electrode 23 and electrode 24 to 

investigate the effect of different treatment times on the percentage of 

bacteria reduction, the treatment time was set as 5 minutes and 10 

minutes, respectively. 

Comparison of different treatment time 
100 -,-------------;===~ 

ro 
·.:::: 
Q) 
+-' 

90 

~ * 70 -+----..0-
~ c 60 -t--o 0 

~ t so -+--
~ .g 40 -+--
~ ~ 30 
u .... 
Q) 
a.. 

10 

0 

5 min 10 min 
Treatment time 

• Electrode 21 

• Electrode 22 

Electrode 23 

Electrode 24 

Figure 15: Percentages of bacteria reduction in electrode 21 - 24 
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Figure 15 shows that all bacteria-reduction percentages were increased 

when the treatment time was changed from 5 minutes to 10 minutes. This 

means that the performance is better when the treatment time is 

increased. 

6. The effect of different pulse widths 

The effect of different pulse widths on the percentage of bacteria reduction 

can be determined by comparing electrode 17 and electrode 18. The pulse 

width was set to 1 001-JS and 9001-JS, respectively. The result is shown 

below. 

Comparison of different pulse width 

100 -
ro ·.:: 
~- 80 
~'#. 
..0- 60 ....... c: 
0 0 

0 

• Electrode 17 

• Electrode 18 

100~-ts 

Pulse width 

Figure 16: Percentage of bacteria reduction in electrode 17 and electrode 18 

From the above figure, the result shows that the percentage of bacteria 

reduction is increased when the pulse width is increased. 

Chapter 6 Microbial tests in a flow system 

Apart from the batch system microbial test, the microbial test in the flow 

system was performed. The purpose of the experiment was to (a) find the 

time taken to reach the steady state of the system and (b) to test the 

effectiveness of the multifold electrode in the flow system. The highest 

percentage of reduction was 66% in the flow system. The electrode used in 

the batch system was in multi-levels. Table 3 and 4 shows the specifications: 

Diameter of Thickness Space (mm) Diameter 
plastic (em) (mm) of hole 

(mm) 
3d printing 1.6 0.12 0.05 0.05 
plastic mesh 

Table 3: 3d printing plastic mesh specification 
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Diameter Number of Number of Material Lamination 
(em) levels meshes use type 

Electrode 1.6 43 100 Copper 3d printing 
plastic 
mesh 

Table 4: Multifold electrode specification 

The distilled water was pumped to the mixing tank shown in Figure 18. The 

E.coli was added to the tank and mixed well with the distilled water. Then, the 

mixed water entered the reaction chamber shown in Figure 19 which 

contained an electrode. The multifold electrode was connected to the pulse 

generator. The E.coli was inactivated when water passed through the 

chamber. Lastly, the sample was collected every 3 minutes in the outlet of the 

flow system. Figure 17 shows the flow chart of the flow system. 

. 
Water 

pumped in . 

. 
· ··,,E.coli ·"l'1 

added 

Mixing
tank 

Figure 17: The flow chart of the flow system 

Figure 18: Mixing tank 
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6. 1 Results and Discussion 

Part A. Flow system steady state test 

To find the steady state of the system, five samples were withdrawn in the 

outlet of the flow system and taken into the microbial test. The samples 

collected were diluted to 101 and 102 respectively for the sake of ease of 

counting of colonies. The concentration was then calculated by multiplying the 

dilution factors. The result is shown in Table 5. 

Sample Number of Number of Concentration 
colonies in 1 01 colonies in 102 (cfu/ml) 

1 51 41 3 7 4800 
2 94 91 0 4 5625 
3 187 95 24 22 18550 
4 437 857 73 13 53850 
5 439 455 85 28 50600 

Table 5: Result of steady state test 

60000 

50000 

E -.a 40000 
~ 
c 
2 30000 
"' .... .... 
~ 20000 
c 
0 
u 

10000 

0 

------

E.coli concentration against time 

---------

-----

0 100 200 300 400 

time (s} 

500 600 

Figure 20: E.coli concentration against time for steady state test 

700 

-- ----, 

800 

Based on the E.coli concentration above and the sample collection time, 

Figure 20 was plotted. The graph shows that the concentration of the E.coli 

was below 1 x 1 04cfu/ml in the first 3 minutes. It was noted that E. coli 

concentration went up to 5 x 1 04cfu/ml at the 9th minute, and remained steady 

at the 1 ih minute. Therefore, it was concluded that the system reached a 

steady state at the 9th minute. 
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Part B. Effectiveness of multifold electrode 

To test the effectiveness of the multifold electrodes, the microbial test in the 

flow system was performed with the presence of electrodes. After 10 minutes, 

the steady state of the system was reached. Controls were collected at the oth 

minute, 3rd minute and 6th minute respectively and PEF was applied to the 

system at the ih minute. Samples were withdrawn at the 8th minute, 11th 

minute, 14th minute, 1ih minute and 20th minute respectively. C1 to C3 

represent the first three controls and sample 1 to 5 represent samples after 

PEF. In the flow system, the operating conditions were 30V voltage, 9001-JS 

pulse width and 1OOHz frequency. 
Sample Number of Number of Concentration Percentage of 

colonies in colonies in (cfu/ml) reduction 
101 102 

C1 159 37 2 7 7150 -
C2 260 1 1 54 20275 -
C3 268 80 43 34 27950 -
1 9 - 0 - 450 98.4 
2 32 - 41 - 22100 20.9 
3 50 - 0 - 2500 91.1 
4 179 - 9 - 13450 51.9 
5 170 - 1 - 9000 67.8 

Table 6: Result of flow system with the presence of PEF 

In Table 6, the percentage of bacteria reduction varied with respect to time, 

from 20% to 90%. Therefore, the average percentage of bacteria reduction 

from sample 1 to 5 was calculated and the inactivation percentage was up to 

66%. 

30000 

= 25000 
E -~ 20000 
c: 
.g 15000 
Ill ... ..... 
~ 10000 
u 
c: 

8 5000 

0 

Concentration against time 

0 5 10 15 20 

Time (min) 

Figure 21 : E.coli concentration against time when PEF was applied 
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Figure 21 shows that the concentration of E.coli rose to its peak at the 61
h 

minute and quickly dropped when PEF was applied to the flow system at the 

ih minute. Eventually, the concentration reached to a lower value after 20 

minutes. 

Chapter 7 Water Quality Test 

The purpose of the water quality test was to monitor the quality of water after 

pulsed electric field was applied. Water samples were collected before and 

after the pulse treatment for comparison. The water quality was monitored by 

measuring the hardness and free chlorine level. 

EDTA Hardness test 

Although the water hardness is not relevant to any health hazards, it may 

affect the taste of the water. The hardness of the water sample is controlled 

under 200 CaC03 mg/L. The classification of hardness is shown in Table 7. 

The water hardness was tested using the EDTA Titrimetric method because 

this is the method suggested in the World Health Organization publication 

"Water Quality Monitoring - A Practical Guide to the Design and 

Implementation of Freshwater Quality Studies and Monitoring Programmes". 

The Water Supplies Department also suggested this method for testing the 

hardness. 

mole of EDTA (mol) x molar mass of CaC03 (-g-l) x _lO_O_O_m-><g 
mo g 

Hardness (mg CaC03 /L) = L 
volume of sample (ml) x 1000 ml 

Hardness (mg CaC03 /L) 
<15 
15-50 
50-100 
100-200 
>200 
Table 7: Water Hardness Classification [8] 

DPD Free Chlorine test 

Hardness 
Very soft 
Soft 
Medium hard 
Hard 
Very hard 

The World Health Organization established a guideline value of 5 mg/L for 

free chlorine in drinking water, which is shown in Table 8. At the point of 

delivery, the minimum residual concentration of free chlorine should be 0.2 

mg/L so the free chlorine level of the water sample is controlled to the range 

of 0.2-5 mg/L. [9] 

The free chlorine was tested using the DPD Colorimetric Method because it 

was suggested by the Water Supplies Department when testing the residual 

chlorine content in water. The Hach DR 2700™ spectrophotometer was used 
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to read the free chlorine level in the water sample. 

WHO standard < 5 mg Cb/L 
Average chlorine level in Hong Kong 0.7 mg CI2/L [1 0] 
tap water 

Table 8: Free chlorine level of WHO standard and average chlorine level in Hong 

Kong tap water 

7. 1 Results and Discussion 

Hardness 

Hardness Levels Before and After Applying PEF by 

Electrode 21-24 
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Figure 22: Hardness results from electrode 21-24 
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Figure 22 shows that the hardness level did not vary much either before or 

after the pulsing treatment. The hardness of the samples fell in the range 

"soft" and "medium hard". 

Free Chlorine 

Free Chlorine Levels Before and After Applying 
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Figure 23: Free chlorine results from electrode 21-24 
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Figures 23 shows that all the results were below both the WHO standard (5 

mg Cb/L) and the average chlorine level in Hong Kong tap water (0. 7 mg 

CI2/L). The slightly increase in free chlorine level after the pulse treatment was 

possibly due to the conversion of chloride ions into chlorine. 

Chapter 8 Conclusion 

Twenty-five electrodes were made in this project and tested in many microbial 

tests. The effectiveness of electrodes was examined by comparing the 

percentages of bacteria reduction. 

The electrodes were used in both batch and flow systems. The best design of 

the electrode was with a greater number of levels, greater numbers of meshes 

and thinner gap distances. Apart from the electrode specifications, the 

operating conditions of the generator also affected the bacteria inactivation 

percentages. It was concluded that the reduction was greater when the 

voltage applied, pulse width and treatment time were increased. The highest 

percentages of reduction were 98.4% in 10 minutes and 91.6% in 5 minutes. 

In the flow system, it took 9 minutes to reach a steady state and the electrode 

was in multi-levels, 43 layers. The highest percentage of reduction was 66% 

in the flow system. 

A mini-circuit was made in this project for the sake of space-saving. The circuit 

could produce a square wave pulse with 14.8V voltage, 96Hz frequency and 

1.09ms pulse width. The output values were close to the target values. The 

size (length x width x height) of pulse generator was greatly reduced, from 

40.6cm x 12.7cm x 40.6cm to 3.4cm x 0.6cm x 2.2cm. 

The water quality was tested before and after the pulsing treatment. It was 

concluded that the hardness of the water did not vary much but there was a 

slightly increase in the free chlorine level. The possible reason for this was the 

conversion of chloride ions to chlorine during the pulsing treatment. 
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