Indonesian Physical Review

Volume 7 Issue 1, January 2024
P-ISSN: 2615-1278, E-ISSN: 2614-7904

Impedance Analysis for Four Types of Mineral Water and
Aquades Using Electrical Impedance Spectroscopy (EIS) at
Frequencies of 1 Hz - 50 kHz

Darmawati Wulandari!, Ahmad Zarkasi!", Kholis Nurhanafi!
I Physics Department, Faculty Mathematics and Natural Science University of Mulawarman, Samarinda,

Indonesia.

Corresponding Authors E-mail: ahmad.zarkasi@fmipa.unmul.ac.id

Article Info

Article info:
Received: 29-08-2023
Revised: 13-12-2023
Accepted: 15-12-2023

Keywords:

Mineral Water; Aquades;
Warburg; Randles; EIS;
Impedance

How To Cite:

D. Wulandari, A. Zarkasi,
and K. Nurhanafi ,
“Impedance Analysis for
Four Types of Mineral
Water and Aquades Using
Electrical Impedance
Spectroscopy (EIS) at
Frequencies of 1 Hz - 50
kHz"”, Indonesian Physical
Review, vol. 7, no. 1, p 84-
94, 2024.

DOI:

https://doi.org/10.29303/ip
r.07i1.269.

Introduction

Abstract

The Electrical Impedance Spectroscopy (ELS) method can be used to
identify minerals in mineral water. The EIS method measures the
impedance of a material by injecting alternating current in a certain
frequency range, which is non-invasive and non-destructive. This
study aims to analyze the impedance of mineral water and aquades
based on the influence of the dissolved content using EIS equipment
that provides flexibility in adjusting the desired frequency spectrum.
The study used a frequency range from 1 Hz to 50 kHz with a four-
electrode configuration. The measurement graph results were
analyzed using Bode graph with impedance plot and phase shift angle
to determine the impedance characteristics of mineral water.
Equivalent circuit modeling helped to identify the electrochemical
properties of materials such as the Warburg circuit, Constant Phase
Element (CPE), and Randles circuit. The results show that the
aquades has a higher impedance compared to the four mineral waters.
Additionally, the four mineral waters exhibit varying impedances,
attributed to their respective mineral content. Mineral water is
characterized by an impedance that is dominated by Warburg
impedance (Zy) at low frequencies, charge transfer resistance (Re) and
double layer capacitance (Ca) at middle frequencies, and electrolyte
resistance at high frequencies. However, the impedance of aquades
dominated by electrolyte resistance (R.) at low frequency and R.+Rc
at high frequency.

Copyright © 2024 Authors. All rights reserved.

Mineral water is one of the main sources of water consumed by humans [1], [2]. Natural
mineral water comes from underground reservoirs [3]-[6], springs with one or more natural
sources [2] or drilled sources containing a combination of major cations [7], [8] and certain
compounds in varying amounts depending on the source [9]. Mineral water is a rich source of
copper, zinc, iron, magnesium, fluorine, sodium and calcium [10], [11]. Mineral water is
basically water that can be directly consumed without further processing such as distillation
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or deionization [6]. The minerals contained in mineral water can be identified by analyzing the
electrical conductivity of mineral water, which is influenced by the cations and anions
contained in it. Electrical impedance and electrical conductivity are interrelated electrical
properties [12]. Impedance is defined as resistance in an Alternating Current (AC) circuit and
is expressed in units of Ohm (Q2) [13]. Measurement of the impedance of a material can use the
EIS method.

EISis a method to measure the relationship between current and potential difference including
resistance, capacitance and inductance applied in the frequency domain [14], [15]. The EIS
method is carried out to decipher the ohmic resistance and frequency-dependent resistance,
namely impedance [16], the frequency helps identify the contribution of influential
components in the mineral water and the interaction between the electrode and the electrolyte.
EIS is done by injecting alternating current [17] with a small amplitude as input and then
measuring the potential as the resulting response [18]. The advantages of the EIS method in
characterizing the impedance of materials [14], [19]-[21] are non-invasive [22]-[25], non-
destructive [26]-[28], and low cost [15], [29]. Until now, there are still many studies that
analyze between electrolyte content and electrical impedance values such as impedance
measurements in NaCl solution with the effect of concentration which is known that the higher
the NaCl concentration, the impedance decreases [12]. Therefore, this study aims to determine
the impedance comparison of aquades and four types of mineral water which of course have
different characteristics and based on the minerals contained in it.

Experimental Method

The materials tested in this study are four different mineral water samples and aquades.
Signal generator AD9833 will provide an AC voltage of 0.627 A with a certain frequency then
connected to a VCCS. VCCS (Voltage-Controlled Current Sources) is a circuit that produces
current in response to a given voltage with the same frequency value as the input. The output
alternating current from the VCCS is injected into the material through a copper electrode
plate with a frequency range of 1 Hz - 50 kHz. Testing in the frequency range of 1 Hz - 55kHz
is done because in that range VCCS and Signal Generator can work well and output the same
voltage and frequency. Material testing was carried out in a cube-shaped chamber container
measuring 2.5 cm long, 2.5 cm wide and 3 cm high using electrode plates measuring 0.5 cm
wide and 2 cm high with a four-electrode configuration. The measurement results will be
seen on the oscilloscope display in the form of sinusoidal signals, so that the output voltage
and phase shift angle can be known.

Based on the results of the output voltage measurement, the impedance (Z) will be calculated
using equation (1) which is a decrease from Ohm's Law [30]:

Z=7 1)

From the equation, it is known that V is the voltage out of the measured material and I is the
current injected into the material. It is known that V and I are phasors that take into account
the amplitude and phase of the sinusoidal signal function. To find out the size of the phase
shift angle, it is calculated from the peak-to-peak distance between the input signal, namely
the current signal (I) and the output signal, namely the voltage signal (V).
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Figure 1. Block diagram of device design

Result and Discussion

The input and output signals generated from the mineral water test can be seen in Figure 1,
where the yellow signal is the input signal and the green signal is the output signal of the
tested mineral water. The impedance test results of mineral water show that at low frequencies
there is a second phase shift between the input signal and the output signal as shown in Figure
1, while at high frequencies the input and output signals do not experience a phase shift as
seen in Figure 2.

Figure 1. In-Phase Input and Figure 2. Input and Output
Output Signals signals with Phase difference

The results of impedance measurements on the four mineral water samples and aquades using
current injection through parallel electrode plates are shown in Figure 3 for impedance and
Figure 4 for phase shift angle presented with Bode plots. Bode plot is a frequency domain
method where the x-axis is the log frequency and the y-axis is the measured impedance value
or phase angle. Bode plots are widely used for the analysis of impedance-based systems. [31],
[32]. Based on the graph, it is known that there are several influences on the decrease in
impedance, namely the magnitude of the frequency value and the content in the solution. The
impedance of aquades is greater than the four sample mineral water samples, this is due to
aquades which has very little ion content. The impedance of mineral water and aquades
decreases as the frequency value increases. The smaller the frequency, the greater the
measured impedance, otherwise the greater the frequency, the smaller the measured
frequency.
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Figure 3. Impedance graph of aquades and four mineral water
samples

The phase shift angle in mineral water with aquades is different as seen in Figure 4 . The phase
shift in aquades tends to increase at a frequency of 1 kHz - 50kHz, whereas in mineral water
the phase shift will decrease in the frequency range of 1 kHz - 50kHz. This can indicate that
the phase shift angle of 0° the solution is resistive, otherwise if there is a change in phase shift
then the solution is capacitive. Therefore, it can be seen that aquades is more resistive than

mineral water.
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Figure 4. Phase shift angle graphs of aquades and four mineral water
samples
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Equivalent circuits are usually used to model the impedance properties or characteristics of a
material [32] shown in Figure 5, or commonly known as the Randles circuit. Where R. is the
pure ohmic resistance of the solution R is the electrode charge transfer resistance and Cq is
the double layer capacitance [33]. Rt is formed due to the redox reaction of the solution with
the electrode which depends on the charge transfer, charge transfer rate, content in the
solution. Cq is formed at the electrode interface due to the potential difference between the
electrode and the electrolyte [27], [33]. Re is the pure electrical resistance of the solution which
is influenced by the characteristics and properties of the material being tested [34], [35].

Re

—AAN —e

Figure 5. Randles Circuit

A series of randels can be used to model the impedance of aquades. It can be seen in Figure
6, in the frequency range of 1 Hz - 1000 Hz the impedance of aquades is resisitive and above
the frequency range of 1000 Hz the impedance in aquades is capacitive. At low frequencies
the capacitor component in the Randles circuit will experience a slower discharge and can be
analogized as a disconnected cable so that the electric current will go through Ra, so that the
total impedance is the sum of Re and Ra;, otherwise at high frequencies the capacitor will
experience a fast discharge before the capacitor is fully charged which results in a smaller
capacitor capability analogous to a connected cable so that the electric current will go through
the capacitor rather than through the resistor so that the impedance decreases but the phase
shift angle increases. However, the Randles circuit can be modified to adjust the impedance
measurement results of a material because each material has different characteristics.
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Figure 6. Impedance graph and phase shift angle of Aquades

Based on these characteristics, the Randles circuit is modified to model the results of
impedance measurements on mineral water samples due to the inhomogeneity of the surface
at the electrode interface so that the Cai component in the Randles circuit is converted into a
constant phase element (CPE) to assist in the analysis of measurement graphs and better
compensate for the behavior of non-ideal capacitors [22], [36], [37] and there is an additional
Warburg impedance component (Z) that occurs at low frequencies of 1 Hz - 2 Hz caused by
the diffusion phenomenon between ions and mineral water molecules with electrodes as

shown in Figure 7.
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Figure 7. Modification of Randles Circuit

Impedance of mineral water has different characteristics from aquades. This is due to some
mineral water content such as copper, zinc, iron and other chemical content [10] whose
amount will affect the impedance measurement results as seen in Figure 8(a) for mineral
water sample A. Impedance in mineral water has different characteristics that we can divide
into three parts based on the phase shift. At low frequencies of 1 Hz - 2 Hz the impedance
decreases while the phase shift angle increases, the intermediate frequency of 2 Hz - 250 Hz
the impedance decreases and the phase shift angle also decreases and in the high frequency
range of 500 Hz - 50 kHz the impedance decreases and the constant phase shift angle is 0°.
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Figure 8. Impedance graph and phase shift angle of mineral water (a) Sample A, (b) Sample B, (c) Sample
C, (d) Sample D

Mineral water that has impedance from highest to lowest in order is sample A which is
6251.99 Q seen in Figure 8(a), sample B which is 5502.39 Q seen in Figure 8(b), sample C
which is 5007.97 Q seen in Figure 8(c), and sample D which is 4497.61 Q seen in Figure 8(d).
This impedance difference can indicate the amount of content in the mineral water. The more
the amount of solute content in mineral water, the smaller the measured impedance will be.

The impedance characteristics of the four mineral water samples are almost the same, which
are divided into three parts based on the phase shift angle with its equivalent circuit
components of Re, Re;, CPE and Warburg Impedance (Zw). Sample D has a more dominant
CPE impedance and has the lowest total impedance compared to aquades and the other three
mineral water samples. This low impedance can occur because the content of ions, molecules
or solutes in it is more than other solutions.

Conclusion

The impedance of distilled water and the four mineral water samples injected with alternating
current in the frequency range of 1 Hz - 50 kHz is different. Aquades has the highest
impedance of 6762.36 Q because aquades has very little ion content compared to mineral
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water. The higher the content of ions, molecules and solutes in mineral water, the smaller the
total impedance measurement results. The highest to lowest impedance of the four mineral
waters in sequence is mineral water A of 6251.99 Q, sample B of 5502.39 Q, sample C of 5007.97
Q, and sample D of 4497.61 Q. In each mineral water there are changes in impedance
characteristics that are different, it is influenced by the composition, non-homogeneity, double
layer effect and interaction between electrodes and electrolyte. The measured impedance
properties are differentiated based on the phase difference, namely constant Warburg
impedance (Zw) constant phase element (CPE), electrolyte resistance (Re), charge transfer
resistance (Rct).
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