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Abstract

This research studied the complex impedance and permittivities of E. sanguinea by measuring the
RC impedance and then calculated and compared to measured values by Cole-Cole plot. The
objective of this study were to build a new electrical equivalent circuit model from RC circuit
model of E. sanguinea with MEM and explain behaviors of breakdown of E. sanguinea by mean
of critical frequency, critical voltage, critical electric field, breakdown electric which were
stimulated by MEM. The results revealed that there were a correlation between impedance from
measurement and simulation with correlation value equal to 0.89. The RC impedance of E.
sanguine of each chemical component was behavioral in semicircle varied to frequency. The
model can be used for design of wastewater treatment system by MEM such as treating algae
bloom water. This is an innovative electric simulation applicable to the electric engineering and
other related fields.

Keyword: Multi-Level Electromagnetic Fields (MEM), complex impedance, electric field,
Euglena sanguinea, resonance frequency

1. Introduction

Membrane is the important chemical component of Euglena sanguine. It is the external layer of
cell in form of phospholipids. The organelle of E. sanguine consists of protein, chlorophyll,
carbohydrate, lipid and phosphorus [1]. The electrical characteristic of E. sanguinea cell in the
form of spherical cell is shown in Figure 1A. The model of breakdown of cell is shown in Figure 1B.
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Figure 1 Surface area of E. sanguinea from SEM (A) and model of cell conductivity (B)

The estimation of electrical properties of each chemical component from extraction, were
measured, simulated and compared by means of Cole-Cole plot technique. Moreover, the
behaviors of impedance of each chemical component could be presented by a new development
equation including behaviors of complex permittivity and behaviors of breakdown of E. sanguinea
cell.

2. Materials and Methods

The water sample of E. sanguinea in the form of a suspended solid (1,080 mg/l) was stimulated in
10 litre (lab scale) vessel by multi-level electromagnetic field (MEM). The voltage of MEM
system could be adjusted from 0 to 60 Vac and frequency was not exceeded 1 MHz as shown in
Figure 2. The surface area of E. sanguinea and thickness were analyzed using Scanning Electron
Microscope (SEM). Chemical components of E. sanguinea before and after being stimulated by
MEM were examined by extraction and measurement of protein quantity by Bradford technique
[2-3], chlorophyll by ISO 10260 [4], lipid by soxhlet [5], carbohydrate and phosphorus by
digestion with acid and analyzed by spectrophotometer [6-8]. Measuring of electric current is
shown in Figure 2. Resistance (R) and capacitance (C) were measured using HP 419 2 ALF
Impedance Analyzer as shown in Figure 3.

75



KMITL Sci. Tech. J. Vol. 10 No. 2 Jul.-Dec. 2010

User -
el Lag

@ MLEM controller @ Reactor tank @ Computer and datalogger @ Ammeter
MLEM coil i
@ col @ Junction box Detector @ Thermometer

Media and incident
wave modeling Transducer @ Voltmeter

Figure 2 Experiment apparatus

chemical components of
E. sanguinae material

\ /

C
— e
R
Z electrode l RC parallel circuit
model

Ae

Figure 3 Diagram of RC impedance of E. sanguinea

3. Results and Discussion

3.1. Estimation of complex impedance of E. sanguinea

The results of chemical component from extraction and electrical properties are shown in Table 1.
The amount of each chemical component of E. sanguinea from extraction, i.e., protein,
chlorophyll, carbohydrate, lipid and phosphorus were 83%, 47%, 45%, 30%, and 24%,

respectively. The resistance and the capacitance before and after stimulating were found to be
similar.
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Table 1 Concentration and electrical properties of chemical components of E. sanguinea before
and after being stimulated by MEM

Chemical concentration concentration resistance capacitance
Components (before) (after) R) ©
(com)
protein (pro) 18,952 (ng/l) 3,080 (ug/l) 2.2kQ 0.34 nF
chlorophyll (chlo) 1,888 (ng/l) 1,000 (pg/l) 2.5kQ 0.09 nF
carbohydrate (carbo) 4,716 (ng/l) 2,565 (ng/l) 24kQ 0.07 nF
lipid(lipid) 1.126 (%) 0.785 (%) 7.9 kQ 0.04 nF
phosphorus (phos) 2,567 (ng/l) 1,926 (ng/l) 4.7kQ 0.01 nF

The complex impedance of E. sanguinea was estimated by Cole-Cole plots of RC parallel
circuit model. It could be represented the status of impedance which varied conformity with the

frequency in the form of semi-circle. The complex impedance Z~, real part Z' and imaginary part
Z" [9] of each chemical component were calculated using equations (1), (2), and (3), respectively.
The complex impedance of cell Z * was calculated using equation (4), real part Z' and imaginary
part Z" [9] of cell were calculated using equations (5) and (6), respectively.
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The estimation of complex impedance (Z*) was related to complex permittivity (g *) as
shown in equaions (7) and (8) [10], respectively.
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Whereg ", &¢"” and ¢  are real part, imaginary part of permittivity and permittivity of
free space, respectively, An is the end area (7.49 x 10 ~*) m and | is the thickness of sample
vacuum.

(4 x10 °)m (Figure 4), Z is impedance modulus ( [7z12 4 zn2 yand Co is capacitance of
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Figure 4 Real part ¢’ and imaginary part ¢ " of each chemical component of E. sanguinea cell.

Behaviors of real part and imaginary part of permittivity varied according to frequency
(Figure 4). Real part and imaginary part could be observed at high frequency but the value

decreased. In addition, the permittivities should increase if the frequency is less than 2 MHz [11].

The capacitance (C) [10] and resistance (R) [12] of chemical component were calculated
using equations (9) and (12), respectively. Equations (1) to (6) were used to calculate the
impedance value and then compared with the measured value.

_ gogr(com )A
com T 5

)
permittivity of each chemical component of cell at 10 MHz, A is surface area of cell from SEM
coefficient P,

WhereC _ is capacitance (C) of each chemical component of cell (F), &
(5.02x10° m?) and sis thickness of cell from SEM (70 nm). The diffusion permeability
was calculated using equation (10) [12].

 (com ) 1S relative
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Where Po.. is diffusion permeability coefficient of each chemical component of cell,
[before ] and [after]
and after stimulated with MEM as shown in Table 1 and, Vol , is volume of E. sanguinea from

SEM (3.51x10°'% cm?®) and At is retention time (600 sec) [11]. The conductivity [13] was
calculated using equation (12).

D

is concentration of each chemical component from extraction before

com com

F ZZZI:)Dcm [acom ]

Don L7 CW 2 Q! - 11
com R T Cm ( )

Where G is conductivity of each chemical component of E. sanguinea (Q~'cm™),
[acom ] is concentration of each chemical component before and after stimulated with MEM (pro =
3.37x10, chlo = 1.5x107, carbo = 3.50x1073, lipid = 1.8x10"* and phos = 8.0x10**) (mol/l) , z is
the number of valence electrons (pro = 22, chlo = 18, carbo = 11, lipid = 11 and phos = 21), R is

gas constant (J mol! K! ) and T is temperature (K). The resistance (R) could be calculated using
equation (12).

R =—— .0 (12)

The inducement of voltage coil in MEM was calculated using equation (13) [14].

2
un’mr’, r r

Ly =| ———< 1+~ | == ¢ .H

! ( | 1) 1 (13)

XL, =2afL

coil coil

Where Leoii is inducement of MEM (1.58 H ), XLl is reactance of coil and P is
permeability of copper (1), n is number of cycle of voltage coil (5.25), reil is the radiance of
voltage coil (6 mm.), | is the length of voltage coil (1950 mm.), f is frequency (Hz) and resistivity
Reoil €qual to 502 , the electrical equivalent circuit model could be developed as shown in Figure

5.
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Figure 6 shows semi-circle graphs from measurement at frequency less than 1 MHz. It is
in agreement with the result of Pan et al. [9]. The impedance in form of real part Z' and imaginary

part Z" from measurement and simulation

with correlation equal to 0.89 at 95% confidence

interval. These graphs were dropped at high frequency as its value decreased with the increase of

frequency. Electrical equivalent circuit mode

1 could reduce the complexity of E. sanguinea with

MEM which was developed in order to facilitatte MEM system design and explain many
phenomena in cell. In addition, these were the information for calculating and designing the MEM

system.
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Figure 6 Cole-Cole plots from calculation and measurement of chemical component from each

part of cell and cell of E. sanguinea.
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3.2. Resonance frequency of each chemical component of E. sanguinea cell

The electrical equivalent circuit model was stimulated by AC signal. The condition of resonance
was made by the same electrical circuit as shown in Figure7. The researcher used resonance
frequency to explain many phenomena of breakdown in each chemical component of E. sanguinea
cell. Moreover, good capacitance let electrical power not distribute but generate the energy in form
of real capacitor because effect of solenoid electrode. Therefore, the loss of capacitance and
resistance was depending on factor in equation (15).

_ 1 (14)
wC tand

tané':i1 (13
oCR

ZMeasured of Euglena sp.

R

Measu L

Cll

Measu

Figure 7 Equivalent circuit of complex impedance of E. sanguinea with impedance of coil for
simulated resonance frequency.

Changing figure from left to right Cs could be calculated by equation (16).

1

C+7Rz c
Comp (16)
1- CZOiI _a)ZLcoiIC
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Where  is angular frequency.
tan o
rs = Rcoil + Rwater + a)CS (17)
1
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‘ ‘ |:s ( coil Q)CS) :|
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Resistance, reactance or impedance was value of electrical conductivity in AC circuit but
X¢ and X_ depended upon frequency of energy sources. It could be observed that the less Z value
was the more total electricity in circuit was. In case of AC circuit, the least Z value occurred when
Xc - X, = 0. It would be called “resonance frequency” if it was in the form of angular frequency
and in this condition total electricity in the circuit would be the highest.

The results of resonance frequency in form of resistance (rs) and impedance (Z) from
measurement and simulation of each chemical component are shown in Figures 8-12. The
resistance value was relatively stable. The impedance varied according to curvature and if
impedance value decreased, resonance frequency would decrease. The resonance frequency of
protein,  chlorophyll,  carbohydrate, lipid and phosphorus from measurement
were2 x 10 *,2.3x10%,2.5x10%, 2.2 x10*,and 3 x 10 * Hz, respectively.

Figure 5 depicts the equivalent circuit. Cell of E. sanguinea was broken down by electric
transmitting through total cell. It always initially makes cell membrane or cell wall changed.
Therefore, it should be focus on this point and the researcher paid attention especially for
membrane or it was so called phospholipids which were lipid and phosphorus [12] to explain the
breakdown of cell by assuming that there are less values of the impedance of chemical component
in organelle. Therefore, in this study, the model [9] as shown in Figure 13 was selected. The
solutions from equations (19) and (20) were shown in Figure 14.
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Figure 14 Response of the equivalent series resistance s and the impedance |Z| of cell.

Figure 14 shows response of equivalent series in the form of resistance (rs) and
impedance (Z) of E. sanguinea cell from measurement. The reaction in membrane showed that
resonance frequency was 4 x 10 ° Hz which was higher when compare with resonance frequency

of each chemical component of E. sanguinea cell.
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4. Behaviors of Breakdown of E. sanguinea
Critical voltage (Verit) of E. sanguinea cell is given by Goster and Zimmermann [15] as shown in
equation (21).

1
2 |2
V. = {0.3679Yd0 } @1

C
gO gr

Where Y elastic modulus of E. sanguinea cell derived from the electric stress per unit
area was calculated in equation (22), d is thickness of cell which response to electric (7 nm) and
do is thickness of cell which does not response to eclectic or lipid bilayer (2mm) [16].

2
% =Y In dio (22)
2d d

The critical voltage (Vit) is related to electic field (Egrit) from equation (23) [17] where

N is concentration of E. sanguinea cell from Table 1.

2
_5 Ecrit (23)

crit 2eNB

Where ¢, is permittivity of E. sanguinea. Replaced equation (21) into equation (23) to

1
e
E - 2e | 0.3679Yd, |2 24)
crit
Nge, E,6,

Figure 15 shows that the behavior of critical electric field varied according to thickness of
membrane. The electric field will increase if thickness of membrane increases. However, critical
electric field varied indirectly to concentration of E. sanguinea cell and dielectric and permittivity
varied directly to elastic modulus.

The appropriate equation of breakdown electric of E. sanguinea cell from Figure 2,
temperature was controlled from 37°C to 45° C and stimulated voltage from 0 to 60 V. It was
found that appropriated breakdown electric of E. sanguinea cell was power of polynomial type
which r°=0.857, at confident interval 95%. To obtain accurate results, equation was used in form
of curve. Breakdown electric could be calculated from equation (24) using statistic data from
Figures 16 and 17.

obtain equation (24).
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Figure 16 Behaviors of electric and impulse voltage of MEM from 6 measurements.
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Figure 17 Breakdown electric of E. sanguinea cell and impulse voltage from measurement.

| =0.001V,e, (25)

Breakdown

It was found that critical voltage calculated from equation (21) equal to 5 mV. In
addition, from the experiment maximum voltage (Vvem) used for stimulating E. sanguinea cell
was 60 V and it was used in equation (24). The results showed that breakdown electrical depended
on impulse voltage of MEM and breakdown electrical equal to 0.34 A.

4. Conclusions

The results demonstrated that electrical properties, i.e., resistance (R), capacitance (C) and
impedance before and after stimulating by MEM were very similar as it was able to maintain its
specified material property. The appropriated relative permittivity could be used for designing
MEM system with high frequency from 1 kHz and higher. The electrical equivalent circuit model
could be applied to estimate and design MEM system for waste water treatment. Moreover, it was
explained that resonance frequency was the frequency that let the maximum electric current
transmitted through each chemical component of E. sanguinea. Critical electric field varied
according to thickness of membrane and breakdown electric varied according to maximum
impulse voltage of MEM. In addition, the behavior of critical electrical and critical electric field
would be useful for studying the impedance of small animals and other related fields.

5. Acknowledgements
This research was supported by Department of Electrical Engineering, Department of

Telecommunication, Department of Applied Biology, King Mongkut’s Institute of Technology
Ladkrabang and Cyclotron Engineering and Environment Co., Ltd.

87



KMITL Sci. Tech. J. Vol. 10 No. 2 Jul.-Dec. 2010

References

[1] Leedale, G. F. 1967. Euglenoid flagellates. Prentice-Hall. Inc., New Jersey.

[2] ISO 10260. 1992. Water quality-measurement of biochemical parameters spectrometric
determination of the chlorophyll a concentration, international standard, technical committee
ISO/TC 147. Water quality, sub-committee SC2 Geneva, Ch-1211.

[3] Hames, B. D. and Rickwood, D. 1990. Gel Electrophoresis of Proteins: A Practical
Approach. IRL Press, Oxford.

[4] Bradford, MM. 1976. A rapid and sensitive method for the quantization of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochemical, 72,
248-254.

[5] American Health Association, American Water Works Association, Water Environment
Federation. 1998. Standard Methods for the Examination of Waste Water and Wastewater,
20" Ed., Washington DC.

[6] Frag, F. and Pérez, F. F. 1990. Transformaciones entre composicion quimica del
fitoplancton. composicion elemental yrelacion de Redifield. Scientia Marina, 54, 69-76.

[7] Rios, A. F., Fraga, F., Pérez. F. F. and Figueiras, F. G. 1998. Chemical composition of
phytoplankton and particulate organic matter the Ria de Vigo (NW Spain). Scientia Marina,
62(3), 257-271.

[8] Grasshoff, K., Ehrhardt. M. and Kremling, K. 1952. Methods of Seawater Analysis. 2 ed.
Verlag Chemie, Weinheim.

[9] Pan, L. K., Huang, H. T. and Chang, Q. Sun. 2003. Dielectric relaxation and transition of
porous silicon. Journal of Applied Physics, 94, 2696-2700.

[10] Moulson, A. J. and Herbert, J. M. 2003. Electroceramic. Second Edition. John Wiley & Sons
Ltd.

[11] Dejmek, P. and Miyawaki, O. 2002. Relationship between the electrical and rheological
properties of potato tuber tissue after various forms of processing. Biosci. Biotechnol.
Biochem, 66(6), 1218-1223.

[12] E, Thomas., Andreoli, Mar. and Watkins, L. 1973. Chloride transport in porous lipid bilayer
membranes. Journal of General Physiology, 61, 809-29.

[13] Packamwongsang, K., and Noppanakeepong, S. 2003. The study of the reused of draining
water from evaporator of the split type air condition using electromagnetic reaction tank to
remove bacteria. First Regional Conference on Energy Technology Towards a Clean
Environment, Chiang Mai, Thailand.

[14] Malmivuo, J. and Plonsey, R. 1995. Bioelectromagnetism. Finland, Oxford University Press.

[15] Goster, H. G. L. and Zimmermann, U. 1975. Membrane Biol, 22, 73-90.

[16] Hans, G. L. 1999. Self-assembly, stability and the electrical characteristics of cell
membranes. Australian Journal of Physics, 52, 117-140.

[17] Phetcharakul, T. 2001. Semiconductor Devices, Engineering Faculty, King Mongkut’s
Institute of Technology Ladkrabang.

88



