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Abstract 

In this paper, the dielectric relaxation of SiO2 nano-particle suspensions is studied by 

electrical impedance spectroscopy method. The case of suspension composed of 

particles with thick double layer is concerned. The objective of this study is to find out 

the relationship between particle properties (size and concentration) and electrical 

impedance spectroscopy for developing a particle characterization method based on 

electrical impedance spectroscopy/tomography. The influences of particle size on 

electrical impedance spectroscopy (EIS) and relaxation frequency are investigated 

and analyzed. The experimental results indicate that impedance phase angle and Į 

relaxation frequency are functions of particle size. g relaxation frequency is 

proportionally changing with (a+
1 

)-n (a is particle radius, 
1 

is double layer 

thickness, n equals 0.344 for 4.76% suspension and 0.308 for 2.38% suspension). 

The exponent term, n, is smaller than the one in dilute suspensions (n=2), which is 

possibly due to decreasing of diffusion distance of ions around the particles in 

concentrated suspensions with thick double layer. The impedance parameters, 

including conductivity increment, 
'K , and g relaxation frequency are influenced by 

particle volume fraction. The conductivity increment, 
'K  becomes less negative 

with increasing particle volume fraction due to the positive contribution of double layer 

charge on the conductivity increment. The g relaxation frequency increases with 

increasing particle volume fraction and the small particles show a more significant 

increase than large particles. The experimental result on the differential electrical 

impedance tomographic images between the silica suspension and water (with same 
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conductivity value) shows that small differences on the values of impedance 

imaginary part and phase can be observed at the upper right corner in the EIT images, 

which represent a small differentiation on the dielectric property caused by the 

electrical polarization of double layer on the particle surface.  

Keywords: Electrical impedance spectroscopy, dielectric relaxation, electrical double 

layer, relaxation frequency, tomographic image 

 

1. Introduction 

Electrical impedance spectroscopy (EIS) is a powerful technique to characterize the 

electrokinetic properties of materials and particle-solution interfaces[1,2]. The 

nano-particles in aqueous suspensions usually carry surface charge and have an 

electrical double layer at the particle-solution interface. In EIS measurement, the 

charged particles and its double layer could be driven to motion by an applied 

alternating electric field, with the particle and counterions at the surface moving in 

opposite direction[3]. As a result, the polarization of electrical double layer can be 

formed and measured by electrical impedance spectra. The complex impedance, 

conductivity, and permittivity are highly sensitive to the characteristics of particles and 

disperse medium, including double layer thickness, surface charge, particle size, 

particle volume fraction, and the associated zeta potential etc.[4-5]. Hence, the 

development of electrical impedance spectroscopy method provides a possibility for 
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characterizing the nano-particles (particle size and particle concentration) in aqueous 

suspension relying on the polarization of charged particles and double layer. 

With increasing requirements for on-line controlling/monitoring of process variables in 

many industrial processes (e.g. crystallization), the study and development of on-line 

method for characterizing particles in aqueous suspensions has become more 

valuable[6-8]. The current commercially available methods mainly rely on optical 

techniques, such as laser diffraction[9], focused beam reflectance measurement 

(FBRM)[10-11], and multiple light scattering[12], and digital video microscope[13]. 

Except for the FBRM technique, other optical techniques are inherently suitable for 

examining the diluted suspensions and require sample dilution before measurement. 

The FBRM technique is not accurate for the non-spherical particles and can only get 

the distribution of chord length, not the true particle size due to its measurement 

principle[14]. The non-optical techniques, such as ultrasonic attenuation spectroscopy 

and synchrotron X-ray diffraction, are relatively complex, expensive and involve safety 

problem, thus they are not widely used in industries. In addition, the requirement of 

visualization of control parameters in a process control system need to monitor not 

only the particle size/concentration, but also the images of particle size/concentration 

distribution, even the spatial distribution of particle size/concentration under different 

operation conditions. Therefore, the current state of on-line characterizing methods of 

nano-particles in suspensions shows an attractive prospect for development of new 

techniques and encourages further development in both experimental and theoretical 

aspects.  
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Electrical impedance tomography (EIT) is one of the process tomography techniques 

to provide an on-line non-invasive imaging measurement on concentration profiles 

and characterization of the fluid dynamics in industrial applications[15-18]. In EIT 

measurement, the voltage is measured from a number of paired electrodes of 

tomography sensor and the distribution of the conductivity or other impedance 

parameters can be obtained by a process of data reconstruction. There are two types 

of algorithms for data reconstruction, qualitative algorithms and quantitative 

algorithms. The qualitative algorithm depicts a change in voltage relative to initially 

acquired reference data. It utilizes a back projection algorithm, as a typical example, 

which can be performed by multiplying a pre-calculated sensitivity map (matrix) to a 

relative voltage change (vector) to reconstruct images[19]. This algorithm is simple 

and fast but not accurate enough. For accurately reconstructing images, a 

quantitative algorithm is required, which utilizes multistep iterative method to solve the 

inverse problem of a nonlinear electric field. As one of the quantitative algorithm, 

sensitivity theorem based inverse solution using conjugate gradient method (acronym 

SCG) could greatly reduce the effects of electrode modeling errors, decrease the 

instrumental errors, subtract the background and highlight the low contrast change in 

the region of interest[20]. Therefore, SCG method could provide a possibility to obtain 

the differential images when the impedance difference between the continuous phase 

and disperse phase is very small. Details of the SCG algorithm can be found 

elsewhere[20]. The measurement strategy of EIS is basically same to that of electrical 

impedance tomography (EIT) as the excitation is applied to a pair of electrode and the 
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response is measured by another pair of electrode. It is known that the current 

applications of EIT in the process industries rely on the conductivity difference caused 

by the particles in the suspensions. The data of impedance imaginary part and phase 

angle have not been utilized to reveal the characterization of particles (size or 

concentration). Based on the same measurement strategy, the study of EIS method 

on characterizing nano-particles could provide the fundamental knowledge for 

developing the electrical impedance tomography (EIT) technique on characterizing 

the spatial distribution of particle properties.  

The polarization of charged particles and double layer under alternating electric field 

has been studied by the dielectric relaxation of nano-particle suspensions[21-26]. The 

effect of particle size and concentration on dielectric properties has been studied 

using the permittivity spectroscopy[27-31]. The relationship between the particle size 

and electrical impedance spectra during crystallization process of L-glutamic acid has 

been studied by Zhao et al.[32]. The early researches started from the relatively 

simple systems with thin double layer and dilute suspensions. More complicated 

systems, for example, thick or arbitrary double layer thickness and concentrated 

suspensions were studied afterwards. However, many researchers carried out the 

theoretical studies relying on the numerical simulation [33-35]. A numerical study 

which discussed the effect of size polydispersity of colloidal suspensions on their 

dielectric properties was carried out by Carrique et al., [33]. The simulation results 

show that there is no difference in the dielectric increments obtained from a 

monodisperse suspension and a polydisperse suspension which have the same 
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volume-averaged mean radius. Arroyo et al. [34] compared the particle size effect in 

the dielectric increment of colloidal suspensions using two theoretical models, 

Delacey and White model (DW) and DW model including a dynamic stern layer (DSL). 

The results show that at the low-frequency, difference between two models is 

negligible for small particles, but becomes significant with increasing particle size. 

Carrique et al. [35] studied the dielectric response of a concentrated colloidal 

suspension in a salt-free medium by simulation. The results show that both g and 

MWO relaxation frequencies move to the high frequency side with decreasing particle 

size under the conditions of fixed volume fraction and particle charge density. The 

experimental studies focusing on the particle size and concentration effects on 

dielectric relaxation of nano-particle suspensions are still very limited, especially in the 

suspensions with thick double layer and various particle volume fractions. Therefore, 

in this paper, the dielectric relaxation of SiO2 nano-particle suspensions was studied 

experimentally using electrical impedance spectroscopy. The influences of particle 

size and particle volume fraction on dielectric properties of silica nano-particle 

suspensions were investigated by electrical impedance spectroscopy and permittivity 

spectra. Finally, the responses of electrical polarisation of silica particles on electrical 

impedance tomographic images are studied.  

2. Experiment details  

2.1. Experiment setup for EIS measurement 
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Experiments on colloidal suspensions were carried out using a vessel with a 

four-electrode sensor (Figure 1). The four-electrode sensor includes two plate 

electrodes and two needle electrodes, which are all made of stainless steel. The two 

plate electrodes are designed in a square shape with dimensions of 40 mm40 mm, 

and the distance between two electrodes is 30 mm. Two needle electrodes are put in 

the middle of the two plate electrodes. The diameter of the needle is 0.337 mm and 

the distance between the two needle electrodes is 10 mm. Comparing the distance 

between the two plate electrodes and the size of needle electrodes, the two plate 

electrodes are much bigger in surface area, therefore it can be assumed that the 

electric field is parallel and uniform between the two plates and the interference of the 

two needle electrodes to the field can be ignored in the model. In experiments, the 

vessel was filled with colloidal sample. The EIS measurement was carried out by 

applying an alternating excitation voltage (1 volt) with a frequency spectrum from 1 Hz 

to 32 MHz to the two plate-electrodes and taking the EIS response from the two 

needle electrodes. The electrical impedance spectra were obtained using a Solartron 

1260 Impedance/Gain-Phase Analyzer that controlled, with the SMaRT software.  

2.2. Experiment setup for EIT measurement 

The devices for electrical impedance tomography (EIT) measurement include a 

cylinder shaped vessel with a 16-electrode sensor, a Perspex chamber and the Z8000 

instrument (ITS). The Perspex chamber is a hollow square with a hole on top for 

adding the testing silica suspension. The dimensions of the Perspex chamber are a 

height of 125 mm, length of 20 mm, width of 62 mm and the aperture on top is 10 mm 
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in diameter. The dimensions of the chamber and ERT vessel are shown in Table1. 

Cling film was glued on both sides of the chamber to hold the silica suspension to 

prevent leakage. In order to measure tomography imaging of silica suspension (water 

as reference), a chamber was put into the cylindrical vessel and fixed by clamps. 

Figure 2 shows photograph of a Perspex chamber fixed in a cylindrical vessel. The 

EIT measurement was carried out using silica suspension (220nm silica original 

sample with concentration of 23.5wt% and conductivity of 1.1ms/cm) and distilled 

water whose conductivity value was adjusted to 1.1ms/cm using 1M KCl. The purpose 

using same conductivity water as reference is to minimize the effect from different 

conductivity. Totally four experiments were carried out by using different reference 

and the details are shown below: 

(1) The empty chamber was fixed in the vessel, which is filled by water (j =1.1ms/cm). 

The reference is water. 

(2) The chamber was filled by water (j =1.1ms/cm) and then fixed in the vessel, which 

is also filled with water (j =1.1ms/cm) as well. The reference is empty chamber + 

water (j =1.1ms/cm) in vessel. 

(3) The chamber was filled by silica suspension (220 nm, 23wt%, j =1.1ms/cm) and 

then fixed in the vessel, which is filled by water (j =1.1ms/cm) as well. The 

reference is empty chamber + water (j =1.1ms/cm) in vessel. 

(4) The chamber was filled by silica suspension (220 nm, 23wt%, j =1.1ms/cm) and 

then fixed in the vessel, which is filled by water (j =1.1ms/cm) as well. The 
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reference is chamber filled by water (j =1.1ms/cm) + water (j =1.1ms/cm) in 

vessel. 

The EIT measurement was carried out at 80kHz and 15 mA excitation current. In 

order to decrease system error and obtain a better result, 8000 frames data were 

collected and averaged in each measurement. The data were reconstructed using 

SCG (scaled conjugate gradient) algorithm to get the differential images.  

2.2. Materials 

Aqueous silica suspensions with different particle size (12 nm, 18 nm, 35 nm, 70 nm, 

220 nm, these particle sizes were provided by the manufacturer) were selected for 

the experiments. The specific surface area of particle is 80m2/g, which was measured 

by BET method and provided by the manufacturer. The silica particle is one of the 

common colloidal particles, which carries negative charges on the surface and forms 

an electrical double layer by adsorbing the positive ions on the particle surface. The 

particle size is in the range of nano-meters (less than 1 micrometer). Due to the 

surface charge and small size, the particles can be dispersed in the solution to form 

stable suspensions. The characterization of colloidal particles using EIS basically 

relies on the electric double layer on the surface of charged particles. Therefore, 

stabled silica particle suspensions with different particle sizes are very suitable for 

this study. In addition, the silica particles have approximate spherical shape, so the 

particle shape has little effect on EIS measurement. Considering the above reasons, 

the silica particles were chosen in this study. Since the ionic species and 
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concentrations in the original samples were not given by the manufacturer, in order to 

get well defined samples, the original samples were firstly de-ionized using mixed 

bed ion exchange resin (Bio-red), and then diluted to different volume fractions 

(ĭ=4.76%, 2.38%, 0.476%, 0.238%) using de-ionized water without adding 

additional electrolyte. The de-ionized process was carried out by adding 4g mixed 

bed ion exchange resin (Bio-red) into 100g original sample. The suspension was 

stirred overnight (more than 12 hours) by magnetic stirrer at 150 rpm and finally the 

de-ionized suspensions can be obtained by filtrating the resin using funnel and water 

pump.  

Since the original silica samples underwent a pre-treatment process before EIS 

measurement, the particle sizes provided by the manufacturer were no longer 

applicable. Therefore, the particle size distributions (PSD) of all pre-treated samples 

were measured using ZetaSizer (Nano Series from Malvern Instruments) before the 

use in the following analysis. In addition, pH values of pre-treated samples were 

measured using pH meter (Eutech Instruments pH 300) and zeta potential of 

suspensions were measured using ZetaSizer (Nano Series from Malvern 

Instruments). 

3. Results and discussion  

3.1. Physical properties of SiO2 nano-particle suspensions 

Since the original silica samples underwent a pre-treatment process before EIS 

measurement, the physical properties of all pre-treated SiO2 nano-particle 
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suspensions, including particle size, zeta potential, pH values and surface charge 

were measured for the use in the following analysis. The measured particle size 

distribution curves are shown in Figure 3 for the five suspensions with different 

particle sizes. The sizes shown in legend were provided by the manufacturer. It can 

be seen that the aggregation has occurred in all of the samples, since the average 

particle sizes after pre-treatment is higher than the sizes provided by the 

manufacturer. The aggregation might be caused by the dilution and de-ionization 

treatments in the sample preparation. A summary of the average particle sizes 

(particle diameter) for the five nano-particle suspensions is shown in Table 2. In order 

to make clear sense of the particle size measured by the ZetaSizer and the size 

provided by the manufacturer, a notation of Xd is used to show the measured particle 

diameter. Here, X shows the particle diameter measured using the ZetaSizer, and 

superscript, d, shows the particle diameter provided by the manufacturer.     

The value of double layer thickness, 
1 

can be calculated from the ionic 

concentration by Equation (1) [36], for a symmetric monovalent electrolyte: 

1 0
2

02
r B Ak TN

F C

                           (1) 

where 
1 
 is double layer thickness (m), kB is Boltzmann constant (J/K), NA is 

Avogadro's constant (mol-1), F is Faraday constant (C/mol), C0 is the molar 

concentration of the electrolyte (mol/litre), 0 is the permittivity of free space (F/m), 

http://en.wikipedia.org/wiki/Vacuum_permittivity
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r is the relative dielectric constant of solvent (78.5 for water) and T is the absolute 

temperature (K).  

The electrolyte concentration was estimated from the concentration of H+ and OH- 

ions that were calculated from pH values. Here, an assumption is used, i.e. the ionic 

species were entirely removed from the suspensions except H+ and OH- ions after 

pre-treatment using the mixed bed ion exchange resin. The calculated double layer 

thickness and the measured pH values of silica suspensions with different particle 

radius and volume fraction are shown in Table 3. From Table 3, it can be found that all 

a of the samples show thick double layers with small a  values ( a < 1). Here, the 

definition of  value is related with the comparison between the double layer thickness 

(
1 
) and particle radius (a). At the case of thick double layer, the double layer 

thickness is larger than the particle radius, e.g. 1 a    , which can also be 

represented by a < 1. Therefore, a  value is defined as a parameter which can be 

used to describe whether the electrical double layer is a thin layer or a thick layer. At 

the case of a < 1, the electrical double layer is a thick layer. When the double layer 

thickness is much smaller than the particle radius, e.g. -1a and a1, the electrical 

double layer is a thin layer. 

The surface charge density can be determined by the measured zeta potential and 

the double layer thickness by a semi-empirical equation (2) [37]: 

(2) 0

4
[2sinh( / 2) tanh( / 4)]B

r

k T
z z

ze a     


 

http://en.wikipedia.org/wiki/Relative_static_permittivity
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where,  is the surface charge density (C/m2), a is the particle radius (m), 

Tke B/
~   is the dimensionless zeta potential, z is the valence of counterion, kB is 

the Boltzmann constant (J/K), T is the absolute temperature (K), 0  is the permittivity 

of free space (F/m), r  is the relative dielectric constant of solvent (78.5 for water), 

and   is Debye-Hückel parameter with dimensions of (length)-1(m-1), which is the 

reciprocal of double layer thickness.  

Table 4 shows the calculated surface charge density and the measured zeta potential 

values of silica suspensions. From Table 4, it can be found that the surface charge 

densities increase with decreasing particle volume fraction. This result might be 

contributed from the decrease of number of particles in the suspensions, but without 

significant change in the concentration of H+. For most of the samples, it can be found 

that the surface charge densities increase with decreasing particle radius. This trend 

could be easily explained by the larger surface area of small particles. An inconsistent 

tendency on changing of zeta potential with particle size can be observed in Table 4. 

The possible reason for this result is that zeta potential is not only the function of 

particle size, but also related to the electrophoretic mobility, double layer thickness 

and viscosity by the Henry equation[36]:  

0
1

2
( )

3
r f a
   


  

where ȝ is the electrophoretic mobility (m2/s̡V) of the particle,  is zeta potential (V), 

0  is the permittivity of free space (F/m), r  is the relative dielectric constant, Ș is 

http://en.wikipedia.org/wiki/Boltzmann_constant
http://en.wikipedia.org/wiki/Vacuum_permittivity
http://en.wikipedia.org/wiki/Vacuum_permittivity
http://en.wikipedia.org/wiki/Relative_static_permittivity
http://en.wikipedia.org/wiki/Vacuum_permittivity
http://en.wikipedia.org/wiki/Relative_static_permittivity
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the dynamic viscosity (Pa·s),   is Debye-Hückel parameter (m-1) and a is the 

particle radius (m). 

From Henry equation, it can be found that zeta potential is a parameter which is 

affected by several parameters. One factor may cause positive effect on zeta potential, 

but another factor may give negative effect. Therefore, the relationship between 

particle size and zeta potential shows an inconsistent changing.  

3.2. Influence of particle size on electrical impedance spectroscopy and relaxation 

frequency 

3.2.1 Electrical impedance spectra of SiO2 nano-particle suspensions 

The electrical impedance spectra for the silica nano-particle suspensions with 

different volume fractions (ĭ=4.76%, 2.38%) and various particle size (12nm, 35nm, 

70nm, 90nm, 220nm) are shown in Figures 4-5. It can be observed from Figure 4(a) 

and 5(a) that the impedance real parts at frequencies lower than 10kHz keep constant 

but decrease with increasing frequency quickly at the frequencies larger than 10kHz. 

The impedance imaginary parts of the samples show several peaks at the frequency 

range of 10kHz to 100kHz. This phenomenon shows the dielectric relaxation of the 

suspensions under the external electric field, which is usually caused by the delay in 

polarization of the electrical double layer with respect to a changing electric field. This 

relaxation is often described in terms of permittivity as a function of frequency; so the 

relationship between the relaxation frequency and particle size/volume fraction will be 

further discussed by the permittivity curves in the next section.  
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As shown in Figrue 4(a) and 5(a), at low frequency range (<10kHz), the plateaus of 

impedance real parts increase with increasing particle size when the particle volume 

fractions were kept constant. It means that the nano-particle suspensions become 

less conductive with increasing particle size. The conductive property of suspensions 

is mainly determined by the ionic concentration and particle concentration in the 

solution and less influenced by the particle size. Therefore, the possible reason might 

be the lower ionic concentration in the big particle suspensions, which has been 

represented by the pH values shown in Table 3.  

From Figure 4(b) and 5(b), it can be seen that the impedance phase angles change 

with particle size. For a nano-particle suspension, the phase angle (ș) represents the 

phase difference between the applied voltage excitation, ( ) sin( )mV t V t , and the 

response current signal, ( ) sin( )mI t I t   . Due to the effect of the sinusoidal 

potential excitation, the polarization of the electric double layer around each particle 

reverses periodically, but there is a phase lag due to the finite time in the diffusion 

process of ions along the particle surface trajectory. Therefore, the phase angle is a 

function of particle size. Since the dielectric relaxation of suspensions occurs around 

80kHz, the phase angles of different samples at 80kHz show relative large differences. 

Thus, the change of phase angle with increasing particle size was studied at a fixed 

frequency, 80kHz and the result is shown in Figure 6. It can be found that the absolute 

value of phase angle increases with increasing particle size. The result could be 

explained by the long time required for the diffusion process of ions along the particle 

surface in the suspensions with big particles.  
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3.2.2 Permittivity spectra and relaxation frequency 

As mentioned in section 3.2.1, the dielectric relaxation of nano-particle suspensions 

under the alternating electric field can be described in terms of permittivity as a 

function of frequency. The permittivity curves can be obtained by calculating the 

permittivity values using electrical impedance data. The frequency dependence of the 

complex permittivity is usually characterized by two kinds of relaxation mechanisms 

within the frequency range in this study, 1Hz-32MHz. There are two dielectric 

relaxation involved, g relaxation and MWO relaxation[38]. The g relaxation is also 

called low frequency dielectric dispersion (LFDD), which usually occurs at lower 

frequencies (Hz-MHz). The g relaxation can be explained by volume diffusion model 

(VDM), which was proposed by Delgado[39-40]. In VDM, the polarisation of the 

electric double layer is accompanied by a gradient of ionic concentration around the 

particle surface. The formation of the ionic concentration gradient can be understood 

easily from the schematic in Figure 7, where a negatively charged spherical particle is 

under an electric field pointing in the direction from left to right. The counter-ions in the 

double layer move from the left to the right hand side of the particle and this provokes 

a tangential electromigration flux of counterions Jes
+. Therefore, the concentration of 

counter-ions on the right hand side of the particle starts to increase. As for co-ions, 

they move from the neutral electrolyte to the right hand side of the particle (the outer 

boundary of the double layer) and provoke a normal electromigration flux of Jen
-. Since 

the concentration of co-ions in the electrical double layer is much lower than that in 

the bulk electrolyte solution, the co-ions concentration on the right hand side of 
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particle also increases. Therefore, an accumulation of both counter-ions and co-ions 

is formed on the right hand side of the particle and a similar process produces a 

depletion of both counter-ions and co-ions on the left hand side of the particle. An 

increment of both the counter-ion and co-ion concentrations means the electrolyte 

concentration increases at the right hand side of the particle. This phenomenon is 

called “concentration polarisation”. The concentration gradient of the electrolyte will 

cause the diffusion of ions along the particle surface. The diffusion is a slow process 

and need a finite time to be completed. When the frequency of the external electric 

field becomes high enough, the diffusion process cannot follow the changing of the 

direction of electric field. At that time, the dielectric relaxation occurs, which is called g 

relaxation. For g dispersion, the relaxation frequency depends on the path length for 

movement of the counter-ions swarm and therefore is related to the particle size. 

The relaxation which occurs in MHz range is called the Maxwell-Wagner-O’Konski 

relaxation (MWO). It is caused by the different permittivity and conductivity of the 

particle and the surrounding medium[38]. The relaxation frequency of MWO relaxation 

is a measure of the time required for charges in the electrolyte solution to recover their 

equilibrium distribution after ceasing an external perturbation. It is connected with 

electromigration of ions and will be a faster process than g dispersion, which is a 

process controlled by diffusion of the ions in double layer. 

The complex permittivity can be converted from the impedance data by the 

relationships which are shown below. 

The impedance Z* and complex conductivity K* can be expressed by the equations: 
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( ) ( ) ( )* ' "Z Z iZ                                                       (3) 

)()()( "'*  iK                                                      (4) 

where, Z' and Z" are the real and imaginary parts of the impedance (both Z' and Z" have 

units of ohm), ガ and ギ are the real and imaginary parts of the complex conductivity 

(both ガ and ギ have units of S/m), の is frequency (Hz) .    

The relationship between the impedance and complex conductivity is given by: 

)(
)(

*
*




Z

k
K c

                                                          (5) 

Here, kc is the cell constant (m-1), K* is the complex conductivity (S/m), Z* is the 

impedance (ohm). The cell constant can be calculated via calibration using a standard 

electrolyte solution. The value of the cell constant is 8.66 for the vessel used in our 

experiments.  

The general presentation of the complex conductivity is given by: 

)()0()( **  iK                (6) 

is the complex permittivity (F/m), の is frequency (Hz),  is the DC where,  

(direct correct) conductivity.  

Considering charged particles in suspension, the complex permittivity can be 

expressed as: 

* * ' ''
0 0( ) ( ) ( )r r ri                         (7) 

* '' '
0 0( ) ( 0) ( ) ( )r rK i           

          (8) 

where, 0 is the permittivity of free space (F/m), 
*
r is the complex relative permittivity 

of suspension,
'
r is the real part of the complex permittivity, 

"
r is the imaginary part of 

the complex permittivity, の is frequency (Hz).    

* ( ) 

http://en.wikipedia.org/wiki/Vacuum_permittivity
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Comparing Equations (4) and (8), we can immediately get the relative permittivity:  

''
'

0

( )
( )r

  





                                                       (9) 

' '
''

0

( ) ( 0)
( )r

    

 


                                              (10) 

where, 0  is the permittivity of free space (F/m), ガ is the real part of the complex 

conductivity (s/m), and ギ is the imaginary part of the complex conductivity (s/m), の is 

frequency (Hz). 

Figure 8 gives us an idea of the main trends found in the real (
'
r ) and imaginary (

"
r ) 

components of the permittivity as a function of the frequency of the applied field, for 

the silica suspensions with different particle size. In order to clearly observe the Į 

relaxation and MWO relaxation, which usually occur in the kHz to MHz range, 

permittivity curves show the data from 10kHz to 32MHz. It is easy to identify two 

different groups of relaxation peaks from these figures. The peaks occur at lower 

frequency range (100kHz - 1MHz) are due to the Į relaxation, which is associated 

with the polarisation of the double layer and presents the time taken for the transport 

of ions at the diffuse double layer over distances of the order of the particle radius. 

The MWO relaxation occurs at higher frequency (1MHz - 32MHz). There are two 

groups of peaks which can be found in the MHz range. One is around 1-3MHz and 

another one around 10MHz. It is believed that the groups of peaks around 1-3MHz 

represent the Maxwell-Wagner relaxation because it has been proved experimentally 

by some researchers that MWO relaxation occurs at around several MHz[1,41-42]. 

The peaks around 10MHz are almost completely overlap for samples with same 

http://en.wikipedia.org/wiki/Vacuum_permittivity
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particle volume fraction but different particle size, which are probably caused by the 

effect of parasitic inductance. The high frequency inductive behaviour is usually 

caused by the physical inductance of the cables, wires, and instrumentation[43]. This 

phenomenon causes a deviation in EIS measurement, and the EIS data obtained 

above 10MHz will not be used in the discussion. 

The relationship between relaxation frequency のg and particle size was studied by the 

imaginary part of complex permittivity spectra in the particle suspensions with 

different volume fractions (ĭ=2.38%, 0.476%, 0.238%) and the result is shown in 

Figure 9. From Figure 8(b) and Figure 9, it can be found that for silica suspensions 

with relative high volume fraction (4.76% and 2.38%), the relaxation frequencies 

obtained from the peak positions, shift to lower frequency range with increasing 

particle size. However, for the silica suspensions with low volume fractions (0.476% 

and 0.238%), the change of relaxation frequency becomes insignificant and irregular 

with increasing particle size. The possible reason is that with decreasing particle 

volume fraction, the electrical signal caused by the polarisation of the double layer 

under the external excitation is getting weak. Therefore, it becomes more difficult to 

distinguish the change in signal caused by changing of the particle size from the 

detecting signal.  

For dilute suspensions, the frequency at which g relaxation occurs can be estimated 

via an equation derived from the model established by Delacey and White[22]:  

1 2

2

( )

D

a  
                   (11) 

where, のg is the g relaxation frequency (Hz), a is the particle radius (m), 
1 
 (m) is 
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the double layer thickness and D is the diffusion coefficient of ions (m2/second). 

The relationship between g relaxation frequency, のg, and particle size in 4.76% and 

2.38% silica suspensions is shown in Figure 10 (a) and (b), respectively. For both of 

the figures, the particle radii, a, are all obtained from the particle sizes measured using 

the ZetaSizer and the double layer thickness, 
1 
, are from Table 3. The g relaxation 

frequency as function of particle size can be obtained by the linear fitting of 

experimental data and the result is shown in Figure 10 by the red line. The fitting 

equation for SiO2 nano-particle suspension with volume fraction of 4.76% and 2.38% 

can be shown by the equations (12) and (13), respectively: 

1 0.0925
gの (a )                      (12) 

1 0 1022.
gの (a )                     (13) 

where, のg is the g relaxation frequency (Hz), a is the particle radius (m) and 
1 
 (m) 

is the double layer thickness. 

Here two exponents of (a+
1 
) do not agree with the value of -2, which is shown in 

equation (11). The possible reasons could be the thick double layer and the high 

volume fraction of silica suspensions, 4.76% and 2.38%. The equation (11) is derived 

for the dilute suspensions. The definition of a dilute suspension is not explicit in the 

literature. However, in a review paper[44], the authors stated that a volume fraction of 

1% should be treated as a concentrated suspension for which the particle interaction 

makes deviation in using the dilute suspension model. Based on the volume diffusion 

model (VDM), which can take the electrolyte concentration gradients of neighbouring 

particles into consideration, in concentrated suspensions, one particle is probably 
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close to another particle and the double layer polarisation might be affected by 

changing the diffusion distance of the volume diffusion model[39]. For a dilute 

suspension, the diffusion distance is the particle size. However, in a concentrated 

suspension, especially for the colloidal particles with thick double layer, the diffusion 

distance is lowered by the proximity of the neighbours, so that ions have to move a 

shorter distance. Therefore by the experimental study in the silica suspensions in this 

research, deviation between the experimental result and Delancey and White model 

exists. The proportional relationship between the relaxation frequency and the particle 

size is still kept, but the exponent of (a+
1 
) increases. For the characterization of 

particle size using g relaxation frequency, a general equation (14) could be applied, 

but the exponent, n, in equation (14) has to be corrected by the experiments. 

1 n
gの (a )                      (14) 

where, のg is the g relaxation frequency (Hz), a is the particle radius (m) and 
1 
 (m) 

is the double layer thickness. 

3.3. Influence of particle volume fraction on conductivity increment and relaxation 

frequency 

The particle volume fraction could affect the conductive property of suspensions, so 

the impedance real part plays an important role in characterizing particle volume 

fraction. Figure 11 shows the conductivity increment 
'K  relative to background 

electrolyte conductivity as a function of frequency in silica suspensions with fixed 

particle size (384.5220 nm) but different concentrations (10.0 wt%, 5.0 wt%, 1.0 wt%, 

0.5 wt%). 
'K  is defined by the equation (15). 
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' ' '
 electrolytesuspension backgroundK K K                 (15) 

where, 
'K is the real part of the conductivity increment caused by adding silica 

particles in the background electrolyte (S/m), 
'
suspensionK is the real part of the 

conductivity of suspension (S/m) and 
'

 electrolytebackgroundK  is the real part of the 

conductivity of background electrolyte (S/m). 

It can be found that the conductivity increments 
'K  for all of the samples show 

negative values. It means that the suspensions become less conductive after adding 

silica particles. However, the highest concentration suspension (ĭ= 4.76%) shows a 

smallest absolute value of 
'K , i.e. the decrease of conductivity is smallest. This 

result is contrary to the usual understanding, which is the more particles added, the 

conductivity of the suspension decreases more. A possible reason, which could 

explain this phenomenon, is the effect of mobile charge around each particle. If there 

is no surface charge on the particles, the effect of adding particles to the electrolyte is 

to remove conductive material and to replace it with non-conductive material. 

However, if the particles carry surface charge and the double layer contains mobile 

ions around each particle, the negative effect of adding non-conductive particles can 

be offset by the positive effect of the extra mobile double layer charge. Consequently, 

the conductivity increment of suspension becomes less negative as the total mobile 

double layer charge increases. From Figure 11, it can be seen that 
'K  becomes 

less negative with increasing particle concentration, which means that in the 

competition between positive double layer contribution and negative particle 

contribution, the effect of double layer charge on the conductivity increment is more 
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significant than the effect of impenetrable particles.  

The particle concentration not only influences the conductivity but also affects the 

relaxation frequency of the g dispersion. The relationship between relaxation 

frequency のg and particle volume fraction were studied in the silica suspensions and 

the experimental results are shown in Figure 12. As Figure 12 shows, the relaxation 

frequency のg, is not the same for all particle volume fraction. In fact, it increases with 

volume fraction very significantly. This phenomenon could be explained by the 

different contribution of small particle and large particle on the reduced diffusion 

length. With increasing particle concentration, the distance between two particles 

becomes smaller, and the electrical double layers may partially overlap, especially in 

the case of thick double layer (the case in our experiments). The increase of 

relaxation frequency のg with increasing particle volume fraction can be explained by 

the decrease in the diffusion length due to the presence of neighbouring particles. The 

experimental data were analysed by using the linear fitting function and the slope of 

fitting plots are shown in Figure 12. It can be found that the suspensions with small 

particles show large slope, which means the effect of particle volume fraction on the 

relaxation frequency のg is more significant for small particles than for large particles. 

This result could be explained by the large total number of particles in the suspension 

with small particles. If the particle volume fraction keeps constant, the total number of 

small particles is larger than the total number of large particles. Therefore, the 

diffusion length due to the close proximity between the particles decreases more 

significantly in suspensions with small particles, that is, the small particles play a more 



 26 

predominant role on reduced diffusion length. This result is consistent with other 

research results based on simulation[44]. 

3.4. Electrical impedance tomography imaging of silica suspension 

A preliminary experiment was carried out to investigate the electrical impedance 

tomographic image of silica suspension caused by dielectric relaxation of particles 

and the results are discussed in this section. Firstly, the position of the chamber in the 

cylindrical vessel was confirmed using an empty chamber and the result is shown in 

Figure 13. The blue colour reflects low conductivity and the red colour reflects high 

conductivity. From Figure 13, a blue colour strip can be observed clearly in the real 

part image and magnitude part image, which shows the position of the chamber, since 

the empty chamber has relative low conductivity compared with the water in vessel. In 

the imaginary part image, the blue colour strip becomes blurring and in the phase 

angle image, it almost disappears. If the empty chamber is filled by water and fixed in 

the vessel which is filled by water with same conductivity, the tomography images are 

shown in Figure 14. At the chamber position, a blue colour, peanut shaped strip can 

be observed in the real part image and magnitude part image. It can be noticed that 

although water in the chamber is more conductive than air in the empty chamber, the 

strip shows blue colour, not red colour. It is probably due to the non-conductive cling 

film, which was glued on both sides of the chamber. In the imaginary part image and 

phase angle image, light blue colour can be observed at the chamber position, which 

represents the difference of dielectric property between water and air (air as 

reference). In the third experiment, water in the chamber was exchanged by silica 
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suspension and the reference is the empty chamber plus water in vessel. The EIT 

result is shown in Figure 15. It can be found that the images in Figure 15 are almost 

same with those in Figure 14. The impedance real part and magnitude part images 

are mainly related with the conductivity of the material in chamber, therefore, no 

significant difference can be observed between Figure 14 (a), (d) and Figure 15 (a), (d) 

due to the same conductivity value of silica suspension and water. The impedance 

imaginary part image and phase angle image are related with the dielectric relaxation 

of the material in chamber. Due to the electrical polarization of double layer on the 

silica particles, the imaginary part image and phase angle image in Figure 15 should 

be different with those in Figure 14. However, the difference might be very tiny and 

couldn’t be observed easily from the EIT images. In order to find out the electrical 

polarization effect caused by silica particles from EIT images, the differential images 

were reconstructed using SCG algorithm and the result is shown in Figure 16. It can 

be found that the blue colour strip at the chamber position disappears in figure 16(a) 

and (d), which means there is no difference on conductivity between the silica 

suspension and water. It is consistent with the real situation. In the imaginary part 

image and phase angle image, light blue colour and red colour strips at the upper right 

corner can be observed, which represent small differentiation on the dielectric 

property caused by the electrical polarization of double layer on the particles. 

However, the position of colour strips is not exactly identical with the chamber position 

shown in Figure 13. The possible reason for this phenomenon could be related to the 

inaccuracy of measurement on this tiny differentiation due to the limitation from 
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hardware and the data reconstruction algorithm. In order to measure the tiny 

differentiation, the improvement on both hardware and theoretical model could be 

considered. From the aspect of hardware, the instrumentation should be improved to 

decrease the effect of common mode voltage in the electrical impedance tomography 

imaging measurement, since it is known that the common mode voltage effect is the 

main source of instrumentation error. From the aspect of the evaluation to the 

theoretical model, an equivalent circuit model based on RC network (RC refers to 

number of resistors and capacitors respectively) could be developed to simulate the 

electrical property of particle suspensions in a two-dimensional phantom. The RC 

network equivalent circuit model may further be employed to evaluate the 

reconstruction quality and the measurement accuracy for the tiny differentiation in EIT 

test.      

The current study has demonstrated that electrical impedance 

spectroscopy/tomography could be a method of particle characterization due to the 

relationship between the particle properties (e.g. the size, concentration) and the 

electrical impedance parameters. However, there is still a distance from the 

fundamental study to its real application because of some technical challenges. To 

resolve the challenges, some future work could be considered. For example, the 

methods will be applied to other kinds of particles to seek commonality from 

comparing these results. The comparison across the different materials allows for a 

better verification and improvement of the method. As it is shown in figures 4(b) and 

5(b), the largest values of phase angle (｡し｡) occur at about 1MHz in these tests. The 
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differentiation between particle suspension and reference (water) could become 

larger and be easily measured if the measurement in EIT could be operated at 1MHz. 

Therefore, as one of the future work, the operating frequency of instrument will be 

increased in conjunction with more effective and rapid solution methods on excitation 

and measurement for imaging the spatial and temporal distribution of particle 

characteristics in process dynamic applications.  

 

4. Conclusion 

1) The dielectric relaxation of SiO2 nano-particle suspensions was studied using 

electrical impedance spectra and permittivity spectra. The influences of particle size 

on electrical impedance spectroscopy and relaxation frequency are analyzed and 

discussed in detail. The phase angle is a function of particle size and at a fixed 

frequency, the absolute value of phase angle increases with increasing particle size.  

2) The relaxation frequencies of g relaxation shown in the permittivity spectra are a 

function of particle size changing proportionally with (a+
1 
)-n (n equals 0.344 for 

4.76% suspension and 0.308 for 2.38% suspension). The exponent n is smaller than 

the one in dilute suspensions (n=2), which is possibly due to decreasing of diffusion 

distance of ions around the particles in concentrated suspensions with thick double 

layer.  

3) The conductivity increment, 
'K , becomes less negative with increasing particle 

volume fraction, because the positive effect of double layer charge on the conductivity 
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increment is more significant than the negative effect of impenetrable particles. The 

relaxation frequency of g dispersion increases with increasing particle volume 

fraction.  

4) An experimental method based on differential EIT imaging between the silica 

particle suspension and water (with same conductivity value) and sample holder were 

established. Results show the influence of nano-particle suspension in respective 

images. The strip with low conductivity (blue colour in Figure16) at the chamber 

position disappears in the impedance real part image and the magnitude part image 

due to the same conductivity value between the disperse phase (silica suspension) 

and reference (water). On the imaginary part image and the phase angle image, small 

differences on the values of impedance imaginary part and phase angle can be found, 

which may represent a small differentiation on the dielectric property caused by the 

electrical polarization of double layer on the particle surface. 
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Table 1: Dimensions of the chamber and EIT vessel 

Experimental setup Dimensions (mm) 

Chamber 125 height, 62 width, 20 length 

Height of vessel 25 

Internal diameter of cylindrical vessel  14.8 

 

 

 

 

Table 2: Summary of the particle sizes for SiO2 nano-particle suspensions 

Particle diameter provided by vender, 

d(nm),(d=2a, a is particle radius) 

Average particle diameter after 

pre-treatment, d(nm),( d=2a, a is particle 

radius) 

12 13.5 

35 91.3 

70 190.1 

90 199.7 

220 384.6 
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Table 3: The double layer thickness ( 1  ) and pH values of SiO2 nano-particle 

suspensions 

Samples 

Double layer thickness,  

 1   (nm) 
pH value a  

particle 

diameter, 

d=2a (nm) 

volume 

fraction,̻ (%) 

13.54 4.76 59.28 4.58 0.114 

91.28 4.76 228.01 5.75 0.200 

190.1 4.76 613.6 6.61 0.155 

199.7 4.76 799.6 6.84 0.125 

384.6 4.76 606.5 6.60 0.317 

13.54 2.38 70.45 4.73 0.096 

91.28 2.38 290.33 5.96 0.157 

190.1 2.38 498.7 6.43 0.190 

199.7 2.38 642.57 6.65 0.155 

384.6 2.38 696.4 6.72 0.276 

13.54 0.476 99.55 5.03 0.068 

91.28 0.476 357.2 6.14 0.128 

190.1 0.476 449.64 6.34 0.211 

199.7 0.476 439.63 6.32 0.227 

384.6 0.476 429.4 6.30 0.448 

13.54 0.238 190.08 5.59 0.036 

91.28 0.238 307.66 6.01 0.148 

190.1 0.238 373.63 6.15 0.254 

199.7 0.238 405.57 6.25 0.246 

384.6 0.238 510.59 6.45 0.377 
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Table 4: The surface charge density (  ) and zeta potential ( ) values of SiO2 

nano-particle suspensions 

Samples 
Zeta 

potential, (mV) 

Surface charge 

density,  (µC/cm2) 
particle diameter, 

d (nm) 

volume fraction,  

̻ (%) 

13.54 4.76 -5.0 0.0427 

91.28 4.76 -17.2 0.0177 

190.1 4.76 -24.1 0.0170 

199.7 4.76 -16.6 0.0103 

384.6 4.76 -1.1 0.00045 

13.54 2.38 -10.1 0.1127 

91.28 2.38 -22.1 0.0384 

190.1 2.38 -30.0 0.0256 

199.7 2.38 -29.9 0.0236 

384.6 2.38 -38.4 0.0174 

13.54 0.476 -18.0 0.3379 

91.28 0.476 -20.0 0.0505 

190.1 0.476 -29.1 0.0285 

199.7 0.476 -25.6 0.0233 

384.6 0.476 -35.4 0.0186 

13.54 0.238 -21.8 0.3982 

91.28 0.238 -24.6 0.0545 

190.1 0.238 -19.4 0.0216 

199.7 0.238 -46.6 0.0428 

384.6 0.238 -32.7 0.0150 
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Figure 1 
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(b) drawing picture and dimensions of vessel 

Figure 1: Photograph and drawing picture of the vessel with the four-electrode sensor 
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(a) Perspex chamber as a housing for silica suspension 

 

 

(b) the chamber fixed in the cylindrical vessel 

Figure 2: Photograph of the experimental set-up for EIT measurement 

Figure 3 
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Figure 3: Particle size distribution of SiO2 nano-particle suspensions 
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 Figure 4: Impedance spectra for silica suspensions (ĭ=4.76%) with different particle 

size (13.5412 nm, 91.2835 nm, 190.170 nm, 199.790 nm, 384.6220 nm); (a) real and 

imaginary part vs. frequency; (b) phase angle vs. frequency 

Figure 5 
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Figure 5: Impedance spectra for silica suspensions (ĭ=2.38%) with different particle 

size (13.5412 nm, 91.2835 nm, 190.170 nm, 199.790 nm, 384.6220 nm); (a) real and 

imaginary part vs. frequency; (b) phase angle vs. frequency 

Figure 6 
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Figure 6: Absolute value of phase angle (｡し｡) at 80kHz as function of particle size (d) 

for silica suspensions (ĭ=4.67% and 2.38%) 

 

 

 

 

 

 

 

 

Figure 7 
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Figure 7: Schematic of the generation of electrolyte concentration gradient 

responsible for g relaxation for a negatively charged particle (E is the applied external 

electrical field, Jes
+ is the tangential electromigration flux of counterions, Jen

- is the 

normal electromigration flux of the co-ions) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 
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Figure 8: Frequency response of the (a) real; and (b) imaginary part of complex 

permittivity of silica suspensions (ĭ= 4.76%) for different particle size indicated. 
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Figure 9 
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Figure 9: The imaginary part of complex permittivity spectra for silica suspensions 

with different particle size (a) ĭ= 2.38%; (b) ĭ= 0.476%; (c) ĭ= 0.238% 
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Figure 10  
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Figure 10: The relaxation frequency のg is plotted against (a+
1 
) for silica 

suspensions (a) ĭ= 4.76%; (b) ĭ= 2.38%. 
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Figure 11 
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Figure 11: Conductance increment 
'K relative to background electrolyte 

conductance as function of frequency for silica suspensions (384.5220 nm) with 

different particle volume fractions (̻= 4.76%, 2.38%, 0.476%, 0.238%) 
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Figure 12 
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Figure 12: The relaxation frequency のg as a function of volume fraction (̻) for silica 

suspensions: (a) small particles (13.512 nm, 91.335 nm, 190.170 nm); (b) large particles 

(199.790 nm, 384.6220 nm). 
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Figure 13 
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(c) phase angle (tan (し)) image             (d) magnitude part image  

Figure 13: EIT images of an empty chamber in a vessel (reference is water): (a) real 

part image, (b) imaginary part image, (c) phase angle (tan (し)) image, and (d) 

magnitude part image 
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Figure 14 
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(c) phase angle (tan (し)) image             (d) magnitude part image  

Figure 14: EIT images of chamber (filled with water) in a vessel (reference is the 

empty chamber fixed in the vessel): (a) real part image, (b) imaginary part image, (c) 

phase angle (tan (し)) image, and (d) magnitude part image 
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Figure 15 
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(c) phase angle (tan (し)) image             (d) magnitude part image  

Figure 15: EIT images of silica suspension filled in a chamber (reference is the empty 

chamber in the vessel): (a) real part image, (b) imaginary part image, (c) phase angle 

(tan (し)) image, and (d) magnitude part image 
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Figure 16 
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Figure 16: EIT images of silica suspension filled in a chamber (reference is the 

chamber filled with water in the vessel): (a) real part image, (b) imaginary part image, 

(c) phase angle (tan (し)) image, and (d) magnitude part image 
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Figure Captions 

Figure 1: Photograph of the vessel with the four-electrode sensor 

Figure 2: Photograph of the experimental set-up for EIT measurement 

Figure 3: Particle size distribution of SiO2 nano-particle suspensions 

Figure 4: Impedance spectra for silica suspensions (f=4.76%) with different particle 

size (13.5412 nm, 91.2835 nm, 190.170 nm, 199.790 nm, 384.6220 nm); (a) real and 

imaginary part vs. frequency; (b) phase angle vs. frequency 

Figure 5: Impedance spectra for silica suspensions (f=2.38%) with different particle 

size (13.5412 nm, 91.2835 nm, 190.170 nm, 199.790 nm, 384.6220 nm); (a) real and 

imaginary part vs. frequency; (b) phase angle vs. frequency 

Figure 6: absolute value of phase angle (｡し｡) at 80kHz as function of particle size (d) 

for silica suspensions (f=4.67% and 2.38%) 

Figure 7: Schematic of the generation of electrolyte concentration gradient 

responsible for g relaxation for a negatively charged particle (E is the applied external 

electrical field, Jes
+ is the tangential electromigration flux of counterions, Jen

- is the 

normal electromigration flux of the co-ions) 

Figure 8: Frequency response of the (a) real; and (b) imaginary part of complex 

permittivity of silica suspensions (f= 4.76%) for different particle size indicated. 

Figure 9: The imaginary part of complex permittivity spectra for silica suspensions 

with different particle size (a) f= 2.38%; (b) f= 0.476%; (c) f= 0.238% 

Figure 10: The relaxation frequency のg is plotted against (a+せ-1) for silica 

suspensions (a) f= 4.76%; (b) f= 2.38%. 
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Figure 11: Conductance increment 〉K’ relative to background electrolyte 

conductance as function of frequency for silica suspensions (384.5220 nm) with 

different particle volume fractions (̻= 4.76%, 2.38%, 0.476%, 0.238%) 

Figure 12: The relaxation frequency のg as a function of volume fraction (̻) for silica 

suspensions: (a) small particles (13.512 nm, 91.335 nm, 190.170 nm); (b) large 

particles (199.790 nm, 384.6220 nm). 

Figure 13: EIT images of an empty chamber in a vessel (reference is water): (a) real 

part image, (b) imaginary part image, (c) phase angle (tan (し)) image, and (d) 

magnitude part image 

Figure 14: EIT images of chamber (filled with water) in a vessel (reference is the 

empty chamber fixed in the vessel): (a) real part image, (b) imaginary part image, (c) 

phase angle (tan (し)) image, and (d) magnitude part image 

Figure 15: EIT images of silica suspension filled in a chamber (reference is the empty 

chamber in the vessel): (a) real part image, (b) imaginary part image, (c) phase angle 

(tan (し)) image, and (d) magnitude part image 

Figure 16: EIT images of silica suspension filled in a chamber (reference is the 

chamber filled with water in the vessel): (a) real part image, (b) imaginary part image, 

(c) phase angle (tan (し)) image, and (d) magnitude part image 

 

 

 
 
 
 
 


