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Analytical modelling and electrochemical impedance spectroscopy (EIS) to 
evaluate influence of corrosion product on solution resistance 

Nima Ikani , Jaan H. Pu *, Kavian Cooke 
Faculty of Engineering and Informatics, University of Bradford, Bradford DB7 1DP, UK   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Proposed analytical model for relation 
between solution and corrosion 
particles. 

• Experiments for the influence of solu
tion resistance across varying 
concentrations. 

• This research addresses concern in both 
industrial and environmental contexts.  
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A B S T R A C T   

Electrochemical impedance spectroscopy (EIS) is a technique used to evaluate the electrochemical behavior of 
metallic materials in different environments. In this study, a mathematical model has been developed to analyse 
the relationship between solution resistance and concentration conductive-corrosion products (Fe2O3) of metallic 
corroded materials. This model has been designed as a part of an experimental series to use EIS as a tool for 
mapping the spatial distribution of corrosion by-product from bridge, in order to evaluate the impact of 
conductive-corrosion on the properties of the solution. The influence of Fe2O3 on the solution resistance at 
varying concentrations, has been modelled. Repetitive electrochemical tests were conducted to investigate the 
relationship between the impedance and concentration in three different concentrations of corrosion by-product. 
Nyquist and Bode's graphs have been used to quantitatively analyse the EIS data. The implementation of the 
proposed mathematical model can quantify the solution resistace based on the mass of presented particles, and 
provide significant efficiency and methodological advancement over EIS technique. The experimental outcomes 
show a clear link between solution resistance and iron oxide concentration within the solution which is 
consistent with the model's finding.   
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1. Introduction 

The phenomenon of corrosion refers to a progressive degradation of 
a metal's properties due to a chemical reaction between the metal and its 
surronding environment [63]. Conversely, a refined metal may exhibit 
enhanced chemical stability over an extended time when it is exposed to 
air and water which act to reduce further reactivity of metal's surface 
with the environment [39,72]. The tendency and the corresponding 
potential of a material to be corroded are determined by a variety of 
factors. These factors include the density and concentration of material 
in the immediate environment [5,73], temperature [23,31,35,44,75], 
different pH conditions [2,15,46,51,52], electrochemical properties 
[58], and electrochemical potential [65]. Since corrosion is fundamen
tally an electrochemical (EC) process, Electrochemical Impedance 
Spectroscopy (EIS) has been recognised as one of the most reliable 
quantitative technique to examine the mechanism of electrochemical 
reactions at interfaces and diagnose corrosion [42,67,69,70]. Through 
the characterisation of ionic resistance in metals, EIS measurements 
provide reliable data within a short testing period that can be evaluated 
to predict its long-term corrosion performance [64]. In particular, the 
EIS is used to investigate interfacial reaction mechanisms and to find the 
transfer function between currents and potentials based on the imped
ance of the electrochemical system, and can be determined as a function 
of frequency. The EIS measurement becomes a powerful technique due 
to its workability using an alternating current signal of relatively small 
amplitude. This allows a detailed examination of the dynamic process, 
the progressive evolution of electrochemical reactions, and the transport 
processes during the formation of corrosion product [28,54]. 

Numerous investigations have been conducted on the conductivity 
and resistance of the electrolyte, as they play critical role in electro
chemical teqniques due to their ability on detection of corrosion 
[1,6,7,45]. Alexander and Orazem [1] used a combination of experi
ments and simulations to assess the feasibility of applying the indirect 
impedance technique to detect corrosion of steel in post-tensioned ten
dons used in the construction of segmental bridge. Their EIS data can be 
correlated with a number of key physical properties, including diffusion, 
reaction rates, and microstructural characteristics [1,12]. In this respect, 
Ciucci [7] further employed the EIS technique and introduced the 
concept of the Distribution of Relaxation Times (DRT) to estimate 
relaxation characteristics of electrochemical systems. On the other hand, 
Holm et al. [20] further investigated the convective-diffusion problem 
under alternating current conditions and the behavior of microelec
trodes in thin-layer cells. 

Finite element analysis (FEA) has been effectively employed to 
calculate impedance, which has been used to confirm the flow rates in 
microfluidic flow cells. The results, however, indicate that they may not 
be applicable to scenarios involving low flow rates or specific channel 
dimensions. According to Nasser-Eddine et al. [57], in order to over
come challenges related to incomplete spectra, the chronopotentiometry 
should be combined with EIS. In Huang [25] study, new models are 
presented that better addressed complex scenarios of EIS's electro
chemical system. They have revisited the limitations in the original 
Warburg impedance model by expanding boundary conditions and 
incorporating diffusion impedance in porous materials and fractal 
geometries. 

Advance methods have also been suggested to develop new type of 
electrode cell design for measuring solution conductivity [3], and also to 
study the impact of the capacitive nature of conductivity cell where the 
relationship between ectrochemical parameters has been explored [14]. 
Murphy and Caudle [56] have first presented a mathematical theory for 
electrochemical cells containing porous cation and anion-responsive 
electrodes. A good agreement has been demonstrated between the 
theoretical predictions and experimental observations for concentration 
versus time profile as a function of physical parameters used in data 
analysis for cell concentration changes. More recently, Huang et al. [26] 
focused on investigation on physics-based models to enhance the 

understanding of the complexities of transport phenomena and coupled 
interfacial reactions within porous electrodes. Following from theoret
ical findings, they developed a framework for extending the Levie model 
by incorporating novel physico-chemical processes that treat structural 
effects in porous electrodes. By using the galvanostatic intermittent 
titration technique (GITT), Jia et al. [34] advanced the understanding of 
chemical diffusion coefficients. Their study focused on the transport of 
charged species in electrochemical reactions by using voltage relaxation, 
charge-transfer, and transient measurements. Further, using the GITT 
technique, He et al. [19] introduced the concept of charge-transfer re
sistance's relevance in the high-frequency region. In their finidngs, 
impedance measurements are responsible to determine the electroactive 
ion surface concentration at the anode. Furthermore, their study high
lighted limitations in specific assumptions, such as the bulk concentra
tion of electroactive ions, prior to an experiment. Some studies have 
utilised the theoretical behavior of EIS, which is typically based on the 
Nernst-Planck flux equations that are commonly used in ion transport 
modelling, along with the Poisson equation, as a numerical simulation of 
ion-selective membrane electrodes for ionic sites with steady-state po
tentials and impedance spectra [17,19,36]. However, those system's 
analytical solution was only workable under idealised and steady-state 
conditions [33]. 

Corrosion of coastal structures is usually occurring in slow rate, in 
which components are typically susceptible to non-uniform corrosion, 
for example, non-uniform corrosion of bridge piers in the marine envi
ronment [9,29,71]. A majority of the studies related to the corrosion 
behavior were conducted on aggressive mediums such as concentrated 
acids, chlorides, and oxidizers [4,24,48,49,59,60,68]. There are also 
several studies investigated the corrosion of steel rebar and bridge pier 
in marine environment and their behavior including cracking and 
spalling generation in the concrete cover [13,22,43,66,74]. Duarte et al. 
[11] presented a method for effectively applying EIS to the corrosion of 
steel rebar in concrete, emphasizing structural integrity. By integrating 
advance simulations, their study critically examined and refined previ
ous methodologies. Hoshi et al. [21] further suggested an innovative 
approach of utilising EIS to enhance the accuracy of corrosion assess
ments by identifying the integrity of steel rebar within concrete struc
tures. The effectiveness of their technique is based on the incorporation 
of the Stern-Geary equation. 

On the other hand, Colla et al. [8] presented experimental results on 
water-based nanofluids containing iron oxide in concentrations ranging 
in mass, which included measurements of thermal conductivity and 
dynamic viscosity. They found that the effects of temperature and 
nanoparticle concentration on viscosity were related to Newtonian 
behavior with respect to water. Su et al. [76] proposed a theoretical 
approach to determine the conductivity of electrolytic solution using 
sine waveform voltage as a triggering signal in a two-electrode system. 
Despite electrode polarisation and capacitance between electrodes 
which can cause negative influence on the measurement accuracy, it is 
proven to be theoretical possible to deduce the resistance of electrolytic 
solution on the basis of analysing the cell's complex impedance, before 
considering the conductivity of electrolytic solution. 

After summarising the research field and identifying its gap, a 
mathematical model has been developed in this study to analyse the 
relationship between solution resistance and concentration conductive- 
corrosion products (Fe2O3) of metallic corroded materials. The proposed 
model has been designed as part of an experimental series to use EIS as a 
tool for mapping the spatial distribution of corrosion by-product from 
bridge and to evaluate the impact of conductive-corrosion on the 
properties of the solution. By using EIS, this work aims to investigate the 
electrochemical behavior of conductive corrosion by-products (Fe2O3) 
in static water that are rarely investigated as discussed in afore literature 
reviewing. More specifically, this paper provides a mathematical theory 
about the amount of insoluble particles (in concentration) that affects 
the electrical resistivity of solutions. By utilising particle mass and 
concentration as model variables, the analytical model has the 
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capability to practically estimate the solution's conductivity and resis
tance in a much shorter timeframe compared to the conventional EIS 
technique, in which its good agreement to the experiment result from 
EIS has also been recorded here. The utilised samples have been 
collected from metallic materials subjected to corrosion in flowing water 
which is commonly emitted from pier bridge structures exposed to 
different environmental conditions. It was subsequently dried for the 
analysis in this study. The study outcomes proved that the predicted 
change in solution resistivity was in agreement with the observations in 
the EIS experiment. 

2. Materials and methods 

2.1. Experiment setup 

The experiments were performed at the University of Bradford's 
Mechanical Laboratory, UK, using the Atmospheric Corrosion Monitor 
ACM instrument (Model Gill AC). It is equipped with Electrochemical 
Impedance Spectroscopy (EIS) technique with a frequency range of 
0.004 Hz to 950 Hz. It was evaluated with an amplitude of 32 mV RMS. 
A total of 150 readings were collected for each test over period of 105 
min. The iron oxide (Fe2O3) particles were dissolved into 900 ml of 
distilled water at a temperature of 15 degrees centigrade to form the 
studied solution. The experimental framework contained three distinct 
tests, with the respective concentrations detailed in Table 1. Before the 
tests, a magnetic bar rotating at 200 rpm was applied to the solutions for 
10 min to ensure uniform suspended particle distribution for increasing 
its contribution to conductivity. 

Fig. 1 shows a schematic representation of the experimental three- 
electrode cell setup utilised for EIS measurements. This system consist
ing of a working electrode (WE) made of 440UNC Mild Steel, an auxil
iary electrode (AE) represented by a Platinum Band, and a Saturated 
Calomel electrode for reference electrode (RE). The test was conducted 
in a breaker container, which does not interfere with the transfer of 
electrons during testing. 

2.2. Particles analysis 

Scanning Electron Microscopy (SEM) analysis of the iron oxide par
ticles was conducted using an Oxford FEI microscope to determine the 
morphology and distribution of different elements in the iron oxide 
sample, along with the detailed surface structure shown in Fig. 2 (the 
analysis method can be referred to Kulkarni and Lokhande [37], Lan 
et al. [38]). A Back-Scattered Electron (BSE) was used to determine the 
distribution of different elements in the sample. Further, Fig. 2 shows 
the compound's Energy-Dispersive X-ray Spectroscopy (EDS) map, and it 
confirms Fe and O as main elements. The SEM micrograph also reveals a 
diversity in particle sizes, ranging from sub-micron dimensions to larger 
agglomerates. However, the alteration in conductivity remains inde
pendent of the particle size (as also suggested by Rong and Feng [62]). 

The particle composition and concentration measurement of the el
ements deduced from SEM analysis are presented in Table 2. As 
instructed in literature, within the temperature range tested, FeO, Fe2O3 
or Fe3O4 is possible. However, the EDS results confirm the particles are 
likely to be Fe2O3. 

Table 1 
Solution composition used in the experiment.  

Test Distilled water (ml) Fe2O3 Concentration (g) 

1 900 0.1 
2 900 0.2 
3 900 0.5  

Fig. 1. Electrochemical (EC) test setup using a three-electrode cell.  

Fig. 2. EDS composition mapping of iron oxide used to simulate the corrosion 
product in the static examination, a) SEM image of particles, b) oxygen-map 
and c) iron-map. 

Table 2 
Area and spot analysis result for sample.  

Elements Areas Apparent concentration Wt% Ratio 

Fe Spectrum 19 22.42 48.79 0.22425 
Spectrum 20 28.18 47.41 0.28181 

O Spectrum 19 24.22 32.95 0.08151 
Spectrum 20 40.01 38.99 0.13464  
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2.3. Theoretical framework 

The presented model investigates the relationship between fre
quency and conductivity in ascertaining the solution's resistance and 
impedance. Electrical resistance R is related to the ability of a circuit 
element to resist the electrical current flow, as seen in Eqs. (1) and (2) 
[30]. An ideal resistance is characterised by its opposition to electron 
movement, determined by Ohm's law which have two unique features 
[18]: 1) the value of an ideal resistor remains unaffected by the alter
nating current's frequency, and 2) a phase relationship exists between 
the applied voltage V and the current I, which can be defined as: 

R = V/I (1) 

The solution material is presumed to be homogeneous and fills the 
volume defined by two external electrodes. In addition, a visible area A 
is formed between the two electrodes with a uniform distance d between 
them. By applying an external V to the solution and a steady I passes 
through it, allowing the resistance to be expressed as follows: 

R = ρ d
A

(2) 

Where ρ denotes the characteristic electrical resistivity of a material. 
Impedance, represented by Z, is the resistance that appears under a 
potential difference E against I, which can be calculated from Eq. (3) 
[32]. According to Ohm's law, resistance is determined by dividing the 
potential difference by the current. A distinction exists between 
impedance Z and resistance R, notably, impedance does not require to 
conformity the previously mentioned two features of ideal resistance. In 
the EIS test, a sinusoidal alternating current (AC) is employed by fre
quency f [16]. Since frequency is in the direction in which oscillations 
change over time, radial frequency ω is an essential parameter to 
consider and can be obtained as follows: 

Z = E/I (3)  

ω = 2πf (4) 

In experimental settings to measure electrochemical impedance, a 
voltage signal E with a small amplitude E0 is typically applied at a given 
frequency. Consequently, the voltage signal E(t), expressed as a function 
of time t, has the following form (Eq. (5)) which both voltage and cur
rent change over time with AC [27]. 

E(t) = E0sin(ωt) (5) 

There is a shift in phase ϕ and a different amplitude I0 associated 
with a linear system's response current signal I(t) when a sinusoidal 
voltage is applied to the system calculated by Eq. (6). 

I(t) = I0sin(ωt+ϕ) (6) 

Hence, an expression analogous to Ohm's law for impedance, Z(t), is 
introduced in Eq. (7). 

Z(t) =
E(t)
I(t)

=
E0sin(ωt)

I0sin(ωt + ϕ)
= Z0

sin(ωt)
sin(ωt + ϕ)

(7) 

Fig. 3 indicates the equivalent circuit designed for the experiment, 

aiming to investigate the individual components within the EIS system 
[50]. The result equivalent circuit indicates a reasonable alignment of 
the experimental values. Furthermore, given the simplicity of consid
eration and minimum number of circuit elements, this equivalent circuit 
was selected as a compromise between these elements and the phe
nomena likely to occur at the electrode [6]. As a result of the impedance 
at the highest frequency, the solution resistance is represented as Rsol. 
The double layer capacitance is symbolised as Cdl, and it includes the 
sum of distributed capacitance; while Rct denotes the charge transfer 
resistance [61]. A further resistance known as the Warburg impedance 
W is related to diffusion, which is frequency dependent. The ideal 
capacitator does not usually exist in the experimental setting, so the 
constant phase element (CPE) serves as an alternative component to 
model for non-ideal capacitance. W in high frequencies is very small, 
thus it can be omitted from the circuit because diffusing in solution does 
not have to move very far. 

It is possible for a capacitance effect to occur when a solution con
ducts electricity. Thus, attempting to equate the conductance cell with 
the solution's resistance become impractical. Due to this, the measure
ment may be subject to negative effects, such as capacitance effects. A 
high sinusoidal frequency voltage can lead to quick filling and dis
charging of capacitor, thus causing the circuit to behave like a short 
circuit. In other words, this high voltage significantly reduces the 
negative effects (capacitance effects) on the measurement by stabilising 
the amplitude and frequency of two electrodes. Accordingly, the current 
has completely passed through the branch related to the capacitor 
without being influenced by the charge transfer resistance. Conse
quently, the only resistance to current flow is the solution resistance. 

In terms of equivalent circuit, Euler's Equation is employed to indi
cate impedance in complex numbers using the exponential form Z, 
where phase shift ϕ is a real number (non-zero), e is the base of the 
natural logarithm, and i represents the imaginary unit. In Euler's for
mula, exponential values are treated as numbers, specifically complex 
numbers under polar coordinates (Eq. (8)). 

eiϕ = cosϕ+ isinϕ (8) 

An impedance can also be expressed in complex mathematical 
format as a combination of “real” and “imaginary” components, as 
described in Eq. (9). 

Z =
E
I
= Z0eiϕ = Z0(cosϕ+ isinϕ) (9) 

If we define phase angle ϕ as the ratio between imaginary and real 
impedances at a given radial frequency, it will be: 

tanϕ =
eiϕ − e− iϕ

i(eiϕ + e− iϕ)
=

Z′′

Z′ (10) 

Hence, the absolute magnitude of the impedance can be obtained as 
[28]: 

|Z| =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Z′)2
+ (Z′′)2

√

(11) 

The complex impedance of the cell can be presented as Z, in which 
[47] 

Z = Rsol + Zp (12)  

where Zp represents the impedance of the parallel part of the circuit, and 
its value can be calculated as: 

1
Zp

=
1

Rsol
+

1
Zc

(13) 

Also, Zc =
1

jωC is the complex impedance for Cdl. 

A Nyquist Plot can be formed by plotting the real part (Z′) on the X- 
axis and the imaginary part (Z′′) on the Y-axis. Another approch for 
expressing impedance results is known as a Bode plot, which is widely Fig. 3. Simplified equivalent circuit.  
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used in engineering. It comprises two separate logarithmic plots: 
magnitude versus frequency and phase versus frequency. According to 
the impedance Bode graph, both series and parallel Rct and Cdl Circuits 
have the same characteristic breakpoint frequency (inverse of the 
characteristic time constant) [32]. Therefore, the impedance of the 
circuit Z, is given by the following expressions: 

Z′ = Rsol +
Rct

1 + Cdl
2.ω2.Rct

2 (14)  

Z′′ =
− Cdl.ω.i.Rct

2

1 + Cdl
2.ω2.Rct

2 (15)  

Z = Rsol +
Rct

1 + (ω.Rct.Cdl)
2 +

− Cdl.ω.i.Rct
2

1 + (ω.Rct.Cdl)
2 (16)  

|Z| =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Rsol
2 +

2Rsol.Rct

(ω.Rct.Cdl)
2
+ 1

+
Rct

2

(ω.Rct.Cdl)
2
+ 1

√

(17) 

The phase-angle can be described as [41]: 

tanϕ =
Z′′

Z′ =
− ω.Cdl.Rct

2

Rsol + Rct + Rsol(ω.Rct.Cdl)
2 (18) 

According to the relationship between Z″ and Z′, a circle centred on 
the Z′ axis with a radius of Rct

/2 and Z′ = Rsol + Rct

/2 (the distance from 
the circles' centre to origin) can be described by Eq. (19). 

(Z′′)2
= 2Rsol.Z′ +Rct.Z′ − (Z′)2

− Rsol
2 − Rsol.Rct (19)  

[

Z′ −

(

Rsol +
Rct

2

)]2

+( − Z′′)2
=

(
Rct

2

)2  

2.4. Model description 

The exploration of conductivity is a concept partly originated from 
the Maxwell-Eucken equation, which is used to describe electric con
ductivity [62]. Eq. (20) shows simple and well-known relation between 
the conductivity Kr and volume percentage ∅. 

Kr =
1 − ∅

1 + ∅ /2
(20) 

Through simple theory, this study presents a new perspective on 
effective problem-solving by employing density ρ as a parameter to 
determine the solution's resistivity σ. 

ρ =
MT

VT
→

⎧
⎪⎨

⎪⎩

MT

ρT
=

Mp

ρp
+

Ms

ρs

Mp = n × Mi

(21) 

In Eq. (21), particles mass in solution and total volume of solution 
(MT and VT, respectively) can be defined as: 

VT = Vp +Vsolvent,MT = Mp +Msolvent (22) 

Also, we can obtain the volume percentage by Eq. (23): 

∅ =

(
Mp

ρp.VT

)

× 100 (23) 

Finally, the relationship between them is shown in Eq. (24): 

Kr =

1 −

(
Mp

ρp .VT

)

1 +

(
Mp

2ρp .VT

) (24) 

Now, under the assumption there is no chemical reaction in the so
lution, the relationship between the density of particles in the solution 
volume is given by: 

(
ρp.VT

)
= β (25) 

Subsequently, we can derive from transformation that: 

Kr =
β2 − β.Mp

β2 + β
(
Mp

/
2
) (26) 

There is a great deal of complexity in the relationship between 
electrolyte conductivity and solution resistance. In summary, it is 
possible to establish a cell constant K for specifically given temperatures 
by evaluating the relationship between the solution and particle con
ductivity where K is related to the solution conductivity and σ is parti
cles resistivity [53,55]. We modified that relationship to formulate the 
following model: 

σ =
1

1 − Kr
(27) 

The final developed model can be described as the Eq. (28) with 
empirical function α = 1/(

0.1Mp
) where σf is the solution resistivity. The 

coefficient represents a parameter in an empirically derived equation 
that is depended on the variable Mp. The fitting process involves 
adjusting the value of σf to achieve the optimal alignment between the 
predicted results and the observed data obtained from experiments. By 
optimizing the accuracy and applicability of the solution resistivity 
equation, this fitting process ensures a more robust representation to the 
investigated system: 

σf =
1

(1 − Kr)
(
0.1Mp

) (28)  

3. Results and discussion 

3.1. EIS analysis 

EIS measurements are depicted in Fig. 4 on the Nyquist plot, which 
shows that test 1 exhibits a greater impedance modulus compared to the 
other tests. The Nyquist plots of the three solutions consist of a large arc 
in the low-frequency range. This pattern aligns with the complex 
transfer function of Fe2O3, with confirmation by EDS, through the so
lution. Also, it is observed that the curve of the circle-fit becomes larger 
with an increase in concentration content. Hence, the impedance mea
surement showed significant frequency dispersions as indicated by an 
inductive response producing a negative impedance [10]. 

The solution resistance is estimated from the impedance measured in 
the low-frequency range of the EIS spectrum. Furthermore, the sum of 
the resistive polarisation (Rct) and the solution resistance (RSol) is 
calculated from the impedance measured in the high-frequency range of 
the EIS spectrum. Bode graphs in Fig. 4 illustrate that the measured 
impedance data and resistance-related parameters like resonant fre
quency and cut-off frequency. The impedance graphs demonstrate 
typical CPE characteristics in the low-frequency range, almost at the 
critical frequency. Low frequencies appear to exhibit a change in 
behavior as a function of concentration. As expected, the lowest solution 
resistance was observed in test 3. 

A distinctive capacitative behavior is evident in test 1 with lower 
phase angles, even in the low-frequency domain compared with the 
other tests, where an increase in electrolyte concentration resulted in a 
shift in the characteristic frequency of the electrolyte solution. As a 
result, the phase plot shifts to a higher frequency with an increase in 
electrolyte solution concentration [27]. Further, the phase angle can be 
attributed to the association of a capacitative time constant related to 
dielectric properties. An unfinished arc in the Nyquist diagram corre
sponds to phase angle-log frequency in the Bode diagram at lower fre
quency range, which is linked to mass transport [40]. 

Furthermore, Fig. 4 shows that the equivalent circuit is a perfect fit, 
as calibrated results for the experimental data for this frequency range 
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Fig. 4. EIS Nyquist and Bode plots of corrosive particles (Fe2O3) in 900 ml of distilled water with the fitted result (calibrated results), a) test 1 (0.1 g), b) test 2 (0.2 
g), and c) test 3 (0.5 g). 
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confirm the equivalent circuits' validity. The regression coefficients for 
all tests exceed 0.95, indicating high confidence in the fitted model re
sults between the real and imaginary data (Table 3). Therefore, the 
model can predict the long-term effect of this relation reasonably. 

An equivalent circuit representing the electrochemical parameters of 
the solutions is detailed in Table 4. In test 1, the Rsol value of the solution 
exceeds that of the solution in test 3 by more than two times, while the 
Rct value is approximately ten times higher than that of the solution in 
test 3. Consequently, reduction of the concentration enhances the so
lution resistance. The Cdl is very small across all tests, making it negli
gible. The low Rct values can be attributed to a decrement in the number 
of particles within the solution, which means the solution resistance 
decreases as Fe2O3 concentration increases. 

3.2. Root mean square error (RMSE) 

The Root Mean Square Error (RMSE) have been employed as the 
utilised criterion to represent the differences between the predicted 
values (P) derived from the model and the corresponding experimental 
results (A). Using Eq. (29), it is possible to determine how closely the 
predictions match the actual outcomes showed in Table 4. A lower 
percentage of RMSE suggests a closer agreement with the actual data, 
indicating good performance in predicting the solution resistance at 
high concentration. 

%RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Pn − An)
2

√

(Max A − Min A)
× 100 (29)  

3.3. Model results validation 

All relevant parameters have been accurately measured and inte
grated into the mathematical formulations of the models, as shown in 
Table 5. The model relies on three assumptions: firstly, the a high sol
vent resistivityi is present. Distilled water, known for its low conduc
tivity characteristics, has been employed in the experimentation 
process. Secondly, the mobility of charged particles (ions) within the 
solution is uniform. Thirdly, the temperature was maintained at a con
stant level throughout the entire testing period. In this study, the mass of 
particles is considered as the independent variable, where it directly 
influences the study's outcome. On the other hand, the total volume and 
total mass are considered dependent variables, and changes in the mass 
of particles influence them. 

In Fig. 5, the analytical model from Eq. (28) was compared with the 
experimental results relating to concentration. The model exhibited a 
close alignment with the experimental findings. Based on the experi
mental results, the mathematical model has been validated as predicted 
by Eq. (28), demonstrating the effectiveness of logarithmic equation in 
characterising its specific behavior. A regression coefficient of 0.78 in
dicates a relatively strong correlation between the studied variables and 
the applied model, demonstrating the reliability of this representation. 
Furthermore, these results establish an important benchmark, particu
larly in the context of particle concentration analysis. It serves as a 
benchmark for future experimental endeavors in similar contexts, 
delineating the level of accuracy achievable with this method. On the 
other hand, the graphical analysis illustrates a decreasing trend in re
sistivity as concentration increases which aligns well with the model's 
predictions. This correlation is supported by a low RMSE which is 
essential for validating the model's performance. However, there are 

recognisable discrepancies between the model's predictions and the 
experimental results at low concentrations. These discrepancies can be 
attributed to the influence of suspended particles within the solution 
during the testing period. 

The solution conductivity change expected to be independent of 
particle size. However, the result suggest the particle concentration as a 
critical parameter influencing conductivity (also agreed by Rong and 
Feng [62]). Resistance demonstrated a significant decline from 55,363 
Ω.cm2 to 24,740 Ω.cm2 as the concentration increased from 0.1 g to 0.2 
g. When the particle concentration exceeds 0.2 g, the resistance change 
occurs (about 4714 Ω.cm2 decreases in solution with concentration 0.5 
g). This pattern indicated maximum saturation of insoluble particles at 
this concentration within specific volume fluid, suggesting a point 
beyond which no further dissolution can take place. 

4. Conclusion 

A mathematical approach to calculate solution conductivity was 
proposed to model of the solution resistance by analysing the particles 
mass. The analysis revealed that there is a direct correlation between the 
particles concentration and solution resistance containing Fe2O3. The 
modelled results indicated that with the addition of particles to the 
system, the effective conductivity increases, leading to a decrease in 
solution resistance. Moreover, it was found that a characteristic fre
quency, which can be derived directly from the Nyquist plot through 
fitting, can be used to evaluate the solution structure. The characteristic 
frequency would increase with increasing particle concentrations in 
solution at a given electrolyte concentration. In this aspect, it is also 
beneficial to conduct further studies incorporating temperature and 
diffusion considerations to provide a theoretical prediction for refining 
the empirical coefficient α. Accounting for these factors enables a more 
comprehensive understanding of the relationship between the coeffi
cient α and its dependence on temperature and diffusion. 

It has been found that the resistance in 0.1 g concentration is 55,363 
Ω.cm2 declined in non-linear manner to 21,633 Ω.cm2 in concentration 
of 0.2 g. Then solution conductivity is influenced by the saturation of 
iron oxide (after concentration of 0.2 g), resulting in the less contribu
tion of charged particles. In a low-concentration solution (test 1), there 
are fewer particles available to carry electric current, resulting in 
elevated resistance. The combination of these factors plays an important 
role in altering the electrical characteristics of the solution. Specifically, 
a reduced particle count directly correlates with fewer conductive 
pathways, which increases the resistance of the solution. Additionally, 
the reduction in particle mass indicates a lower availability of conduc
tive material, further contributing to the increase in resistivity. How
ever, a portion of the particles larger than 0.2 g may have sedimented, 
resulting in a lower contribution to the change in resistance. As a result 
of this sedimentation process, particles are effectively removed from the 
solution's active volume, thereby reducing their impact on the overall 
conductivity of the solution and gradually decreases the resistance of 
solution. 
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