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Preface

Electrochemical impedance spectroscopy (EIS) is a potent electrochemical 
technique with a variety of applications. EIS measurements involve the application
of an alternating current (AC) to the system under investigation, followed by
measurement of the response in the form of AC current (or voltage) as a function
of frequency. In general, three factors make EIS exceptionally attractive in terms
of applications: (1) capability to explore electrochemical systems (ES) at relatively
low frequencies, in contrast to the majority of electrochemical techniques, which
involve an application of large perturbation for sensing the membrane/electrolyte
interface; (2) feasibility of implementation of EIS into the system to be measured; 
and (3) usefulness of data obtained in characterizing the studied ES, where EIS 
provides on-site information on the relaxation data over a range of frequencies, 
from as low as 10-4 Hz up to 106 Hz. A combination of these advantages led to the
widespread use of EIS in a variety of applications.

This book introduces readers to the basic principles of EIS with a focus on
recent developments and applications. The book is divided into eight chapters,
which in turn coalesce the application of EIS in different fields. Chapter 1 by
Hernández et al. provides readers with comprehensive information on the use
of EIS in monitoring and hence controlling the corrosion of steel. In Chapter 2,
Sawadogo et al. investigates the application of EIS in studying and managing
the corrosion behavior of recycled aluminum alloy in various culinary media.
Chapter 3 by Almzarzie et al. studies the use of a non-toxic and ecofriendly
corrosion inhibitor extracted from turmeric roots. Kouass et al., in Chapter 4, use
EIS to analyze the design of multi-ionic doped CePO4 materials with improved
ionic conductivity and electrochemical stability. Chapter 5 by Gheorghe et al.
discusses the circuit models of bioelectric impedance. This chapter shows an
interesting application of EIS in medicine, where in various applications accurate
information about fluid distribution in different compartments of the body
may lead to substantial conclusions. Chapter 6 by Aldosky et al. reviews another
application of EIS as a non-invasive technique, as well as the use of electrodermal
activity (EDA) as a sensitive measure of sympathetic nervous system activity.
Elmelouky et al., in Chapter 7, study environmental applications of EIS and
the adsorption behavior of nitrate ions by layered double hydroxide. Finally, in
Chapter 8, El-Azazy conducts a thorough review of applications of EIS in food,
water, and drug analysis.

I would like to use this opportunity to thank my co-editors Prof. Mart Min
and Dr. Paul Annus for their great efforts in reviewing and editing the book. 
I am entirely indebted to all the authors for their valuable contributions. The
contributors are experts in their respective fields and have tried their best to
disclose the inherent concepts related to the applications covered in this volume. 
Their efforts to make this book comprehensive and informative are much
appreciated. 

I am most grateful to Author Service Manager Mr. Mateo Pulko for all his efforts
and support throughout the process of editing this book. Many thanks to the entire
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Chapter 1

Electrochemical Impedance
Spectroscopy (EIS): A Review
Study of Basic Aspects of the
Corrosion Mechanism Applied to
Steels
Héctor Herrera Hernández, Adriana M. Ruiz Reynoso,
Juan C. Trinidad González, Carlos O. González Morán,
José G. Miranda Hernández, Araceli Mandujano Ruiz,
Jorge Morales Hernández and Ricardo Orozco Cruz

Abstract

AC impedance measurements have been applied for over twenty years in
electrochemistry and physics to investigate the electrical properties of conductive
materials and their interfaces using an external electrical impulse (VOLTAGE, V or
CURRENT, I) as driving force. Furthermore, its application has recently appeared
to be destined in the Biotechnology field as an effective tool for rapid microbiologic
diagnosis of living organism in situ. However, there is no doubt that the electro-
chemical impedance spectroscopy (EIS) is still one of the most useful techniques
around the world for metal corrosion control and its monitoring. Corrosion has long
been recognized as one of the most expensive stumbling blocks that concern many
industries and government agencies, because it is a steel destructive phenomenon
that occurs due to the chemical interaction with aqueous environments and takes
place at the interface between metal and electrolyte producing an electrical charge
transfer or ion diffusion process. Consequently, it is experimentally possible to
determine through the EIS technique the mechanism and control that kinectics of
corrosion reactions encounter. First, EIS data is collected through a potentiostat/
galvanostat apparatus. After, it is fitted to a mathematical model (i.e. an equivalent
electrical circuit, EEC) for its interpretation and analysis, fundamentally seeking a
meaningful physical interpretation. Finally, this review reports some basic aspects
of the corrosion mechanism applied to steels through the experimental EIS response
using Nyquist or Bode plots. Examples are given for different applied electrochem-
ical impedance cases in which steel is under study intentionally exposed to a corro-
sive aqueous solution by applying a sinusoidal potential at various test conditions.

Keywords: electrochemical impedance spectroscopy, corrosion process, charge
transfer, electrical impulse, equivalent circuit, steels, chemical reactions
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1. Introduction

Corrosion of steels represents worldwide, one of the most costly problems that
several industries are challenged every day due to the aggressive conditions during
the manufacturing process of the steel parts or the premature failure of steel tools
by stress corrosion cracking (SCC) as well as deterioration of steel components
from equipment and machinery in a certain service. The construction industry is an
example in where steel is essential, which requires durable and strong structures for
the build of bridges, tunnels, towers, buildings, airports, roads, plants and railways.
Many of these constructions are usually outdoors, exposed to the atmosphere con-
ditions, additionally, the surrounding environment where these steels are placed for
their service is often highly polluted, that it often degrades the steel structure at a
considerable corrosion rate. Some of those steels are also design to be used in the;
mining industry, pipeline transport of fluids, shipbuilding, agriculture equipment
and heavy machinery, among others. During their usage, steels are also severely
damaged by one type of corrosion mechanism [1–4]. According to Zaki Ahmad [5]
the concept of corrosion must be defined taking into account the environment in
which the metal-materials are place to serve for long periods of exposure time, thus,
all the environments are considered corrosive to some degree of damage as follows;
i) air humidity, ii) fresh, distilled, salt and marine water, iii) natural urban, marine
and industrial atmospheres, iv) steam and gases, v) ammonia and hydrogen sulfide,
vi) sulfur dioxide and oxides of nitrogen, vii) fuel gases, acids, alkalis and soils.

Therefore, the concept of corrosion in steels is then define as a natural electro-
chemical process that destroys the integrity of the metal structure in the presence of
any environment containing moisture and oxygen. This process involves two elec-
trode reactions that can occur in a spontaneously way at the interface between the
metal and the aqueous environment according to the thermodynamic’s Law; One, is
the reaction of metal-base with chemical species from the environment (i.e. anodic-
oxidation reaction, which discharge electrons from the metal substrate) and the
second is the reduction reaction of an oxidizing agent (i.e. cathodic reaction, which
restores the electron deficiency with reduction of protons from the metal surface).
The exchange of electrons between anodic and cathodic reactions produces an
electronic current flow across the metal interface, which is known as corrosion
potential (Ecorr). This means the value at which the two-coupled reactions are in
equilibrium, some effects can be caused by imposing an electrical potential on the
metal surface as much greater than the Ecorr to favored the metal dissolution reac-
tion as a soluble species that diffuses into the aqueous solution [4, 5]. This suggests
that Fe contained in steel as a base component is oxidized and depends on the free
energy like a driving force of Ecorr. The transfer of the charge (ions/electrons)
through the metal interface, react with the oxygen from the steel surface, with the
subsequent growth of an unstable corrosion product in the form of a thick porous-
oxide layer (also known as rust), which occupies more volume than the original
material. However, hydrated iron oxides are not considered as a protective layer on
steels in presence of negative ions, Cl�, SO4

2� or NO3
2�. Figure 1 shows a typical

example of the degradation mechanism of concrete structures due to corrosion of
the steel reinforcement embedded in it; i) initially, the pores of the concrete struc-
ture are the access pathway of negative ions that come from the environment, ii)
then, corrosion reduces the cross-sectional area of the steel bar, iii) it produces
oxides (hydrated ferric oxide-rust) with a larger volume that cause tensile stress in
surrounding concrete areas, which results in cracking and subsequent structural
failure of the concrete [6].

In other conditions, a thin oxide film can grow on metal-base to provide the
protection against corrosion attack, that steels require in order to be useful when
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they are exposed to severe atmospheric conditions during their usage. This passive
film is so thin that it is invisible to the naked eye; however, this film can be self-
repaired immediately, when it is suddenly scratched or intentionally removed. An
example of this outstanding property is the existence of several types of stainless
steels that usually contains a significant proportion of chromium (12 to 25 wt.% Cr)
with nickel and molybdenum to prevent the formation of ferrous hydroxide
Fe2þ þ 2OH� ! Fe OHð Þ2 rusting product
� �

by the presence of Cr in the Fe-base
alloy, which reacts with oxygen from the environment to form a passive adherent
oxide-layer (Cr2O3), thus, given a remarkably resistance to corrosion attack of the
underlying metal, additionally, this oxide layer, can be regenerated by itself in the
presence of oxygen [4, 7–9]. Based on the fundamental concepts, one of the advan-
tages of using stainless steel is its high corrosion resistance, but in combination with
other alloying elements can provide good mechanical strength, making the steel an
appropriate material to be used in diverse applications that, in many cases, offers
the only alternative for its high durability in aggressive environments; its use can be
seen in domestic (cutlery, blades, household appliances and electronics), architec-
tural (structures, handrails, concrete reinforcing bars, building components, cables
for bridges and coastal works), transport (automotive exhaust system, ship con-
tainers, waste trucks and tankers for chemicals), chemical (pressure vessels, chem-
ical containers, pipes, chemical plants, waste-water treatment), oil/gas (platform
structures, machinery, storage tanks and pipelines), medical (surgical instruments,
implants, equipment, dental inserts, wire and brackets in orthodontics), and other
common uses (food containers, beverage bottles, springs, fasteners, bolts, nuts,
washers and wires) [10].

For conventional steels produced by casting process, the most useful steel prod-
ucts are those that contain small amounts of alloying elements such as plain carbon
steels (Mn, Si, S, P), alloyed steels (Cu, Ni, Cr or Al) and tool or machinery steels
(W, Mo, Co, B and V). This alloying provides mechanical strength, ductility,
machinability, and a substantial corrosion resistance. Although, these steels do not
have the same ability of corrosion protection as the stainless steel does; the oxide
film formed on the surface has only a few micrometers thick with microporous or
growth defects, so it is possible to inferred that this oxide layer does not protect the
metal from corrosion attack, this means a temporally low passivity is considered.
However, in aggressive aqueous solutions the porous oxide layer can dissolve or
break-down at least some areas of the film, therefore, leading to the Fe-base to a
further localized attack. In industrial applications, the surface properties of the steel
have a significant impact on their service life and performance. Among the several
surface treatments to provide protection through a thick hard layer, diffusion tech-
niques are using such as powder pack, gaseous atmosphere, plasma, ion beam and
salt baths, that depends on the diffusion time and atmosphere concentration, these
being a high effective treatment and less expensive. Additionally, carburizing, nitrid-
ing or boriding, are also well-known as thermochemical surface treatments [11–15].

Figure 1.
Physical and chemical model that represents the concrete failure by corrosion on the steel reinforcement [6].
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Acid solutions are frequently used in many applications concerning industrial
processes and are considered as the most corrosive media for steels. Acids like HCl,
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surface cleaning, removal of rust deposits, pickling processes, chemical attack,
metal surface treatments, and wastewater systems. Other relevant uses are metal-
processing equipment, chemical processing, pipelines, food processing, chemical
and petrochemical plants. Therefore, printed research works report several cases of
using organic molecules compounds (imidazole, 2mercapto-benzimidazole, pyri-
dine, thidiazole, pyrrolidine, triazole, among others) that have provided a signifi-
cant corrosion inhibition property for steels during their exposure to acid media
[16–24]. These molecules must contain in their structure functional electronegative
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with aromatic and heterocyclic rings. These reports generally indicate that the
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molecules is formed onto the metal surface by an adsorption mechanism, thus
giving corrosion protection on steels under-service at aggressive conditions
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mercial software, makes possible an easy performance of the electrochemical tests
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processing and steel manufacture industries, as well as research laboratories and
higher education faculties that have encouraged and certified the success of the use
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potentiodynamic polarization, have often been used for several decades in evaluat-
ing successfully some basic phenomena as oxide passivity, effects of alloying ele-
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among others. However, it is important to consider the limitations of the polariza-
tion techniques that use Direct Current (DC), to perturb the equilibrium of the
interface between the metal and electrolyte solution, is the ohmic-droop that is
often ignored, this occurs when the current flows through the resistance of the test
solution and the resistance of the connecting cables to electrochemical cell elec-
trodes (i.e. uncompensated resistance, IR) [25]. The effects of IR can cause severe
distortions of polarization curves, leading in the erroneous estimation of corrosion
rates and misinformation of the kinetic model that represents the potentiodynamic
curves. Given this limitation, through the last decade, another electrochemical
technique appears to be more suitable for corrosion studies, this is the Electro-
chemical Impedance Spectroscopy (EIS) that uses a small amplitude of alternate
current (AC) in a certain frequency domain applied to the corrosion system under
study. Usually, EIS data is collected through a potentiostat/galvanostat apparatus,
and then it is fitted to an equivalent electrical circuit (EEC) model for its interpre-
tation and analysis, fundamentally seeking a meaningful physical interpretation. In
correspondence with several studies [26–33] EIS is considered a successful new
electrochemical technique with a great evolution in recent years that has become an
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essential analytical tool in the research of materials science. For its detailed infor-
mation, versatility and sensitivity that makes possible to be used widely in; corro-
sion studies and corrosion control, monitoring of properties of electronic and ionic
conducting polymers or ceramics, colloids and coatings, measurements in semicon-
ductors and solid electrolytes, studies of electrochemical kinetics at electrode-media
interfaces, determination of conducting or diffusion mechanism, reactions and
process [34].

The practical estimation of EIS technique could be difficult to understand by
non-specialist because of the lack of comprehensive and explanation about the
theory’s basic aspects in conjunction with the experimental measurements. Never-
theless, it is possible to attain a logical interpretation and analysis of acquired
impedance data for a certain practical system, such as those studied in this chapter
that will be shown later. In this sense, to avoid uncertainties and misinterpretation
of impedance data, analytical co-relationship of physical, chemical and manufac-
ture parameters must be established with an equivalent electrical circuit (EEC)
model, thus given a common sense to the impedance response. Therefore, this
review considers a wide variety of practical electrochemical impedance cases for the
study of corrosion mechanism on steels based on the basic aspects of EIS theory and
its experimental interpretation. This chapter serves as a support for postgraduate
students to have a criterion in deciding through their own experiences when using
the electrochemical impedance technique. The practical cases discussed here are
part of the research experienced by Dr. Héctor Herrera Hernández known in the
scientific community as DR.3H. Recently, DR.3H and his students & research group
are dedicated to their experience in electrochemical impedance knowledge in med-
ical applications as bone replacement or PVDF-based membranes as an appropriate
scaffold for skin cell growth [35].

Cases of EIS study applied to steels;

• Steels measured in their received condition.

• Kinetic oxidation reaction at different aqueous solutions.

• Steel corroded at non-stationary condition.

• Corrosion monitor in concrete reinforced materials.

• Inhibition using organic molecules.

• Inhibition in natural liquids extracted from plants.

• Hard-coatings as protection.

• Corrosion monitor in steels used as food containers or beverages.

1.1 Fundaments of electrochemical impedance spectroscopy (EIS)

Since the middle of the 18th century, the Impedance Spectroscopy (IS) tech-
nique has been established as a popular theoretical approach to study the electrical
properties of conducting materials and their interfaces. However, in the last
quarter-century, IS becomes a practical tool that is successfully applied in
electrochemistry as an analytical method widely used in many disciplines such as
materials science, corrosion technology, semiconductors, conducting polymers,
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ceramics, coatings, energy storage, and solid-state. Electrochemical Impedance
Spectroscopy (EIS) is considered as a new technique with astounding advantages
[36–38].

The concept of impedance in electronic devices is generally treated as a purely
complex phenomenological amount and is considered as one of the most important
physical characteristics that concerns the resistance that the medium opposes to the
propagation of sound (acoustic impedance, Z) through it and therefore it is equiv-
alent to the electrical impedance. In this sense, acoustic impedance is the ratio of the
sound pressure of the wave (P) to its volume speed (U) in a material medium
[39, 40]. This concept becomes a similar analogous meaning to the electric
approach, because an electrical impulse (V or I) is applied to the conducting elec-
trodes and a characteristic electrical response is resulted, known as impedance,
Z. Therefore, impedance is then defined as the measure of the ability of a certain
circuit to resist the flow of electrical current. The electrochemistry impedance is the
relationship between a potential energy difference and the flow of electrons gener-
ated by a wave signal applied in an aqueous media. EIS technique is characterized
by using an alternating current (AC) signal as driving force, which is applied to a
conductive electrode, thus obtaining a characteristic response from the system
interface. One of the attractive aspects that makes EIS as a suitable tool for investi-
gating the electrochemical properties of materials during their exposure to aqueous
solutions, is the simulation of the system behavior by means of an idealized circuit
model. This consists of an arrangement of passive electrical components (i.e. resis-
tors R, capacitors C and inductances L), which are the physical representation of the
electrochemical processes occurring at the system interface under study.

Another quality of EIS is its high measurement sensitivity, which makes the
technique an attractive advantage for detailed information that can be obtained
from the system in study. For example, EIS was used to evaluate the properties of
thin oxide films formed on metals, monitoring superficial degradation of polymer
layers or paint coatings due to swelling process (coatings damaged by water
uptake). Surface changes due to ion adsorption at the interface can also be detected,
knowing the kinetics reaction on metals under corrosion process; all this, due to the
advantages of this technique to perform measurements using a very small ampli-
tude signal at variable frequency range. As result of the advantages mention above,
EIS has attracted the interest of many scientist and engineers from different areas of
application, for example: corrosion technology, electrochemistry, metallurgy,
hydrodynamic, chemistry, biology, physics, mechanical, and medicine. According
to organic chemistry a molecule is a group of non-electrically charged particles that
have two or more atoms chemically bonded. They are components of the matter
lying on earth (minerals, atmosphere, gaseous substances, organic and inorganic
compounds, liquids, among others) [41]. Molecules can be measured with a small
AC amplitude of voltage as a function of the frequency without altering their
properties. Some systems leading to the formation of interfaces with the materials
for example; a solid–solution interface allows the ion charge transfer, conduction
and electron flow that is governed by the free energy of the chemical reactions
occurring at the interface region (named double layer), as is shown in the model of
Figure 2. The electrical properties of the double layer can be measured by an
electrical equivalent circuit, considering that the double layer behave as pure
capacitor Cdl (ions charge) and the flow of ions through the metal surface is view as
a resistance Rct of current, in according to Ohm’s law. In general, EIS allows sepa-
rating the contribution response of different components in terms of the resistance
of electron charge transfer, double layer capacitance, solution resistance,
inductance, and other parameters, where several electrochemical processes are
proceeding at a different reaction rate.
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1.2 Basics aspects of EIS data representation

Electrochemical impedance spectroscopy (EIS) is the analytical method widely
used to study the electrochemical systems by applying a small AC voltage signal as a
function of frequency of the amplitude signal. In potentiostatic mode as that of
direct current (DC) techniques, like Linear Polarization Resistance (LPR) or Polar-
ization Potentiodynamic, the basic measurement parameter is the polarization
resistance Rp that is equal to the impedance (Z) in alternate current (AC)
mode. This can be represented according to the Ohm’s Law equation as denote
bellow [8]:

R ¼ V
I

DCð Þ,Z ¼ E
I

ACð Þ (1)

where R is the resistor (Ω), V is the voltage (volts) and I is the current (amps)
for direct current and E is the potential (volts) and Z is the impedance (Ω) for
alternating current. To understand how the theory supports the EIS technique, it is
necessary to consider two periodic waves; one is the current signal (I) and the other
is related to potential signal (E). These waves behave as that shown in Figure 3, in
which both signals oscillate at the same frequency and intensity, because one wave
causes the other. However, there is an important effect that is the constant time
shift between the two waves at certain angle, this is called the phase-angle shift ϕð Þ
and can vary from 0 to 90. Its unit is degrees (°), because usually waves are
considered vectors in a polar coordinate system or in a sine function. Figure 3
shows the relation between waves E, I and the phase-angle shift. The applied
sinusoidal perturbation can be a potential signal (E), thus given the measurement
response in current (I) at a certain frequency domain. The excitation signal as a
function of time t is represented as follows;

Figure 2.
Schematic simulation of the electrochemical interface metal/electrolyte (electrical double layer) and its
representative equivalent electrical circuit EEC model. Rs is the solution resistance, Rct is the charge transfer
resistance, Cdl is the capacity of the double layer.
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Et ¼ Eo sin ωtð Þ (2)

where Et is the potential at time t, E0 is the amplitude of the signal and ω is the
angular frequency (expressed in terms of radians/second). So, the relationship
between angular frequency and frequency (f in hertz units) is given by;

ω ¼ 2πf (3)

in order to preserve the linear behavior in electrochemical systems, a small
amplitude of AC voltage of about 5 to 10 mV is usually applied. It is the single
response of instantaneous current at the maximum amplitude, Φ is the shifted-
phase angle and has a different amplitude, I0 as described in Eq. 4;

It ¼ Io sin ωtþ ϕð Þ (4)

taking into account the electrical parameters of E and I as a function of angular
frequency in the time domain, as well as the shifted-phase angle is possible to
rearranged the Eq. 2 and 4 into Ohm’s Law as DC current, this relationship enables
to calculate the impedance of the system under study as follows;

Z ¼ E tð Þ
I tð Þ ¼

E0 sin ωtð Þ
I0 sin ωtþ ϕð Þ ¼ Z0

sin ωtð Þ
sin ωtþ ϕð Þ (5)

then, impedance (Z0) is defined as the ratio of applied voltage (E) divided by
current (I) and represents an opposition to the flow of electrons or current in an
AC circuit due to the presence of resistors, capacitors and inductors. Among of
variety of passive electrical components, only resistors and capacitors or
inductors contribute manly to impedance; one is related to the real component Z0ð Þ
and the other to the imaginary component Z00ð Þ. Due to this assumption, Z0 can
be expressed in its complex notation by incorporating the complex number
j ¼ ffiffiffiffiffiffi�1p

, where the Figure 4 shows the complex representation of the impedance
as vector concept, Z ωð Þ ¼ Z0 þ jZ00 and its phase-angle, tan ϕð Þ ¼ Z00

Z0 . Using
Euler relationship, the expression of the impedance translates in a complex
function like;

Figure 3.
Sinusoidal waveform response in linear system showing phase-shift angle that is used to describe the
electrochemical reactions at the interfaces [42].
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Et ¼ E0 exp jωtð Þ, It ¼ I0 exp jωt� ϕð Þ (6)

considering the relationship between the potential and current amplitude, it
results the total of the impedance as a complex number, as it follows;

Z ωð Þ ¼ E
I
¼ Z0 exp jϕð Þ ¼ Z0 cosϕþ jsinϕð Þ (7)

however, the use of the current as a perturbation signal is also designed for
certain electrochemical applications. Once the experimental data are collected, a
series of potential-time and current-time are obtained, which correspond to the
impedance at each frequency studied. The representation of the EIS data is by
means of Impedance Spectra known as Nyquist Plots (�Zimag vs. Zreal) that repre-
sent the real impedance plotted against its imaginary part and also is often used the
Bode plots (log|Z| vs. log freq., ϕ vs. log freq.) that is the graphical representation of
the modulus of the impedance and its phase-angle, as a function of the frequency
domain) [43, 44]. However, Mansfeld [25] is his reports suggest that Bode plots is
more appropriate to represent the impedance data because most of the measuring
points are completely displayed at the entire frequency domain of the spectra. Thus,
allowing a quick diagnosis of the behavior due to the sensitive of the phase-angle to
small changes as a function of frequency variation, expecting time constants. While,
Nyquist’s diagrams are not recommendable since most of the data is grouped
together at both ends of the spectra.

Experimentally speaking, when an EIS analysis is chosen to study the corrosion
behavior of a piece of metal (WE-working electrode) that is immersed in an aqueous
solution for a certain period of exposure time, which its equilibrium is perturbed by
a low amplitude sinusoidal signal as function of frequency in the presence of a
polarizable counter electrode (CE) and a reference electrode (RE), it is necessary to
consider some electrical parameters (i.e. dielectric constant, permittivity, conduc-
tivity, resistivity and capacity charge) that will allow to interpret and deduce the
corrosion behavior and its reactions mechanism by modeling the EIS data to an
electrical RC circuit. These RC circuits are assembled with capacitors (C) and
resistors (R) in parallel or series. Cdl is used to represent the electrical charge
transfer at the metal/electrolyte interface known as the capacitance of a double
layer (in farads), and that is present in all corroding aqueous systems. Rct is the
resistance of the electron charge transfer, which is the value of the impedance in its
real component and Rs is the solution resistance. The combination of these three
passive elements provides a simple equivalent electrical circuit (EEC) for a uniform

Figure 4.
Vector representation of impedance as complex number; X capacitive-reactance, R resistance, Z’ real component
and Z” imaginary part of impedance.
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corroding metal. The experimental contribution of each parameter mentioned
above is like that shown in Figure 5.

1.3 Analysis and interpretation of EIS spectra

As mention above, EIS data is usually represented by Bode plots in which the
|Z| module and phase angle ϕ are fuctions of frequency domain, sustained by its
complex plane form that relates to Zreal with the imaginary part Zim, and are usually
interpreted by a mathematical correlation to a certain physico-electrical model
known as equivalent electrical circuit (EEC), which is designed by an arrangement
of ideal components (resistors R, capacitors C and inductors L) connected in series
or parallel in order to reproduced the experimental EIS spectra. The impedance
values of these elements are associated to the electrochemical processes of real
systems such as electron charge transfer, diffusion processes, determination of the
capacitance of the electrochemical double layer, mechanism of ions adsorption,
mass transfer kinetic, characterization of coatings integrity, electrical resistance of
the electrolyte, corrosion detection, conductivity, electrochemical reactions, among
others, Table 1 shows different EEC models that were designed to simulate &
interpreted in particular some of the most common electrochemical processes,
which will help to understand and describe the EIS spectra obtained during an
experimental procedure. For example, If an alternating voltage E tð Þ ¼ Eo ∗ Sin ωtð Þ
of about 10 mV at 1 Hz is applied to the RC circuits that are shown in Table 1 as the
perturbation energy of the models to carrier electrons through their passive com-
ponents, this results in a signal that has a sinusoidal behavior and varies as a
function on time (i.e. current intensity Io ¼ Eo

R ), this waveform moves in the same
direction and frequency as the supplied potential. However, to simplify the use of
sinusoidal signals and their effect on different electrical components such as R
(resistor), C (capacitor) and L (inductor), the typical sinusoidal response of the RC
components is like that are shown in Table 2, and also it shows their relation to the
shifted phase-angle value, the impedance as a function of time-frequency and their
relationship to the electrochemical processes.

A single RC circuit is first considered to have only one ohmic resistance of 3.3 kΩ
connected to a power source, in this case, the current intensity flows constantly
through the resistor without any phase difference with respect to the potential that
originates the waveform signal, ϕ = 0°. Then for this condition in that the phase-
angle is equal to zero, the value of impedance module for a pure resistor (R) is
relatively its reactive or real part (ZR tð Þ ¼ R), being its imaginary part or the

Figure 5.
Representation of a corrosion cell and its equivalent electrical circuit (EEC),WE is the working electrode, CE is
the counter electrode and RE is the reference electrode.
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reactance X equal to zero, so it is suggested that this behaves as a resistive compo-
nent. The impedance diagram for a resistive component shows a single straight line
on its real axis that tends to infinity as dependent on time and frequency domain. In

Table 1.
EEC models used to describe the electrochemical processes most studied by EIS. 1. Electrochemical interface
(electron transfer), 2 and 3 oxide products and coatings, 4. corrosion mechanism, 5. adsorption and
6. ion diffusion processes.

Table 2.
Impedance and phase shift angle response for the passive RC electrical components.
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the case of a pure capacitor (C) the sinusoidal response of voltage is retroceded at
least by �90° allowing the imaginary component to be the variable dependent on
time and frequency domain, so its value of ZC tð Þ ¼ � 1

jωC. In the opposite case, it
happens for an inductor (L) in which the current waveform signal is advanced near
to 90°, which gives the expression ZC tð Þ ¼ jωL.

On the other hand, when two passive components are combined in a RC circuit,
for example, one resistor of about 276 Ω and a capacitor of 1 μF which are connected
together in series, a small electrical AC signal of 10 mV is supplied to flow electrons
through the closed circuit as dependence of frequency domain from 1 MHz to 1
mHz, the impedance is given by ZT tð Þ ¼ � 1

jωCþ Ro, and depending on the resis-
tance and capacitor values can be considered as capacitive or resistive behavior. The
Bode and Nyquist plots of Figure 6a show the experimental simulation of imped-
ance response for these RC components connected both in series, which behave like
a capacitive. Circuit model #1 shows the simplest arrangement of series and parallel,
in which a resistor of 3.3 kΩ is connected in parallel to a capacitor of 1 μF and then
in series with other resistance of 276 Ω, its impedance response could be described
as a function of frequency according to the following equation ZT tð Þ ¼ R1

1þ jωC1R1ð Þ þ Ro

� �
,

see Figure 6b the corresponding impedance spectra. So, circuit #1 is known as
Randles circuit and is the typical electrical model used to described as analogy form
the physical phenomenon of metal under corrosion attack [45, 46] by electron
charge-transfer at the interface metal/electrolyte, and also to simulate uniform
corrosion on homogeneous surface, which it has been the most used along the
decades on researches. The information data of the impedance spectra is clearly
visible in Figure 6b, because it is possible to obtain the value of the frequencies
corresponding to the solution resistance Rs, charge transfer resistance Rct

Figure 6.
Impedance data simulation of a simplest EEC model; a) RC elements in series (high coating impedance) and
b) circuit #1 RC in parallel follow by R in series (simple corrosion undergo by electron charge transfer).
Ro = 276 Ω, R1 = 3.3 kΩ, C1 = 1 μF.
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(or polarization resistance), and its capacitance of the double layer Cdl.
From the Nyquist Plot of Figure 6b Cdl is clearly observed as a well-defined semi-
circle (a single time constant) in the entire frequency domain as results from the
electrical circuit #1, which is the diameter of this semicircle is equal to Rct and Rs is
obtained by reading the real axis, Z’, value at the high frequency intercept. How-
ever, considering the maximum angular frequency (ωmax) as the frequency at which
the imaginary component of the impedance Z” has its largest value and Rct, the
value of Cdl is given by the following expression;

Cdl ¼ 1
ωmaxRct

(8)

Two-time constants could be expected in Figure 7a (circuit #2 is the

combination of parallel RC in series) ZT tð Þ ¼ R2
1þ jωC2R2ð Þ þ R1

1þ jωC1R1ð Þ þ Ro

� �
,

or Figure 7b (circuit #3 is a parallel arrangement in parallel connection

ZT tð Þ ¼ R2
1þjωC2

þ R1

h i
k 1
jωC1

n o
þ Ro

� �
as results of applying voltage through the

circuits or Figure 7c (circuit #4) ZT tð Þ ¼ R2 þ 1
jωC2

� �
kR1k 1

jωC1

h i
þ Ro

� �
. These EEC

models are used to describe the impedance spectra for oxide products forming by
corrosion reactions on the metal surface, or anodizing coatings, or for paint-coated
metals after exposed to corrosive electrolytes. Where C1 is the capacitance of oxide
film connected in parallel to R1 that is the oxide resistance, both connected in series
to RC parallel that contributes the electrical response of inner barrier layer or the
double layer interface (oxide/metal matrix). The capacitance value of coating is
measured in Farads [F], which depends on its dielectric constant ε and its thickness
d as given by;

Figure 7.
Impedance data simulation of EEC models; a) circuit #2 parallel RC elements in series (oxides products), b)
circuit #3 parallel RC elements in parallel follow by R in series (paint coating) and c) circuit #4 parallel RC
elements in series (corrosion mechanism). Ro = 276 Ω, R1 = 3.3 kΩ, C1 = 1 μF, R2 = 1 kΩ, C1 = 10 μF.
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Cc ¼ ϵoϵA
d

(9)

Where ϵo is the electrical permittivity constant of free space (8.85 � 10�12 F/m)
and A is the exposure area of the coated electrode. So, it is expected that the
capacitance of coating increases with the exposure time due to water up-take by the
coating through ionically conducting paths called pores. Changes in pores resistance
and capacitance can be used to estimate the corroding metal.

Other types of impedance spectra commonly observed in the printed research
works, are similar to that reproduced with the simulation using circuit #5 or #6.
Circuit #5 is the similar arrangement of circuit #3, in which the ideal capacitor C is

replaced by a magnetic coil (inductor) L ZT tð Þ ¼ jωR2L
R2þjωLþ R1

� �
k 1
jωC1

h i
þ Ro

� �
. In

this sense the impedance diagram in Figure 8 shows a semicircle very well defined
by its diameter throughout the frequency range (charge transfer process) but is
accompanied by a second inductance response below the semicircle at low frequen-
cies, that means adsorption ion mechanism. This impedance response is commonly
observed in electrochemical systems where chemical species, ion or any molecule
is physically adsorbed at the interface of the electrochemical double layer with a
given electrical charge motion. While circuit #7 is derived from the simplest
circuit #1 in which its resistor is replaced by another electrical element

Zw ZT tð Þ ¼ R1þW
1þ jωC1 R1þWð Þ½ �α þ Ro

� �
called Warburg impedance and related to the

diffusion control of the species this can happen when the surface concentration of
an electrochemically active species changes during the AC cycle. Thus, it must
consider the impedance of a cathodic reaction, such as the reduction of oxygen that
is common in corrosion systems. The general shape of a Warburg impedance is
shown in Figure 8b. Two regions are clearly seen; a semicircle response is due to the
charge transfer reaction and straight line with a 45° angle to the abscissa means to
the diffusion of reactants [6, 43–45]. This is typical for analytical electrochemistry
in diffusion controlled (W) in corrosion measurements, which is expressed by the
Eq. (10), where σ is the Warburg coefficient and can be calculated from the slope of
the straight line in the complex plane of Figure 8b.

Figure 8.
Impedance data simulation of EECmodels; a) circuit #5 parallel RC elements in parallel with an inductance L
(adsorption mechanism) and b) circuit #6 parallel RC elements in series with Warburg impedance W
(diffusion control). Ro = 276 Ω, R1 = 3.3 kΩ, C1 = 1 μF, Wo = 0.001 S-sec0.5.
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W ¼ σω�1=2 1�Jð Þ (10)

In real cases the shape of Nyquist plot does not always show a perfect semicircle
as it is observed for pure capacitor, it is necessary to replace capacitor (C) by a
Constant Phase Element (CPE) in order to compensate the depression of the semi-
circle of frequency dispersion resulting of an experimental system due to the sur-
face inhomogeneity, surface roughness, electrode porosity, surface disorder,
geometric irregularities, and others. The CPE is a mathematical expression that is

useful to represent several electric elements ZCPE ¼ Qo

jωð Þ1�α
� �

, [47]. To obtain the

capacitance value (Cdl) from the CPE, it is necessary to obtain the maximum
frequency of the Nyquist semicircle (ωθmax) as well as the n exponent, this exponent
can have values between 0.7 to 0.9, which can be used to describe the experimental
data and a physical meaning is not yet clear, Qo is a constant element with dimen-
sions S-secn. Eq. 11 shows the calculation of Cdl:

Cdl ¼ QO ∗ω n�1ð Þ
θmax: (11)

In Figure 9 is shown the configuration of EEC for a Nyquist Plot obtained
experimentally from a corrosion system, the use of CPE was useful to adjust the
experimental data to a mathematical fit in order to obtain the corrosion behavior
of the metal (carbon steel APIX-52-5 L) in acidic media) HCl1M [20, 47].

The validation of the parameters obtained through an analogous EEC model can
be evaluated through the Kramers-Kroning Transformations (KKT), this is done in
order to evaluate and understand the mechanisms that occur in the system inter-
face. KKT are mathematical relationships between the real and the imaginary parts
of the impedance that must be obeyed by valid impedance data. Therefore, meaning

Figure 9.
EEC electrical circuit #1 with a CPE to fit de impedance data corresponding to corrosion of pipeline steel
immersed in HCl 1 M. Rs = 1.58 Ω-cm2, Cdl = 53.04 μF/cm2, Rct = 24.71 Ω-cm2.
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that when imaginary impedance Z´´ is known for all frequencies, it is possible to
calculate the real impedance Z´ at all frequencies [48, 49]. The general conditions
on which KKT are based are show bellow:

1.Causality. The response of the system is due only to the perturbation applied
and does not contain significant components from spurious sources.

2.Linearity. The perturbation and response of the system are linearly related i.e.
the impedance is independent of the amplitude of the perturbation signal.

3.Stability. The system must be stable in the sense that it returns to its original
state after the perturbation is removed.

4.The impedance must be finite-valued at ω!0 and atω!∞ and must be
continuous and finite-valued function at all intermediate frequencies.

It has been shown that when a corroding system obeys the just mentioned four
criteria the impedance data will converse correctly. However, the inverse is not
always true. It is still possible to have a correct KKT when impedance data are
nonlinear. In the case of our impedance measurements we are mainly concerned
about the stability of the system and for this case the KKT is an excellent tool for
data validation.

2. EIS applied to metal corrosion

2.1 Analysis of effects of a voltage stimulus applied to corroded metals

One of the principal applications of EIS is in the study of electrolyte/electrode
interfaces which is widely used in the evaluation of corrosion mechanism in metals
at different environments conditions, but it has also been very useful in the perfor-
mance of coatings [50–55] and in the failure detection of materials by stress corro-
sion cracking, similarly according to recent publications EIS also appears to be
applied in ceramics materials [56–58]. In this sense, most of literature indicates that
when applying a periodic signal of potential with amplitude from 5 to 10 mV in a
given frequency domain, it is possible to detect the transitory current to obtain a
change in the phase angle between I-V and the |Z| data, which progress over time in
order to predict metal corrosion phenomena or a possible electrochemical reactions
at the metal interface. It should be noted that using a known electrical circuit it is
possible to characterize the impedance spectra for each system under study as it
shown before. The device that allows applying a programmed potential and
detected the current is a potentiostat. Therefore, in this study a galvanostat-
potentiostat PARSTAT-4000 was used to evaluate the effect of the voltage applied
to the two-electrode interface. In which a periodic constant signal at 1 kHz of
frequency was applied over a voltage range of 1 to 1000 mV as a function of
frequency domain (1 MHz to 1 mHz). For this study it was considered the following
systems; i) An ideal system like circuit #1, which is designed by RC components, a
pure capacitor of 1 μF is connected in parallel to a resistor of 3 kΩ and then
connected together in series with a resistor of 200 Ω and ii) a 3 cm2 of stainless steel
plate were used as working electrode (WE) after being exposed to an aqueous
solution of HCl 1 M, then the WE was perturbed by a sinusoidal potential at
different amplitude from 1 to 1000 mV, the corresponding impedance data for each
of the cases that are displayed in Figure 10.
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The results show that when an alternate electrical pulse V(t) of 1 kHz fluctuates
from 1 to 1000 mV through an ideal circuit like EEC model #1 as that shown in
Figure 10a, a uniform current I(t) flows as a function of frequency domain, this
signal produces a well-defined time constant in the entire frequency range. During
the pulse at a time t the capacitor stores electrical energy causing an increase in
potential difference ZT tð Þ ¼ q

C

� �
and that allows the current to be phase shifted with

respect to the voltage of about 60°, meanwhile the resistor R1 connected in parallel
does not allow the passage of the current, instead of it decreases gradually to zero
according to the Ohm’s Law, that is why the capacitor stops charging load. Finally,
when the period of the capacitor’s transient load ends, the potential difference in the
circuit must be zero when the stored load has been exhausted, i.e. the circuit has
been returned to its equilibrium state. Due to the characteristics of the capacitor,
which is composed by a parallel polished metal plates separated with a dielectric at a
distance of d, and due to the transient events of charging rate and discharging rate
during the continuous passage of the potential at different intensities of the signal
amplitude does not cause changes in the interface of the plates, so the impedance
data in bode representation are overlaid showing the same behavior for all data.
That is, the load capacity or capacitance of 1 μF remains constant as the amplitude
of the sinusoidal signal increases from 1 to 1000 mV as is shown in Figure 11.

The same behavior is observed for stainless steel SS316 plate immersed in HCl
1 M (Figure 10b), the metal interface exposed to the acid solution allows the
electron transfer rate at the equilibrium potential (Ecorr) after applying lower
amplitudes of the stimulus signal (between 1 to 20 mV), the impedance diagrams
for this conditions do not show changes caused by the current flows into the system.
In this sense the metal interface working similar as the ideal capacitor allowing ions
loading charging such as Cl� and OH� with capacitances ranging between 40 to
80 μF/cm2, which is indicated by a well-defined one time constant due to the
presence of a protective oxide layer (passive condition) and can be easily
represented by the EEC model #1. Notable effects can be caused by applying high
current, as is clearly seen in the distortion of the shape of EIS diagrams during
increasing the amplitude of the stimulus signal from 50 to 1000 mV, the impedance
value |Z| gradually down several orders of magnitude and severe changes in phase
angle less than 20° are observed, this mean that two time constants are obvious seen
and are related to the corroded interface, i.e. dissolution of the chrome protective

Figure 10.
Typical impedance spectra showing the effects of the amplitude signal in; a) EEC model #1 (Ro = 276 Ω,
R1 = 3.3 kΩ, C1 = 1 μF) and b) a stainless steel immersed in HCl 1 M.
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film and manifestation of the pitting corrosion process that occurs after 200 mV, for
this case an increase in the interface charge of electrons is expected with capaci-
tances over 434.40 mF/cm2, like that as shown in Figure 11. It can conclude that it
is possible to carry out experimental tests with amplitude signals ranging from 1 to
20 mV at the steady-state of corrosion potential without surface damage by the
current applied, which is in according to the literature that reports an amplitude
signal of 5 to 10 mv.

2.2 Kinetic oxidation reaction of steels tested in their received condition at
different aqueous solutions

Figure 12 shows the typical impedance behavior of a steel with specification of
AISI 8620 (0.20 wt.%C, 0.90 wt.%Mn, 0.35 wt.%Si, 0.60 wt.%Cr, 0.70 wt.%Ni,
0.25 wt.%Mo) in its received condition after exposed to different aqueous solutions
such as distilled water, NaCl 0.5 M, HCl 1 M, H2SO4 1 M. The supplied voltage
signal has an amplitude of 10 mV that fluctuating around the corrosion potential
(�654 mV) in the frequency range of 1 MHz to 1 mHz, the response obtained is
represented in Bode diagrams in which the impedance module and the phase angle
serve as functions of the Log frequency, these diagrams indicate the sensitivity of
the EIS technique to evaluate the presence of growth of a natural oxide on the steel
surface, this is observed for the case of corrosion test in distilled water. Two well-
defined time constants are observed in the evaluated frequency domain, one time
constant at higher frequencies is related to the presence of an oxide layer, however,
the intensity of the phase angle signal of 85° gives information about the oxide
thickness and its adherence, however micro-cracks, closed porosity or growth
defects are always present in many kinds of oxide layers that serve as conducting
pathways of ions coming from the aqueous electrolyte, allowing electron charge

Figure 11.
AC amplitude signal dependence on capacitance value for an ideal EEC circuit model #1 (C1 = 1 μF) and the
stainless steel SS316 plate during its immersion in HCl 1 M.
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transfer. This causes the phase-shifted continuously to zero degrees at frequencies
between 80.7 kHz to 61.5 Hz, suggesting that the system behaves like a resistive
component with a low flow of current near 10.3 μA/cm2, i.e. the current signal
oscillates with the same phase as the potential does. In this frequency range an
adsorptive process is carried out in which ions passing through the oxide layer
defects, this mechanism is shown by the inductive response of the Figure 13.
However, at lower frequencies over 8.59 Hz, an increase in the phase angle to 40°
(56.6 mHz) is observed as if it were a capacitor in which the steel interface is
charged by OH� molecules, it is worth mentioning that this response is not related
to the corrosion process, but this is a typical response to a passive system with a
magnitude of impedance about 103Ω -cm2.

On the other hand, when the pH of the aqueous solution decreases to an acidi-
fied stage by the presence of ions such as Na+, Cl�, OH�, SO4

�, H+, the shape of the
impedance diagrams has been change, for example, for NaCl solution, a slightly

Figure 13.
Comparison of experimental and fitted EIS data for 8620 steel after exposure to distilled water.

Figure 12.
Bode plots of impedance response of corroding 8620 plate at different aqueous solutions; distilled water, NaCl
at 0.5 N, HCl at 1 M and H2SO4 at 1 M.
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acidified substance breaks-out almost the integrity of the natural oxide layer that
covers the metal matrix and the response related to ion charge transfer to the metal
interface is observed at lower frequencies. In addition to, an increase in current is
also observed of about 34.479 μA/cm2 and a |Z| of 102Ω -cm2. Whereas, the same
steel exposed to a more corrosive electrolyte such as HCl or H2SO4 at 1 M, the EIS
response shows a single time constant that corresponding to the reaction’s oxidation
and reduction on the steel interface. That means, transient electrical charge events
occur on the electrochemical double layer with ions, and is characterized by an
increase of the current from 43.58 and 198.25 μA-cm2, respectively and the decrease
of one order of magnitude of the impedance module 101Ω -cm2, that is, less resis-
tivity. The results in Table 3 indicates the simulation of impedance parameters with
an appropriate electrical circuit that have been describe before, these data suggest
that a higher current passing and large electrical charging at the interface of the
steel increases the susceptible to attack by corrosion, that is, the internal energy of
the aqueous solution has the ability to degrade freely the steel by pitting corrosion.

Same behavior was observed for impedance-monitored corrosion tests for a 316
stainless steel plate (18.24 wt.%Cr, 8.07 wt.%Ni, 1.76 wt.%Mn, 0.5 wt.%Si, 0.27 wt.
%Mo as principal alloying elements) after exposure to different aqueous solutions
such as distilled water, 0.5 N NaCl, 0.5 N KCL, 1 M HCl or 0.5 M H2SO4, Table 4
shows the dissolution reaction. The impedance spectra that is shown in Figure 14
indicates one of the advantages of the EIS technique to evaluate the performance of
metal interface in full immersed to aggressiveness conditions of different electro-
lytes. In this sense the natural film of chromium oxide that protects stainless steel
against corrosion is remarkable in distilled water by the presence of one time
constant at higher frequencies with an impedance value near to 1 MΩ-cm2.

Table 3.
EIS parameters of simulated data to equivalent electrical circuit (EEC) for the steel 8620 during its exposure to
different electrolytes.

Electrolyte Concentration Cdl (μF/cm2) Reaction

Distilled water Pure-1lt 5.45 —

Sodium chloride, NaCl 29.2 gr/lt (0.5 N) 93.62 NaClþH2O! Naþ þ Cl� þ OH�

Potassium chloride, KCl 37.27 gr/lt (0.5 N) 165.3 KClþH2O! Kþ þ Cl� þ OH�

Hydrochloric acid, HCl 15.56 ml/lt (1 M) 302.4 HClþH2O! Cl� þOH� þH2↑

Sulfuric acid, H2SO4 27.11 ml/lt (1 M) 313 H2SO4 þH2O! SO�4 þOH� þH2↑

Table 4.
Capacitance of electrical double layer for the stainless steel SS316 during its exposure to different electrolytes.
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Meanwhile, the presence of Cl� ions (NaCl or KCl salt) alters the coating interface,
which is electrically charged by ions causing the passivity state of stainless steel
broken-down due to the dissolution of the oxide film, it is assumed that the steel is
susceptible to corrosion by pitting. This is also seen through the presence of a time
constant in the frequency domain studied. Similarly, the experimental tests in
stronger acid media (HCl or H2SO4) indicate that stainless steel is seriously cor-
roded in these conditions as a decrease in the impedance value below 1 mΩ-cm2.

2.3 Steel corroded at non-stationary solution (rotating disk electrode, RDE
condition)

Other application of the EIS technique is like that shown in Figure 15, which is
the evaluation of the effect on hydrodynamic conditions on the corrosion process in
steels. This particular study has an interest to show the behavior of a pipeline steel
(API-5 L-X70) that is used for transportation of hydrocarbon fluid. This steel was
immersed in HCl 1 M solution at a different rotation speed of the working electrode
(WE) from 0 to 1500 rpm, i.e. from static conditions 0 rpm, laminar flow 1 to
200 rpm and to turbulent flow 300 to 1500 rpm. Figure 15 shows the EIS response
in the representation of Bode and Nyquist for the steel interface during its exposure
to a corrosive media at different flow rates.

At the steady-state conditions, without rotation, the impedance response is
related to electrons flow from the aqueous media to the metal interface allowing the
formation of an interfacial layer over the metal surface, called an electrical double
layer or a thin oxide film, which is indicated by the distortion of the semicircle

Figure 14.
Impedance response of corroding stainless steel (SS316) during exposure to (1) distilled water, (2) NaCl 0.5 N,
(3) KCl 0.5 N, (4) HCl 1 M, and (5) H2SO4 1 M.
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broken-down due to the dissolution of the oxide film, it is assumed that the steel is
susceptible to corrosion by pitting. This is also seen through the presence of a time
constant in the frequency domain studied. Similarly, the experimental tests in
stronger acid media (HCl or H2SO4) indicate that stainless steel is seriously cor-
roded in these conditions as a decrease in the impedance value below 1 mΩ-cm2.

2.3 Steel corroded at non-stationary solution (rotating disk electrode, RDE
condition)

Other application of the EIS technique is like that shown in Figure 15, which is
the evaluation of the effect on hydrodynamic conditions on the corrosion process in
steels. This particular study has an interest to show the behavior of a pipeline steel
(API-5 L-X70) that is used for transportation of hydrocarbon fluid. This steel was
immersed in HCl 1 M solution at a different rotation speed of the working electrode
(WE) from 0 to 1500 rpm, i.e. from static conditions 0 rpm, laminar flow 1 to
200 rpm and to turbulent flow 300 to 1500 rpm. Figure 15 shows the EIS response
in the representation of Bode and Nyquist for the steel interface during its exposure
to a corrosive media at different flow rates.

At the steady-state conditions, without rotation, the impedance response is
related to electrons flow from the aqueous media to the metal interface allowing the
formation of an interfacial layer over the metal surface, called an electrical double
layer or a thin oxide film, which is indicated by the distortion of the semicircle

Figure 14.
Impedance response of corroding stainless steel (SS316) during exposure to (1) distilled water, (2) NaCl 0.5 N,
(3) KCl 0.5 N, (4) HCl 1 M, and (5) H2SO4 1 M.

21

Electrochemical Impedance Spectroscopy (EIS): A Review Study of Basic Aspects of the Corrosion…
DOI: http://dx.doi.org/10.5772/intechopen.94470



presenting two time constants not very well-defined, besides in the diagram of bode
two changes of slopes are shown for the impedance module. When applying rotation
from 20 to 200 rpm an increase in the magnitude of the Zreal and Zimag is observed due
to the reaction kinetics at which the interfacial layer is forming at instantaneous rate
and is controlled by electron charge and mass transfer mechanism. However, at
turbulent conditions (>500 rpm) it does not allow the ions adsorption at the metal
interface to maintain the presence of the double electrochemical layer or oxide film
allowing only transients of electron transfer as a function of time, which promote the
interfacial degradation of the steel. Therefore, the impedance diagrams show that
under equilibrium conditions there is a corrosion rate controlled by the presence of a
natural oxide on the steel surface, but this increased by the hydrodynamic conditions
at turbulent flow, which is what is seen in real cases of application. But at moderate
rotation speed the mass transport toward to the metal surface is carried out, giving
opportunity to adsorption of molecules that come from the aqueous solution, which is
consistent with the review literature [59].

2.4 Corrosion monitor in concrete reinforced materials

EIS technique can also be used for monitoring the evolution of the carbonation
progress on concrete and the corrosion of the steel that serves as reinforcement.
Carbonation results in a decrease in the pH of the cementation matrix when CO2(g)

from the environment diffuses into the concrete structure, that can cause the loss of
the passivity condition on the reinforcing steel surface and leads to an early failure
of concrete by corrosion attack. Change in electrical resistance (Rpo) and capaci-
tance (Cpo) of the concrete bulk is measured by a semicircle at high frequency
region, which is the typical response of EIS diagram as that shown in Figure 16.
More details are available in the research of H. Herrera in 2019 [6]. The corrosion
test of this study was carried out on a fresh cross section of concrete sample after 7,
14, 21, 42, 61, 84, 106 and 120 days of artificially CO2(g) exposure periods (carbon-
ation process). The characteristic impedance diagrams (EIS) of the concrete speci-
mens after carbonation process at different ages of CO2(g) exposure during
immersion in tap water are shown in Figure 16.

The EIS spectra is displayed in the Nyquist plots (Zreal vs. Zimaginary), these
results show a single capacitive well-defined semicircle at higher frequencies
followed by a straight line for 7 to 84 days of carbonation, which indicates the

Figure 15.
Experimental impedance diagrams of corroding pipeline steel (API-5 L-X70) during exposure to HCl 1 M at
different electrode rotation speed (0 to 1500 rpm). a) Bode plots representation and b) Nyquist complex plane.
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specific resistance of the concrete that could be controlled by charge transfer pro-
cess; while the straight line indicates a diffusion mechanism of ions through the
pores. It is observed that the semicircle amplitude for the reference sample [REF.-
0d, non-carbonated] is shorter than the carbonated samples at 7 or 120 days, this
suggest that its resistance to the ions diffusion through the porous structure is much
lower (a favorable condition for the ions coming from the aqueous solution driven
easily into the porous structure of the concrete, resulting in the faster flow of
electrons with chemical reactions and molecules adsorption processes around the
vicinity of the steel interface), in addition to this, a typical signal describes a passive
stage of the concrete. However, notable changes in the semicircle amplitude of the
EIS spectra are observed, these changes are associated to the increase in electrical
resistance (R) value of the concrete from 23.62 to 101.54 kΩ�cm2 as the carbonation
progress until to 84 days of CO2(g) exposure, this resulted to the blockade of the
concrete pores by a calcium carbonate products, this reduces de alkalinity condition
of the concrete matrix. However, the EIS diagrams for 106 days of exposure the
resistance value decreases of about 58.26 kΩ�cm2, the carbonation is almost com-
plete, but after 120 days the resistivity still remains lower than 84 days of CO2(g)

exposure (65.59 kΩ�cm2) and the EIS spectra show remarkable changes in the low
frequency domain. The changes registered by the EIS data for carbonated samples
for 7 to 84 days are well-defined by one semicircle located at high frequencies
(concrete porous resistance) with an infinite linear response at low frequencies
(diffusion mechanism) only seen in the frequency domain of about >106 to 10�3 Hz
by imposing a small amplitude of AC signal perturbation to the concrete/steel
reinforcement system, this linear response was then modified by a second
depressed semicircle with an inductive loop at lower frequencies in the domain of
10�6 Hz, using the EEC model #6 represents this behavior. The characteristic
behavior of a second semicircle formed at lower frequencies for 106 or 120 days
indicates that a process of corrosion may occur on the steel bar surface. The EIS
parameters effectively demonstrate that after 106 days of exposure the carbonation
is almost complete and corrosion damage is clearly progress on the steel bar. Car-
bonation progress was monitored by a significant increase in the diameter of the

Figure 16.
EIS spectra for the particular system of concrete with reinforcing steel exposed to different days of a CO2(g)
environment, carbonation process [6]. a) Nyquist complex plane showing the carbonation progress and b)
Nyquist response for steel corroding.
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semicircle, thus demonstrating the increase in resistivity of ions transmission due to
blockade of pores by precipitation of CaCO3 compounds. Finally, the EIS technique
results a practical tool for evaluating the carbonation progress on reinforced con-
crete structures without causing structural damage, and its sensitivity to predict the
activation of the reinforcing steel to be corroded.

2.5 Inhibition in organic molecules or natural liquids extracted from plants

Particularly, the Mexican’s oil-industry still uses tubular steel pipes for the spe-
cific purpose of transporting hydrocarbons or natural gas. Most of the lines are
buried, so the national network extends over quite large distances, crossing varied
terrains conditions some with rivers, others with salt-laden marshes, or polluted
industrial or urban zones alike; the ambient temperatures and load pressure for the
buried-pipelines network vary widely, to put it simply vulnerable to corrosion
attack. Steel pipes are corroded as a result of iron oxidation during its exposure of
longer service periods. Therefore, corrosion problems are directly related to ever-
present economical and production losses, as well as environment affectations,
though human losses also happen. Providing effective inhibiting substances that are
added to processing fluids may reduce internal corrosion problems; there are a wide
variety of organic substances known to act as corrosion inhibitors. Figure 16 have
demonstrated that small inhibitor quantities of organic molecules (2-Mercaptoben-
zimidazole, MBI or 5-Nitro-2-Mercaptobenzimidazole NMBI can be added to the
media to diminish its inherent aggressiveness toward the steel surfaces [18, 60, 61].
It becomes evident that testing with the largest 2MBI concentration, namely
200 ppm, there began to appear two-time constants, which suggests that two
different processes are involved during the perturbation. One is related to a molec-
ular adsorption mechanism of the organic compound over the polished metal sur-
face, thus giving rise to multilayers, while the second constant is related to
infiltration of the corrosive species through assorted passages formed during self-
assembly and rearrangement of the organic molecules, very probably due to the
diversity of interactive forces operating on the electrode system. This second time
constant that operates at intermediate frequencies can be interpreted as a resistance
to charge transfer. The 2MBI inhibitor gave inhibiting efficiencies over 96% after
adding only 20 ppm covering the metal surface exposed to the acid medium 1 M
HCl. Therefore, the heterocyclic organic molecule 2MBIwas an efficient inhibitor in
H2SO4 at 25 ppm. The plot of log Z vs. log f, shown in Figure 17, reveals that as the
inhibitor concentration increases, so does the impedance, which is also related to
the charge transfer resistance, Rct. This value was obtained through fitting a RC
electrical circuit model #3 to the experimental data. The |Z| increment is explained
by the excess of inhibitor’s molecules in the solution, which as being bipolar it
tends to adhere to the metal surface, also interacting among them thus forming a
multilayered assembly, capable of blocking the electron charge transfer, refer to
Figure 17, to appreciate more clearly the said |Z| increase.

Furthermore, Natural liquid-extracts like Morinda citrifolia has been used as
corrosion inhibitor for steels (AISI-1045) exposed to acidic environments of HCl.
Both the organic and inorganic compounds commonly used in the industry to
inhibit the corrosion process of metals and its alloys are mostly composed by highly
toxic chemicals, in addition to being more expensive. In this research sugar-
components derived from theMorinda citrifolia (MC) leaves have been extracted in
aqueous solutions to perform a natural inhibitor capable to control de corrosion
damage, which can replace the traditional inhibitors, being environmentally
friendly [62, 63]. The experimental results indicate that this compound has shown
excellent performance as corrosion inhibitor, reaching inhibition efficiency (EI),
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values up to 90% at inhibitor concentrations ranging 0.8 to 2 g/L and immersion
times of about 1 to 4 h. It has been found that the inhibition process takes place by
the adsorption of the molecules on the surface of the metal (AISI 1045), by a
physisorption mechanism. See Figure 18.

2.6 Hard-coatings as protection; borided treatment

Other attractive uses of the EIS technique are its application to evaluate the
integrity and coating performance during its exposure in corrosive environments as
a function of time. Actually, EIS is used as a quality control to evaluate the process

Figure 17.
EIS spectra in bode plots obtained from the pipeline steel API-5 L-X52 samples immersed in H2SO4 1 M as a
function of the 2MBI or 5NMBI at different concentration [60, 61]. a) Response for 2- Mercaptobenzimidazole
and b) response for 5-Nitro-2-Mercaptobenzimidazole.

Figure 18.
EIS spectra in bode plots obtained from the pipeline steel API-5 L-X52 samples immersed in H2SO4 1 M as a
function of the different concentration of natural molecules.
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of surface finishing treatments in many industries. In this sense, the results of
Figure 19 show the characteristic impedance spectra that indicate the quality prop-
erties and corrosion resistance of a Fe2B/FeB hard coating formed by boron atomic
diffusion on the steel surface of a 1045 and 304 stainless steel during the boriding
thermochemical treatment. Boriding is recognized as a thermochemical surface
treatment in which boron diffuses into the ferrous substrate and reacts with Fe atoms
of the bulk material to form a single (Fe2B) or double-phase (Fe2B/FeB) layer with a
well-define thickness and composition [14]. The thickness of each layer has consid-
erable effects on the mechanical behavior and corrosion behavior of the borided
steels. However, the quality of the hard boride coatings depends essentially on the
boriding temperature, treatment time, chemical composition of the steel substrate
and the amount of boron atoms available around the sample surface to be coated.

In this study, in particular a powder-pack boriding was used on AISI-SAE 1045
steel and SS316 stainless steel as surface thermochemical treatment to improve
hardness and wear resistance to the steel samples, due to its low cost of hard coating
processing. Boriding can also enhance the corrosion resistance of ferrous materials
as shown in Figure 19. The results indicate that a single boride layer of Fe2B is

Figure 19.
EIS spectra for borided samples immersed in HCl 1 M as a function on exposure time. Boriding treatment was
performed on AISI 1045 steel or AISI SS304 stainless steel treated at 950°C for 6 h [14]. a) Phase angle
response for borided 1045 steel and b) Phase angle dependence for borided SS304 steel.
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formed on the 1045 steel surface, its morphology consisting a deep saw-tooth
derived from the existence of diffusion paths (porosity and micro-cracks) in the
surface of the steel matrix, in which the boron atoms are interstitial inserted to the
surface forming a stable phase. For the borided stainless steel SS304 at the same
conditions forms two-well defined layers on the surface, the columnar phase that
was growth on the 1045 steel is less intense for SS304, this is due to the high
concentration of chromium and nickel on the substrate surface, so the diffusion of
boron stops by reacting immediately to form interstitial compounds of CrB, Cr2B or
Ni3B in combination with FeB and Fe2B. EIS for the borided 1045 steel were
recorded over 72 days of exposure to HCl 1 M solution, which the hard coating
degrades slowly due to the defects on the coating structure that allow Cl� ions
infiltrate, this is denote by changing the EIS spectra shape from one time constant to
two time constant with a clearly phase-angle shifted and loss of impedance value,
that means pitting corrosion initiation. No-corrosion damage was observed for the
borided SS304 during its exposure in HCl 1 M solution for at least 170 days. Three
times constants were observed after 44 days that’s reveal the presence of the FeB
layer, after Fe2B layer and the diffusion layer.

2.7 Steels used as beverages container

Steel-can containers are manufactured from thin metal plates and are commonly
used for the distribution or storage of food or beverages. Most conventional steel
beverage cans have bent to form a tube and then welding both sides leaving a firm
seam, then joining the bottom end to the tube, finally, the steel can is filling-out with
the content. However, it is necessary to mention that the steels cans have an internal
polymer coating or have been treated by electroplating to coated internally with a thin
layer of tin in order to prevent any oxidizing or electrochemical corrosion during the
steel exposure to the liquid product that it contains, which could be carbonated soft
drinks, alcoholic drinks, fruit juices, teas, herbal teas, energy drinks and others [64, 65].
Despite of this internal coating having the good quality, it may fracture during storage
or dissolve in small amounts in the liquid product, which depends on certain factors
such as temperature, stowage load and handling of the products during their storage, as
well as the chemical composition of the liquid and steel. Due to this, efforts have been
managed to replace tin-based coatings by chemical compounds derived from epoxy
resins or polymers. Nevertheless, the set-up of the factors mention above may situate
the metal container (e.g. steel cans) at a potential risk to develop internal corrosion.

On the other hand, the sale of beverages storage in steel cans are committed to
their handling in warehouse, in this way, there is a predisposition of the people who
buy drink-cans, they think if cans are struck or bent the coating has been damaged
and could be associated that the liquid product is contaminated with Fe+ ions. The
impedance diagrams of Figure 20 show that the EIS technique can be applied to
assess the corrosion resistance of the internal coating in a specific beverage can.

In this case experimental corrosion tests on laboratory conditions were performed
in a metal container used for the distribution of orange juice in Mexico. This can is
made of steel with internally coated by a higher density polymer. Three particular
cases are studied as denoted in the scheme of Figure 20; EIS spectra shown the
behavior for a) with the coating, b) when the coating is mechanically damaged by a
scratch and c) absence of coating, measured in HCl 1 M as a function ofAC amplitude
signal from 5 to 1000 mV. The bode diagrams indicate the presence of two well-
defined time constants in the entire frequency domain for 5 and 10 mV of signal, the
first one is related to the polymer coating with a resistance of electron -ion transfer of
about 108Ω -cm2 with a micro-porous net (conducting paths) inside the coating as
indicated by the second time constant. However as increasing the amplitude of signal
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voltage the |Z| value drops below 104 Ω-cm2, this response is associated with local
stain-spots on the coating, which is indicted by a third time constant a low frequency.
In the condition for the coating damaged by a localized defect such as a scratch or
fracture, the impedance value decreases severely to 105 to 102 Ω-cm2 as increased the
AC signal, one time constant indicates the electron charge transfer processes through
the defect that cause ions to be diffused below the coating until its failure. Finally, for
the condition in the absence of the coating on the steel plate, the impedance diagrams
show the corrosion process of the steel at different AC signal amplitudes, which
shows severe corrosion after 200 mV showing 101 Ω-cm2 of |Z| value.

3. Conclusions

This review study is related to the basic aspects of EIS to understand the corro-
sion mechanism of industrial steels that serve at different corrosive conditions,

Figure 20.
Phase angle EIS response obtained for metal beverage containers at different surface condition after immersed in
NaCl 0.5 M as a function on AC amplitude signal. a) Uniform polymer coating, b) scratch defect on coating, c)
polished surface no-coating.
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which has a great interest on giving an educational orientation and practical teach-
ing guide of how to use the outstanding Electrochemical Impedance Spectroscopy
(EIS) technique in metal corrosion technology. Therefore, this review considers a
wide variety of practical electrochemical impedance cases based on the fundamen-
tal and qualities aspects of EIS theory and its experimental interpretation. This book
chapter also serves as a support for postgraduate students to have a criterion in
deciding through their own experiences when using the electrochemical impedance
technique. The practical cases discussed here are part of the research experienced of
Dr. Héctor Herrera Hernández (DR.3H) and his students & research group. It is
worth to mention that EIS has been extended to various disciplines of science and
technology, thus demonstrating great efficiency in evaluating the performance and
integrity of metallic materials as can be seen in detail in the practical examples
presented in this review work. So, EIS is not only applied to stationary conditions,
but also more complex variables can be monitored such as: flow parameters, vari-
able that undoubtedly represents the real conditions and could be an interesting
challenge for analyzing and interpreting these phenomena by means of EIS data.
The fitting EIS data using a mathematical model such as an equivalent electrical
circuit is a critical process in the analysis and validation of EIS data for the acquisi-
tion of the system’s electrical parameters that can be related to the corrosion rate of
the material under study and also gives information of its capacity of electrons
charge. Finally, EIS seeks to obtain information on the system and its evolution with
time by applying a sinusoidal voltage as a function of frequency range, in order to
determine the properties and feasibility of materials that serve under severe service
conditions, such as industrial steels as is this case of the reviewed book chapter.
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Chapter 2

Electrochemical Impedance 
Spectroscopy (EIS) 
Characterization of Kitchen 
Utensils Used as Materials for 
Local Cooking in Two Culinary 
Media
Jacques Sawadogo and Jean Boukari Legma

Abstract

This study is inscribed in the framework of the valorization of traditional 
kitchen utensils recycled from aluminum waste in Burkina Faso. In fact, these 
traditional kitchen utensils made of recycled aluminum alloys occupy a very impor-
tant place in Burkina Faso’s kitchen. The effect of foods for consumption on its 
local utensils was studied using the non-stationary technique and electrochemical 
impedance spectroscopy. For this purpose, a sample of utensil has been deducted 
on traditional production site. The corrosion behavior of the recycled aluminum 
alloy ok know chemical composition was evaluated by analyzing the impedance 
spectra obtained at the open circuit potential, in the salt media titrated at 3 g·L−1 
and rice. Modeling electrical properties by using of a simple equivalent circuit made 
it possible to interpret the results obtained by impedance spectroscopy. The results 
showed a susceptibility to pitting corrosion and were confirmed by the electro-
chemical impedance spectroscopy method.

Keywords: corrosion, electrochemical impedance spectroscopy, equivalent circuit, 
foods, recycled aluminum alloy

1. Introduction

The pots made by craftsmen from recycled aluminum alloys play an important 
role in the cooking process in Burkina Faso. These alloys stand for very reactive 
materials and react instantly to media containing oxygen. This is why their outside 
surface is covered with an isolating oxide film. The thickness of this film reached 
around 10 nm and plays a protective role in those materials to corrosion which was 
generally observed in some aggressive media. The state in which these materials 
are located is called passivity state. The passivity condition can be stopped at any 
time when defects are found in the oxide film (discontinuity and heterogeneity) or 
the presence of aggressive ions in the electrolytic media (halogen, cyanide, etc.). 
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This can lead to a release of a localized aggression [1]. Aluminum alloys have a low 
density (2.7 g·cm−3), a good thermal and electrical conductivity, a low melting 
point, easy to shape, a relatively low price, which is advantageous for local people 
[2]. Moreover, they are of high mechanical characteristics which make them to be 
utilized as structural materials. In Africa and particularly in Burkina Faso, craft 
industry turns to profit these properties in the recycling of aluminum alloys for 
kitchen utensils manufacturing; the raw material used in this field is made of 
combined or non-aluminum waste, from old car spare parts, beverage cans and 
tins [3]. Manufacture techniques remain empirical and recycled aluminum alloys 
are not homogeneous. Corrosion phenomena is favored when utensils are used 
for food cooking at high temperature or for long cooking time and when acidic or 
alkaline food are stocked in these same containers for long time [4, 5]. The humid-
ity, the high temperature, and the cooking times are factors which favor the metallic 
materials corrosion, from which some of the component elements of the corroded 
material get through the surrounding aqueous media. Despite the numerous studies 
related to aluminum and their alloys corrosion, few scientific, strict and compre-
hensive studies on the behavior to corrosion, recycled allows in the craft industry 
have been conducted. The objective of this work was to study the corrosion behavior 
of a recycled aluminum alloy collected in the city of Ouagadougou (Burkina Faso) 
in various culinary media and to evaluate the anti-corrosion effect in these media. 
This study was carried out by the use of an electrochemical technique: electro-
chemical impedance spectroscopy (EIS).

2. Materials and methods

2.1 Sample preparation

The chemical composition of the recycled aluminum alloy is shown in Table 1 
[6]. Before each measurement, the aluminum allow surface preparation of these 
discs for electrochemical tests was the following: the discs were first ground with 
400 through 4000 grit SiC papers and then polished with diamond down to 6 μm 
and followed by 1 μm alumina – 30% chrome oxide suspension, and finishing with 
5% oxalic acid solution. Later, each polished sample was rinsed with acetone and 
put in an ultrasonic cleaner for 10 min. Subsequently, it was rinsed with milliQ 
water (with a conductivity of 0.7 μs/cm) and ethyl alcohol and finally dried under a 
hot air flow. The contact area with the culinary media is 3.46 cm2.

2.2 Culinary media preparation

To simulate similar Burkina Faso operation, the testing media was local culinary 
media whose composition is given below. The media used in this study are: salt 
water (WS) titrated at 3 g·L−1 and broken rice (WR) in tap water (5 g of broken 
rice in 250 ml water) reserve for local consumption. The selection is made based 
on the fact that rice is the most consumed cereal in Burkina Faso. In this country, 

Chemical 
elements

Al Si Fe Cu Zn Mg Cl Mn P Pb Remainder

Wt. % 82.8 12.76 0.76 1.21 1.27 0.48 0.19 0.27 0.22 0.01 0.03

Table 1. 
Chemical composition of the recycled aluminum alloy determined by X-ray fluorescent technique.
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the people consume on the average once daily prepared with vegetables, fish, and 
meats. These media were chosen to simulate a cooking process similar to that of 
Burkina Faso. All electrochemical measurements were performed in five replicates 
for each cooking media and show a reproducibility up to around 3–9%. Before 
each test, we assure that all the electrodes are submerged in the media, at the same 
depth in the electrochemical cell. As the cooking is most of the time performed at a 
hot temperature, the media were tested at boiling temperature (100°C) in order to 
simulate the real cooking conditions [7, 8].

2.3  Detection of aluminum in different culinary media using Eriochrome  
black T

2.3.1 Principle

Eriochrome Black T is a (3-hydroxy-4-[(1-hydroxy-2-naphthalenyl)azo]-7-nitro-
1-naphthalenesulphonic) acid sodium salt, Mordant Black 11. In the presence of 
colored indicator [9], diluted aluminum in the buffer solution forms a complex 
which changes at wine-colored. The formed complex is more stable. Acidity of 
the obtained solution depended on aluminum content. The various measures of 
aluminum content in culinary media will be done by colorimetric with a spectro-
photometer 7315 of JEWAY mark at 560 nm wavelength [10, 11].

2.3.2 Aluminum quantitative analysis method

Local kitchen utensil samples have been thoroughly washed and rinsed using 
distilled water then air dried. Each kitchen utensil has been filled out with studied 
solution WS and WR then heated at boiling temperatures. To compensate evapora-
tion during heating phase, the final volume is adjusted to the end of each operation 
with distilled water [12].

2.3.3 Colorimetric dosage of aluminum released from local kitchen cooking

The loss of aluminum quantity released from two local kitchen utensils was 
determined by colorimetric dosage to 5 ml sample for each cooking solution. For 
that it was placed in the graduated flask of 50.0 ml containing 10.0 ml distilled 
water: 5.0 ml of EBT solution, 20.0 ml of buffer solution acetyl acetic acid (C4H6O3) 
permit to hold a pH at 6; 1.0 ml ascorbic acid 2% and a volume of solution S0 speci-
fied in Table 2 then filled up to the line of gauge with distilled water. After stirring 
and resting during 20 minutes, samples were analyzed with spectrophotometer. 
The standard was measured with a solution without aluminum and tally with no 
absorbance. The concentration of aluminum in the different solution was expressed 
in mg/L.

2.4 Data analysis

Data obtained were analyzed for duration and temperature variations using the 
Student’s t-test and XLSTAT 7.5.2 statistical software. Mean parameter concentra-
tions were compared according to the Ryan-Einot-Gabriel-Welsch (REGWQ ) test.

2.5 EIS-electrochemical impedance techniques

Electrochemical impedance spectroscopy (EIS) is a well-established quantita-
tive method for the accelerated evaluation of the anti-corrosion performance of 
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the people consume on the average once daily prepared with vegetables, fish, and 
meats. These media were chosen to simulate a cooking process similar to that of 
Burkina Faso. All electrochemical measurements were performed in five replicates 
for each cooking media and show a reproducibility up to around 3–9%. Before 
each test, we assure that all the electrodes are submerged in the media, at the same 
depth in the electrochemical cell. As the cooking is most of the time performed at a 
hot temperature, the media were tested at boiling temperature (100°C) in order to 
simulate the real cooking conditions [7, 8].

2.3  Detection of aluminum in different culinary media using Eriochrome  
black T

2.3.1 Principle

Eriochrome Black T is a (3-hydroxy-4-[(1-hydroxy-2-naphthalenyl)azo]-7-nitro-
1-naphthalenesulphonic) acid sodium salt, Mordant Black 11. In the presence of 
colored indicator [9], diluted aluminum in the buffer solution forms a complex 
which changes at wine-colored. The formed complex is more stable. Acidity of 
the obtained solution depended on aluminum content. The various measures of 
aluminum content in culinary media will be done by colorimetric with a spectro-
photometer 7315 of JEWAY mark at 560 nm wavelength [10, 11].

2.3.2 Aluminum quantitative analysis method

Local kitchen utensil samples have been thoroughly washed and rinsed using 
distilled water then air dried. Each kitchen utensil has been filled out with studied 
solution WS and WR then heated at boiling temperatures. To compensate evapora-
tion during heating phase, the final volume is adjusted to the end of each operation 
with distilled water [12].

2.3.3 Colorimetric dosage of aluminum released from local kitchen cooking

The loss of aluminum quantity released from two local kitchen utensils was 
determined by colorimetric dosage to 5 ml sample for each cooking solution. For 
that it was placed in the graduated flask of 50.0 ml containing 10.0 ml distilled 
water: 5.0 ml of EBT solution, 20.0 ml of buffer solution acetyl acetic acid (C4H6O3) 
permit to hold a pH at 6; 1.0 ml ascorbic acid 2% and a volume of solution S0 speci-
fied in Table 2 then filled up to the line of gauge with distilled water. After stirring 
and resting during 20 minutes, samples were analyzed with spectrophotometer. 
The standard was measured with a solution without aluminum and tally with no 
absorbance. The concentration of aluminum in the different solution was expressed 
in mg/L.

2.4 Data analysis

Data obtained were analyzed for duration and temperature variations using the 
Student’s t-test and XLSTAT 7.5.2 statistical software. Mean parameter concentra-
tions were compared according to the Ryan-Einot-Gabriel-Welsch (REGWQ ) test.

2.5 EIS-electrochemical impedance techniques

Electrochemical impedance spectroscopy (EIS) is a well-established quantita-
tive method for the accelerated evaluation of the anti-corrosion performance of 
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protective coatings. Within short testing times, EIS measurements provide reliable 
data, allowing for the prediction of the long-term performance of the coatings. 
The result of EIS is the impedance of the electrochemical system as a function of 
frequency. EIS is a versatile testing procedure and can be performed under dif-
ferent conditions of stress, depending on the performance of the tested coatings. 
Electrochemical impedance spectroscopy (EIS) is a powerful technique that utilizes 
a small amplitude, alternating current (AC) signal to probe the impedance char-
acteristics of a cell. The AC signal is scanned over a wide range of frequencies to 
generate an impedance spectrum for the electrochemical cell under test. EIS differs 
from direct current (DC) techniques in that it allows the study of capacitive, induc-
tive, and diffusion processes taking place in the electrochemical cell.

2.6 Electrochemical measurements

The electrochemical measurements were conducted in the Analytical Chemistry 
and Interfacial Chemistry (CHANI) of the University of Brussels (ULB). The EIS 
measurements were determined in a three electrodes electrochemical cell contain-
ing the culinary media. There are three electrodes – the reference electrode, the 
auxiliary electrode, and the working electrode. A saturated calomel electrode (SCE) 
was used as the reference electrode, a platinum metal gate as the auxiliary electrode, 
and a recycled aluminum alloy as working electrode (WE) made in the laboratory. 
The EIS measurements were performed with employed Princeton Applied Research 
potentiostat (model PGSTAT 50). A microcomputer was used for data acquisition. 
The measurements were carried out after 60 minutes of cooking.

3. Results and discussion

3.1 Open-circuit potential measurements

Open-circuit potential, Eoc, changes were measured against a standard saturated 
calomel electrode placed in the same compartment. The recycled aluminum alloy 
was immersed in the culinary media exposing a circular area of about 3.46 cm2. 
A copper wire was soldered at the rear of the electrode which was housed in a 
glass tube to protect it from the test culinary media. Results of the open circuit 

Control 
sample

S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12

Volume of S0 (ml) 0 0.08 1.6 3.2 4 5 6.25 6.5 7.5 9 10 12.5

Distilled water 10 10 10 10 10 10 10 10 10 10 10 10

EBT (ml) 5 5 5 5 5 5 5 5 5 5 5 5

Buffer pH = 6 (ml) 15 15 15 15 15 15 15 15 15 15 15 15

Ascorbic acid 2% 
(ml)

1 1 1 1 1 1 1 1 1 1 1 1

Complete distilled 
water (ml)

50 50 50 50 50 50 50 50 50 50 50 50

Al concentration 
(mg/L)

0 0.016 0.032 0.64 0.8 0.1 1.25 1.3 1.5 1.8 2 2.5

Table 2. 
Composition of standard scale.
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potential (Eoc) are shown in Figure 1. In the curve (Figure 1), a rapid increase of 
the open circuit potential was observed followed by a decrease of the value in the 
two culinary media. Open-circuit potential was studied for 15 min of cooking in 
the various culinary media. From the curve, a rapid increase of the open-circuit 
potentials followed by a decreasing of the value in the two culinary media (salt 
water at 3 g.L−1 and broken rice) were observed. It can be noticed that these curves 
vary toward higher values during the first 150 seconds of cooking but after that, 
an almost decrease of the potential is observed. In this case, we can observe the 
aluminum passivation tendency which could have many forms: passivation caused 
by hydroxides which are absorbed at the metal surface, that caused by absorption of 
the existing components of the two cooking media or their combination.

A comparison of the behavior of recycled alloy in the media (broken rice and 
salt water) indicated that significantly higher corrosion potential was recorded 
in the salt water compared to broken rice media. This could be explained by their 
negative effect susceptible of influencing the passivation during the first minutes 
of cooking. According to literatures, the presence of chloride ions in study media 
could compete with media hydroxides ions when absorbed at the surface, allowing 
a localized corrosion and then a deterioration of the passive film [13]. In order to 
understand more about the existing behavior for metal/media in the cooking media, 
a series of curves was set out by electrochemical impedance spectroscopy in the 
context of comparative study in the different media.

3.2 Electrochemical impedance spectroscopy (EIS) measurements

Behavior to corrosion from recycled alloy in the two cooking media simulating 
a similar process to Burkina Faso cooking habit was studied by electrochemical 
impedance spectroscopy at 100°C and different cooking times. The frequency 
ranged from 100 KHz to 100 mHz, and the amplitude was set at 10 mV. Nyquist and 
Bode plots were used in broken rice media and that of salt water titrated at 3 g.L−1 
and up to boiling temperature after various cooking times in an open-circuit. Data 

Figure 1. 
Open-circuit potential for recycled aluminum alloy in salt water and broken rice.
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acquisition and analysis were performed with microcomputer. The spectra were 
interpreted using the ZSimpWin program. These measures were performed in five 
replicates to ensure the results reproducibility.

3.3 Effect of cooking times

Measuring electrochemical impedance consists in studying the response of the 
electrochemical system, due to disturbance which is most often a low amplitude 
double signal. The strength of this technique is to differentiate the reaction phe-
nomena from their relaxation times. Only quick processes are characterized in high 
frequencies; when the applied frequency decreases, appears the contribution of 
slower steps as transport phenomena or solution diffusion. To evaluate the behavior 
of the passive layer in various culinary media, the sample of aluminum alloy was 
immersed continuously for 60 minutes (00, 15, 30, and 60 minutes) for broken 
rice and salt water. During these cooking times, only measurements of impedances 
have been regularly performed since they do not disturb the system. Nyquist graph 
(Figures 2 and 3) illustrates the experimental impedance diagrams to corrosion 
potential obtained from the aluminum alloy in the studied culinary media. Indeed, 
Figure 3 shows a progressive decrease in the size of the impedance spectrum in a 
more or less flattened half circle shape, characterizing the formation of the protec-
tive layer (alumina Al2O3). This leads to a decrease of the total recycled aluminum 
resistance with regards to the cooking time. In contrast to the salt water media, the 
broken rice media (Figure 2) show an increase in the spectra size, confirming the 
sample resistance of the media [14]. We find a phase difference with respect to axis 
of real (Figures 2 and 3), which may be explained by the surface none-homogene-
ity. However, for a better correlation between the experimental data and simulation, 
we introduced into the procedure for calculating a constant phase element and 
the surface none-homogeneity is realized through this constant phase element as 
follows (Eq. 1) [15–18].

Despite a constant phase element being utilized for data fitting instead of an 
ideal capacitor, since n values obtained from data fitting were in the range from 0.85 
to 0.95, the value obtained from data fitting was taken as the capacitance (Eq. (1)).
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When n = 1, CPE is an ideal capacitor (Eq. (2)) [19, 20].

   Z  dc   = C   [ (jω) ]    −1   (2)

Zdc = double layer capacitance.
A true capacitive behavior is rarely obtained. The n values close to 1 represent 

the deviation from the ideal capacitive behavior [21].
The best simulation is obtained from the use of equivalent circuit proposed for 

metal/electrolyte interface and illustrated in Figure 4. This equivalent circuit was 
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Figure 2. 
Nyquist plots for recycled aluminum alloy tested in broken rice media.

Figure 3. 
Nyquist plots for recycled aluminum alloy tested in salt water media.
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proposed by Zhang et al. [9] to describe the bi-layer oxide film formed on alumi-
num and aluminum corrosion aqueous media.

This circuit is valid for all determinations. In the equivalent circuit, R is the 
salt water and the broken rice resistance, R1 is the resistance to polarization, C is 
the corresponding capacity to the dense oxide layer, R2 is the resistance in porous 
oxide position, and Q is the corresponding component of the constant phase to 
porous oxide positions. The results of the parameters in the equivalent circuit are 
shown in Table 3.

For the recycled aluminum alloy, different resistivity profiles in both media, 
regardless of the cooking time are observed as the impedance diagrams vary with 
the immersion time (Figures 5 and 6). It shows that parameters in the salt water 
media decrease in contrast to those in broken rice media for different cooking 
times up to 60 minutes. This behavior may be associated with physicochemical 
variations which occurred in the oxide film (alumina) during cooking in the salt 
water media (penetration of the electrolyte into the oxide layer and hydration of 
alumina) containing chloride ions. Comparison of the curves (Figures 5 and 6) 
clearly shows that resistivities in the layer alumina developed on the alloy recy-
cled aluminum are higher in the broken rice media than those in the salt water. 
This could be explained by the presence of a more homogeneous and dense layer 
for the recycled aluminum in the media and also that of chloride ions in the salt 
water. Because, the behavior of interface/media is completely different with the 
latter. The overall behavior is reflected in the impedance diagram by a decrease in 

Media Times R C R1 Q n R2

(min) kΩ·cm2 F·cm−2 kΩ·cm2 S sn·cm−2 kΩ·cm2

Broken rice 0 0.697 0.0017 0.3480 0.0048 0.73 75.4

15 1.81.10-8 1.72.10-5 0.4830 0.0053 0.78 196.8

30 3.21.10-8 1.53.10-5 0.5364 0.0060 0.76 223.8

60 1.96.10-6 9.14.10-6 0.3061 0.0015 0.87 259.2

Salt water 0 6.70.10-11 1.41.10-5 0.4474 0.0426 0.80 330.9

15 2.30.10-7 2.04.10-5 0.5586 0.0080 0.74 155.9

30 2.40.10-8 1.53.10-5 0.5366 0.0060 0.76 222.3

60 2.89.10-7 1.58.10-5 0.6573 0.0105 0.66 152.8

R, solution resistor; R1, polarization resistance; R2, oxide pore resistance; Q , constant phase; C, coating capacitance.

Table 3. 
Electrical parameters of equivalent circuit obtained by fitting the experimental results of EIS tests.

Figure 4. 
Equivalent circuit to aluminum alloy in the cooking food of Burkina Faso.
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Figure 5. 
Bode plots spectra for recycled aluminum alloy tested in broken rice media.

Figure 6. 
Bode plots spectra for recycled aluminum alloy tested in salt water media.
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Figure 7. 
Polarization resistance according to cooking times.

size of the capacitive phenomenon. This can be explained by the weakening and 
destruction of a film which is likely to be developed on the surface of the studied 
alloy allowing disappearance of the distribution phenomenon and the decrease 
of the resistance. These differences may be explained by the oxide layer composi-
tion developed on the alloy which is influenced by the chemical composition 
of material solid media and by the chemical composition of the intermetallic 
particles [22–24].

In conclusion, resistivity profiles obtained for recycled aluminum alloy showed 
that the oxide layer developed is less protective in the salt water media than the 
broken rice. This result would be bound to the zinc presence which would return 
this less resistant system [25–27]. The negative effect of chlorides in the salt water 
media are presented in Table 3. This result was translated by the decrease in the 
polarization resistance. There also appeared an increase in the capacity associated 
with the polarization resistance. This increase may reflect the dissolution of the 
recycled alloy in the salt water media. The polarization resistance stands for the sum 
of the dense oxide layer resistance and that of the two cooking media (salt water 
and broken rice) [28]. In this case, R2 is much larger than R1, therefore, it can be 
considered as the polarization resistance. Table 3 illustrated the simulation param-
eters. It shows that the polarization resistance increases gradually with the increased 
cooking time up to 60 minutes for media broken rice while for the salt water media, 
a decrease is observed followed by a slight increase. Highest values of the polariza-
tion resistance in broken rice media as compared to the salt water can be explained 
partly by the chemical composition of the recycled alloy capable of modifying the 
physical and chemical properties of the oxide layer into more or less noble depend-
ing on the studied media, and second, by the resistance of the charge transfer (R) 
which is not identical for both media. Figure 7 indicated a clear difference between 
the polarization resistance values from the two cooking media.

Observation Figure 7 curves show that the sample from the broken rice media 
is less corroded than that from the salt water media. This confirmed the destructive 
effect of the salt water media on our sample [29, 30].
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3.4 Influence of media, WS, and WR

Aluminum content released after 30 and 60 minutes in various cooking media is 
given in Table 4.

The same absorbance measured 30 and 60 minutes of cooking duration in the 
media WS (titrated at 3 g.L-1 of salt) has given more important result in the other 
media (WR) of study. The high quantity of aluminum in this media has been prob-
ably linked to the presence of chloride ion and also to environmental pH. This result 
is according to the study conducted by Bommersbach and Duggan [31, 32]. Similar 
increase of aluminum loss with the increase of alcohol-free drinks acidity package 
in the aluminum bottle. These contents are very comparable with those got using 
tape water, concentrated tomato, and media WR in the same conditions. Other 
minerals in the tape water added to chloride ion have a significant influence on alu-
minum leaching with local kitchen utensils. For media WR important contents of 
aluminum had been lost in the cooking media after 30–60 minutes in the four local 
kitchen utensils. These results are similar to those decrypted by some authors [33, 
34], in cooking breaking rice (WR) found to be not aggressive operation for sample 
containing more silicon. Studies showed that concentrated tomatoes caused more 
effect on cooking utensils [35]. Acidity of this product is so probability equivalent 
to those of fresh tomatoes, that is surely again a consequence of their origin and 
mode of production. Contributions of water at room temperature and tomato are 
so low that aluminum quantities swallowed and are relatively independent form 
the proportion of rice water. But, toxicity norm by some authors [26, 36] do state of 
acceptable daily dose to 1 mg by kilogram of body weight for human. This dose is 
a maximal tolerable quantity by human organism above which aluminum became 
toxic for him [22, 37]. This simplified outcome showed that we are far from the 
critical threshold for which human health is in danger. From this study, we can 
conclude that kitchen cooking utensils in Burkina Faso have not involved in particu-
lar toxicological danger.

4. Conclusions

This study contributed to the characterization by electrochemical impedance 
spectroscopy of the local kitchen utensils used for cooking. From this study, we 

Sample Times (min) WS WR

D 25°C 100°C 25°C 100°C

1440 5,84i 5.24j

15 57.85h 52.39g

30 62.78e 56.82d

60 70.78a 64.24a

ddl 3 3

Probability <0.0001 <0.0001

Manning HS HS

Results are means of 3 replications; HS = high significant. Test Ryan-Einot-Gabriel-Welsch (REGWQ ), the difference 
is not significant between values added by the same letter in the same line.

Table 4. 
Aluminum content measured in various cooking media of sample D after different contact times at room 
temperature (25°C) and at boiling temperature.
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conclude that variations of the impedance spectra in Niquist Z diagram based on the 
cooking time confirms the development of a protective oxide layer (alumina) of this 
alloys in electrochemical tests, resulting in an increase of the polarization resistance 
jointly with a decrease in the capacity of the double layer. Electrochemical tests 
showed a good efficacy of the sample in the broken rice media and having a good 
resistance to corrosion comparatively to salt water media. The low resistance to 
corrosion of sample in the salt water media is certainly caused by chloride ions. 
Susceptibility to corrosion by pitting has been confirmed by the method of electro-
chemical impedance spectroscopy.

Analysis of two local kitchen utensils with known composition and with various 
cooking media frequently used in Burkina Faso showed that aluminum content 
released increases with temperature influence, cooking time, and media. However, 
insignificant values of aluminum concentration released at room temperature in all 
solution are may be caused by the short stocking time, may be a decreasing of stock-
ing temperature or another factor not deal with in this study. This study permits to 
update literature data and must support agribusiness and socio-economic interest 
of local kitchen utensils made in Burkina Faso according to the area. As precaution 
to take for limit risk of aluminum migration in foods:

• Avoid using spoil kitchen utensils, aluminum migrate more easily when 
kitchen utensils are worn;

• Avoid cooking or preserving food in kitchen utensil in aluminum. Food will 
absorb more aluminum if it is cooked or preserved in kitchen utensil (pan, 
leaf,…) made in this material;

• Avoid cooking vegetable or acid foods as tomatoes, citrus fruit in aluminum 
utensil, products absorb more easily this material.
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Chapter 3

Electrochemical, Thermodynamic,
Surface, and Spectroscopic Study
in Inhibition of Iron Corrosion
with Turmeric Root Extract (TRE)
Khuloud Almzarzie, Ayman Almassri, Ahmad Falah
and Hassan Kellawi

Abstract

Turmeric root extract was tested as corrosion inhibitor for iron in 0.5 M HCl,
using potentiodynamic polarization and electrochemical impedance spectroscopy,
scanning electron microscope, and energy dispersive X-ray analysis. The inhibition
efficiency increases as the time of immersion rises but decreases with temperature
rise. The Nyquist plots showed that the charge transfer resistance increases and the
double-layer capacitance decreases as the time of immersion increases. Tafel results
show that both corrosion current and corrosion speed are reduced with time of
immersion. All impedance spectra of EIS tests exhibit one capacitive loop, which
indicates that the corrosion reaction is controlled by charge transfer process. Inhi-
bition efficiency increases with the concentration of the inhibitor reaching its max-
imum value, 88.90%, at 8 g/100 mL. Thermodynamic parameters, Ea, ΔH*, and
ΔS*, were estimated, and the mechanism of corrosion and inhibition was discussed.
The adsorption of turmeric root extract followed Langmuir adsorption isotherm.

Keywords: iron corrosion, electrochemical impedance spectroscopy (EIS),
turmeric toot extract (TRE), double-layer capacitance (Cdl), scanning electron
microscopy (SEM), inhibition efficiency IE (%)

1. Introduction

Inhibition of corrosion of iron is important for theoretical and practical aspects
[1]. Iron and its alloys are of great importance in the industry, prompting vast
research on corrosion resistance and its conducts [2]. Acids are wildly used in
industries [3], such as industrial acid cleaning, acid descaling, and acid picking, and
used to remove mill scale from metallic surfaces. Natural compounds containing
sulfur, oxygen, and nitrogen atoms are effective as corrosion inhibitors in acid
media; inhibitors are used to reduce the rate of dissolution of metals [4]. Natural
plant inhibitors that contain organic compounds are widely used to inhibit minerals
in an acidic medium [5] and are called environmentally friendly nontoxic inhibitors
[6]. The adsorption of these compounds is influenced by the electronic structure of
their content of active compounds, electrons density, aromatic rings, and functional
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1. Introduction

Inhibition of corrosion of iron is important for theoretical and practical aspects
[1]. Iron and its alloys are of great importance in the industry, prompting vast
research on corrosion resistance and its conducts [2]. Acids are wildly used in
industries [3], such as industrial acid cleaning, acid descaling, and acid picking, and
used to remove mill scale from metallic surfaces. Natural compounds containing
sulfur, oxygen, and nitrogen atoms are effective as corrosion inhibitors in acid
media; inhibitors are used to reduce the rate of dissolution of metals [4]. Natural
plant inhibitors that contain organic compounds are widely used to inhibit minerals
in an acidic medium [5] and are called environmentally friendly nontoxic inhibitors
[6]. The adsorption of these compounds is influenced by the electronic structure of
their content of active compounds, electrons density, aromatic rings, and functional
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groups possessing free electrons such as, R–OH –CHO, –N=N, etc. [7]. The adsorp-
tion of organic inhibitors at the metal/solution interface takes place through the
replacement of water molecules by organic inhibitor molecules [8]. The efficiency
of these compounds depends mainly on their abilities to be adsorbed on the metal
surface with their polar groups moving as the reactive centers. The purpose of this
research is to use a nontoxic environment friendly inhibitor formed from turmeric
root extract to reduce iron corrosion and study its effect using electrochemical
impedance and Tafel polarization methods. Turmeric root extract contains active
substances represented by turmeric derivatives with a high percentage (90%),
which are phenolic compounds of antioxidant. The most important are curcumin,
demethoxycurcumin, and bisdemethoxycurcumin, which have the following
chemical formulas (Figures 1 and 2) [9]:

Recent reference studies indicate the use of turmeric root extract in 2012 to
inhibit copper metal. The inhibit corrosion was 98% with EIS technology and Tafel
polarization [10]. In 2014, the effect of turmeric on steel was studied with Tafel
polarization in a petroleum medium. The inhibit corrosion was 92% [11]. In 2017,

Figure 1.
Chemical formulas for turmeric derivative compounds [9].

Figure 2.
Sinusoidal signal applied and the sinusoidal current signal produced by a specific phase difference.
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the effect of turmeric on solid carbon in a saline medium (3.5% NaCl) was studied
with Tafel technology; the inhibit corrosion was 91% [12].

This phenomenon has not been adequately studied in Syria; therefore, this
research is an important step in studying the phenomenon of corrosion and under-
standing the mechanism of its occurrence and the conditions affecting it with the
latest technologies Electrochemical impedance spectrometry and Mott-Schottky
plot are used as a basis for future research in order to implement solutions on the
ground.

1.1 Definition of electrochemical impedance spectrometry (EIS)

Electrochemical impedance spectrometry is also called alternating current (AC)
and impedance spectroscopy (EI). It is a useful tool and the newest method in many
studies, especially the study of corrosion of minerals. Impedance is defined as the
measurement of the impedance of alternating current passage in each part of the
electrical circuit, and it has units of ohm. Electromagnetic impedance spectroscopy
measures the sinusoidal changes of the current and potential signals as a function of
the frequency at the value of a current, a field of current, a value of a potential, or a
field of potential. Frequency changes give rise to a different phase difference
between the current and potential signals for each circuit element [1].

Impedance is measured by applying a sinusoidal signal or current and then
measuring the resulting response to the corresponding variable in a given frequency
range. The following equations show the signal of latency and current response at a
specific frequency [3], which are found via Eq. (1):

Et ¼ E0 sin ωtð Þ (1)

where Et is the latency at time t, E0 is the applied signal amplitude, ω is the
angular frequency (radians/second) equal to 2лf, and f (frequency) is the number of
integrated vibrations per second (Hz/s).

The resulting current response is measured at the same frequency value with a
phase difference between the current and potential signals and a difference in signal
amplitude, which are found via Eq. (2):

It ¼ I0 sin ωtþ φð Þ (2)

where φ is the phase difference in radians and I0 is the signal response amplitude.
The relationship of impedance is given according to Ohm’s law:

Z ¼ Et=It ¼ E0 sin ωtð Þ=I0 sin ωtþ φð Þð Þ (3)

¼ Z0 sin ωtð Þ= sin ωtþ φð Þð Þ (4)

where Z0 = E0/I0.
The value of the phase difference at the value of a specific frequency is given by

tan φ ¼ Zimg=Zreal (5)

where Zimg is the imaginary impedance and Zreal is the true impedance.

1.2 Features and applications

The electromagnetic impedance spectroscopy is distinguished as its results are
accurate, as each point of the EIS curve contains information about the electrical
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groups possessing free electrons such as, R–OH –CHO, –N=N, etc. [7]. The adsorp-
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demethoxycurcumin, and bisdemethoxycurcumin, which have the following
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inhibit copper metal. The inhibit corrosion was 98% with EIS technology and Tafel
polarization [10]. In 2014, the effect of turmeric on steel was studied with Tafel
polarization in a petroleum medium. The inhibit corrosion was 92% [11]. In 2017,

Figure 1.
Chemical formulas for turmeric derivative compounds [9].

Figure 2.
Sinusoidal signal applied and the sinusoidal current signal produced by a specific phase difference.
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the effect of turmeric on solid carbon in a saline medium (3.5% NaCl) was studied
with Tafel technology; the inhibit corrosion was 91% [12].

This phenomenon has not been adequately studied in Syria; therefore, this
research is an important step in studying the phenomenon of corrosion and under-
standing the mechanism of its occurrence and the conditions affecting it with the
latest technologies Electrochemical impedance spectrometry and Mott-Schottky
plot are used as a basis for future research in order to implement solutions on the
ground.

1.1 Definition of electrochemical impedance spectrometry (EIS)

Electrochemical impedance spectrometry is also called alternating current (AC)
and impedance spectroscopy (EI). It is a useful tool and the newest method in many
studies, especially the study of corrosion of minerals. Impedance is defined as the
measurement of the impedance of alternating current passage in each part of the
electrical circuit, and it has units of ohm. Electromagnetic impedance spectroscopy
measures the sinusoidal changes of the current and potential signals as a function of
the frequency at the value of a current, a field of current, a value of a potential, or a
field of potential. Frequency changes give rise to a different phase difference
between the current and potential signals for each circuit element [1].

Impedance is measured by applying a sinusoidal signal or current and then
measuring the resulting response to the corresponding variable in a given frequency
range. The following equations show the signal of latency and current response at a
specific frequency [3], which are found via Eq. (1):

Et ¼ E0 sin ωtð Þ (1)

where Et is the latency at time t, E0 is the applied signal amplitude, ω is the
angular frequency (radians/second) equal to 2лf, and f (frequency) is the number of
integrated vibrations per second (Hz/s).

The resulting current response is measured at the same frequency value with a
phase difference between the current and potential signals and a difference in signal
amplitude, which are found via Eq. (2):

It ¼ I0 sin ωtþ φð Þ (2)

where φ is the phase difference in radians and I0 is the signal response amplitude.
The relationship of impedance is given according to Ohm’s law:

Z ¼ Et=It ¼ E0 sin ωtð Þ=I0 sin ωtþ φð Þð Þ (3)

¼ Z0 sin ωtð Þ= sin ωtþ φð Þð Þ (4)

where Z0 = E0/I0.
The value of the phase difference at the value of a specific frequency is given by

tan φ ¼ Zimg=Zreal (5)

where Zimg is the imaginary impedance and Zreal is the true impedance.

1.2 Features and applications

The electromagnetic impedance spectroscopy is distinguished as its results are
accurate, as each point of the EIS curve contains information about the electrical
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process taking place, compared to conventional electrical methods that depend on
measuring current changes, electrical charges, or the potential of the electrodes as a
function of time, which depends on a certain value of its spectrum, such as a cyclic
voltage, which includes current changes in hundreds of points for the potential to
obtain a specific value for the peak oxidation and return at the corresponding
current and potential value [3].

Among the applications of electromagnetic impedance spectroscopy, in addition
to studying corrosion processes, electroplating processes, and semiconductors, it
studies surface processes that include oxidation and reduction processes on the
electrode surface, adsorption processes, electrical adsorption, and diffusion, as well
as the kinetics of reactions in solutions, mass transfer, and resistance to solution,
cells, and their electrical properties and batteries, determining the effect of each
circuit element on impedance [1, 6]. It is also distinguished by not destroying the
studied sample after testing [13].

2. Materials and methods

2.1 Preparation of plant extract

Turmeric root extract was prepared by washing and drying the turmeric root
and grinding it then dissolving 1 g of powder in 100 mL methanol 50% and
removing the solvent by placing the solution in a vacuum evaporator, at 60°C.
Distilled water is used in the preparation process [14].

2.2 Preparation of metal specimen

The iron specimens have a composition (wt%) of 0.200% C, 0.500% Si, 1.600%
Mn, 0.035% S, 0.035% P, 0.040% Nb, 0.012% N, 0.020% Al, and remaining Fe.
This sample was analyzed in the Atomic Energy Commission and abraded with a
series of emery papers 400, 1200, 1500, and 1800 grades. The samples were then
washed thoroughly with distilled water and dried in air.

2.3 Test solution

A solution of 0.5 M concentrated acid was prepared using distilled water and
37% hydrochloric acid.

2.4 Electrochemical measurements

Electrochemical measurements were carried out using a potentiostat
IVIUM-STAT.XR (Holland). A three-electrode cell system containing working
electrode (iron coupon) of a 1 cm2 exposed area, saturated (Ag/AgCl) electrode
as a reference electrode, and then a platinum wire as auxiliary electrode was
used. The electrochemical impedance spectroscopy measurements were carried
out using the mentioned electrochemical system. Polarization curves were
recorded at a sweep rate of 50 mV s�1. Electrochemical impedance
spectroscopy measurements were carried out at open-circuit potential over a
frequency range of 1 MHz to 1 Hz. The sinusoidal perturbation has an
amplitude of 0.01 mV.
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2.5 Scanning electron microscopy (SEM) and energy dispersive X-rays (EDX)

The inhibitor film formation of the extracts surface was studied using SEM and
EDX techniques.

3. Results and discussion

3.1 Mechanism of inhibition process

Turmeric root extract (TRE) used here as a corrosion inhibitor can serve as a
scale inhibitor as well. This plant is characterized by the existence of a percentage of
phenolic compounds (categories of curcumin) of a percentage up to 90%. It is a
natural, nontoxic, environmentally friendly material. Active compounds in tur-
meric root extract are attributed to curcumin, demethoxycurcumin, and
bisdemethoxycurcumin and to the multiple lone pair of electrons, multiple bonds,
and/or conjugated л-type bond system [15]. Adsorption of these active molecules
forms thin inhibitor films on the metal surface, which isolate the metal surface from
the corrosive environment [16]. The oxygen atoms, the aromatic rings, and the
bilateral bond of the aromatic rings boost the electronic pair freedom on the surface
of the electrode. These compounds adsorb their free electrons on the surface of the
electrode, and the iron is oxidized to form positively charged iron, thus forming a
double electrical layer, and difference in voltage arises, as schematically presented
in Figure 3. The inhibitor enhances the free electrons, which reduces iron corrosion
and enhances inhibition.

3.2 Electrochemical impedance spectroscopy measurements

In the corrosion behavior of iron in 0.5 M HCl solution, in the absence and
presence of TRE, it is investigated by the EIS, at 298 K after 1 hour of immersion in
the acid solution. The double-layer capacitance (Cdl) and the frequency at which the
imaginary component of the impedance is maximum (�Zmax) are found via Eq. (6):

Cdl ¼ 1=wmaxRct where wmax ¼ 2πfmax (6)

The inhibition efficiency %IERct that resulted from the charge transfer resistance
(Rct) is calculated by

%IERct ¼ Rct � R0
ct

� �
=Rct

� �
∗ 100 (7)

Figure 3.
Schematic presentation of the electric double-layer formation [Chem draw].
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and/or conjugated л-type bond system [15]. Adsorption of these active molecules
forms thin inhibitor films on the metal surface, which isolate the metal surface from
the corrosive environment [16]. The oxygen atoms, the aromatic rings, and the
bilateral bond of the aromatic rings boost the electronic pair freedom on the surface
of the electrode. These compounds adsorb their free electrons on the surface of the
electrode, and the iron is oxidized to form positively charged iron, thus forming a
double electrical layer, and difference in voltage arises, as schematically presented
in Figure 3. The inhibitor enhances the free electrons, which reduces iron corrosion
and enhances inhibition.

3.2 Electrochemical impedance spectroscopy measurements

In the corrosion behavior of iron in 0.5 M HCl solution, in the absence and
presence of TRE, it is investigated by the EIS, at 298 K after 1 hour of immersion in
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where R0
ct and Rct are the charge transfer resistance (Rct) in the absence and

presence of different concentrations of inhibitor, respectively [17].
Nyquist’s and Bode’s graphs of the results of the EIS of iron in 0.5 M HCl, in the

absence and presence of different concentrations of TRE, were presented in
Figures 4 and 5, respectively. The big capacitive loop refers to the adsorption of the
inhibitor molecules (active compounds) presented in Figure 2 on the iron samples
[18]. Rs represents the resistance of the corrosive solution, and Rct represents the
effective resistance of the transport groups of the damper and the adsorption of
their electrons onto the metal surface. Cdl is the amplitude of the formed double
layer between the surface of the metal and solution.

Table 1 indicates that the Rct values of the inhibited substrates increased with
the concentration of inhibitors and Cdl values decreased because of the increased
prevalence of active compounds from the inhibitor and the adsorption of their
electrons on the iron surface, which confirms that TRE extract is an effective
inhibitor of corrosion of iron in the medium of water chlorine acid [19]. The values
of n between 0.7 and 0.98 indicate that the constant phase element Q operates as a
capacitance in the equivalent electrical circuit, which indicates a complex. The
adsorbent inhibitor is a capacitive capacitor in the electrical circuit equivalent to its
positive bus, the surface of the solution, and the negative capacitor, the electrode
surface [20]. Resistance values of the solution are small Rs due to the corrosion

Figure 4.
Nyquist plots of iron in 0.5 M HCl containing varying concentrations of TRE after 1 hour of immersion in acid
solution.

Figure 5.
Bode plots of iron in 0.5 M HCl containing varying concentrations of TRE after 1 hour of immersion in acid
solution.
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concentration and temperature of the corrosive medium at different immersion
times. Equivalent circuit model used to fit impedance spectra data is presented in
Figure 6.

3.3 Potentiodynamic polarization measurements

3.3.1 Influence of concentration

Polarization measurements were done in order to know about the kinetics of the
cathodic and anodic reactions. The anodic and cathodic current potential curves are
extrapolated up to their intersection at a point where corrosion current density
(Icorr) and corrosion potential (Ecorr) are acquired [21]. Table 2 shows the electro-
chemical parameters (Icorr, Ecorr, βa, βc, and CR) obtained from Tafel plots for the
iron electrode in 0.5 M HCl solution without and with various concentrations of

Inhibitor Concentration
(g/100 mL)

Rct

(ohm)
fmax

(Hz)
Cdl

(F/cm2)
ɑ IERct%

Blank 0.0 20.3 160 4.90*10�5 0.73 —

Turmeric root
extract

2.0 27.7 160 3.59*10�5 0.98 26.71

4.0 50.8 100 3.13*10�5 0.70 60.04

6.0 73.1 160 1.36*10�5 0.70 72.23

8.0 117 160 8.51*10�6 0.70 82.65

Table 1.
Impedance parameters of corrosion of iron in 0.5 M HCl at 298 K in the absence and presence of different
concentrations of TRE.

Figure 6.
Equivalent circuit model used to fit impedance spectra data.

Inhibitor Concentration
(g/100 mL)

Ecorr-
(mV/SCE)

Icorr
(A*10�4/
cm2)

βa (mV/
dec)

βc (mV/
dec)

CR (mm/
year)

IE%

Blank 0.0 0.677 26.13 0.352 0.183 8.56 —

Turmeric root
extract

2.0 0.3968 10.8 0.155 0.323 3.54 58.67

4.0 0.474 4.7 0.146 0.233 1.55 82.01

6.0 0.453 3.8 0.139 0.179 1.25 85.46

8.0 0.417 3.4 0.131 0.225 1.11 86.99

Table 2.
Electrochemical parameters of iron in 0.5 M HCl solution at different concentrations without and with TRE.
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cathodic and anodic reactions. The anodic and cathodic current potential curves are
extrapolated up to their intersection at a point where corrosion current density
(Icorr) and corrosion potential (Ecorr) are acquired [21]. Table 2 shows the electro-
chemical parameters (Icorr, Ecorr, βa, βc, and CR) obtained from Tafel plots for the
iron electrode in 0.5 M HCl solution without and with various concentrations of
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TRE. The Icorr values were used to calculate the inhibition efficiency, IE (%), in
Table 2, using Eq. (8):

IE ¼ I� Icorr=I½ � ∗ 100 (8)

where Icorr and I are the corrosion current densities with the presence and
absence of inhibitor, respectively. The CR values in Table 2 used the following
equation [22]:

CR ¼ 3:27 ∗ 10�3 icorr Ew=d (9)

where icorr is the corrosion current density in micro A/cm2, Ew is the equivalent
weight of the corroding metal in grams, and d is the density of the corroding metal
in g/cm3.

Under the experimental conditions performed, the cathodic section of the plot
represents the hydrogen evolution reaction, while the anodic section represents the
iron dissolution reaction. They are determined by the extrapolation of Tafel lines to
the respective corrosion potentials.

The results in Table 3 indicates that the inhibitor reduces the corrosion current
value and inhibition; IE (%) increases with the concentration of the inhibitor
reaching 88. 90%, at 8 g/100 mL. This result suggests that good inhibition act for
TRE [23].

T
(K)

C
(g/100 mL)

Ecorr-
(mv/SCE)

Icorr
(μA/cm2)

βa
(mV/dec)

βc
(mV/dec)

CR
mm/year

IE%

283 Blank 0.677 26.13 0.352 0.183 8.56 —

2 0.3968 10.8 0.155 0.323 3.54 58.67

4 0.468 5.9 0.148 0.177 1.933 77.42

6 0.453 3.8 0.139 0.179 1.25 85.46

8 0.442 2.9 0.143 0.188 0.979 88.90

293 Blank 0.661 31.1 0.316 0.174 10.19 —

2 0.379 8.35 0.142 0.328 2.73 73.15

4 0.458 6.6 0.138 0.205 2.167 78.78

6 0.458 4.8 0.164 0.206 1.581 84.57

8 0.441 4 0.131 0.193 1.318 87.14

303 Blank 0.677 33.8 0.331 0.168 11.07 —

2 0.452 13.5 0.167 0.249 4.4 60.06

4 0.426 9 0.132 0.263 2.97 73.37

6 0.474 7 0.152 0.193 2.29 79.29

8 0.498 5.7 0.14 0.16 1.87 83.14

313 Blank 0.714 36.2 0.378 0.119 11.84 —

2 0.477 14.6 0.188 0.237 4.788 59.67

4 0.419 11 0.135 0.28 3.631 69.61

6 0.379 7.9 0.133 0.339 2.6 78.18

8 0.468 5.9 0.148 0.177 1.933 83.70

Table 3.
Polarization parameters of iron in 0.5 M HCl at different temperatures with various concentrations of TRE.
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3.3.2 Influence of temperature

Polarization curves for the iron in 0.5 MHCl solution are shown in Figures 7 and 8
in two different conditions, with constant concentrations of TRE and in the
presence of different concentrations of TRE in the temperature range 283–313 K.
The surface overage (Θ) was calculated using

Θ ¼ IE %ð Þ=100 (10)

The inhibition efficiency IE (%) is given by Eq. (8).
The results of the Table 2 refer that temperature increase leads to Icorr increase,

while the addition of TRE resulted in the decrease of the Icorr values across the
temperature range. The results also indicate that the inhibition efficiencies
increased with the concentration of inhibitor but decreased proportionally with
temperature. Such behavior can be rationalized that the inhibitor acts by adsorption
onto the metal surface [24].

Figure 7.
Polarization curves of iron in 0.5 M HCl at different temperatures.

Figure 8.
Polarization curves of iron in 0.5 M HCl at different temperatures in the presence of 8 g/100 mL of TRE.
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Ea, ΔS*, and ΔH*, for both corrosion inhibition and corrosion of iron in 0.5 M
HCl in the presence and absence of TRE at different concentrations between 283
and 313 K, were calculated from an Arrhenius-type plot (Eqs. (11) and (12)) [25]:

Log Icorrð Þ ¼ �Ea=2:303RT (11)

where Icorr is the corrosion current density (taken from averaged polarization),
Ea is the activation of ion energy, and R is the universal gas constant.

I ¼ RT
Nh

exp
ΔS ∗
R

� �
exp �ΔH ∗

RT

� �
(12)

where h is Plank’s constant, N is Avogadro’s number, ΔH*a is the enthalpy of
activation, and ΔS*a is the entropy of activation.

The plots of Log (Icorr) vs. 1/T and Log (Icorr/T) vs. 1/T gave straight lines with
the slope of -Ea/R and -ΔH* /R, respectively. The intercepts were A and [Ln (R/
Nh) + (ΔS*/R)] for the Arrhenius and transition state equations, respectively
(Figures 9 and 10). The calculated values of the activation energy Ea, the entropy
of activation ΔS*, and the enthalpy of activation ΔH* are presented in Table 4.

The activation energy values with TRE film are greater than the absence as
shown in Table 4. This result is consistent with previous results, since adsorption of
active compounds on the metal surface impeded the corrosion reaction as if an
additional energy barrier had arisen to dampen the corrosion reaction. The positive
signal for a change in the enthalpy of the corrosion reaction indicates that the

Figure 9.
Arrhenius plots of log (Icorr) versus 1/T at various concentrations of TRE.

Figure 10.
Variation of log (Icorr/T) versus 1/T at various concentrations of TRE.
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pyrolysis process is endothermic. The decreasing entropy of the reaction at the
formation of the complex indicates that the adsorbent inhibitor complex has a
coherent structure [26–28].

The study of adsorption behavior of active compounds on the iron surface shows
the following data:

3.3.3 Adsorption isotherm

Study the effect of turmeric root extract concentration on the inhibition efficacy
by acting C\θ in terms of C. Gibbs standard free energy (ΔGads) is calculated as a
single molecule of water, which replaces a molecule. One of the inhibitor molecules
has a ratio of 1/55.5, from relationships (13) and (14), according to the isotope of
the immersion in adsorption. Langmuir adsorption isotherm is represented by
Eq. (13) [29]:

Log K ¼ log 1n55:5ð Þ–ΔG0
adsnRT (13)

Rearrangement gives Eq. (14):

Cnθ ¼ 1=Kads þ C (14)

where θ is the degree of surface cover with the inhibitor, K ads is the adsorption
equilibrium constant, and C is the concentration of inhibitor used in the corrosive
medium (Figure 11).

Inhibitor C (g/100 mL) Ea (kJ/mol) ΔH* (kJ/mol) ΔS* (J/mol)

0.5 M HCl — 7.69 5.22 �275.37
Turmeric root extract (TRE) 2.0 10.02 7.55 �275.83

4.0 15.99 13.52 258.93

6.0 18.99 16.52 �251.65
8.0 18.43 15.96 �255.51

Table 4.
Values of activation parameters ΔS* and ΔH* for iron 0.5MHCl in the presence and absence of various
inhibition concentrations.

Figure 11.
Plots of Langmuir adsorption isotherm of TRE on iron surface at different temperatures.
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HCl in the presence and absence of TRE at different concentrations between 283
and 313 K, were calculated from an Arrhenius-type plot (Eqs. (11) and (12)) [25]:

Log Icorrð Þ ¼ �Ea=2:303RT (11)

where Icorr is the corrosion current density (taken from averaged polarization),
Ea is the activation of ion energy, and R is the universal gas constant.

I ¼ RT
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exp
ΔS ∗
R

� �
exp �ΔH ∗

RT

� �
(12)
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The value of ΔGa is less than �20 kJ mol�1 which is an indication that physical
adsorption is dominant [30] (Table 5).

3.4 SEM–EDX analysis

Surface morphology of iron was studied by scanning electron microscopy after
1 h immersion in HCl with and without addition of the inhibitor. Figure 12a repre-
sents the micrograph obtained by polished steel before exposing to the corrosive
medium, while Figure 12b showed strongly damaged steel surface due to the
corrosion effect after immersion in HCl solution. SEM images of steel surface after
1 hour immersion in HCl with 1 g/100 mL TRE are shown in Figure 12c. It can be
seen from Figure 12a that the iron sample before immersion seems smooth and
shows some abrading scratches on the surface. Inspection of Figure 12b reveals that
the iron surface after immersion in uninhibited HCl shows an aggressive attack of
the corroding medium on the iron surface. In contrast, in the presence of 1 g/100 mL
TRE (Figure 12c), the iron surface was corroded only negligibly. In addition,
there was an adsorbed film on the iron surface that was not observed in Figure 12b.
These results confirmed enhancement of surface coverage of steel surface that led to

T (K) 1/K ΔGads (kJ mol�1) ΔSa (J mol�1) R2 ΔHa (kJ mol�1)

283 0.16 �13.8169 48.75 0.9986 �20
293 0.04 �17.7954 60.67 0.9910

303 0.13 �15.2926 50.40 0.9999

313 0.15 �15.4306 49.24 0.9961

Table 5.
Calculated parameters of Langmuir adsorption isotherm.

Figure 12.
SEM of polished iron (a) before immersion (b) after 1 hour of immersion in HCl 1 g/100 mL of TRE and
(c) treated iron in the presence of 1 g/100 mL extract.

Element C O Cl

Without inhibitor 0.20 — —

After adding HCl 0.20 29.86 1.76

With inhibitor 26.84 7.14 0.1

Table 6.
The percentages of the studied elements in the presence of TRE.
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the decrease in contact between the iron and the aggressive medium. Thus, a good
adsorptive protection layer that was formed by the inhibitor can efficiently inhibit
corrosion of steel.

The following table shows the percentages of the studied elements in the pres-
ence and absence of TRE.

Figure 13.
EDX of (a) polished iron, (b) after 1 hour of immersion in HCl, and (c) treated iron in the presence of 1 g/
100 mL extract.
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Increasing the percentage of carbon on the surface of the iron treated with the
inhibitor compared to the surface of the polished iron is presented in Table 6 and
Figure 13, due to the spread of the effective groups in the inhibitor and the adsorp-
tion of its electrons on the surface of the iron. Oxygen content is reduced at the
surface of the iron treated with an inhibitor, compared to the surface of iron
exposed to the corrosive medium, due to its interaction with iron to form a complex
inhibitor film. Chlorine content is reduced in the presence of the extract compared
to the iron surface exposed to corrosive medium due to the reaction of chlorine with
iron forming chloride dissolved iron.

4. Conclusion

The inhibition efficiency (%IE) of TRE increases with the increase of extract
concentration. EIS results showed that the double-layer capacitance (Cdl) decreases
and charge transfer resistance (Rct) increases with the time of immersion in the
extract. The inhibitor showed maximum inhibition efficiency (%IE), 88.9% at 8 g/
100 mL concentration. The inhibition efficiency (%IE) of TRE decreased with
temperature, which leads to a decrease in activation energy (Ea) of the corrosion
process.

The activation energy value of Ea = �20 kJ mol�1 indicates that the adsorption
process is spontaneous and the is physical adsorption. Langmuir adsorption iso-
therm and SEM studies showed that TRE inhibitions occur through adsorption
mechanism. The results of SEM and EDX have been shown to form a protective film
on the iron surface.
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Chapter 4

Designing and Synthesis of
(Cd2+, Li+), Cr3+, Bi3+ Doped
CePO4 Materials Optical,
Electrochemical, Ionic
Conductivity Analysis
Salah Kouass, Amor Fadhalaoui, Hassouna Dhaouadi
and Fathi Touati

Abstract

Most of the work has been done on the optical properties of the rare earth doped
CePO4, so there are few studies on the effect of metal ion doping on CePO4. The
doping improves the properties of the compounds and can lead to new properties. It
is the first time, that multi- ionic doping process is used in the CePO4 matrix, in
order to improve the ionic conductivity and the electrochemical stability. The
low percentage of (Cd2+, Li+), Cr3+, Bi3+ dopant affect the structure showing a weak
decrease in the lattice parameters compared to the CePO4. Impedance spectroscopy
analysis was used to analyze the electrical behavior of samples as a function of
frequency at different temperatures. The total electrical conductivity plots obtained
from impedance spectra shows an increase of the total conductivity as Li, Cr-
content increases. The determined energy gap values decrease with increasingly Li+,
Cr3+ and Bi3+ doping content. Electrochemical tests showed an improved capacity
when increasing the Li+, Cr3+ and Bi3+ content and a stable cycling performance.

Keywords: phosphate materials, doping, optical properties, impedance
spectroscopy, electrochemical properties

1. Introduction

Nanoscience and nanotechnology is a rapid-developing field which has
demanded the technologist to innovate applicable nanomaterials with manipu-
lated shape and size to explore their principal chemical and physical charac-
teristics [1]. In recent years, rare earth phosphates have attracted many researchers
because of their technological applications [2, 3]. Cerium orthophosphate
nanomaterials have important properties: high thermal stability [4], very low
solubility in water, their use in the production of moisture sensors for lumi-
nescent materials, a poison for automotive catalysts and a novel oxygen sens-
ing material on the basis of its redox responsive reversible luminescence [5–7].
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Abstract

Most of the work has been done on the optical properties of the rare earth doped
CePO4, so there are few studies on the effect of metal ion doping on CePO4. The
doping improves the properties of the compounds and can lead to new properties. It
is the first time, that multi- ionic doping process is used in the CePO4 matrix, in
order to improve the ionic conductivity and the electrochemical stability. The
low percentage of (Cd2+, Li+), Cr3+, Bi3+ dopant affect the structure showing a weak
decrease in the lattice parameters compared to the CePO4. Impedance spectroscopy
analysis was used to analyze the electrical behavior of samples as a function of
frequency at different temperatures. The total electrical conductivity plots obtained
from impedance spectra shows an increase of the total conductivity as Li, Cr-
content increases. The determined energy gap values decrease with increasingly Li+,
Cr3+ and Bi3+ doping content. Electrochemical tests showed an improved capacity
when increasing the Li+, Cr3+ and Bi3+ content and a stable cycling performance.

Keywords: phosphate materials, doping, optical properties, impedance
spectroscopy, electrochemical properties

1. Introduction

Nanoscience and nanotechnology is a rapid-developing field which has
demanded the technologist to innovate applicable nanomaterials with manipu-
lated shape and size to explore their principal chemical and physical charac-
teristics [1]. In recent years, rare earth phosphates have attracted many researchers
because of their technological applications [2, 3]. Cerium orthophosphate
nanomaterials have important properties: high thermal stability [4], very low
solubility in water, their use in the production of moisture sensors for lumi-
nescent materials, a poison for automotive catalysts and a novel oxygen sens-
ing material on the basis of its redox responsive reversible luminescence [5–7].
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Most of the work has been done on the optical properties of the rare earth
doped CePO4, so there are few studies on the effect of metal ion doping on CePO4.
Additionally, CePO4 materials have been used in hydrogen fuel cells [8]. To better
understand the mechanism of conduction, information on the behavior and ionic
conductivities of charge carriers located in phosphates, electrical studies have been
carried out.

Generally, the doping process improves the properties of the compounds and can
lead to new properties [9, 10]. Trivalent elements have been known as doping ele-
ments, improving the physico-chemical properties of cerium phosphate-based mate-
rials [11]. In order to improve the electrical and optical properties, the cerium
phosphate was partially substituted by divalent transition metal ions. The doping with
Ca and Sr. has improved the electrical conductivity of (La, Ce) PO4 [12, 13]. The high
conductivity of the Sr-doped CePO4 under wet oxidizing conditions due to electronic
and ionic conduction is shown byMoral et al. [12]. Norby et al. studied the effect of the
substitution of lanthanum by calcium and strontium on the conductivity, described by
the dependence on humidity and the effect of H/D isotopic exchange [13].

The substitution effect depends on the nature of the doping elements. Chro-
mium shows the stability of the valence state (+ III) in conductive p-type SOFC
interconnection materials [14]. Numerous reports show that substitution with Cr3+

ions introduces interesting properties in ferrites [15, 16]. Cr-doping CePO4 is
expected to improve its optical and electrical properties.

Bismuth-based materials have been studied because of their excellent
photocatalytic activities in the reduction of NO [17], the generation of O2 [18, 19]
and the decomposition of organic compounds [20, 21]. It was founded that
Y2SiO5:Bi3+ gives rise to three emission bands centering at: 355, 408, and
504 nm upon UV excitation possibly from three types of bismuth emission
centers in the compound, respectively [22]. The broad absorption band of Bi3+

improves the emission process which could be varied from the UV to the NIR,
depending on its final valence in the compounds [23]. The Bi3+ ions combined
with rare earth ions such as cerium, Ce3+, can improve the optical properties of
CePO4 nanomaterials. The study of the effect of doping with Bi3+ ions on the
structural and electrical properties of CePO4 is virgin. This leads to new optical and
electrical properties for application in electronic devices.

Divalent cations were doped inmonophosphates, giving variations in the electrical
properties of these doped materials. The aim is to study the combined effect of
monovalent Li+ and divalent Cd2+ ions on structural, electrical and optical properties.
Indeed, the electrical and electrochemical properties of cadmium allow it to be used
in mobile phone batteries [24, 25]. Also lithium Li+ ions associated with the divalent
Fe2+, Mn2+ and Co2+ ions favor the increase of the capacity, the lifetime, diffusion
process and the electrochemical stability of a phosphate-based electrode [26–28].
The adjustment of the size, shape, density, optical, electrical and dielectric
properties of nanoparticles could help tune their broad spectral resonance
wavelength [29]. Microemulsion approach associated to the hydrothermal con-
ditions could be used to fabricate single crystalline CePO4 nanowires with con-
trolled aspect ratios [30]. Hydrothermal process has emerged as a powerful tool
due to some significant advantages such as cost-effective, controllable particle
size, low-temperature and less-complicated techniques [31].

2. Characterizations

Cerium orthophosphate has two crystalline phases [32, 33]. At low temperature
this material crystallizes in the hexagonal system. At high temperature cerium
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orthophosphate crystallizes in the monoclinic system. The hexagonal structure is
characterized by the existence of large tunnels parallel to the c-axis in which the
water present in the compound appears to be localized. The CePO4 produced in
aqueous solution at room temperature crystallizes in a hexagonal form [34, 35].
After heat treatment at 650°C, the hexagonal phase (CePO4) started converting into
a monoclinic structure.

The ions (Cd2+, Li+), Cr3+, Bi3+ doped CePO4 materials were characterized by
X-ray diffraction (XRD). All samples are single phase having a hexagonal struc-
ture similar to CePO4. The 2θ values of doped materials shift slightly higher angles
with increasing Cr, Bi, Cd and Li content, confirming the complete dissolution of
dopants (Figure 1). The same behavior was observed when Fe3+ ion substitutes
La3+ ion in LaPO4 [36]. The average crystallite size of all samples decreases with
increasing the amount of doping. The main reason for the decrease of the grain
size may be due to the fact that doping introduced defects and the defects prevent
grain to grow [37].

Many parameters affecting the morphological characteristics of the hexagonal
cerium phosphate nanocrystals such as the cerium concentration, the treatment
temperature, the reaction time, the nature of the surfactant, the pH value of the
solution and the synthesis method. The materials take on a similar shape to the
nanorod morphology with the size depending on the dopant-content.

3. Optical properties

The band gap energy of the as-prepared samples was calculated using the
Kubelka-Munk plot. The Kubelka-Munk function for diffuse reflectance [38] is

f ðRÞ ¼ 1� R2

2:R
(1)

where R is the reflectance. The optical band gap, Eg, can be determined using the
Tauc relation:

½FðRÞ:hν� ¼ A½hν� Eg�n (2)

where A is an energy-independent constant, Eg is the optical band gap and n can
take values of 0.5, 1.5, 2 and 3 depending on the mode of transition [39]. The band
gap energies can be estimated by extrapolating the linear portions to the hν axis and
from the corresponding intercept of the tangents to the plots of [F(R)*hν]2 vs. hν.

The determined energy gap values decrease with increasing Cr, Bi, Cd and
Li-doping content in CrxCe1-xPO4 (x = 0.00, 0.08, 0.10 and 0.20), BixCe1-xPO4

(x = 0.00, 0.02 and 0.08), Ce0.9Cd0.15-xLi2xPO4 (x = 0 and 0.02) nanorods,

Figure 1.
X-ray diffraction pattern of CePO4, Bi0.02Ce0.98PO4 and Li0.06Cd0.12Ce0.90PO4.
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The substitution effect depends on the nature of the doping elements. Chro-
mium shows the stability of the valence state (+ III) in conductive p-type SOFC
interconnection materials [14]. Numerous reports show that substitution with Cr3+
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expected to improve its optical and electrical properties.

Bismuth-based materials have been studied because of their excellent
photocatalytic activities in the reduction of NO [17], the generation of O2 [18, 19]
and the decomposition of organic compounds [20, 21]. It was founded that
Y2SiO5:Bi3+ gives rise to three emission bands centering at: 355, 408, and
504 nm upon UV excitation possibly from three types of bismuth emission
centers in the compound, respectively [22]. The broad absorption band of Bi3+

improves the emission process which could be varied from the UV to the NIR,
depending on its final valence in the compounds [23]. The Bi3+ ions combined
with rare earth ions such as cerium, Ce3+, can improve the optical properties of
CePO4 nanomaterials. The study of the effect of doping with Bi3+ ions on the
structural and electrical properties of CePO4 is virgin. This leads to new optical and
electrical properties for application in electronic devices.

Divalent cations were doped inmonophosphates, giving variations in the electrical
properties of these doped materials. The aim is to study the combined effect of
monovalent Li+ and divalent Cd2+ ions on structural, electrical and optical properties.
Indeed, the electrical and electrochemical properties of cadmium allow it to be used
in mobile phone batteries [24, 25]. Also lithium Li+ ions associated with the divalent
Fe2+, Mn2+ and Co2+ ions favor the increase of the capacity, the lifetime, diffusion
process and the electrochemical stability of a phosphate-based electrode [26–28].
The adjustment of the size, shape, density, optical, electrical and dielectric
properties of nanoparticles could help tune their broad spectral resonance
wavelength [29]. Microemulsion approach associated to the hydrothermal con-
ditions could be used to fabricate single crystalline CePO4 nanowires with con-
trolled aspect ratios [30]. Hydrothermal process has emerged as a powerful tool
due to some significant advantages such as cost-effective, controllable particle
size, low-temperature and less-complicated techniques [31].

2. Characterizations

Cerium orthophosphate has two crystalline phases [32, 33]. At low temperature
this material crystallizes in the hexagonal system. At high temperature cerium
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water present in the compound appears to be localized. The CePO4 produced in
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After heat treatment at 650°C, the hexagonal phase (CePO4) started converting into
a monoclinic structure.

The ions (Cd2+, Li+), Cr3+, Bi3+ doped CePO4 materials were characterized by
X-ray diffraction (XRD). All samples are single phase having a hexagonal struc-
ture similar to CePO4. The 2θ values of doped materials shift slightly higher angles
with increasing Cr, Bi, Cd and Li content, confirming the complete dissolution of
dopants (Figure 1). The same behavior was observed when Fe3+ ion substitutes
La3+ ion in LaPO4 [36]. The average crystallite size of all samples decreases with
increasing the amount of doping. The main reason for the decrease of the grain
size may be due to the fact that doping introduced defects and the defects prevent
grain to grow [37].

Many parameters affecting the morphological characteristics of the hexagonal
cerium phosphate nanocrystals such as the cerium concentration, the treatment
temperature, the reaction time, the nature of the surfactant, the pH value of the
solution and the synthesis method. The materials take on a similar shape to the
nanorod morphology with the size depending on the dopant-content.
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The band gap energy of the as-prepared samples was calculated using the
Kubelka-Munk plot. The Kubelka-Munk function for diffuse reflectance [38] is
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where A is an energy-independent constant, Eg is the optical band gap and n can
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from the corresponding intercept of the tangents to the plots of [F(R)*hν]2 vs. hν.
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respectively, showing a red-shift trend when the doping- substitution percentage
increases (Figure 2). Table 1 summarizes the gap energy values of nanomaterials.

The size, morphology and substitution of crystallites affect the energy of the
band gap. The substitution of Ce3+ by a transition metal could induce the formation
of several structural defects, creating different energy levels below the conduction
band. The same behavior has been observed in Cr-doped Ni3(PO4)2 where the band
gap decreases when Cr3+ replaces Ni2+ [43].

4. Electrical conductivity

The dc-conductivity (σdc) of BixCe1-xPO4 could be calculated using the Formula’s

σdc ¼ t
A 
� 1
R

(3)

Figure 2.
[f(R) � hν]2 versus the hν (eV) plots of: (a) CePO4; (b): Ce0.9Cd0.13Li0.04PO4; and (c) Cr0.20Ce0.80PO4.
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Eg (eV) [40]
BixCe1-xPO4

Eg (eV) [41]
Ce0.9Cd0.15-xLi2xPO4
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Bi0.02Ce0.98PO4

Eg = 3.96
Ce0.9Cd0.15PO4

Eg = 3.95

Cr0.10Ce0.90PO4

Eg = 3.09
Bi0.08Ce0.92PO4

Eg = 3.84
Ce0.9Cd0.13Li0.04PO4

Eg = 3.73

Cr0.20Ce0.80PO4

Eg = 2.87

Table 1.
Gap energy values of CrxCe1-xPO4, BixCe1-xPO4 and Ce0.9Cd0.15-xLi2xPO4 nanomaterials.

Figure 3.
Arrhenius plot of the electrical conductivity of CePO4, Ce0.9Cd0.15PO4 and Ce0.9Cd013Li0.04PO4.
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(A = area of the sample surface and t = sample thickness). The temperature
dependence of dc-conductivity could be plotted based on the Arrhenius law with
the following expression:

σdc ¼ A0

T
 e�

Edc
K:T (4)

where A0 is the pre-exponential factor, Ea the activation energy and K the
Boltzmann constant.

The activation energy of the undoped CePO4 nanorods (Ea = 1.08 eV) is com-
parable to that obtained for CePO4 nanosheets (Ea = 1.06 eV) [44]. It seems that the
change of the morphology and the synthesis route used weakly affect the activation
energy of the cerium phosphates. The activation energy deduced from Log (σT) as a
function of 103/T (Figure 3) are summarized in Table 2.

The effect of Cr3+, (Cd2+, Li+) substitutions decreases the activation energies
with the increase in Cr, (Cd, Li)-concentration (Table 2). Consequently, the
dc-conductivity of the as-prepared samples increases with temperature and with
doping concentration. Lattice defects and distortions in the phosphate structure
produced by the substitution allow the increase of the DC conductivity. The
enhancement of activation energy could be related to the mobility of oxygen ions
(O2

�). This phenomenon has been observed by Nandini et al. [45]. They show that
with an appropriate ratio of magnesium and strontium, the ionic conductivity
increases as compared to that exhibited by ceria singly doped with Mg.

The difference in the electrical transport process between the Cr, Cd, Li doped
CePO4 and the Bi-doped CePO4 results from the difference in atomic weight of Bi
and Cr, Cd, Li. The atomic weight affects the mobility of the ions and therefore the
Bi3+ ions remain close to their initial positions.

5. Electrochemical measurements

In order to explore the potential application of nonmaterials as cathode mate-
rials, their electrochemical performance with respect to Li insertion/extraction was
investigated. Cyclic voltammograms (CVs) for CePO4, Ce0.9Cd0.15PO4 and
Bi0.02Ce0.98PO4 nanorods (examples) at 20 mV/s are shown in Figure 1. For all the
as-prepared compounds, the cyclic voltammograms are well superposed indicating
the relative structural stability under these conditions. The same shape of the CV
curves slightly is observed for Nanoplate-like CuO in the presence of LiClO4 in
propylene carbonate [46].

CrxCe1-xPO4
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BixCe1-xPO4
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Table 2.
Activation energy of CrxCe1-xPO4, BixCe1-xPO4 and Ce0.9Cd0.15-xLi2xPO4.
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parable to that obtained for CePO4 nanosheets (Ea = 1.06 eV) [44]. It seems that the
change of the morphology and the synthesis route used weakly affect the activation
energy of the cerium phosphates. The activation energy deduced from Log (σT) as a
function of 103/T (Figure 3) are summarized in Table 2.
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with the increase in Cr, (Cd, Li)-concentration (Table 2). Consequently, the
dc-conductivity of the as-prepared samples increases with temperature and with
doping concentration. Lattice defects and distortions in the phosphate structure
produced by the substitution allow the increase of the DC conductivity. The
enhancement of activation energy could be related to the mobility of oxygen ions
(O2

�). This phenomenon has been observed by Nandini et al. [45]. They show that
with an appropriate ratio of magnesium and strontium, the ionic conductivity
increases as compared to that exhibited by ceria singly doped with Mg.

The difference in the electrical transport process between the Cr, Cd, Li doped
CePO4 and the Bi-doped CePO4 results from the difference in atomic weight of Bi
and Cr, Cd, Li. The atomic weight affects the mobility of the ions and therefore the
Bi3+ ions remain close to their initial positions.

5. Electrochemical measurements

In order to explore the potential application of nonmaterials as cathode mate-
rials, their electrochemical performance with respect to Li insertion/extraction was
investigated. Cyclic voltammograms (CVs) for CePO4, Ce0.9Cd0.15PO4 and
Bi0.02Ce0.98PO4 nanorods (examples) at 20 mV/s are shown in Figure 1. For all the
as-prepared compounds, the cyclic voltammograms are well superposed indicating
the relative structural stability under these conditions. The same shape of the CV
curves slightly is observed for Nanoplate-like CuO in the presence of LiClO4 in
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CePO4, Cd0.15 Ce0.90PO4 and Bi0.02Ce0.98PO4 based electrode cyclic
voltammogramm.

These voltammograms indicate the intercalation/de-intercalation process of Li+

ions. During the electrochemical redox processes, the intercalation/de-intercalation
process of Li+ ions can be represented by the following reaction:

MxCe1�xPO4 þ ye� þ yLiþ $ Liy MxCe1�xPO4

Intercalation of Li!
 De� intercalation of Li

The lithium ion diffusion coefficients can be calculated from the Randles-Sevcik
law [47]:

ip ¼ ð2:69� 105Þ nð3=2Þ: A C D1=2
Li  v1=2 (5)

where ip is the peak current (A), n is the number of electrons exchanged, A is
the apparent surface area of the electrode (cm2), Dli and C are the diffusion coeffi-
cient (cm2/s) and the analyte concentration (in moles/cm3) respectively, and V is
the potential scan rate (V/s). The lithium ion diffusion coefficients deduced are
2.5 � 10�9, 0.7 � 10�9, 4.6 � 10�9 cm2s�1 for CePO4, Ce0.9Cd0.15PO4 and
Ce0.9Cd0.13Li0.04PO4, respectively. The structure, surface area, grain size and mor-
phology affect the calculated lithium diffusion coefficient DLi of the electrode
materials. For example, Bi doping with the appropriate amount improved the elec-
trochemical performance of LiFePO4 cathode material, synthesized by the sol–gel
method [48].

For as-prepared BixCe1-xPO4 (x = 0.00, 0.02, 0.08) electrodes, The lithium ion
diffusion coefficient (DLi) values could be determined by using Nyquist plot
through the relation [49]:

DLi  ¼ R2 T2 V2
M 

2A2 n4 F4 σ2
(6)

Where: F, R and T indicate Faraday constant, gas constant and room tempera-
ture, respectively.

(1). DLi can be calculated as the Warburg impedance Zw is inversely propor-
tional to the square root of the diffusion coefficient as shown in [50]. The calculated
lithium diffusion coefficient of the CePO4 and Bi0.02Ce0.98PO4 and Bi0.08Ce0.92PO4

electrodes is 3.3 � 10�16, 40 � 10�16 and 12.8 � 10�16 cm2.s�1 respectively. The DLi

variation values n can be attributed to creating the defect and increasing disorder of
the lattice in doped CePO4, drives to the improvement of the electrochemical
performance. The structure of H-CePO4-type characterized by infinite tunnels
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provides fast ionic transport. The Li + ions can move quickly in an appropriate
direction [51].

The specific capacitance can be estimated by the following equation [52, 53]:

C ¼
Ð
Idv

s:w:ΔV  
(7)

where ΔV is the potential window, m is the mass of active material in one
electrode, I is the current, and s is the potential scan rate. The variation of the
specific capacitance of two prepared simples versus cycle number is given in
Table 3.We show that the partial substitution of Ce by Cd increase the capacitance.
The increasing of the capacitance can be attributed to the partial substitution and
the small crystal size which improves the kinetics of electrochemical reactions and
the structure which provides fast ionic transport.

The reason for the improvement of the discharge capacity can be explained as
follows: with Bi-doping, the grain size of the particles decreases, which leads to the
migration of the Li-ion.

The penetration of electrolyte ions and the electrochemical activation of the
materials may increase the specific capacitance. A similar phenomenon has been
observed by other authors [54, 55].

Doped samples show better performance in terms of discharge capacity than
undoped ones. These results could be attributed to the contribution of the nanorod
shape and the particle size. Indeed, the reduction of the size allows a faradic
reaction providing a short ion diffusion path and electron transport.

6. Conclusion

In summary, we have demonstrated a rapid and convenient hydrothermal
method for the preparation of doped and undoped CePO4 nanomaterials. The
Cr3+, Bi3+, Cd2+ and Li+ ions substitution affects the optical, electrical and electro-
chemical properties. The band gap energies of the as-prepared CePO4 nanorods
decreased with increasing doping-concentration showing a red-shift trend. Com-
parative experiments have witnessed that the doped-CePO4 electrode had the most
excellent electrochemical properties in comparison with undoped CePO4

nanomaterials. The electrochemical results show that the specific capacity and the
electrical conductivity increase with increasing doping content. The specific
capacitance of the hybrid electrode materials presents a good cyclic stability.
The improved specific capacitance is due to the surface morphology and the
decrease of grain size of the particles. The lowering in the crystal size allows a
fast faradaic reaction, giving a short ion diffusion path, which improves the
electrochemical properties. This simple synthesis methodology together with
the good optical and electronic properties makes this material scientifically;
technologically interesting and could find a potential use in nanoelectronics.

Specific capacitances C (Fg�1) [41] Specific capacitances C (Fg�1) [42]

CePO4 C = 58 CePO4 C = 58

Bi0.02Ce0.98PO4 C = 63 Ce0.9Cd0.15PO4 C = 76

Bi0.08Ce0.92PO4 C = 75 Ce0.9Cd0.13Li0.04PO4 C = 120

Table 3.
Specific capacitances of BixCe1-xPO4 and Ce0.9Cd0.15-xLi2xPO4 nanomaterials.
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CePO4, Cd0.15 Ce0.90PO4 and Bi0.02Ce0.98PO4 based electrode cyclic
voltammogramm.

These voltammograms indicate the intercalation/de-intercalation process of Li+

ions. During the electrochemical redox processes, the intercalation/de-intercalation
process of Li+ ions can be represented by the following reaction:

MxCe1�xPO4 þ ye� þ yLiþ $ Liy MxCe1�xPO4

Intercalation of Li!
 De� intercalation of Li

The lithium ion diffusion coefficients can be calculated from the Randles-Sevcik
law [47]:

ip ¼ ð2:69� 105Þ nð3=2Þ: A C D1=2
Li  v1=2 (5)

where ip is the peak current (A), n is the number of electrons exchanged, A is
the apparent surface area of the electrode (cm2), Dli and C are the diffusion coeffi-
cient (cm2/s) and the analyte concentration (in moles/cm3) respectively, and V is
the potential scan rate (V/s). The lithium ion diffusion coefficients deduced are
2.5 � 10�9, 0.7 � 10�9, 4.6 � 10�9 cm2s�1 for CePO4, Ce0.9Cd0.15PO4 and
Ce0.9Cd0.13Li0.04PO4, respectively. The structure, surface area, grain size and mor-
phology affect the calculated lithium diffusion coefficient DLi of the electrode
materials. For example, Bi doping with the appropriate amount improved the elec-
trochemical performance of LiFePO4 cathode material, synthesized by the sol–gel
method [48].

For as-prepared BixCe1-xPO4 (x = 0.00, 0.02, 0.08) electrodes, The lithium ion
diffusion coefficient (DLi) values could be determined by using Nyquist plot
through the relation [49]:

DLi  ¼ R2 T2 V2
M 

2A2 n4 F4 σ2
(6)

Where: F, R and T indicate Faraday constant, gas constant and room tempera-
ture, respectively.

(1). DLi can be calculated as the Warburg impedance Zw is inversely propor-
tional to the square root of the diffusion coefficient as shown in [50]. The calculated
lithium diffusion coefficient of the CePO4 and Bi0.02Ce0.98PO4 and Bi0.08Ce0.92PO4

electrodes is 3.3 � 10�16, 40 � 10�16 and 12.8 � 10�16 cm2.s�1 respectively. The DLi

variation values n can be attributed to creating the defect and increasing disorder of
the lattice in doped CePO4, drives to the improvement of the electrochemical
performance. The structure of H-CePO4-type characterized by infinite tunnels
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provides fast ionic transport. The Li + ions can move quickly in an appropriate
direction [51].

The specific capacitance can be estimated by the following equation [52, 53]:

C ¼
Ð
Idv

s:w:ΔV  
(7)

where ΔV is the potential window, m is the mass of active material in one
electrode, I is the current, and s is the potential scan rate. The variation of the
specific capacitance of two prepared simples versus cycle number is given in
Table 3.We show that the partial substitution of Ce by Cd increase the capacitance.
The increasing of the capacitance can be attributed to the partial substitution and
the small crystal size which improves the kinetics of electrochemical reactions and
the structure which provides fast ionic transport.

The reason for the improvement of the discharge capacity can be explained as
follows: with Bi-doping, the grain size of the particles decreases, which leads to the
migration of the Li-ion.

The penetration of electrolyte ions and the electrochemical activation of the
materials may increase the specific capacitance. A similar phenomenon has been
observed by other authors [54, 55].

Doped samples show better performance in terms of discharge capacity than
undoped ones. These results could be attributed to the contribution of the nanorod
shape and the particle size. Indeed, the reduction of the size allows a faradic
reaction providing a short ion diffusion path and electron transport.

6. Conclusion

In summary, we have demonstrated a rapid and convenient hydrothermal
method for the preparation of doped and undoped CePO4 nanomaterials. The
Cr3+, Bi3+, Cd2+ and Li+ ions substitution affects the optical, electrical and electro-
chemical properties. The band gap energies of the as-prepared CePO4 nanorods
decreased with increasing doping-concentration showing a red-shift trend. Com-
parative experiments have witnessed that the doped-CePO4 electrode had the most
excellent electrochemical properties in comparison with undoped CePO4

nanomaterials. The electrochemical results show that the specific capacity and the
electrical conductivity increase with increasing doping content. The specific
capacitance of the hybrid electrode materials presents a good cyclic stability.
The improved specific capacitance is due to the surface morphology and the
decrease of grain size of the particles. The lowering in the crystal size allows a
fast faradaic reaction, giving a short ion diffusion path, which improves the
electrochemical properties. This simple synthesis methodology together with
the good optical and electronic properties makes this material scientifically;
technologically interesting and could find a potential use in nanoelectronics.

Specific capacitances C (Fg�1) [41] Specific capacitances C (Fg�1) [42]

CePO4 C = 58 CePO4 C = 58

Bi0.02Ce0.98PO4 C = 63 Ce0.9Cd0.15PO4 C = 76
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Chapter 5

Circuit Models of Bioelectric
Impedance
Alexandru Gabriel Gheorghe, Florin Constantinescu,
Miruna Nițescu and Mihai Eugen Marin

Abstract

Accurate information about fluid distribution in different compartments of the
human body is very important in various areas of medicine like drug dosage, renal
replacement therapy, nutritional support, coronary artery disease, colorectal cancer
and HIV infection. The body impedance analysis method being simple, inexpensive,
accurate and noninvasive is largely used to this end. Several models of the body
impedance are presented in this chapter. The first is the Cole model, a linear, first-
order RC circuit valid for a frequency range of two decades. Another model, devel-
oped by De Lorenzo, employs a fractional-order impedance whose parameters are
identified using the frequency characteristics of the impedance module and can be
used for a frequency range of three decades. In addition, two other models are
presented, a ladder RC model valid for a frequency range of two decades and its
extension to three decades, as well as a circuit containing multiple RC branches
connected in parallel. These two models are obtained by approximating the mea-
sured body admittance modulus with a physically realizable circuit function
followed by the circuit synthesis. The last model can be simplified, its simplest form
being the Cole model. Allowing a better prediction of the intracellular and extracel-
lular water volumes, this model can be viewed as an extension of the Cole model.

Keywords: bioimpedance, circuit synthesis, frequency response, impedance
measurement, passive circuits

1. Overview

In various areas of medicine like drug dosage, renal replacement therapy and
nutritional support, an accurate information about fluid distribution in different
compartments of the body may lead to significant conclusions. Dilution methods,
magnetic resonance imaging, computer axial tomography and X-ray method used
to determine the fat-free mass are expensive, time consuming and unfit for routine
procedures, demanding laboratories and highly trained technicians. The body
impedance analysis method being simple, inexpensive, accurate and noninvasive
has become largely used to predict the fluid distribution in different compartments
of the body: intracellular water (ICW), extracellular water (ECW) and total body
water (TBW) [1–6]. Several variants of the body impedance analysis method have
been reported: single-frequency and dual-frequency bioimpedance analysis (BIA)
and multi-frequency bioimpedance analysis which is also called bioimpedance
spectroscopy (BIS).

81



[46] Janene F, Dhaouadi H, Arfaoui L,
Etteye N, Touati F. Nanoplate-like CuO:
Hydrothermal synthesis, optical and
electrochemical properties. Ionics. 2015;
21:477-485

[47] Tian L, Zhong X, HuW, Liu B, Li Y.
Fabrication of cubic PtCu nanocages
and their enhanced electrocatalytic
activity towards hydrogen peroxide.
Nanoscale Research Letters. 2014;9:
68-73

[48] Fuwei M, Dongchen W, Zhufa Z,
Shumei W. Structural and
electrochemical properties of
LiFe1�3x/2BixPO4/C synthesized by
sol-gel. Ionics. 2014;20:1665-1669

[49] Wang L, Ma P, Zhang Y, Gao C,
Yan C. Determination of Li-ion
diffusion coefficient via Coulometric
titration and electrochemical
impendence method. Journal of Salt
Lake Research. 2009;17:52-55

[50] Franger S, Cras FL, Bourbon C,
Rouault H. LiFePO4 synthesis routes for
enhanced electrochemical performance.
Electrochemical and Solid-State Letters.
2002;5(10):A231-A233

[51] Mengyu Y, Guobin Z, Qiulong W,
Xiaocong T, Kangning Z, Qinyou A,
et al. In operando observation of
temperature-dependent phase evolution
in lithium-incorporation olivine
cathode. Nano Energy. 2016;22:406-413

[52] Conway BE. Transition from
“supercapacitor” to “battery” behavior
in electrochemical energy storage.
Journal of the Electrochemical Society.
1991;138:1539-1548

[53] Kuo SL, Wu NL. Electrochemical
capacitor of MnFe2O4 with organic
Li-ion electrolyte. Electrochemical and
Solid-State Letters. 2007;10:A171-A175

[54] Huang T, Zhao C, Qiu Z, Luo J,
Hu Z. Hierarchical porous ZnMn2O4

synthesized by the sucrose-assisted

combustion method for high-rate
supercapacitors. Ionics. 2017;23:139-146

[55] Xuefei D, Hailei Z, Yao L, Zijia Z,
Andrzej K, Konrad Ś. Synthesis of core-
shell-like ZnS/C nanocomposite as
improved anode material for lithium ion
batteries. Electrochimica Acta. 2017;228:
100-106

80

Electrochemical Impedance Spectroscopy

Chapter 5

Circuit Models of Bioelectric
Impedance
Alexandru Gabriel Gheorghe, Florin Constantinescu,
Miruna Nițescu and Mihai Eugen Marin

Abstract

Accurate information about fluid distribution in different compartments of the
human body is very important in various areas of medicine like drug dosage, renal
replacement therapy, nutritional support, coronary artery disease, colorectal cancer
and HIV infection. The body impedance analysis method being simple, inexpensive,
accurate and noninvasive is largely used to this end. Several models of the body
impedance are presented in this chapter. The first is the Cole model, a linear, first-
order RC circuit valid for a frequency range of two decades. Another model, devel-
oped by De Lorenzo, employs a fractional-order impedance whose parameters are
identified using the frequency characteristics of the impedance module and can be
used for a frequency range of three decades. In addition, two other models are
presented, a ladder RC model valid for a frequency range of two decades and its
extension to three decades, as well as a circuit containing multiple RC branches
connected in parallel. These two models are obtained by approximating the mea-
sured body admittance modulus with a physically realizable circuit function
followed by the circuit synthesis. The last model can be simplified, its simplest form
being the Cole model. Allowing a better prediction of the intracellular and extracel-
lular water volumes, this model can be viewed as an extension of the Cole model.

Keywords: bioimpedance, circuit synthesis, frequency response, impedance
measurement, passive circuits

1. Overview

In various areas of medicine like drug dosage, renal replacement therapy and
nutritional support, an accurate information about fluid distribution in different
compartments of the body may lead to significant conclusions. Dilution methods,
magnetic resonance imaging, computer axial tomography and X-ray method used
to determine the fat-free mass are expensive, time consuming and unfit for routine
procedures, demanding laboratories and highly trained technicians. The body
impedance analysis method being simple, inexpensive, accurate and noninvasive
has become largely used to predict the fluid distribution in different compartments
of the body: intracellular water (ICW), extracellular water (ECW) and total body
water (TBW) [1–6]. Several variants of the body impedance analysis method have
been reported: single-frequency and dual-frequency bioimpedance analysis (BIA)
and multi-frequency bioimpedance analysis which is also called bioimpedance
spectroscopy (BIS).

81



Intracellular water (ICW) can be used to estimate body cell mass (BCM) which
is an important indicator of the nutrition status. The evaluation of extracellular
water (ECW) is also important to predict changes in fluid distribution for people
suffering from wasting diseases, obesity, or patients receiving dialysis [6].

Section 2 describes the well-known Cole model, a linear, first-order RC circuit of
the human body used for ICW and ECW volume prediction. Section 3 presents a
fractional-order impedance whose parameters are identified using the frequency
characteristics of the impedance module and can be used for a frequency range of
up to three decades. In Section 4, two versions of a ladder RC model are presented,
one valid for a frequency range of two decades and its extension valid for three
decades. Section 5 describes a model consisting of multiple RC branches connected
in parallel. This model can be viewed as an extension of the Cole model. Finally,
some conclusions are presented in Section 6.

2. Cole model

2.1 Introduction

The frequency dependence of the body impedance, measured for example
between the wrist and the ankle, can be understood knowing the behavior of the
organic tissue at low frequencies (LF) and at high frequencies (HF). In the LF range
(1–70 kHz), the cell membrane capacity has a high impedance value and the electric
current flows mainly through ECW (Figure 1a). In the HF range (70 kHz–1 MHz),
as this impedance decreases, the current flows through both ICW and ECW
depending on their relative conductivities and volumes [7] (Figure 1b).

At a first glance, this behavior can be modeled with a very simple linear
electrical circuit known as the Cole model [2–4] which is shown in Figure 2, where:

• Ri stands for the resistance of the intracellular fluid;

• Cm is the capacity of the cellular membrane; and

• Re stands for the resistance of the extracellular fluid.

The AC equivalent resistance of this circuit at zero frequency is R0 = Re and its
AC equivalent resistance at infinite frequency is R∞ = (Ri � Re)/(Ri + Re).

Approximating R0 with the measured AC resistance at the minimum angular
frequency ωm and R∞ with the measured AC resistance at the maximum angular
frequency ωM, the ICW volume VI and the ECW volume VE are estimated [3] as:

VI ¼ kI �Wt � Ht2=Ri
� �

(1)

VE ¼ kE �Wt � Ht2=Re
� �

(2)

whereHt is the height,Wt is the weight of the subject and kI and kE are constants
that can be determined by the cross validation against other methods [2–3].

2.2 Analysis of measurement results

Some measurement results for a bioimpedance have been reported in [4]
together with a circuit model of the test bench (Figure 3). This circuit that includes
the Cole model can be used for simulation purposes. In order to estimate the effect
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Figure 1.
The organic tissue behavior for: (a) LF electrical current flow and (b) HF electrical current flow [7].

Figure 2.
Cole model.
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of the measurement equipment (signal source, cables and connectors), the circuit in
Figure 3 has been simulated. Similar results are obtained by simulating a simpler
circuit made only of the Cole model and the signal source (Figure 4). The fre-
quency characteristics of the circuit which takes into account the measurement
equipment (Model 1) and of the Cole model only (Model 2) are given in Figure 5. It
follows that the measurement equipment has practically no influence and the result
of the measurements is exactly the frequency characteristic of the human body
bioimpedance [8].

The measured values of the human body impedance as a function of frequency
are given in Table 1 [3].

2.3 Parameter identification

The parameters of the Cole model with the frequency independent values for Ri,
Cm and Re can be identified using the measured impedance values for three

Figure 3.
The Cole model and the equivalent circuit of the measurement equipment (Model 1).

Figure 4.
The Cole model and the simplified circuit (Model 2).
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frequencies. As the resistance values at the minimum and maximum frequencies are
used for ECW and ICW volume estimation in Eqs. (1) and (2), we have chosen
these three frequencies as ω1 = ωm, ω2 = ωM, and ω3 corresponding to the intersec-
tion points between the measured characteristic and that of the Cole model
(Figure 6). In this case, it is obvious that the results obtained with this Cole model
are not fitted to the measured data. This proves that a more accurate model is
necessary. Identifying the parameters of this Cole model in a different way, that is,
using three frequencies in the middle of the frequency interval, significant errors
appear at the minimum and maximum frequencies. It follows that the Cole model is
not suitable for ECW and ICW computation [8].

Figure 5.
Simulation results for Model 1 and Model 2.

Frequency [kHz] Measured impedance [ohm]

1.00E+03
2.00E+03
3.00E+03
4.00E+03
5.00E+03
1.00E+04
1.50E+04
2.00E+04
2.50E+04
5.00E+04
7.50E+04
1.00E+05
1.28E+05
1.48E+05
1.60E+05
2.00E+05
2.48E+05
5.00E+05
7.48E+05
1.00E+06

5.62E+02
5.58E+02
5.54E+02
5.50E+02
5.46E+02
5.29E+02
5.13E+02
5.00E+02
4.88E+02
4.52E+02
4.30E+02
4.18E+02
4.08E+02
4.02E+02
4.00E+02
3.92E+02
3.85E+02
3.66E+02
3.58E+02
3.53E+02

Table 1.
The measured human body impedance.
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3. De Lorenzo model

The measurement results show that, in a wide frequency range (e.g., for two or
three decades), the parameters of the circuit are frequency dependent and the
relationships between the resistances of this model and the body water volumes are
nonlinear. For example:

• the electrical permittivity depends on frequency as it is pointed out inFigure 7 [3];

• the mixture effects have a greater influence on the skeletal muscle resistivity
in the LF range than in the HF range [3]; and

• due to the complexity of the nonlinear relations between Ri and Re and ICW and
ECW volumes, some heuristic relations as Eqs. (1) and Eq. (2), including the
height and weight of the subject are used to compute the body water volumes.

The above properties, including unusual high values of the dielectric constant
are discussed in detail in [3, 9]. As our approach is not related to these aspects, we
suggest the interested researchers to read these publications.

Figure 6.
The simulated Cole model and the measured results.

Figure 7.
Dielectric constant of the muscle tissue vs. frequency [3].
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Over 500 kHz, the time delay between the excitation and its response cannot be
neglected [3]. In this case, a model with distributed parameters could be more
accurate.

As it was shown in the previous section, the frequency characteristic of the Cole
model with frequency independent values Ri, Cm and Re cannot be fitted to the
measured data on a three-decade frequency range. In order to fix this drawback, a
modified Cole model has been proposed in [3] in which the body impedance is
considered as:

ZRC jωð Þ ¼ Re

Re þ Ri

� �
Ri þ Re

1þ jωCm Re þ Rið Þ½ �α
� �

e�jωTd (3)

where ω is the angular frequency,Td is the delay and α∈ 0:3, 0:7½ � is a coefficient
whose value is chosen to fit the values given by Eq. (3) to the |ZRC(jω)| experimental
data. As this formula does not lead to a single valued function arg(ZRC(jω)), the
identification of its parameters based on the measured frequency characteristics
|ZRC(jω)| and arg(ZRC( jω)) cannot be made. The measurements of |ZRC(jω)| and
arg(ZRC(jω)) suggest a circuit like that in Figure 2 having frequency dependent
components, rather than this formula that has been obtained starting from the equiv-
alent impedance of the linear circuit in Figure 2 in which the power α < 1 is attached
to one term while other terms remain unchanged. Taking into account that the
frequency dependence of material parameters is not known for all kinds of tissues, the
development of an accurate physical model is very difficult or even impossible [10].

The parameter identification for Eq. (3) is made in [3] (ignoring the uncertainty
on phase) starting from measured frequency characteristics |ZRC(jω)|. A very good
fitting of the model characteristics to the experimental data is obtained in this case
which describes de Lorenzo model. But the real parts of the body impedance in
Eq. (3) at ωm and ωM have not the dimension of AC resistances, so the formulae
Eq. (1) and Eq. (2) aimed to be employed with the Cole model AC resistances
cannot be used properly.

4. RC ladder model

4.1 Introduction

The parameters of a model with a given structure are extracted or identified
using optimization methods. In general, these methods minimize the distance
between the measurement results and those obtained by simulation. In the case of
semiconductor devices, the parameters of the large signal DC models or those of the
small signal AC models are usually extracted using numerical techniques. Some
symbolic methods have been used efficiently for parameter identification [11–13].
The circuit functions are generated using a symbolic method, obtaining analytical
formulae in terms of s and model parameters. These parameters are computed using
an optimization method to reach a global minimum of the distance between the
measured and simulated values of the circuit functions for a set of test frequencies.
The symbolic methods are very efficient for the computation of derivatives which
are usually needed in the optimization procedure. The optimization can be
performed using genetic algorithms [14]. Sometimes, hierarchical techniques are
employed to obtain combined DC-AC models [15].

The body impedance analysis method has not yet reached its full potential.
Following the trend to improve the method by increasing the level of model accu-
racy, a new approach to the parameter identification for a linear RC model in
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Figure 6.
The simulated Cole model and the measured results.

Figure 7.
Dielectric constant of the muscle tissue vs. frequency [3].
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Over 500 kHz, the time delay between the excitation and its response cannot be
neglected [3]. In this case, a model with distributed parameters could be more
accurate.

As it was shown in the previous section, the frequency characteristic of the Cole
model with frequency independent values Ri, Cm and Re cannot be fitted to the
measured data on a three-decade frequency range. In order to fix this drawback, a
modified Cole model has been proposed in [3] in which the body impedance is
considered as:

ZRC jωð Þ ¼ Re

Re þ Ri

� �
Ri þ Re

1þ jωCm Re þ Rið Þ½ �α
� �

e�jωTd (3)

where ω is the angular frequency,Td is the delay and α∈ 0:3, 0:7½ � is a coefficient
whose value is chosen to fit the values given by Eq. (3) to the |ZRC(jω)| experimental
data. As this formula does not lead to a single valued function arg(ZRC(jω)), the
identification of its parameters based on the measured frequency characteristics
|ZRC(jω)| and arg(ZRC( jω)) cannot be made. The measurements of |ZRC(jω)| and
arg(ZRC(jω)) suggest a circuit like that in Figure 2 having frequency dependent
components, rather than this formula that has been obtained starting from the equiv-
alent impedance of the linear circuit in Figure 2 in which the power α < 1 is attached
to one term while other terms remain unchanged. Taking into account that the
frequency dependence of material parameters is not known for all kinds of tissues, the
development of an accurate physical model is very difficult or even impossible [10].

The parameter identification for Eq. (3) is made in [3] (ignoring the uncertainty
on phase) starting from measured frequency characteristics |ZRC(jω)|. A very good
fitting of the model characteristics to the experimental data is obtained in this case
which describes de Lorenzo model. But the real parts of the body impedance in
Eq. (3) at ωm and ωM have not the dimension of AC resistances, so the formulae
Eq. (1) and Eq. (2) aimed to be employed with the Cole model AC resistances
cannot be used properly.

4. RC ladder model

4.1 Introduction

The parameters of a model with a given structure are extracted or identified
using optimization methods. In general, these methods minimize the distance
between the measurement results and those obtained by simulation. In the case of
semiconductor devices, the parameters of the large signal DC models or those of the
small signal AC models are usually extracted using numerical techniques. Some
symbolic methods have been used efficiently for parameter identification [11–13].
The circuit functions are generated using a symbolic method, obtaining analytical
formulae in terms of s and model parameters. These parameters are computed using
an optimization method to reach a global minimum of the distance between the
measured and simulated values of the circuit functions for a set of test frequencies.
The symbolic methods are very efficient for the computation of derivatives which
are usually needed in the optimization procedure. The optimization can be
performed using genetic algorithms [14]. Sometimes, hierarchical techniques are
employed to obtain combined DC-AC models [15].

The body impedance analysis method has not yet reached its full potential.
Following the trend to improve the method by increasing the level of model accu-
racy, a new approach to the parameter identification for a linear RC model in
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bioimpedance spectroscopy is presented in this section. This approach employs the
approximation of the measured body admittance modulus |YRC(jω)| with a physi-
cally realizable function followed by the circuit synthesis [16]. This model is a linear
RC circuit with frequency independent values of resistances and capacitances. As
the frequency dependence of the phase angle arg(YRC(jω)) can be computed from
|YRC(jω)| using the Bayard-Bode relationships [17], the measured values of arg
(YRC(jω)) are not needed for the parameter identification of this model. Two
equivalent circuits of the human body, built using this approach, have been pro-
posed [10–11]. These are ladder circuits which cannot be considered as extensions
of the Cole model.

4.2 RC admittance synthesis

The synthesis method for an RC admittance (YRC) developed in [15] can be used
also for an RC impedance (ZRC = 1/YRC) with some minor modifications, and it is
presented in the following.

A function F(s) of a complex variable s is an RC admittance if and only if the
following conditions are fulfilled:

• F(s) is a rational fraction of s with real coefficients;

• the poles and zeros of F(s) are simple and alternate on the negative real axis,
the closest to the origin being a zero; and

• the number of zeros of F(s) is equal or greater with one with respect to the
number of poles F(s).

Replacing s with jω, (where ω=2π f and f is the frequency) the shape of the RC
admittance modulus curve |YRC(jω)| versus ω is defined by the poles and zeros
location. Sweeping the ω axis starting from the origin, it can be observed that the
location of a zero is associated with a slope change of 20 dB/decade and the location
of a pole is associated with a slope change of �20 dB/decade. This is because the
characteristic |YRC(jω)| has asymptotes whose slopes are 20 dB/decade, 0, 20 dB/
decade, 0, and so on. The |YRC(jω)| characteristic approximation by asymptotes has
the maximum error of 3 dB at the asymptote intersection (Figure 8) [16].

A natural way to approximate the |YRC(jω)| characteristic is to consider a smaller
asymptote number than that corresponding to the measured characteristic. A
greater error ε between measured and simulated values leads to a simpler circuit
(Figure 8).

Figure 8.
The |YRC(jω)| characteristic approximation by asymptotes.
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The algorithm for the synthesis of a RC one-port in the angular frequency band
[ωm, ωM], where ωm is the minimum value and ωM is the maximum value, has the
following steps [16]:

• set the first zero z1 corresponding to the minimum angular frequency ωm;

• compute the remaining poles and zeros at slope changes, by sweeping the ω
axis with the step Δω; a larger Δω leads to a simpler circuit;

• compute the RC admittance expression; and

• compute the circuit parameters using a synthesis method.

Sweeping the frequency axis with a step Δωm, the algorithm checks the error
between the 20 dB/decade asymptote and the given characteristic. This error cannot
be greater than an imposed value ε. The first pole p1 is assigned to the last value
before that corresponding to an error of 2ε or greater. If this error occurs after the
first angular frequency step Δωm, then p1 is placed in the vicinity of z1. Afterwards,
the first asymptote is translated so that a maximum error of ε is obtained. The other
asymptotes are determined similarly, in order to fulfill the condition error ≤ ε for
each asymptote.

4.3 Parameter identification for the two-decade model

The following models are build starting from measurement of the body imped-
ance frequency characteristic |ZRC(jω)| reported in [3, 8]. The simulations presented
in Section 2 show that the result of the frequency characteristic measurement is an
accurate representation of the human body impedance modulus. Using the above
algorithm it follows:

YRC sð Þ ¼

17:81 � 10�4 15:92 � 10�5sþ 1
� �

10:23 � 10�6sþ 1
� �

26:82 � 10�7sþ 1
� �

28:82 � 10�8sþ 1
� �

15:91 � 10�5sþ 1
� �

86:25 � 10�7sþ 1
� �

22:70 � 10�7sþ 1
� �

(4)

Using a Cauer synthesis, the continued fraction expansion in Eq. (5) is obtained,
and the circuit is given in Figure 9. The parameter values extracted from Eq. (5) are
given below.

YRC sð Þ ¼

71:97 � 10�11sþ 1

410:65þ 1

31:08 � 10�9sþ 1

106:17 þ 1

18:16 � 10�8sþ 1

44:66þ 1
15:69 � 10�3sþ 98:64

(5)

A comparison between the frequency characteristic of the RC ladder model, the
Cole model and the measured results is given in Figure 10.
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4.4 Parameter identification for the three-decade model

Using the same algorithm presented above applied for the measurement set of
three decades, a more elaborated admittance expression, given in Eq. (6), is
obtained [18]. The Cauer synthesis starting from the continued fraction expansion
in Eq. (7) gives the circuit presented in Figure 11. The parameter values are given
above the model. A comparison between the frequency characteristic of the new
model and the measured results is given in Figure 12.

YRC sð Þ ¼
17:81 � 10�4 15:92 � 10�5sþ 1

� �
13:04 � 10�6sþ 1
� �

43:11 � 10�7sþ 1
� �

18:59 � 10�7sþ 1
� �

75:82 � 10�9sþ 1
� �

15:91 � 10�5sþ 1
� �

11:55 � 10�6sþ 1
� �

38:08 � 10�7sþ 1
� �

16:47 � 10�7sþ 1
� �

(6)

YRC sð Þ ¼
19:47 � 10�11sþ 1

392:53þ 1

23:94 � 10�9sþ 1

109:02þ 1

10:71 � 10�8sþ 1

42:54þ 1

50:07 � 10�8sþ 1

17:39þ 1
16:95 � 10�3sþ 106:8

(7)

C5 = 16.99 mF, R5 = 106.80 Ω, C4 = 500.71 nF, R4 = 17.39 Ω, C3 = 107.12 nF,
R3 = 42.54 Ω, C2 = 23.94 nF, R2 = 109.02 Ω, C1 = 194.77 pF, R1 = 392.53 Ω.

Figure 10.
The frequency characteristic for the Cole model, the two-decade RC ladder model and the measured results.

Figure 9.
Cauer synthesis of the RC ladder circuit model [8].
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5. RC parallel model

5.1 Introduction

A behavioral model, as a linear circuit which can be an extension of the Cole
model is the best choice, taking into account that the intracellular and the extracel-
lular water volumes are related to the real part of the model impedance computed at
minimum and maximum frequencies [3], this impedance being well defined only
for a model of this kind.

An RC parallel model, valid for a frequency range of three decades, which can be
reduced to the Colemodel for a narrow frequency interval, is presented in this section.

5.2 Parameter identification for the RC parallel model

For the parameter identification of the RC parallel model, only the measured
frequency characteristic |YRC(jω)| is used [10]. In order to build this model, the
approximation method is employed, followed by the circuit synthesis as it is
described in the previous section.

Using the above algorithm, the frequency characteristic |YRC(jω)| corresponding
to the data in [3] has been approximated by the admittance in Eq. (6) with an error
ε = 0.95 dB using a sweeping step Δωm = 8315 Hz. The synthesis of this admittance
can be made by the Foster II method which gives the most interesting circuit in
Figure 13.

Figure 11.
The Cauer synthesis of the three-decade RC ladder model.

Figure 12.
The frequency characteristic of the Cole model, the three-decade RC ladder model and the measured results.
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The direct employment of the Foster II synthesis algorithm starting from Eq. (6)
leads to some negative parameter values. This effect can be avoided performing the
Foster II synthesis of |YLC(jω)|, where YLC(s) in Eq. (9) is given by the frequency
transformation in Eq. (8) [17].

YLC sð Þ ¼ 1
s
� YRC s2

� �
(8)

YLC sð Þ ¼ 19:47 � 10�11sþ 17:81 � 104

s
þ 24:14 � 10�10s
11:54 � 10�6s2 þ 1

þ

þ 94:53 � 10�11s
38:08 � 10�7s2 þ 1

þ 50:94 � 10�11s
16:47 � 10�7s2 þ 1

þ 59:04 � 10�13s
15:91 � 10�5s2 þ 1

(9)

Starting from the partial fraction decomposition in Eq. (9), the parameter values
are: C5 = 5.9 pF, R5 = 27 MΩ, C4 = 2.41 nF, R4 = 4.78 kΩ, C3 = 0.945 nF, R3 = 4.03
kΩ, C2 = 0.51 nF, R2 = 3.23 kΩ, C1 = 0.195 nF, R1 = 561.5 Ω.

The resistance corresponding to the volume of the extracellular water can be
computed for fmin = 1 kHz and has a 560.97 Ω value, which is practically the same
with RE = 562 Ω given by the Cole model.

The resistance corresponding to the volume of the intracellular water can be
computed for fmax = 1000 kHz and has a 314.97 Ω value, unlike Ri = 352.69 Ω given
by the Cole model. Due to the better agreement with experimental data, it is
expected that the body water volume prediction will be improved considering these
values in Eqs. (1) and (2).

It is very interesting to observe that R1 has a similar value to Re in the Cole
model, being the equivalent resistance for f = 0 Hz. This circuit can be viewed as a
generalization of the Cole model. The two branch models contain R1, R2, C2. As the
frequency range of interest is extended to higher frequencies, a model with a
greater number of branches is needed. The simulated data obtained with models
with various numbers of branches, obtained by imposing the same error ε on
various frequency intervals are given in Figure 14.

A similar circuit (Figure 15) is given in [3] without pointing out how the
resistance and capacitance values can be computed starting from the measured data.

In order to appreciate the agreement between the measured and simulated data,
the measuring errors must be known. Unfortunately, no information on these errors
is given in [3].

Figure 13.
Foster II synthesis of the new circuit model [10].
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6. Conclusions

Four models of the human body bioimpedance used to compute ICW and ECW
volumes have been presented in this chapter.

The first model presented in this chapter is the Cole model. This model is used
for body water volume prediction, having frequency independent values for Ri, Re

and Cm. It cannot reproduce the measurement results for a three or even for a two-
decade frequency range.

The second model is based on a fractional exponent formula for the body
impedance whose module is fitted to the measured values in [3]. But the real part of
this impedance at the minimum and maximum frequencies cannot be computed
and, consequently, the ICW and ECW formulae, having an outstanding practical
importance, cannot be used.

The next two behavioral models are based on parameter identification. These
models are linear RC circuits with frequency independent elements, whose

Figure 14.
The measured frequency characteristic and some proposed models with 2, 4 and 6 branches [10].

Figure 15.
The extended Cole model [3].
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parameters can be identified starting from the measured values |ZRC( jω)| reported
in [3]. The influence of the measurement equipment including signal source, cables
(modeled as transmission lines) and connectors has been shown to be negligible, so
|ZRC(jω)| given in [3] is an accurate representation of the human body impedance
modulus [8, 18].

After the synthesis of the third model, an RC ladder, valid for a frequency range
between 1 and 100 kHz [8], and its extension to a three-decade frequency interval
[17], the fourth model, the RC parallel circuit [9], whose validity range is three
decades is presented. This model contains some RC branches connected in parallel.
This model can be simplified, taking into account that the influence of some
branches is negligible in a certain frequency range, its ultimate simplification being
the linear RC Cole model. It follows that this model can be considered as an exten-
sion of the linear RC Cole model, allowing a good prediction of the intracellular and
extracellular water volumes. All these linear lumped RC circuits avoid using both
intricate frequency dependent elements suggested by the physical interpretation of
current conduction in human body and the fractional exponent impedance formula
of de Lorenzo model [3].

Even though the modeling of fractional-order circuits is rigorously established
[19], a linear RC circuit model based on straightforward concepts is more useful for
intracellular and extracellular water volume prediction than a fractional-order sys-
tem. The development of these new models illustrates the actual trend [20] to make
noninvasive investigation methods more precise in various areas of medicine [7] as
coronary artery disease [21], colorectal cancer [22] and HIV infection [23].
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parameters can be identified starting from the measured values |ZRC( jω)| reported
in [3]. The influence of the measurement equipment including signal source, cables
(modeled as transmission lines) and connectors has been shown to be negligible, so
|ZRC(jω)| given in [3] is an accurate representation of the human body impedance
modulus [8, 18].
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branches is negligible in a certain frequency range, its ultimate simplification being
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[19], a linear RC circuit model based on straightforward concepts is more useful for
intracellular and extracellular water volume prediction than a fractional-order sys-
tem. The development of these new models illustrates the actual trend [20] to make
noninvasive investigation methods more precise in various areas of medicine [7] as
coronary artery disease [21], colorectal cancer [22] and HIV infection [23].
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Chapter 6

Electrodermal Activity: 
Simultaneous Recordings
Haval Y. Yacoob Aldosky and Dindar S. Bari

Abstract

Electrodermal activity (EDA) is a sensitive measure of the sympathetic nervous 
system activity. It is used to describe changes in the skin electrical properties. This 
chapter aimed to show advantages of simultaneous recordings of EDA parameters 
at the same skin site over other recordings. The literature databases, Web of 
Science and Google Scholar, were searched using terms like “electrodermal activ-
ity,” “sequential recording,” “simultaneous recording,” “skin conductance,” “skin 
potential,” and “skin susceptance.” Articles that include sequential and/or simulta-
neous recording of EDA parameters were analyzed. The chapter presents a descrip-
tion of the oldest and current methods used for recording EDA parameters and an 
explanation of the newest techniques used in EDA researches. Although sequential 
recordings are predominant and widely spreading, much effort has been made to 
simultaneously record skin conductance (SC) and skin potential (SP), and recently 
researchers realized the capability of simultaneously recording SC, SP, and skin 
susceptance (SS) at the same skin site. The advantage of simultaneous over the 
sequence measurements is that the latter must be manually time realigned when 
measured by different instruments, which means it is time-consuming. Although 
the simultaneous measurements are used exclusively for research purposes at this 
stage, this may open horizons in the modern trends of psychophysiology applica-
tions in the near future.

Keywords: electrodermal activity (EDA), simultaneous SC and SP, skin conductance, 
skin potential, skin susceptance, EDA parameters

1. Introduction

Numerous studies had been done by researchers to analyze the basic of EDA 
responses as indicators via employing various methods and techniques of measure-
ment since long time ago. However, results and hypotheses of several such studies 
were rather conflicting. These investigations were apparently lost of sight by later 
investigators, and many of the same errors and conflicting results have appeared 
in later studies. The purpose of this review was to advance the understanding of 
simultaneous recordings of EDA parameters at the same skin site and show its 
advantages over sequential or alternate recordings.

1.1 Skin

To reach our goal in this chapter, a brief introduction about the skin, which is 
one of the most complex organs of the human body, should be depicted.
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The human skin is a complex and a large organ (in terms of both weight and 
surface area) that covers the body and forms a remarkable protective barrier against 
the external environment [1, 2]. It is facilitating to regulate the core body tempera-
ture and water balance via bloodstream to the exterior of the body [3].

EDA responses are frequently used as the peripheral indicators of sympathetic 
activation. The EDA measurement by psychophysiologists is basically concerned 
with sweat gland activity that is psychologically induced. Different internal and 
external stimuli cause mental stress; as a result, sweat glands produce various 
amounts of sweat that are propelled up to the sweat ducts and hence result in dif-
ferent EDA responses. Numerous models have been proposed to explain how these 
peripheral mechanisms are associated to the electrical activity of the skin and to 
the transient increases in EDA parameters evoked by external stimuli. According to 
Edelberg [4] one can account for the several EDA phenomena, including alteration 
in tonic skin conductance level (SCL) and phasic skin conductance response (SCR) 
amplitude, with a model based completely on the sweat glands [4]. As noted by 
Edelberg [5], one should not be surprise that an organ with such vital and dynamic 
functions continuously receives signals from control centers in the brain, and the 
author suggested that “we can listen in on such signals by taking advantage of the 
fact that their arrival at the skin is heralded by measurable electrical changes that 
we call electrodermal activity” (p. 368).

In order to clearly understand how EDA is linked to the sweat glands, it is useful 
to imagine the sweat ducts as a set of variable resistors with parallel connection. 
Sweat columns will rise in the ducts with different amounts and different sweat 
gland numbers, depending on the level of the sympathetic nervous system activa-
tion. As the ducts are filled through sweating, there is a more conductive path 
through the relatively resistant stratum corneum layer. As the sweat level further 
rises, the resistance in that variable resistor is further lowered. Changes in the sweat 
level in the ducts alter the values of the variable resistors and thus yield observable 
changes in EDA [3].

1.2 Electrical bioimpedance

Electrical bioimpedance is a measure of how well the biological tissues such as 
the skin impede alternating current flow at different frequencies. Electrical imped-
ance has two components: the resistive and the reactive parts. Mathematically, 
the electrical impedance (Z) is expressed as a complex number by the sum of the 
resistance (R) and the reactance (X):

  Z = R + jX  (1)

Electrical impedance is the ratio between the voltage and current. When a 
known current is applied to a material, the impedance is found by measuring the 
voltage between the electrodes and dividing it by the current. However, in many 
cases, applying a known voltage to the material and measuring the resulting current 
between the electrodes are more practical. The measured current then becomes 
inversely proportional to the impedance. This quantity is called electrical admit-
tance (Y), which allow current to flow. It is also expressed as a complex number 
with two components: conductance (G) and susceptance (B):

  Y = 1 / Z = G + jB  (2)

Both the X and B are dependent on the frequency (F) of the applied current 
through the material and only can be measured by alternating the direction of the 
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current. B is proportional to this frequency, and the electrical capacitance (C) of the 
material can be calculated from Eq. (3).

  B = 2П FC   (3)

1.3 Electrical impedance spectroscopy

Electrical impedance spectroscopy (EIS) is applying a sinusoidal voltage or 
current to the sample under test to calculate impedance parameters within a wide 
range of frequencies, where frequency-dependent electrical properties of biological 
tissues can be detected. Therefore, EIS has been proven as an effective technique for 
noninvasive tissue characterization in medical, biomedical, and biological applica-
tions [6]. The real part of the impedance is associated with resistive pathways across 
the tissues, which is typically large at low frequencies but decreases with increasing 
frequency, whereas the imaginary part of the impedance is associated with capaci-
tive pathways, which decreased (not noticeable) at high frequencies [7].

1.4 Electrodermal activity (EDA)

EDA is the preferred term for changes in electrical properties of the skin. It is a 
set of physiological parameters of sympathetic nervous system activity, and it has 
been used for physiological measurements due to a strong link with the autonomous 
activity [8]. However, the EDA phenomenon and its appearance are not sufficiently 
clarified yet [9, 10]. EDA is measured from the eccrine glands, which cover most of 
the body. In addition, they are concentrated in the palmar and plantar dermatomes, 
and, therefore, these are known to be the best sites for measuring EDA [11, 12]. 
Mainly, there are two categories of electrodermal recordings, namely, endosomatic 
and exosomatic measurements. In endosomatic measurements, only potential dif-
ferences originating in the skin itself are recorded without using any external source 
of current. In exosomatic measurements, externally very small amount of current 
[either alternating current (AC) or direct current (DC)] is applied to the skin. This 
is frequently used to measure SC, and in some recently published studies, it is also 
used to measure skin susceptance. EDA signals are a manifestation of the eccrine 
sweat gland activity that is innervated by the autonomic nervous system, primary 
by the sudomotor nerves [13]. When the sudomotor nerves stimulate the sweat 
production, indeed the SC changes as a result of sweat secretion and alterations in 
ionic permeability of sweat gland membranes [5, 11, 14].

EDA is composed of two basic components (Figure 1): tonic (level) and phasic 
(response), each with various time scales and relationships with the stimuli. Tonic 
EDA is represented by SCL which represents the slow-changing baseline level of 
the SC and skin potential level (SPL) which represents the slow-varying baseline 
level of the SP. Alterations in the SCL are thought to reflect slow changes in the 
autonomic nervous system dynamics. Phasic EDA is specified by a fast varying 
component, known as the SCR and skin potential response (SPR). Both EDA 
phenomena, tonic (SCL and SPL) and phasic (SCR and SPR), are generated under 
autonomous nerve control of the active organs of the skin [15], which is reflecting 
the elicited response of the eccrine sweat glands to external stimuli [11, 14]. Some 
recent evidences suggest that these two components depend on various neural 
mechanisms [16] and, consequently, both carry relevant and non-redundant 
information about the autonomic nervous system dynamic activity [14]. EDA is 
employed in a broad range of experimental setups since it is a relatively straight-
forward measurement providing valuable information on the autonomic nervous 
system response to a wide range of externally applied stimuli. Particularly, SC 
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analysis is commonly used to quantify the levels of arousal related with cognitive 
and emotional processes [3, 14, 17, 18].

In spite of sweating being basically a means of thermoregulation, sweat glands 
located on the plantar and palmar surfaces perhaps evolved to increase grip and 
enhance sensitivity, possibly more responsive to psychologically stimuli than to 
thermal stimuli [3, 5, 11, 14]. This relationship between EDA, psychological stimuli, 
and autonomic nervous system makes this physiological signal broadly popular in 
neuroscience research studies, including quantification of arousal levels during 
cognitive and emotional processes, information processing, and clinical research 
examining predictors and correlates of normal and pathological behavior [3, 17–19], 
such as psychopathology, personality disorders, and neuropsychology [14].

2. Historical background of EDA

The study of the electrical changes and properties of the human skin began 
over 100 years ago [3]. Since then, various terms have been utilized to describe this 
phenomenon including psychogalvanic skin response, skin resistance response, skin 
conductance response, skin potential response, and EDA. Historically, the most 
widely used term to label this phenomenon was the galvanic skin response (GSR). 
However, in 1966, EDA was first introduced by Johnson and Lubin as a common 
term for all electrical phenomena in the skin, including all passive and active 
electrical properties which can be traced back to the skin and its appendages [11].

Neumann and Blanton [20] thoroughly reviewed the history of EDA research, 
which dates back to experiments performed in 1849 by du Bois-Reymond in 
Germany. In his experiments, du Bois-Reymond used a zinc sulfate solution to 
put either hands or feet in it and consequently observed that an electrical current 
going from the limb at rest to the other one was contracted voluntarily. However, du 
Bois-Reymond considered that the observed phenomenon was due to muscle action 
potentials [11].

Hermann and Luchsinger from Switzerland in 1878 were the first to experimen-
tally show a connection between sweat gland activity and flow of current in the 
skin. They observed that an electrical stimulation of the sciatic nerve in the cura-
rized cat caused sweat secretion and an electric current in the footpad on the same 
side of body [11]. Three years later, the voluntary movement experiment that was 
performed by du Bois-Reymond more than 30 years ago was repeated by Hermann. 
It was found that palms and fingers showed greater skin current than other sites of 

Figure 1. 
Basic components of EDA.
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the body such as the wrist and elbow areas due to the greater concentration of sweat 
glands and therefore stronger sweating in that regions [20]. In 1879 Vigouroux was 
the first who observed that psychological factors are related to EDA. He measured 
changes in skin resistance (SR) that changed in parallel with the amount of anes-
thesia in hysterical patients. In addition, he presumed that both phenomena were 
dependent upon central processes, but he did not believe that the swift changes in 
SR observed by himself could be resulted by local processes in the skin itself [11].

The pioneering studies of electrodermal phenomena, however, have been done 
by Fere (1888) and Tarchanoff (1889) [3, 11]. Fere by employing an external direct 
current observed reduction in SR following emotional stimulation in hysterical 
patients [11]. Tarchanoff could measure changes in skin electrical potential between 
two electrodes connected to the skin surface without the aid of any external 
electromotive force. He supposed that the EDA phenomena observed by him were 
due to sweat gland activity, which is dependent on the secretory nerve action. He 
observed that, even at rest, the current flow from regions of high concentration in 
sweat glands to those poor in them. In contrast, Fere assumed that decrease in SR 
following stimulation was due to a decrease in blood flow of the skin, i.e., resulted 
from partial displacement of the blood peripheral resistance by the lower interstitial 
fluidity resistance [3, 11].

In 1928 and 1929, a decisive contribution to the investigation of the origins 
of endosomatic EDA was made by Gildemeister and Rein. They for the first time 
restricted the locus of SP origin to only one of the two recording sites by injuring 
the skin under the other electrode, where no SP of its own could develop [11]. In 
1930 the sweat glands were identified as the seat of the “psychogalvanic phenom-
ena” by McClendon and Hemingway. In the same year (1930), a palmar galvanic 
test was used for indicating sweat secretion by Wang and Lu. Later EDA measure-
ments became a common mechanism within the field of psychophysiology [19, 21].

SC units were strongly supported by Darrow [22] as well as Lykken and 
Venables [23] as being sufficient with respect to physiological models of the 
peripheral mechanisms of EDA. An electrical model of the skin was proposed by 
Edelberg [24] after having performed EDA research for more than 10 years, which 
takes into account the existence of polarization capacitances [11]. Using this back-
ground, psychophysiological aspects of several EDA components in details were 
first established by Edelberg [5] including parameters which were subsequently 
focused on [11].

Nowadays EDA measurement is regarded as “one of the most widely used 
response systems in the history of psychophysiology” [3] (p. 159). In addition, over 
the last decades, the areas for application of EDA have been steadily widened such 
as in the field of engineering psychophysiology as well as in neurology [11]. As EDA 
is a generic reference that subsumes all methods of measuring the electrical activity 
of the skin, it is the preferred term to label this phenomenon [25].

3. EDA recording systems

3.1 Sequentially recording SC and SP

Some authors tried to measure EDA parameters at the same skin site, but such 
parameters were sequentially recorded.

Venables and Sayer [26] had determined the relationship between the SC and SP, 
by means of two measuring systems. The idea was to record both EDA parameters 
at the same skin (palm and inner surface of the left arm), but not simultaneously. 
They stated that due to the disturbance in the measurement of SP created by the 
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glands and therefore stronger sweating in that regions [20]. In 1879 Vigouroux was 
the first who observed that psychological factors are related to EDA. He measured 
changes in skin resistance (SR) that changed in parallel with the amount of anes-
thesia in hysterical patients. In addition, he presumed that both phenomena were 
dependent upon central processes, but he did not believe that the swift changes in 
SR observed by himself could be resulted by local processes in the skin itself [11].

The pioneering studies of electrodermal phenomena, however, have been done 
by Fere (1888) and Tarchanoff (1889) [3, 11]. Fere by employing an external direct 
current observed reduction in SR following emotional stimulation in hysterical 
patients [11]. Tarchanoff could measure changes in skin electrical potential between 
two electrodes connected to the skin surface without the aid of any external 
electromotive force. He supposed that the EDA phenomena observed by him were 
due to sweat gland activity, which is dependent on the secretory nerve action. He 
observed that, even at rest, the current flow from regions of high concentration in 
sweat glands to those poor in them. In contrast, Fere assumed that decrease in SR 
following stimulation was due to a decrease in blood flow of the skin, i.e., resulted 
from partial displacement of the blood peripheral resistance by the lower interstitial 
fluidity resistance [3, 11].

In 1928 and 1929, a decisive contribution to the investigation of the origins 
of endosomatic EDA was made by Gildemeister and Rein. They for the first time 
restricted the locus of SP origin to only one of the two recording sites by injuring 
the skin under the other electrode, where no SP of its own could develop [11]. In 
1930 the sweat glands were identified as the seat of the “psychogalvanic phenom-
ena” by McClendon and Hemingway. In the same year (1930), a palmar galvanic 
test was used for indicating sweat secretion by Wang and Lu. Later EDA measure-
ments became a common mechanism within the field of psychophysiology [19, 21].

SC units were strongly supported by Darrow [22] as well as Lykken and 
Venables [23] as being sufficient with respect to physiological models of the 
peripheral mechanisms of EDA. An electrical model of the skin was proposed by 
Edelberg [24] after having performed EDA research for more than 10 years, which 
takes into account the existence of polarization capacitances [11]. Using this back-
ground, psychophysiological aspects of several EDA components in details were 
first established by Edelberg [5] including parameters which were subsequently 
focused on [11].

Nowadays EDA measurement is regarded as “one of the most widely used 
response systems in the history of psychophysiology” [3] (p. 159). In addition, over 
the last decades, the areas for application of EDA have been steadily widened such 
as in the field of engineering psychophysiology as well as in neurology [11]. As EDA 
is a generic reference that subsumes all methods of measuring the electrical activity 
of the skin, it is the preferred term to label this phenomenon [25].

3. EDA recording systems

3.1 Sequentially recording SC and SP

Some authors tried to measure EDA parameters at the same skin site, but such 
parameters were sequentially recorded.

Venables and Sayer [26] had determined the relationship between the SC and SP, 
by means of two measuring systems. The idea was to record both EDA parameters 
at the same skin (palm and inner surface of the left arm), but not simultaneously. 
They stated that due to the disturbance in the measurement of SP created by the 
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presence of the impressed voltage used to measure SC, the two measures were not 
taken simultaneously. It was found that the two measures are related, although not 
so highly as to make them equivalent [26].

The role of sweat gland activity in the mediation of SC and SP levels was 
investigated by Venables and Martin [27]. Both SP and SC were recorded at the 
same skin site (tips of the fore, middle, and ring fingers of each hand), but not 
simultaneously [27].

Turpin and Siddle [28] presented effects of series of auditory stimuli on the 
sequential SCR and SPR recordings. Bipolar recording of SC was accomplished by 
attaching electrodes on the medial phalanx of the index and second fingers of the 
non-preferred hand of the subject. Unipolar recording of SP was made by placing 
electrodes on the medial phalanx of the third finger of non-preferred as the active 
site, while the reference site was a point two thirds of the distance from the wrist to 
the elbow on the volar surface of the forearm [28].

3.2 Alternately (simultaneous recording at different skin sites) recording SC 
and SP

Articles presented here are associated with authors, who tried to measure EDA 
parameters simultaneously, but not at the same skin site, i.e., EDA parameters were 
recorded alternately.

Wilcott [29] had recorded SR (SC) and SP simultaneously contralateral from 
the left and right-palm-upper-arm locations to study the correlation between both 
these EDA parameters. He obtained significant correlations between the SC and the 
SP amplitudes. Regarding the possibility of recording EDA parameters at the same 
skin site, Wilcott claimed that simultaneous measurement of EDA parameters is 
impossible and stated that “As it is of course not possible to record the two types of 
bioelectrical activity (e.g., SC and SP) from the same skin area simultaneously, they 
were recorded alternately from the same skin area and simultaneously from differ-
ent skin areas” [29].

To elucidate mechanisms underlying the appearance of the diphasic potential 
(SP) curve, SC and SP simultaneously from the palm and the dorsum of the hand 
were recorded by Yokota et al. [30]. SC and SP simultaneously from the palm and 
the dorsum of the hand were recorded by Yokota et al. [30]. Sequence recording of 
SC and SP was applied so as to enable a comparison of the results with each other. 
When the SP was recorded simultaneously with SC from different parts of the same 
palm, diphasic potential curve changes usually corresponded to larger resistance 
changes [30].

According to Edelberg and Burch [31], both SC and SP are widely used as 
indicators of autonomic activity in psychological and pharmacological investi-
gations, but the many fundamental controversies to be found in the literature 
testify to the questionable reliability of these measures [31]. In addition to the 
external stimuli and central excitatory state, various outside factors constitute a 
third category of variables (skin temperature, current density, electrode com-
position and size, contact medium, and electronic circuitry) affecting SP and 
SC responses. These factors are difficult to control, when comparisons between 
SP and SC are to be made separately (recording each of which at certain time). 
However, when they are compared simultaneously, effect of such variables can 
be canceled out [31].

Relations between simultaneously recorded SC and SP changes are obtained at 
high and low levels of bodily excitation by Darrow [22]. Electrodes were connected 
to the palm and the wrist of both hands in order to simultaneously record SC and SP 
between two opposite sites.
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Burstein et al. [32] reported simultaneous recording of SR (SC) and SP 
responses generated by different psychological stimuli. The aim was to show effects 
of such stimuli on responses of both EDA parameters and to determine the signifi-
cance of the different wave forms of skin potential [32]. SC responses were recorded 
from middle and index fingers of the left hand, and SP responses were recorded 
from the right ear lobe and the right index finger. They found that both SC and SP 
are highly effective in assessing differential emotional responses. However, total 
SP yields slightly more significant results than does the SC measure. They finally 
suggested that the skin potential response merits further investigation because the 
qualitative differences in its wave forms may be of special significance [32].

Hupka and Levinger [33] recorded palmar SC and SP simultaneously with 
nonpolarizing electrodes, connected to the thenar eminence of the right and left 
palm and on the dorsal right or left forearm. Authors aimed to investigate whether 
the SPR negativity remains a constant correlation with the SCR during different 
conditions of passivity and motor activity [33].

SC and SP were recorded simultaneously from opposite hands during a stress 
period and a subsequent prolonged relaxation by Lykken et al. [34]. Their aim was 
to investigate certain interrelationships between concurrent measures of SC and SP 
through employing a simple equivalent circuit model of steady-state electrodermal 
phenomena [34].

The correlation of change measures and prestimulus level in SC and SP and the 
amount of correlation between SP and SC measures were studies by Gaviria et al. 
[35]. SP and SC were recorded in a sequence at two different skin sites.

The effect of repeated stimuli on reader and nonreader child with respect to 
physiological orienting response patterns in the autonomic nervous system was 
investigated by Hunter et al. [36]. Authors aimed to fined difference between those 
two groups through simultaneously recording SC and SP. For SC recording elec-
trodes were placed to the volar pads of the first and third fingers, and for SP record-
ings the active electrode was placed on the volar pad of the middle finger, and the 
reference electrode was placed on the forearm; thus both SC and SP are recorded 
simultaneously at two different skin sites [36].

In order to investigate possible differences between healthy subjects and 
unhealthy (schizophrenic) subjects, Patterson and Venables [37] recorded SC 
and SP at the same time but at two different skin sites by two different measuring 
systems. Electrodes for SC recording were attached on the medial phalanges of the 
first and second fingers of both hands and for SP were placed on the hypothenar 
eminence of the right hand and an abraded surface of the right arm [37].

The validity of SC and SP for preliminary cystic fibrosis screening has been 
demonstrated by Williamson et al. [38]. Electrodes for SC recording were attached 
to the palmar surface of the fingers. For the measurements of SP, the active elec-
trode was being placed on the palmar surface of the distal middle phalanx of the 
hand [38]. Discriminant analysis using the two best EDA measures (SC and SP) for 
assignment of experimental group membership yielded 92.7% correct classification 
of the actual group membership. However, both SP and SC recordings were neces-
sary to obtain such accuracy, since reclassifications of participants by discriminant 
analysis using only the six SC or the six SP measures lowered the percentage of cor-
rect classifications to 77% for SC and 86% for SP. Authors stated that it would sim-
plify clinical procedures to use only the SP or only the SC measures to distinguish 
between group (health and unhealthy) subjects, because only one hand would be 
recorded and scored [38]. However, according to their results, recording more than 
one EDA parameters at the same time would lead to more meaningful results.

Collet et al. [39] showed neutral and emotionally loaded pictures to some test 
subjects in order to evoke happiness, surprise, anger, fear, sadness, and disgust. 
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The EDA signals measured were SC, SP, and SR. For EDA recordings electrodes 
were placed at different skin sites. For SC measurement electrodes were attached 
to the second phalanx of the fourth and fifth digits of the non-dominant hand; for 
SP active electrode was attached to the hypothenar eminence, and the reference 
electrode was attached to the wrist, and finally for SR recording, electrodes were 
placed on the second phalanx of the index and the third digit of the non-dominant 
hand [39].

SR (SC) and SP and some other physiological parameters were recorded 
simultaneously at various skin sites by Ismaili et al. [40], to analyze the relation-
ship between self-report hedonic evaluations and the physiological expression of 
emotion in response to odorants. Second phalanx of the index and the third digit of 
the non-dominant hand were selected for SC recording. For SP recording, the active 
electrode was placed on the hypothenar eminence, and the reference electrode was 
placed 10 cm higher on the wrist.

Shiihara et al. [41] examined the validity of long-term SC recordings by compar-
ing such recordings with simultaneously recorded SP at two different skin sites. SC 
was recorded through placing electrode on the middle phalanx of the second and 
fourth fingers, and SP was recorded via attaching electrodes between the thenar 
eminence of the palm and the lower portion of the upper arm. Both EDA param-
eters were recorded simultaneously during sleep.

In a recent study, SC and SP have been recorded simultaneously at different 
skin sites to evaluate the mental workload during driving by Kajiwara [42]. Author 
stated that in order to simultaneously measure the SC and SP, the SC was measured 
on the left arm, and the SP was measured on the right arm.

3.3 Simultaneous measurement of SC and SP or SS at the same skin sites

As noted, earlier studies such as [29] have claimed that simultaneous measure-
ments of EDA parameters are impossible. However, this hypothesis was later criti-
cized and lost ground due to new explanations and newest trends and techniques.

Montagu in [43] performed measurements (SC and SP) on the same skin site 
simultaneously and continuously through the same pair of electrodes. Montagu 
aimed to study effects of variety of conditions (different external stimuli) on the 
simultaneous recordings of SC and SP at a single reacting area.

Grimnes [44] performed DC SP or SC, AC SC, and skin capacitance (i.e., SS) 
measurements on the same skin site simultaneously by using the three-electrode 
system. Author pointed out that the examination of the influence of sweat duct can-
not be done without also recording the parallel values of the skin admittance. Also 
he reported that the sensitivity of the DC conductance to a certain reflex intensity is 
larger than that of the AC SC.

Qiao et al. [45] developed a method for simultaneously recording SC and SS at 
the same skin site via using a three-electrode lock-in amplifier measuring system. It 
is indicated that the use of AC excitation is necessary for recording SS.

The exogenous (SC) and endogenous (SP) responses in order to acquire a 
better understanding of the underlying mechanisms were compared by Jabbari 
et al. [46]. Both SCR and SPR were simultaneously recorded in the palms using 
the same electrodes. Authors reported independent information and correlation 
between SC and SP.

Grimnes et al. [47] developed a special recording system for combining SC with 
SP recordings from an active electrode at a palmar site together with a large indif-
ferent electrode connected to a physiological NaCl bath in which the forearm was 
immersed. Their recording system used a small AC current, enabling the SC and SP 
to be recorded simultaneously at the same site. Authors reported that it is possible 
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to measure the SP and skin AC SC simultaneously at the same skin site in a low-
noise system. Authors pointed out that both the measuring systems that are used by 
Grimnes [44] and Montagu [43] had the demerit that the recording electrode must 
supply the necessary charge/discharge current to the blocking capacitor with chang-
ing DC voltages. This also introduced a time constant specified by the capacitance 
and the resistance of the recording electrode [47].

Pabst et al. [48] designed a measuring system for simultaneously recording AC 
SC and DC SC at the same skin site and same electrode. Authors aimed to examine 
the similarities and differences between the AC and DC methods of EDA recording 
under the same conditions. The measuring system consisted of two bipolar elec-
trodes, which were placed at the thenar and hypothenar sites of the dominant hand.

3.4 Simultaneous measurement of SC, SP, and SS at the same skin sites

This type of recording must be done with AC exosomatic, since with DC exoso-
matic, SS could not be measured.

Jabbari et al. [9] developed a measuring system where DC current was 
replaced by a small AC current. They aimed to record SC, SP, and SS simultane-
ously at the same skin site. Three electrodes were placed to the skin, two measur-
ing electrodes and one reference electrode [9]. They confirmed that it is possible 
to measure SP and skin AC SC simultaneously at the same skin site. In addition, 
they regarded recording SP and SC simultaneously with the same electrode as 
significant because of the often large skin site dependence of levels and response 
waveforms [9].

Tronstad et al. [8] used a new method to record SC, SP, and SS simultaneously at 
the same electrode. Their aim was to investigate the difference between waveform 
of SC and SP in a new way by comparing their temporal peak differences. It was 
a PC-based EDA recording system for simultaneous recording of skin admittance 
(SC and SS) and SP at the same electrode. For recoding EDA parameters, three 
electrodes were employed, a measuring electrode placed on hypothenar, a refer-
ence electrode placed on apex of elbow, and a current sink electrode placed on the 
underarm.

The effect of some external stimuli on simultaneous recordings of SC, SP, and 
SS at the same skin site has been investigated by Bari et al. [49]. Authors confirmed 
that the three EDA parameters (SC, SP, and S) could be measured simultaneously 
under the same electrodes. Each of such EDA parameters showed different wave 
forms depending on their relation with the tissue under investigation.

Figure 2 shows an example of a setup for simultaneously measuring SP, SC, and 
SS at the same skin site. It is a PC-based EDA system for recording EDA by means of 
skin admittance and SP simultaneously at the same electrode on the same skin site. 
It consists of one measuring electrode (ME), one reference electrode (RE), and a 
current sink electrode (CE).

Figure 2. 
An example of a setup for simultaneously recording SP, SC, and SS at the same skin site.
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The EDA signals measured were SC, SP, and SR. For EDA recordings electrodes 
were placed at different skin sites. For SC measurement electrodes were attached 
to the second phalanx of the fourth and fifth digits of the non-dominant hand; for 
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The exogenous (SC) and endogenous (SP) responses in order to acquire a 
better understanding of the underlying mechanisms were compared by Jabbari 
et al. [46]. Both SCR and SPR were simultaneously recorded in the palms using 
the same electrodes. Authors reported independent information and correlation 
between SC and SP.

Grimnes et al. [47] developed a special recording system for combining SC with 
SP recordings from an active electrode at a palmar site together with a large indif-
ferent electrode connected to a physiological NaCl bath in which the forearm was 
immersed. Their recording system used a small AC current, enabling the SC and SP 
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matic, SS could not be measured.

Jabbari et al. [9] developed a measuring system where DC current was 
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ing electrodes and one reference electrode [9]. They confirmed that it is possible 
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significant because of the often large skin site dependence of levels and response 
waveforms [9].

Tronstad et al. [8] used a new method to record SC, SP, and SS simultaneously at 
the same electrode. Their aim was to investigate the difference between waveform 
of SC and SP in a new way by comparing their temporal peak differences. It was 
a PC-based EDA recording system for simultaneous recording of skin admittance 
(SC and SS) and SP at the same electrode. For recoding EDA parameters, three 
electrodes were employed, a measuring electrode placed on hypothenar, a refer-
ence electrode placed on apex of elbow, and a current sink electrode placed on the 
underarm.

The effect of some external stimuli on simultaneous recordings of SC, SP, and 
SS at the same skin site has been investigated by Bari et al. [49]. Authors confirmed 
that the three EDA parameters (SC, SP, and S) could be measured simultaneously 
under the same electrodes. Each of such EDA parameters showed different wave 
forms depending on their relation with the tissue under investigation.

Figure 2 shows an example of a setup for simultaneously measuring SP, SC, and 
SS at the same skin site. It is a PC-based EDA system for recording EDA by means of 
skin admittance and SP simultaneously at the same electrode on the same skin site. 
It consists of one measuring electrode (ME), one reference electrode (RE), and a 
current sink electrode (CE).

Figure 2. 
An example of a setup for simultaneously recording SP, SC, and SS at the same skin site.
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4.  Advantages of simultaneous measurement of SC, SP, and SS over 
other EDA recording systems

1. In order to make direct comparisons between different EDA recording meth-
ods or parameters, techniques for simultaneously recording EDA using the 
same skin site are required, since EDA responses cannot be compared and/or 
correlated when lonely or separately measured.

2. Some authors such as [11] suggested a measuring method dependent on 
continuously switching (sequentially) between AC (SC) and DC (SP) record-
ing methods, which allows the same site to be used for recording both SC and 
SP. However, this recording method has drawback that the switching skin to a 
different EDA coupler will always result in an adaptation of the gain process, 
dependent on the filter characteristics of the amplifier system, which consti-
tutes a time-consuming procedure. In addition, the subject will seat or stay 
for longer time in order to record EDA parameters one by one, which lead to 
nuisance of the subject, and may in turn affect EDA signals (as EDA is associ-
ated with the psychophysiological state of the subject).

3. Also some other authors suggested another parallel-like (alternately) record-
ings of SC and SP measurements on contralateral sites [11]. But, this way 
of recording has disadvantage that the EDA parameters are not recorded at 
the same skin site. It has been pointed out that each active skin site may give 
rise to various types of EDA responses and that basic EDA levels all depend 
on the measuring system. So, measuring at the same electrode is significant 
because both EDA components (levels and response) are largely dependent 
on skin site as already mentioned above [47]. Besides the alternate method 
is inconvenient as both hands of the test subject are connected with the 
electrodes. In addition, to measure both SC and SP, at least four electrodes 
connected with two setups are required, which take economical cost. On the 
other hand, simultaneously employing only three electrodes that are placed 
on the same skin on a single hand makes it preferable and convenient where 
the subject will seat for shorter period than the other traditional recording 
methods. From an economic point of view, its cost is lower since one setup is 
used for recording all EDA parameters, and fewer electrodes are employed 
than other methods.

4. Simultaneous method also has another important advantage over the rest of 
the methods, which could be achieved when AC exosomatic current method is 
used. Through this method in addition to SC and SP, the SS could be recorded 
simultaneously at the same skin site as well. This means that EDA measure-
ments can be simultaneously appropriate with additional psychophysiological 
measures, as it may provide further insights into the sweat gland physiol-
ogy, which makes it particularly useful for clinical applications. Technically 
based upon this method, voltage sensing is converted from analog to digital, 
and utilizing a low measuring frequency with phase-sensitive rectification 
guarantees genuinely constant voltage or current and enables the minimiza-
tion of measurement errors as well. Moreover, this recording method enables 
detection of variations in the reference site potential, thereby checking to 
which extent the reference site is electrodermally inactive, which is a require-
ment for accurate SP recording. Therefore, it is very suitable for physiological 
research.
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5. Applications

The scope of applications will be primarily related to those studies recently 
conducted using the EDA measurement simultaneously. The use of simultaneous 
measurement of EDA in psychology, physiology, and medicine is widespread and 
constantly increasing due to its advantages. It is widely accepted that both AC and 
DC components (parameters) can be accurately measured.

Tronstad et al. [50] employed the system presented in Tronstad et al. [8], for the 
simultaneous recording of SC, SP, and SS at the same skin site. The aim of the study 
was to assess how accurately sweat production can be estimated based on combin-
ing the skin electrical properties. According to the authors, results of sweating 
estimation were significantly improved by the addition of SS and SP recordings to 
the SC recording only.

In a study [51], changes in SCR, SPR, and SSR were evaluated as a result of 
sequences of electrical (painful) stimuli with different intensities by using simul-
taneous system of EDA measurement. EDA responses as results of painful stimuli 
were recorded from 40 healthy volunteers. They reported that EDA responses 
significantly changed (increased) with respect to the intensity of the stimuli. Both 
SCR and SSR showed linear relationship with the painful stimuli. It was found that 
the EDA responses, particularly SCR (p < 0.001) and SSR (p = 0.001), were lin-
early affected by the intensity of the painful stimuli. Authors mentioned that EDA 
responses, in particular SCR, may be used as a useful indicator for assessment of 
experienced pain in clinical settings.

The same system mentioned above was used in another study [52], with the 
aim of exploring the influence of relative humidity on EDA levels and also the 
responses. A total of 10 healthy subjects were exposed to environments of low 
and high RH while EDA measures were recorded, including cognitive, visual, and 
breathing stimuli for evoking electrodermal responses of different origins. EDA 
levels and responses were compared between the two humidity levels for all stimuli 
and all EDA measures. It was found that EDA levels, in particular for SC and SS, 
were significantly increasing during high humidity exposure but that the change in 
EDA responses (SC, SS, and SP) was not statistically significant (p > 0.05, paired 
t test). Authors concluded that ambient humidity influences the recording of EDA 
levels and is important to consider when these parameters are used, but is not 
important in the recording or analysis of EDA responses.

6. Conclusions

The purpose of the chapter review was to view the trends in the methods and 
attempts made to develop them for recording EDA parameters. It was focused on 
the major methods (through some published literatures) used for recording EDA 
parameters. In addition, identifying the advantages of simultaneously recording 
EDA parameters at the same skin sites over sequential and alternate methods. Even 
though sequential or alternate recording methods certainly have advantages in 
some routine work, simultaneous recording method must be considered for future 
EDA research, since this measuring system can realize measurement of various 
EDA parameters on the human skin, at the same skin site and same time, which 
is required for accurate EDA research studies as well as clinical applications. This 
will in turn undoubtedly lead us to technological and clinical advancements in the 
treatment of other neurophysiological disorders. Therefore, simultaneous recording 
method is superior to sequential and alternate recording methods.
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F frequency
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GSR galvanic skin response
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R resistance
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SCL skin conductance level
SCR skin conductance response
SP skin potential
SPL skin potential level
SPR skin potential response
SS skin susceptance
SSL skin susceptance level
SSR skin susceptance response
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X reactance
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Z electrical impedance
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Chapter 7

Experimental and Theoretical
Study of the Adsorption Behavior
of Nitrate Ions by Layered Double
Hydroxide Using Impedance
Spectroscopy
Abderrahmane Elmelouky, Abdelhadi Mortadi,
Elghaouti Chahid and Reddad Elmoznine

Abstract

This chapter analyzes the experimental data using impedance spectroscopy to
reduce water pollution by nitrate ions. The adsorption is through a synthesized
layered double hydroxide (Zn3-Al-Cl-LDH). The kinetic study data analysis by
pseudo-first-order and pseudo-second-order models is highly correlated they were
found to fit very well the pseudo-second-order. This is confirmed by fast kinetic
modeling of experimental data according to the pseudo-second-order. Furthermore,
the Nyquist plots suggest that the grains and grain boundaries have contributed to
the conduction mechanism of the material at different adsorption times and moni-
toring of the adsorption phenomenon. The investigation by impedance spectros-
copy was used for modeling by an equivalent circuit. The real and imaginary
functions of impedance complex are analyzed by modifying Cole-Cole relaxation.
Revel most changes in the structure of the manifestation of the grains and the grains
boundaries. The alternative current (AC) conductivity was investigated using the
double power law of Jonscher. More importantly, the calculated value and the
percentage of efficiency are evaluated in the adsorption. The water molecules and
nitrate ions in the adsorbed were favored for the generation of the electrical
response. The electrochemical impedance spectroscopy data are often interpreted
by using electrical equivalent circuits.

Keywords: materials science, materials chemistry, impedance spectroscopy,
layer charge, ionic, conductivity, dielectric

1. Introduction

Impedance spectroscopy is used to obtain an electrical equivalent circuit that
showed the best fit of the experimental data. The analysis of these impedance data
using both Bode and Nyquist plots was useful for the identification and the
deconvolution of different processes of adsorption and interfaces. The adsorption-
desorption phenomena representing the fundamental and essential electrochemical
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showed the best fit of the experimental data. The analysis of these impedance data
using both Bode and Nyquist plots was useful for the identification and the
deconvolution of different processes of adsorption and interfaces. The adsorption-
desorption phenomena representing the fundamental and essential electrochemical
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processes at the solid-liquid interface and adsorption of ionic and nonionic surfac-
tants on the solid/liquid interfaces have been studied experimentally [1–4] and
theoretically [5–8]. The surface area of a solid electrode also affects adsorption
efficacy [3]. On the other hand, the contamination of wastewater by nitrate ions has
become an ever-increasing and serious environmental threat for a long time [9].
The disproportionate application of chemical products in industrial sectors causes
the increases in large quantities of this ion into wastewater and surface water [10].
The solubility of the ions of nitrate is very high in water [11] is considered the most
widespread contaminant exhibit a serious in this literature [12, 13]. The high
amount of nitrate in drinking water can cause a number of health problems such as
gastric cancer [14]. The methemoglobinemia or blue baby syndrome, a serious
health danger, occurs when nitrate is converted to nitrite which then reacts with the
hemoglobin to cause blueness of the skin of newborn infants; this is discussed by
[15]. The superior costs of adsorption using adsorbents such as activated carbon
prompt researchers to find other cheaper substitutes such as lamellar double
hydroxides (LDH) which have been shown to be effective for the removal of this
contaminant from industrial washing water [16–18]. Although studies have exam-
ined this material, its application toward the removal of nitrate has not been exam-
ined previously. Therefore, the present chapter is aimed to synthesize and to study
the efficient removal of nitrate by LDH. This system has low-mobility charge
carriers, which are believed to be responsible for the dielectric response.

2. Equipment and its use

2.1 Synthetic adsorbent and characterization techniques

The coprecipitation method was used to prepare Zn3-Al-Cl-LDH described by
[19], with constant pH (pH = 7) and molar ratio (R = Zn2+/Al3+). Pure ZnCl2
(0.3 mol) and AlCl3.6H2O (0.1 mol) solution with a molar ratio of R = 3 is dissoci-
ated in distilled water (250 mL) to produce solution (a) and solution (b) containing
NaOH (0.8 mol) and NaCl (0.05 mol) in 250 mL of distilled water. After solution
(b) is added to solution (a) with vigorous stirring at pH = 7 with an N2 start to
control contamination by carbonate ions. The precipitate was thoroughly washed
with deionized water and dried at 60°C for 24 h to obtain the LDH of formula
(Zn2.93Al (OH) 7.86) (Cl�. 1.87 H2O noted Zn3Al-Cl-LDH according to [20].

In the X-ray powder diffraction (XRD), the samples were recorded on an X-ray
diffractometer (SIEMENS D 501) with a radiation of λKα1 = 1.5405 Å and
λKα2 = 1.5444 Å. The patterns were recorded from 2° to 76° 2θ angles at a step size
of 0.02° and at a speed of 5°/min.

The Perkin-Elmer 16 PC Fourier transform spectrometer (FTS) was used for
infrared measurements. The samples were prepared in a pellet of 13 mm diameter
and 1 mm thickness using 2 mg of product diluted in 200 mg of KBr. The FT-IR
spectra were recorded in absorbance in the wave number range of 400–4000 cm�1

at 25°C with a resolution of 1 cm�1.
The frequency range from 20 Hz to 1 MHz was performed for impedance

spectroscopy measurements, with eight points per decade at room temperature
utilizing an impedance analyzer (Hewlett Packard 4192A). The electrical contacts
were performed using silver electrodes, which were deposited on the two circular
faces of the sample [19]. The magnitude of the applied signal is 0.6 V peak to peak.
An amount of 200 mg is pelleted to analyze the impedance [19]. The granulated
powder was compacted under a hydraulic press with 250 MPa pressure into discs of
13 mm diameter and 1 mm thickness approximately [19]. The impedance spectra
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were recorded at different adsorption times (5, 10, 20, 30, and 60 min). The
analysis and theoretical fitting by impedance spectroscopy using complex empirical
functions were carried out utilizing the software ZView 2.2 and Origin 8 for
modeling of the ionic conductivity and the imaginary function according to the real
function, respectively.

3. Results and discussion

3.1 X-ray diffraction

The X-ray diffraction patterns of Zn3-Al-Cl-LDH depicted in Figure 1 of the
sample are characteristic to those of a double lamellar hydroxide. The sample
was crystallized in a rhombohedral symmetry (space group: R-3m) with
(c/3) = d003 = 2d110 and a = 2d006. The lattice parameters c and a are, respectively,
2.38 and 0.31 nm. These values are similar to those reported in the literature [14].

The peak (1 1 0) indicates the intermetallic distance used to calculate a lattice
parameter (a = 2d110). Moreover, the values of the parameters c and a are,
respectively, 23.82 and 3.10 A°. These values are similar to those reported in the
literature [19].

3.2 Infrared spectroscopy

FT-IR confirms that the spectra of synthesized Zn3Al-Cl-(NO3
�)ads-LDH

(Figure 2) resemble those of hydrotalcite-like phases [21]. The FT-IR presents a
close-up view of the most important regions of the infrared spectra of Zn3Al-Cl-
(NO3

�)ads-LDH depicted in Table 1.
The frequencies of absorbance links in this material are reported in Table 1.

Indeed the infrared spectra of this material after adsorption at a different time show
the increase in the intensity of characteristic link of NO3

� ions at 1381 cm�1 as a
function of time.

Figure 1.
XRD pattern of Zn3-Al-Cl-LDH-blank.
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3.3 Inductively coupled plasma (ICP) spectrometry

The chemical formula Zn3-Al-Cl-LDH was obtained using the technical ICP
analysis, which shows that the theoretical ratio [R = (Zn2+/Al3+)] is close to that of
the synthesis. This characterization also suggests that the sample has a homoge-
neous chemical composition; the approximate chemical formula is (Zn2.93Al
(OH)7.86) (Cl

─. 1.87 H2O) for the metal ratio of R = 3. Cl─ anion intercalated.

3.4 Study of the adsorption in batch and determination of nitrate ions

3.4.1 Calibration curve

A series of vials of 50 ml each containing 1 mL of 0.5% sodium salicylate is
introduced: 8, 6, 4, and 2 ml of KNO3 solution (50 mg L�1) with, respectively, 2, 4,
6, and 8 ml of water. The contents of each flask are then evaporated to dryness in an
oven (75–80°C) to produce a residue which is dissolved with 2 ml of concentrated
H2SO4. After 10 min of rest has passed, 15 ml of distilled water and then 15 ml of a
basic solution made up of 40% NaOH, 6% sodium potassium tartrate, and then
50 ml with distilled water are then allowed to develop the yellow color characteristic
of the complex nitrate formed. The nitrate ion concentrations in the liquid phase
were determined by a spectrophotometric method (spectrophotometer type
JASCOV-630 λ = 415 nm).

The calibration curve obtained (Figure 3) is in good agreement with the Beer-
Lambert law.

3.4.2 Assays of nitrate ions in balance

The Zn3Al-Cl-LDH is contacted with a potassium nitrate solution (0.4 g/L) for
5 min, 10 min, 20 min, 30 min, and 60 min. Before washing Zn3Al-Cl-LDH after

Figure 2.
(a) FT-IR spectra of Zn3-Al-Cl visualized and (b) proposed adsorption mechanism between the adsorbent and
nitrate [22].

Sample Ratio v (OH) (cm�1) δ (H2)) (cm�1) ν (M▬O) (cm�1) δ (O▬M▬O) (cm�1)

Zn3-Al-Cl-
LDH-blank

R = 3 3454.6 1628 613.38 426.28

Table 1.
Frequencies of absorbance bands.
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adsorption and which is intended for the dielectric analysis. The filtrate is recovered
corresponding to each time and fee in 1 mL is put in a 50 mL flask and then the
following procedure used for the tracing of the calibration curve.

3.5 Kinetic study

The adsorption kinetic studies were carried out by contacting Zn3Al-Cl-LDH
(Cm = 0.8 g/L) with NO3

� solutions (500 ml) of the initial concentration of
0.4 mg/L, respectively. The adsorption process was agitated at 25°C and a pH of 7.0
for several periods ranging from 5 to 60 min under inert atmosphere (N2). LDH
obtained after adsorption was filtered and then washed several times. The concen-
tration of the nitrate ion in the filtrate was determined by spectrophotometer at
415 nm. The nitrate amount qe (mg/g) loaded on adsorbents after adsorption
experiments and the percentage removal (removal %) of NO3

� ions from solutions
were calculated using the following equations:

qe ¼
C� Ceð Þ � V

m
(1)

and the removal

%ð Þ ¼ C0 � Ce

C0
� 100 (2)

where Ce (mg/L) is the equilibrium of nitrate ion concentration in solution,
C0 (mg/L) is the initial of nitrate ion concentration in solution, m (g) is the mass of
adsorbent, and V (L) is the volume of the solutions.

The equilibrium is reached after 30 min, with a maximum of approximately
59.12% adsorption capacity corresponding to a 295.62 mg/g of an affinity of the
adsorbate for the active sites of the adsorbent [23]. From Figure 3 it is quite clear
that the percentage of nitrate ion adsorption calculated by kinetic study and

Figure 3.
Curve calibration of spectrophotometer used for determination of NO3

� adsorbed.
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efficiency adsorption calculated by impedance spectroscopy are less than 10%
which shows that the values are close and both techniques are okay and best
correlated. From Figure 4 adsorption of nitrate ions by this system noted as a
function of adsorption time is quite rich on information. The adsorption phenom-
ena are due to the active sites in LDH interlayer with different electron donor sites
(active adsorption sites) on the ions (N&O) and relative humidity [24–26].

3.6 Analysis of adsorption kinetics

The different kinetic models including pseudo-first-order, pseudo-second-
order, and intraparticle diffusion are employed to investigate the mechanism of
adsorption and potential rate controlling steps such as chemical reaction mass
transport and diffusion control processes [27]. The pseudo-first-order and
pseudo-second-order are generally expressed as Eqs. (3) and (4), respectively
(Figure 5):

ð3Þ

t
qt
¼ 1

K2,ads � q2e
þ t
qe

(4)

where qe (mg/g) and qt (mg/g) are the adsorption of NO3
� ions on to adsorbents

at equilibrium and at time t (min), respectively; K1,ads (min�1) and K2,ads

(g/(mg min)) are the constants of the pseudo-first-order and pseudo-second-order
adsorption, respectively. Additionally h (mg/(g min)) is the initial adsorption rate
of pseudo-second-order which can be calculated using h = K2qe2.

The adsorption rate constants k1,ads and k2,ads of nitrate ions by (Zn3Al-Cl-LDH)
are deducted, respectively, from the curve log(qe-q) = f(t) and (t/qt) = f(t/qe)
(Figures 6 and 7).

The regression by the pseudo-second-order model agrees well to study the
adsorption of the nitrate ions by Zn3Al-Cl-LDH. The constant of adsorption rate

Figure 4.
Kinetic study evaluation of NO3

� removal by Zn3AlCl-(NO3
�)ads complex.
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confirms the rapid process noted during the kinetic study. The maximum amount
obtained by applying the pseudo-second-order model is very close to that deter-
mined by the kinetic study (�296 mg/g).

The values of the correlation factors obtained (Table 2) show that the measure-
ment data of kinetics follows the pseudo-second-order model (R2 ≈ 0.99).

3.7 Constant diffusion rate determination

Intraparticle diffusion equation suggests that intraparticle diffusion is the rate-
limiting step in adsorption. The diffusion process may affect the adsorption of

Figure 5.
Pseudo-first-order model removal NO3

� by (Zn3Al-Cl-LDH).

Figure 6.
Pseudo-second-order model of removal NO3

� by Zn3-Al-Cl-LDH.
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nitrate ions on Zn3-Al-Cl-LDH due to the porous structure of the adsorbent and the
attractive effect of nitrate ions. Therefore the intraparticle diffusion is used to
explore the behavior of intraparticle diffusion is obeys Eq. (5) [27].

qt ¼ kip:t1=2 þ C (5)

where qt is the quantity retained at time t and kip are the diffusion rate
constants.

The results obtained (Figure 6) show that there are two stages. Region 1 is
attributed to the most readily available site on the surface of the adsorbent. Region 2
can be explained by a very slow diffusion of adsorption in the inner pores. Thus the
nitrate ion adsorption by Zn3-Al-Cl-LDH may be governed by the intraparticle
model [1]. The values of kp1 and kp2 diffusion rate constants for Region 1 and
Region 2, respectively, obtained by using the regression linear are shown in Table 2.

These values are in good agreement with the kinetic study. Indeed, in Region 1
the value of the slope (86.04) is greater than that of the Region 2 whose value is of
the order of 1.68. This can be explained by the availability of sites in Zn3-Al-Cl-LDH
at the beginning of adsorption. The release rate constants intraparticle using the
kinetics study was according the values respectively K1P = 86.04 with the R2 = 0.98
and K2P = 1.68 with the R2 = 0.99. The adsorption of nitrate ions by Zn3-Al-Cl-LDH
is confirmed by FT-IR spectroscopy. In fact the infrared spectra of the materials

Figure 7.
Intraparticle diffusion model for Zn3Al-Cl-(NO3

�)ads-LDH complex.

Pseudo-first-order Pseudo-second-order

K1.ads (min�1) qe (mg/g) R2 K2.ads (g/mg/min) qe (mg/g) R2

0.25 292.94 0.94 0.002 312.5 0.99

Table 2.
Kinetic parameters for Zn3Al-Cl-(NO3

�)ads-LDH complex.
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recovered after adsorption at various times (Figure 6) show the increase of the
intensity of the characteristic band of NO3

� at 1381 cm�1 in a function of contact
time of ions.

It could be seen that the plots were multilinear over the whole time range
suggesting that two steps were operational in the adsorption of NO3

� by Zn3-Al-Cl-
LDH. The first linear plot was the instantaneous adsorption or external surface
adsorption attributing to the rapid consumption of the available adsorption sites on
the adsorbent surface. The second stage was the gradual adsorption stage where
the intraparticle was the rate-limiting step, and the second portion was attributed to
the final equilibrium for which the intraparticle diffusion starts to slow down due
to the extremely few adsorption sites left on adsorbent which will be clearly in
impedance spectroscopy using the Nyquist diagram analysis by means of fit and
extrapolation of experimental data for both adsorption regions.

4. Impedance spectroscopy analysis

Using impedance spectroscopy one can distinguish between intrinsic (grain) and
extrinsic (grain boundaries). The Nyquist and Bode plots were used to interpret the
electrical relaxation processes associated with adsorption phenomenon and used to
search for the electrical analogue of the adsorption.

In order to determine the mechanisms responsible for the conductivity, in gen-
eral, the different variations of complex impedance spectra (Nyquist plot) consist
of two semicircle arcs corresponding to the grain interior and grain boundary. The
arc at a high frequency usually represents the grain response, and the low-
frequency arc corresponds to the grain boundary [28].

The impedance analysis allows one to determine the contributions of various
processes such as bulk effects and the grain boundaries. Figure 8 shows the complex
impedance plane plots (Nyquist plot) of the nitrate ion removal by the system
Zn3-Al-Cl-LDH (0 min ≤ t ≤ 60 min).

The analysis (Figure 8a and b) of the data by the Nyquist diagram allowed us to
determine the resistance values for the two regions in the time interval of 0, 5, and
10 min (Region 1) and 20, 30, and 60 min (Region 2). The separation into two time
intervals is justified by Figure 7 of the kinetic study and Figures 9 and 10 of the
impedance spectroscopy study.

Figure 8.
Nyquist plots for samples in Region 1 (a) and Region 2 (b), respectively, during adsorption phenomenon by
Zn3Al-Cl-(NO3

�)ads-LDH.
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Figure 11 shown is intended to show that there are only two capacitive loops in
the extrapolation technique of experimental data in a frequency range of 10�2 Hz to
1 MHz: one for the contribution of grain region and the other for grain boundary
contribution.

The estimated value of R is the difference between the high intercept and low
intercept values. If the data reflects a parallel R-C element with a depression angle
of zero, the estimated R will be the same as the diameter of the semicircle. Esti-
mated C is calculated using the relationship ωmax = 1/(RC) and depends on the
accuracy of ωmax.

The Nyquist (Figures 12 and 13) plot studies discovered the presence of grain
and grain boundary which then become dipoles when they are subjected to the
action of an electric field. We thus observe two phenomena of relaxations, no more
of which are observed as the maximum in the Nyquist plot (Cole-Cole). We also
find that we have two different regions that are two constants of the time τg and τbg
using extrapolation by a corresponding equivalent circuit of data, which leads us to
say this kinetic is mixed and it is what we confirmed by the chemical kinetic study.

Figure 9.
Variation of the ratio (Rbg/Rbgmax-Rbg) according to the square root of the adsorption time.

Figure 10.
Variation of σ’ac conductivity for (a) Region 1 and (b) Region 2 as a function of frequency.
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After analyzing and evaluating the spectra using ZView 2.2 software, we
extracted the parameters mentioned in Table 3. From the values shown in Table 3,
it is observed that the adsorption efficiency increases when showing the fixing of
nitrate ions on the surface of Zn3-Al-Cl-LDH. We used other quantities extracted
from the equivalent circuit. The quantities are the dispersion coefficient for the
grain and the grain boundary, on the one hand, and the grain and grain seal
capacity, on the other hand, as a function of the adsorption time in order to follow

Figure 11.
Superposition of experimental data done by the equivalent electrical circuit and extrapolation of different
adsorption times.
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the phenomenon of adsorption of the nitrate ions to the available pores of
Zn3-Al-Cl-LDH.

4.1 Intraparticle diffusion rate constant

In order to test the existence of intraparticle diffusion in the adsorption process,
the amount of nitrate adsorbed per unit mass of adsorbents q at any time t was

Figure 12.
Fitting and extrapolation of data experimental using equivalent circuit at all times of adsorption at room
temperature.
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plotted as a function of square root of time (t1/2). The rate constant for intraparticle
diffusion was obtained using the Weber-Morris equation given as follows [35]:

q tð Þ ¼ kp:
ffiffi
t
p þ c (6)

where q is the amount of nitrate adsorbed in mg/g of adsorbent, kp is the
intraparticle diffusion rate constant, and “t” is the agitation time in minutes. Due to
stirring, there is a possibility of transport of nitrate species from the bulk into the

Figure 13.
Extrapolation of tan (d) measurement data of Zn3-Al-Cl-LDH for t = 5 min (a) and (b) t = 60 min.

Sample Rg (Ω) (E%)g Rbg (Ω) (E%)bg pg pbg Tg (Ω�1.sα) Tbg (Ω�1.sα) X2

0 11,513 0 61,702 0 0.71 0.43 2.05 1.42 0.003

5 36,160 2.14 157,410 1.55 0.73 0.63 1.90 0.34 0.001

10 40,275 2.49 196,670 2.19 0.74 0.62 1.64 0.23 0.001

20 41,753 2.62 302,160 3.90 0.75 0.63 1.49 0.28 0.001

30 42,584 2.69 298,590 3.84 0.76 0.64 1.43 0.24 0.0008

60 43,504 2.77 319,590 4.18 0.77 0.66 1.39 0.14 0.0001

Table 3.
The values of the fitted corresponding equivalent circuit parameters.
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30 42,584 2.69 298,590 3.84 0.76 0.64 1.43 0.24 0.0008

60 43,504 2.77 319,590 4.18 0.77 0.66 1.39 0.14 0.0001

Table 3.
The values of the fitted corresponding equivalent circuit parameters.
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pores of the LDH as well as adsorption at an outer surface of the LDH. The rate-
limiting step may be either adsorption or intraparticle diffusion.

Different regions of a system sample are characterized using a resistance and a
constant phase element (CPE) placed usually in parallel, where subindexes “g” and
“gb” refer to grain and grain boundary, respectively (Eqs. 7 and 8):

τg ¼ Rg:Tg
� � 1

pg and τjg ¼ Rjg:Tjg
� � 1

pjg (7)

Cg ¼ R
1
pg�1:T

1
pg and Cjg ¼ R

1
pjg�1:T

1
pjg (8)

The values of the individual Rg.Cg and Rbg.Cbg components may then be quanti-
fied. Let us now see some practical examples of data and interpretation. A common
type of impedance spectrum for Zn3-Al-Cl-(NO3

─)ads LDH shows the presence of
two distinct features attributable to intergrain or bulk and intergrain or grain
boundary regions, using Eqs. (7) and (8) for obtained correspondent values listed in
Table 4.

4.2 AC conductivity analysis

The ionic conductivities extracted from the data using the equivalent circuit of
Figure 14 depicted in Figure 15a and b show the variation of AC conductivity with
frequency at various times of adsorption for nitrate ions in the surface of the ionic
clay. The log–log curves are flat in the low-frequency region as the conductivity
values approach those of the DC conductivity. As frequency increases, the curves
become dispersive. In the high-frequency range, weak time dependence may be
noted, and it is evident that the shapes of the curves are similar. In most materials
AC conductivity due to localized states may be described using the equation of
double power law of Jonscher [29]. In the electrical conductivity at different times
of adsorption, it is clear from the plot that above a certain point, the conductivity
increases linearly with frequency. From Figure 8, it is also evident that the DC
contribution is important at low frequencies and the high time of adsorption,
whereas the frequency-dependent term dominates at high frequencies [30–34].

It can be observed (Figure 15a and b) that increased with increasing frequency.
This can be explained in terms of conductivity of grains separated by highly
resistive grain boundaries. According to this model, the AC conductivity at low
frequencies exhibited the grain boundary behavior, while the dispersion at high
frequency is attributed to the conductivity of grains. This variation corresponding
to the interpretation of LDH materials has two types of charge carrier, which are
responsible for the dielectric relaxation [35]. As reported in our earlier article [36],
the proton of the polarized clusters of water is the first carrier, and the nitrate ions

Time (min) τg (ns) τjg (μs) Cg (pF) Cjg (nF) Rjg/Cjg Kp

0 1.10 3.91 0.95 0.63 0.13 0.00

5 2.00 5.35 0.51 0.49 0.29 0.62

10 2.60 10.9 0.64 0.55 0.47 0.83

20 2.90 19.95 0.79 0.66 0.60 0.92

30 3.06 17.13 0.69 0.57 0.69 0.96

60 3.36 9.03 0.77 0.28 0.95 1.00

Table 4.
Results obtained by the corresponding equivalent electrical circuit.
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of the adsorption surface of LDH region (Figure 2b) is the second one. The proton
transfers to produce OH� and HOþ3 ions (hydrogen bonding) at every path end of
water clusters in the presence of the applied electric field due to proton hopping
(inter-cluster hopping at low-frequency region and intra-cluster hopping at high
frequency) (Figure 2c). In this condition, nitrate ions also transfer from their
equilibrium positions to serve as an additional charge carrier.

Figure 14.
Separation behavior of the conductivity (a) of grains and grain boundaries. (b) Nyquist diagram showing
the behavior of the grain and grain boundary for the adsorption time 5 min. (e) and (e) in the representation
of the imaginary part of the conductivity. (c) Variation of the grain boundary pulsation for the adsorption
time 5 min.

Figure 15.
Variation of the resistor (a) grain boundaries and (b) grains as a function of square root of time.
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Figures 13 and 15 show that σ’ac (ω) becomes almost independent of frequency
below a certain value when it decreases with decreasing frequency. The ionic
σ’ac (ω) conductivity will be obtained using the technical extrapolation of this part
of spectra toward lower frequency.

The conductivity σ’ac frequency dependence can be described in the majority of
ionic conductors by the simple power law Jonscher according to [37] descript be one
term dispersion although our system provides else dispersion term depicted in
Figures 7 and 8.

σ0ac ωð Þ ¼ σDC þ Agω
pg þ Abgω

pbg (9)

The charge carriers are the adsorbed nitrate ions, and the protons originate from
adsorbed mobile water located on the surface of the clay [4]. On the other hand the
charge carriers are responsible for the second jump which is generated by the anions
Cl� and the H3O

+ ions intercalated in the interlamellar region according to [38].
The slope changes in the conductivity variation depicted in Figure 10a and b

confirms that the conductivity of our system exhibits two behaviors of frequency
dispersion: low-frequency dispersion associated with grains and the other for grain
boundaries (Figure 14a and b).

Usefulness of figures: Figure 10a of variation suggests the presence of a hopping
mechanism in these samples. Such type of conducting behavior is well described by
Jonscher’s universal power law.On theother hand, our systempresents twopower laws.

The Figure 10b of variation suggests two contributions grains and boundaries
grains. This manifest itself in the conductivity diagram, with two hopping conduc-
tions which lead to two different slopes.

The figure shows that the joint region of grains is the regions that adsorb nitrate
ions, but this variation influences the grain region. On the other hand, this finding is
in good agreement with the evolution shown in Figure 16a.

The figure presents the deconvolution in order to separate contributions grains
and grain boundaries as a function of frequency.

4.3 Modeling of the electrical conductivity through the equivalent electrical
circuit

From the modeling performed by an electrical circuit during the study of inter-
calation according to [39, 40], we have learned some physical characteristics of this

Figure 16.
Variation of the percentage of the relative difference in (a) grain boundary resistance and (b) grain at the
different times of adsorption.
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material. The circuit consists of a resistor in parallel with a constant phase element
(CPE) characterized by a pseudocapacitance and Tp (scattering coefficient).

The conductivity of this circuit is of the following form [40]:

σ0ac ωð Þ ¼
e
S
� y0 ωð Þ (10)

where the real part of the admittance is

Y 0 ωð Þ ¼ 1
R

1þ ωτð Þp cos pπ
2

� �� �
(11)

Using the simulation of Eq. 11, we have obtained the equation of the admittance
of grain established by the following expression:

Y0g ωð Þ ¼ 1
R

1þ ωτð Þgpg cos
pgπ

2

� �� �
(12)

Finally the conductivity of grain is shown in the following equation:

σ0ac ωð Þ ¼
k
R

1þ ωτð Þpgg cos
pgπ
2

� �h i
¼ σdcg þ k

R
� ωτð Þpgg cos

pgπ

2

� �

σ0ac ωð Þ ¼ σdcg 1þ τð Þgpg cos
pgπ

2

� �
� ωpg

� �

σ0ac ωð Þ ¼ σdcg 1þ ω

ωhg

� �pg� �
(13)

with ωhg ¼ τ
pg
g cos pgπ

2

� �� ��1 the pulsation of hopping
In the term of conductivity, plots of the lower frequency dispersion correspond

to the presence in grain boundary; this region can be approximately modeled by the
circuit similar to the one depicted in Figure 17 (grain boundary).

By similar calculations, the expression of the grain seal conductivity follows the
shape of the following expression:

σ0ac ωð Þ
� �

bg ¼
k
R
� 1þ ωτð Þpbgbg � cos

pbgπ
2

� �� �

¼ σdcð Þbg þ
k
R
� ωτð Þpgb cos

pbgπ

2

� �

σ0ac ωð Þ
� �

bg ¼ σdcð Þbg � 1þ τð Þpbgbg cos
pbgπ

2

� �� �
� ωpbg ,

σ0ac ωð Þ
� �

bg ¼ σdcð Þbg � 1þ ω

ωhbg

� �pbg
� �

(14)

with ωhbg ¼ τ
pbg
bg cos

pbgπ

2

� �� ��1
is the pulsation of hopping

Figure 17.
Corresponding equivalent circuit used to fit by EIS experimental data of intercalation.
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The total conductivity of the sample is similar for the different adsorption times;
the evolution is typical called the double power law of Jonscher [41].

From the modeling performed by an electrical circuit during the adsorption study,
we learned some physical characteristics of thismaterial through the equivalent circuit
modeling of the grain boundaries according to literature reviews [42] (Figure 18).

Figure 19 shows the electrical conductivity of the sample as a function of
frequency. Two different regions can be distinguished. In Region 1, the conductiv-
ity is dominated by grains and in Region 2 is dominated by boundary grains [42],
where the conductivity increases with increasing frequency. The electrical conduc-
tion of the sample follows a consecutive hopping mechanism. Whenever it is trans-
ferred to another site, the surrounding molecules respond to this perturbation with
structural changes, and the electron or hole is temporarily trapped in the potential
well leading to polarization. Another aspect of this charge hopping mechanism is
that the electron or hole tends to associate with local defects [3, 43].

The dependence of the AC conductivity on frequency can be expressed by the
following law:

σ0ac ωð Þ ¼ σDC þ Ag � ωpg þ Abg � ωpbg (15)

where Ag is a pre-exponential factor and Abg is the frequency exponent
[8, 44–46], which generally is less than or equal to 1. Figures 7 and 8 show the
frequency dependence of the AC electrical conductivity at different times of adsorp-
tion. It is clear from the plot that above a certain point, the conductivity increases
linearly with frequency. In these figures it is also evident that the DC contribution is
important at small frequencies and high frequencies, whereas the frequency-
dependent term dominates at high frequencies. Also in the low-frequency region, the
conductivity depends on the time of adsorption. Such dependence may be described
by the variable range hopping (VRH) mechanism also called hopping conduction
mechanism. The value of Ag and Abg in Eq. (13) was extracted from the slope of the
plot of Log(σ’ac) versus Log(f), and this value was used to explain the conduction
mechanism in the sample. The capacitance adsorption is called double layer capaci-
tance is the dependence of values was plotted, and it is seen that the frequency

Figure 18.
Corresponding equivalent circuit to fit by EIS experimental data contribution of cluster (NO3

─H3O
+) adsorbed

on the surface (grain boundary).

Figure 19.
Corresponding equivalent circuit used to fit the EIS experimental data of conductivity for sample study.
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exponent decreases with increasing surface adsorption. This result is in clear agree-
ment with the correlated barrier hopping (CBH)model, so the frequency dependence
of σ’ac can be explained in terms of this model [47–53].

Better fundamental understanding of the adsorption phenomenon is modeled by
the equivalent circuit depicted in parentheses (Figure 19).

This circuit has the expression of conductivity is following Eqs. 10. Use the fit by
this circuit the results of the simulation are tabulated in Table 5. The values of the
conductivity of grains and grain boundaries fitted and evaluated using the equiva-
lent electrical circuit are reported in Table 5.

All frequency sweeps from this experiment were analyzed using the model of
double power law to give σbg values σg grain relaxation time and grain boundary. In
all cases the double power law provided an excellent fit to the data; Figure 10a and b
is a plot of σ’dc values as a function of frequency for the two regions.

In the model hopping, we distinguish two different characteristics in measure-
ment frequency range. The charge transport takes place via an infinite percolation
path in intermediate frequency. At high frequencies when the conductivity
increases, the transport is dominated by a hopping contribution in finished areas of
the system and is manifested in the variation of conductivity as a function of
frequency by slope breaks such as pg and pbg.

4.4 Correlation between kinetic and impedance spectroscopy studies

Throughout in this study, the electrical properties of adsorption of nitrate by
system LDH using the spectroscopy impedance as technical the investigation and
monitoring of adsorption is important for the excellent result using the resistor of
grains and the resistor of boundaries grains (Figure 20).

In order to attributed the second semicircle to a feature of the system, it is
essential to have a picture of an idealized Zn3Al-Cl-(NO3

�)ads-LDH with grains and
grain boundaries and consider the factors which control the magnitude of the grain
boundary impedance. Figure 2b model represents a Zn3Al-Cl-(NO3

�)ads-LDH.
These results such as those shown in Figure 21a-d are useful for several reasons:

• To indicate whether the overall resistance of a material is dominated by bulk
or grain boundary assured by the adsorption of nitrate

• To assess the quality and electrical homogeneity in themonitoring of adsorption
since there is generally a link between sintering/microstructure and AC response.

• To measure the values of the resistances and capacitances at different times
of adsorption

Time (min) σg (μS/m) σbg (μS/m) τbg (μS) τg (ms) Cbg (nF) Cg (pF)

0 8.685 1.620 1.10 3.89 1.01 0.634

5 2.770 0.7812 1.69 7.86 0.601 0.713

10 2.95 0.369 2.02 21.16 0.752 0.784

20 3.044 0.2493 2.58 28.26 0.983 0.704

30 3.761 0.34602 2.85 7.2 0.795 0.550

60 2.29 0.3125 3.35 3.86 0.895 0.121

Table 5.
Values of the conductivity relaxation time and the capacitance of grains and grain boundaries.
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The distinction between kinetic and complex impedance spectroscopy study
later controls the magnitude of the grain and the grain boundary and with
a typical bulk permittivity in the range 103 to 105 using the relation and

Figure 20.
Correlation figures between the kinetic and impedance spectroscopy studies of adsorption.
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visualized in Figure 17 show the variation of imaginary part of permittivity at 1 kHz
the frequency.

5. Conclusion

Characteristic band of NO3
� and LDH, which indicated to the intercalating

process, has been successful in the FT-IR diagram. Dielectric response of
Zn3-Al-Cl-LDH samples has been explained using the Cole-Cole presentation
during the adsorption phenomenon. The resistor of the sample increased from
73,215 to 363,094 Kohms, and also the conductivity spectra exhibited high
conductivity in high frequency according to two mechanisms of hopping conduc-
tion: one of the water molecules and the other of the nitrate ions adsorbed in the
LDH. The mathematical fitting obtained using the equivalent circuit of these
diagrams was carried out to obtain the conductivity following the double power law
of Jonscher.
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Figure 21.
(a) Ratio dimensional between grain and grain boundaries as a function of adsorption time. (b) Variation the
fractality of system versus adsorption time. (c) Evolution of the partition coefficient between absorbance and
absorbance as a function of time. (d) Variation in a comparative study between impedance spectroscopy and
the kinetic study indicating the adsorption equilibrium.
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Chapter 8

Electrochemical Impedance 
Spectroscopy (EIS) in Food, 
Water, and Drug Analyses: Recent 
Advances and Applications
Marwa El-Azazy

Abstract

Electrochemical impedance spectroscopy (EIS) is a potent electrochemical 
 technique with a variety of applications. EIS measurements involve the application 
of an alternating current (AC) voltage (or current) to the system under investigation, 
followed by measurement of the response in the form of AC current (or voltage) as 
a function of frequency. By and large, EIS is an exceptionally attractive in terms 
of applications. Being nondestructive with a feasibility of implementation to the 
system to be measured and the usefulness of data obtained in characterizing the 
studied systems, electrochemical impedance spectroscopy has realms of applica-
tions. As food and water safety and security is becoming a universal concern, the 
need for a technique that can detect water and food contaminants with relatively 
high sensitivity and selectivity is evolving. EIS has started to realize its potential 
with a wide-term use in water and food analyses.

Keywords: electrochemical impedance spectroscopy, electrochemical techniques, 
food analysis, drug analysis, water analysis

1. Introduction

Electrochemical impedance spectroscopy (EIS) is a usually described as a potent 
(if not the most powerful) electrochemical analytical technique. The history of EIS 
goes back to the late nineteenth century, thanks to the foundations established by 
Heaviside on his work on the linear systems theory (LST). By the end of the same 
century, the success achieved by Warburg to broaden the conception of impedance 
to the electrochemical systems (ES) came to the scene. It was close to the middle of 
the twentieth century, when the EIS started to realize its potential! That came with 
the invention of the potentiostat in the 1940s, followed by the frequency response 
analyzers in the 1970s. This progress has led to the application of EIS chiefly in 
investigation of corrosion mechanisms [1–3].

Later on, this has opened the doors for realms of applications of 
EIS. Applications encompassed electrocatalysis and energy [3–5]; characteriza-
tion of materials, e.g. corrosion phenomenon surveillance [6, 7]; and depiction of 
quality of coatings [8], exploring mechanisms of processes such as electrodeposi-
tion and electro-dissolution [9, 10], food and drug analysis [11–13], detection of 
biomarkers [14, 15], and water analysis [16, 17].
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It is noteworthy to mention that impedance spectroscopy (IS), depending on 
the material used, the device, and the system or process to be studied, has two main 
categories: EIS (the topic of this chapter) and dielectric IS. A major difference is 
that EIS applies to systems/materials involving chiefly ionic conduction, in contrast 
to electronic conduction in the case of dielectric IS. Therefore, it can be observed 
from the fields of EIS applications that EIS usually applies to systems like electro-
lytes (solid/liquid), polymers, and glasses [18–21].

In general, EIS measurements involve the application of an alternating current 
(AC) voltage or current to the system under investigation, followed by measure-
ment of the response in the form of AC current (or voltage) as a function of 
frequency. Measurements are usually performed using the potentiostat, and the 
measured response is analyzed using a frequency response analyzer (FRA) [18]. By 
and large, three factors make EIS exceptionally attractive in terms of applications:

1. Capability to explore the ES at relatively low frequencies using the minimal 
perturbation that in turn serves to keep the kinetic information of the system 
under investigation at near zero conditions (steady state). Therefore, EIS is 
said to be a steady-state and nondestructive technique. The majority of the 
electrochemical techniques, however, involve an application of large pertur-
bation for sensing the membrane/electrolyte interface, with the purpose of 
obtaining mechanistic data following the driving of the reaction to a state that 
is far from equilibrium [3].

2. Feasibility of implementation of EIS into the system to be measured.

3. The usefulness of data obtained in characterizing the studied ES, where EIS 
provides on-site data on the relaxation data over a range of frequencies, from 
as low as 10−4 Hz and up to 106 Hz.

A combination of the three advantages led to the wide use of EIS as previously 
mentioned.

The current chapter throughout the following sections is investigating the appli-
cations of EIS in a variety of matrices, mainly in food, drug, and water analysis, and 
the recent advances in these fields as well as comparisons between EIS and other 
electroanalytical approaches applied for the same purposes.

2. Chapter taxonomy

Throughout the current chapter, readers will be exposed to the different analyti-
cal techniques, especially the electrochemical-based approaches, which are gener-
ally used for detection of pollutants in food, drug, and water.

Readers will be more focused on the applications of EIS in specific. A com-
parison between EIS and the other techniques commonly used in water and food 
analysis will be exhibited.

3. Food and water security: the global concern

The safety, quantity, and the quality of food and water are becoming world-
wide concerns. Water is the most crucial source for human development. With 
the advancement of human life, uncountable contaminants are intimidating 
the aquatic system. These intimidations include but not limited to automation/
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industrialization, widespread use of chemicals, increased population, and sub-
urbanization. Subsequently, water pollution is becoming a significant health and 
environmental concern.

By and large, the safety of food and water is influenced by contaminants. Among 
these pollutants, heavy metals, elevated anions (sulfates, phosphates, fluoride, 
etc.), dyes, agricultural waste, pesticides, drugs, and pharmaceuticals are the most 
common. Heavy metals, in specific, are widely used in many industrial, domestic, 
and agricultural applications, and they are nondegradable, an issue that raises the 
concern about their potential influence on public health, water systems, and the 
ecosystem in general. As, Cd, Cr, Pb, and Hg have been reported to be the highest 
systemic toxicant elements.

According to the US EPA and the International Agency for Research on Cancer 
(IARC), these toxic elements are probable to be carcinogenic. Moreover, accumu-
lation of Pb, Cd, and Hg in the human body over time can cause serious health 
problems [22–26].

Similarly, food, leather, and textile industries discharge huge amounts of 
polluted wastes. With the various structures of the chemicals used in these 
industries, numerous problems develop. Dyes, a key water pollutant and even 
if discharged as traces (as low as 1 ppm), would color large volumes of water. 
Reports show that amount of dyes as huge as 7 × 105 tons per annum are being 
produced annually, demonstrating the magnitude of the problem. Released dyes 
do not only affect the aquatic beings but also the human health. Their impact 
includes carcinogenicity, mutagenicity, poisoning, disturbance of the metabolism 
in aquatic bodies, etc. [27, 28].

On the other hand, and representing a significant category of aquatic pollutants, 
pharmaceutically active materials (PhAMs) are usually released into the aquatic 
systems from different sources, including but not limited to the effluents of the 
manufacturing sites and hospitals, illegal disposal, veterinary applications, and 
landfill leachate. Daily use by humans and the subsequent conversion of PhAMs 
into various metabolites with variable chemical structures is also a major source. 
The fate of these metabolites, and probably their parent drug compound, is usually 
the wastewater [29–33].

The increasing understanding of the assembly of the food chain and the prob-
ability of infection of human with these resilient microorganisms, either directly 
or via the food chain, has explained largely the spread of these species. Therefore, 
the process of food production and commercialization is posing rigorous regula-
tions nowadays. Different societies, such as the Food and Drug Administration (US 
FDA), European Union (EU), and World Health Organization (WHO) in collabo-
ration with the Food and Agriculture Organization of the United Nations (FAO) 
creating the FAO/WHO Codex Alimentarius Commission (CAC), are setting up 
standards for the maximum residue levels (MRLs) permissible in raw and pro-
cessed food products of animal or poultry origin. Yet, any food product that would 
conform to these criteria and the preceding risk assessments cannot be banned by 
countries of the World Trade Organization (WTO) [34–38].

The elevating concerns on food and water safety and the existence of these 
materials at relatively low concentrations have created the need to find sturdy 
as well as sensitive detection and removal/remediation technologies. Detection 
technologies included traditional techniques such as spectrophotometry, spectro-
fluorimetry, atomic absorption spectrometry (AAS), as well as electrochemical and 
the more sophisticated chromatographic approaches [27, 28, 39–49]. Each of these 
techniques has its pros and cons.

Electrochemical techniques are among the widely used techniques for detection 
of pollutants in food and water analyses. The following subsections will be focused 
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The fate of these metabolites, and probably their parent drug compound, is usually 
the wastewater [29–33].

The increasing understanding of the assembly of the food chain and the prob-
ability of infection of human with these resilient microorganisms, either directly 
or via the food chain, has explained largely the spread of these species. Therefore, 
the process of food production and commercialization is posing rigorous regula-
tions nowadays. Different societies, such as the Food and Drug Administration (US 
FDA), European Union (EU), and World Health Organization (WHO) in collabo-
ration with the Food and Agriculture Organization of the United Nations (FAO) 
creating the FAO/WHO Codex Alimentarius Commission (CAC), are setting up 
standards for the maximum residue levels (MRLs) permissible in raw and pro-
cessed food products of animal or poultry origin. Yet, any food product that would 
conform to these criteria and the preceding risk assessments cannot be banned by 
countries of the World Trade Organization (WTO) [34–38].

The elevating concerns on food and water safety and the existence of these 
materials at relatively low concentrations have created the need to find sturdy 
as well as sensitive detection and removal/remediation technologies. Detection 
technologies included traditional techniques such as spectrophotometry, spectro-
fluorimetry, atomic absorption spectrometry (AAS), as well as electrochemical and 
the more sophisticated chromatographic approaches [27, 28, 39–49]. Each of these 
techniques has its pros and cons.

Electrochemical techniques are among the widely used techniques for detection 
of pollutants in food and water analyses. The following subsections will be focused 
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on the electrochemical approaches and EIS in specific in detection of contaminants 
in water and food samples.

3.1  Electrochemical techniques: principles, advantages, and sensing 
mechanisms

As an analytical approach, electroanalysis offers many advantages including 
but not limited to simplicity, sensitivity, specificity, and applicability in various 
matrices and cost-effectiveness. These advantages are of specific importance when 
it comes to detection of drugs and pharmaceuticals, especially in food and water 
samples as well as in quality control (QC) and quality assurance (QA) laboratories. 
According to the signal being measured (voltage/potential, current, conductance, 
impedance), electroanalytical techniques can be categorized into potentiometric, 
amperometric, conductometric, and impedimetric techniques. Subcategories 
for each technique also exist, and coupling with other technologies has been 
investigated.

Sensors, and in particular those based on the classical potentiometric technique, 
or the new polyion, galvanostatic, or voltammetric sensing mechanisms, now 
possess the foothold in analytical chemistry. Offering irresistible advantages, on the 
in vitro scale, such as operation simplicity, sturdiness, and remarkable sensitivity 
hitting nine orders of magnitude, selectivity, and functionality over wide range of 
matrices, suitability for on-line or real-time analyses, and most prominently their 
liability for miniaturization, make the use of sensors indispensable [50–53].

Figure 1 shows an illustration of ISE (ion-selective electrode) potentiometric 
sensor and generation of potential across the different phase boundaries.

The sensing mechanism especially if the target analyte is a biomolecule depends 
on tailoring the surface of the sensor with a bio-receptor that can selectively bind 
to the target bio-analyte. Following the adsorption of the bio-analyte from the 
solution on the surface of the probe, a change in the electrochemical signal can be 
observed and measured. Such a change is correspondingly dependent on the bio-
analyte concentration.

Figure 2 shows a schematic illustration of the sensing mechanism in plastic 
microfluidic channels. The left panel shows the generation of streaming potential, 

Figure 1. 
Schematic illustration of ISE cell assembly and the generation of EMF across different phase boundaries.
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ΔE, as a result of pressure-driven flow and surface charge at the electric double 
layer (EDL). The right panel shows a sensogram with signal inversion upon adsorp-
tion of the analyte. The bottom graph shows the pulsed streaming potentials as a 
function of heparin with immobilized protamine.

EIS as an electrochemical technique entails measurement of the change in the 
charge transfer resistance (Rct) following the interactions between the analyte and 
the receptor and the consequent change in the interfacial electron transfer kinet-
ics. The following sections will be dealing with the application for EIS for sensing 
different target analytes in different matrices [53, 54].

4. EIS in drug analysis

The effects of presence of the PhAMs either in waste and drinking water or 
even in wastewater treatment plants (WWTPs) are still inarticulate. However, 

Figure 2. 
Schematic illustration of the generation of streaming potential as a result of pressure-driven flow and surface 
charge at the electric double layer (EDL)—left upper panel. The right panel shows a sensogram with signal 
inversion upon adsorption of the analyte. The bottom graph shows the pulsed streaming potentials as a function 
of heparin with immobilized protamine on a surface of a cyclo-olefin copolymer (COC) microchannel. Data 
points were fitted using Langmuir isotherm. Graphs are replicated from the authors’ own work with permission 
from Copyrights@ American Chemical Society (ACS) [45].
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tion of the analyte. The bottom graph shows the pulsed streaming potentials as a 
function of heparin with immobilized protamine.
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charge transfer resistance (Rct) following the interactions between the analyte and 
the receptor and the consequent change in the interfacial electron transfer kinet-
ics. The following sections will be dealing with the application for EIS for sensing 
different target analytes in different matrices [53, 54].

4. EIS in drug analysis

The effects of presence of the PhAMs either in waste and drinking water or 
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charge at the electric double layer (EDL)—left upper panel. The right panel shows a sensogram with signal 
inversion upon adsorption of the analyte. The bottom graph shows the pulsed streaming potentials as a function 
of heparin with immobilized protamine on a surface of a cyclo-olefin copolymer (COC) microchannel. Data 
points were fitted using Langmuir isotherm. Graphs are replicated from the authors’ own work with permission 
from Copyrights@ American Chemical Society (ACS) [45].
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what is well understood is that the impact extends to humans and animal’s health, 
the aquatic environment, and in the long run the ecosystem. This effect is greatly 
dependent on the released dose of the PhAMs as well as their pharmacological 
effects. The issue becomes of concern when we know that the metabolites might 
be of a higher risk than the parent drug compound. At the microbial level, micro-
organisms upon prolonged exposure to anti-infectives, for example, become more 
tolerant, and new strains, which cannot be cured using the conventional antimicro-
bials, are now in the scene [55–57].

EIS, being capable of detecting as low as 10−12 M of the target analyte, is widely 
used in drug analysis. Several drug categories were analyzed using EIS. Table 1 
shows some examples of drugs analyzed using EIS, as well as the matrices and type 
of electrode used together with the sensing interface, sensing strategy (label-free or 
labelled), and limit of detection (LoD).

The electrochemical properties of raloxifene, an important chemotherapeutic 
agent, were assessed using different techniques including EIS. Three electrodes 
were tested for this investigation: (1) bare screen-printed carbon electrode 
(SPCE), (2) graphene oxide (GO)/glassy carbon electrode (GCE), and (3) 
neodymium sesquioxide nanoparticles Nd2O5 NPs@GO/GCE. The target was to 
assess the interface properties of these electrodes. Results showed that the Rct 
of the third electrode was much smaller than the other electrodes. Other elec-
trochemical techniques such as cyclic voltammetry (CV) were used in the same 
work [58].

Other examples included the determination of an important class of PhAMs, 
which is antibiotics, a subclass of antimicrobials. Label-free detection of oxytet-
racycline (OTC) in milk samples was performed using a mixture of iron oxide and 
mesoporous carbon (Fe3O4@mC) together with nanocomposites made of Fe(II)-
based metal-organic frameworks (525-MOF) by calcination at different tempera-
tures. The sensor showed a very high sensitivity with a LoD = 0.027 pg mL−1 and a 
linear range of 0.005–1.0 ng mL−1. Moreover, the fabricated aptasensor showed a 
high selectivity for oxytetracycline in the presence of similar drugs like tetracycline, 
doxycycline, and chlortetracycline [59].

Similarly, label-free detection of tetracycline (TET) was performed using two 
aptasensors made of carbon paste electrode (CPE) with oleic acid (OA) and a mag-
netic bar carbon paste electrode (MBCPE) with Fe3O4 magnetic nanoparticles and 
oleic acid (OA) following the modification of electrode surfaces using anti-TET. The 
LoD were 1.0 × 10−12 to 1.0 × 10−7 M and 3.0 × 10−13 M for the two aptasensors, 
respectively, and the sensors were applied to pharmaceutical formulations, serum 
samples, as well as food products (milk and honey) [60].

A sensor based on nanocomposites of mC with SnOx and TiO2 nanocrystals was 
used to determine tobramycin (TOB) in urine and serum samples selectively and 
in the presence of kanamycin, oxytetracycline, and doxycycline. The aptasensor 
showed an excellent sensitivity with a LoD of 0.01 nM [61].

Chloramphenicol was also determined in eye drop formulations using N-doped 
graphene nano-sheet-Au NP composite (Au/N-G). The LoD was 0.59 μM, and the 
sensor showed a selectivity in the presence of interferences like oxytetracycline, 
chlortetracycline, ascorbic acid, and metronidazole [62]. Other applications 
included sulphamethoxazole using molecularly imprinted polymers (MIPs) deco-
rated with Fe3O4 magnetic nanoparticles (MNPs) on SPCE [63].

Immunosensors for 17β-estradiol composed of Au electrode nanoparticle-
thiolated protein G-scaffold. This structure has facilitated the anchoring of a mouse 
monoclonal anti-estradiol antibody. The LoD was 26 pg mL−1. As per the authors, 
square wave voltammetry (SWV) was more sensitive (18 pg mL−1) and required 
less time and effort compared to EIS [64].
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what is well understood is that the impact extends to humans and animal’s health, 
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dependent on the released dose of the PhAMs as well as their pharmacological 
effects. The issue becomes of concern when we know that the metabolites might 
be of a higher risk than the parent drug compound. At the microbial level, micro-
organisms upon prolonged exposure to anti-infectives, for example, become more 
tolerant, and new strains, which cannot be cured using the conventional antimicro-
bials, are now in the scene [55–57].

EIS, being capable of detecting as low as 10−12 M of the target analyte, is widely 
used in drug analysis. Several drug categories were analyzed using EIS. Table 1 
shows some examples of drugs analyzed using EIS, as well as the matrices and type 
of electrode used together with the sensing interface, sensing strategy (label-free or 
labelled), and limit of detection (LoD).

The electrochemical properties of raloxifene, an important chemotherapeutic 
agent, were assessed using different techniques including EIS. Three electrodes 
were tested for this investigation: (1) bare screen-printed carbon electrode 
(SPCE), (2) graphene oxide (GO)/glassy carbon electrode (GCE), and (3) 
neodymium sesquioxide nanoparticles Nd2O5 NPs@GO/GCE. The target was to 
assess the interface properties of these electrodes. Results showed that the Rct 
of the third electrode was much smaller than the other electrodes. Other elec-
trochemical techniques such as cyclic voltammetry (CV) were used in the same 
work [58].

Other examples included the determination of an important class of PhAMs, 
which is antibiotics, a subclass of antimicrobials. Label-free detection of oxytet-
racycline (OTC) in milk samples was performed using a mixture of iron oxide and 
mesoporous carbon (Fe3O4@mC) together with nanocomposites made of Fe(II)-
based metal-organic frameworks (525-MOF) by calcination at different tempera-
tures. The sensor showed a very high sensitivity with a LoD = 0.027 pg mL−1 and a 
linear range of 0.005–1.0 ng mL−1. Moreover, the fabricated aptasensor showed a 
high selectivity for oxytetracycline in the presence of similar drugs like tetracycline, 
doxycycline, and chlortetracycline [59].

Similarly, label-free detection of tetracycline (TET) was performed using two 
aptasensors made of carbon paste electrode (CPE) with oleic acid (OA) and a mag-
netic bar carbon paste electrode (MBCPE) with Fe3O4 magnetic nanoparticles and 
oleic acid (OA) following the modification of electrode surfaces using anti-TET. The 
LoD were 1.0 × 10−12 to 1.0 × 10−7 M and 3.0 × 10−13 M for the two aptasensors, 
respectively, and the sensors were applied to pharmaceutical formulations, serum 
samples, as well as food products (milk and honey) [60].

A sensor based on nanocomposites of mC with SnOx and TiO2 nanocrystals was 
used to determine tobramycin (TOB) in urine and serum samples selectively and 
in the presence of kanamycin, oxytetracycline, and doxycycline. The aptasensor 
showed an excellent sensitivity with a LoD of 0.01 nM [61].

Chloramphenicol was also determined in eye drop formulations using N-doped 
graphene nano-sheet-Au NP composite (Au/N-G). The LoD was 0.59 μM, and the 
sensor showed a selectivity in the presence of interferences like oxytetracycline, 
chlortetracycline, ascorbic acid, and metronidazole [62]. Other applications 
included sulphamethoxazole using molecularly imprinted polymers (MIPs) deco-
rated with Fe3O4 magnetic nanoparticles (MNPs) on SPCE [63].

Immunosensors for 17β-estradiol composed of Au electrode nanoparticle-
thiolated protein G-scaffold. This structure has facilitated the anchoring of a mouse 
monoclonal anti-estradiol antibody. The LoD was 26 pg mL−1. As per the authors, 
square wave voltammetry (SWV) was more sensitive (18 pg mL−1) and required 
less time and effort compared to EIS [64].

145

Electrochemical Impedance Spectroscopy (EIS) in Food, Water, and Drug Analyses: Recent…
DOI: http://dx.doi.org/10.5772/intechopen.92333

Ta
rg

et
 d

ru
g

Se
ns

in
g 

in
te

rf
ac

e
El

ec
tr

od
e

M
at

ri
x

Se
ns

in
g 

m
ea

su
re

m
en

t m
et

ho
d 

an
d 

st
ra

te
gy

Lo
D

Re
f

Ra
lo

xi
fe

ne
N

d 2
O

5 N
Ps

@
G

O
/G

CE
G

CE
N

D
Se

ru
m

 an
d 

ur
in

e
EI

S
CV

A
m

pe
ro

m
et

ry
(L

ab
el

-f
re

e)

N
D

N
D

18
.4

3 
nM

[5
8]

O
TC

A
pt

as
en

so
r (

Fe
3O

4@
m

C 9
00

)
G

CE
M

ilk
 sa

m
pl

es
EI

S
(L

ab
el

-f
re

e)
0.

02
7 p

g 
m

L−
1

[5
9]

TE
T

A
pt

as
en

so
r 1

:
CP

E/
O

A
/a

nt
i-T

ET
A

pt
as

en
so

r 2
: M

BC
PE

/F
e 3

O
4N

Ps
/O

A
/

an
ti-

TE
T

CP
E

M
BC

PE
Ta

bl
et

s, 
m

ilk
, h

on
ey

, a
nd

 
se

ru
m

EI
S

(L
ab

el
-f

re
e)

10
−

1 –1
0−

7  M
3.

0 
× 

10
−

13
 M

[6
0]

TO
B

A
pt

as
en

so
r/

 S
nO

x@
Ti

O
2@

m
C

G
CE

U
rin

e a
nd

 se
ru

m
EI

S
(L

ab
el

-f
re

e)
0.

01
 n

M
[6

1]

Ch
lo

ra
m

ph
en

ic
ol

Au
/N

-G
G

CE
Ey

e d
ro

ps
EI

S
(L

ab
el

-f
re

e)
0.

59
 μ

M
[6

2]

Su
lp

ha
m

et
ho

xa
zo

le
M

IP
-d

ec
or

at
ed

 F
e 3

O
4 M

N
Ps

SP
CE

Se
aw

at
er

EI
S

(L
ab

el
-f

re
e)

0.
00

1 n
M

[6
3]

17
β-

es
tr

ad
io

l
Au

 n
an

op
ar

tic
le

-t
hi

ol
at

ed
 p

ro
te

in
 

G
-s

ca
ff

ol
d

Au
Se

ru
m

EI
S

(L
ab

el
-f

re
e)

26
 p

g 
m

L−
1

[6
4]

BP
A

Au
N

Ps
/P

B/
CN

Ts
-C

O
O

H
/G

CE
G

CE
W

at
er

EI
S

(L
ab

el
le

d 
de

te
ct

io
n)

0.
04

5 p
M

[6
5]

P4
ss

D
N

A
/A

u
Au

Ta
p 

w
at

er
EI

S
(L

ab
el

le
d 

de
te

ct
io

n)
0.

90
 n

g 
m

L−
1

[6
6]

Ta
bl

e 
1.

 
A

pp
lic

at
io

ns
 o

f E
IS

 in
 a

na
ly

sis
 a

nd
 ch

ar
ac

te
ri

za
tio

ns
 o

f d
iff

er
en

t d
ru

g m
at

er
ia

ls 
in

 v
ar

ia
bl

e m
at

ri
ce

s.



Electrochemical Impedance Spectroscopy

146

Bisphenol A (BPA), a xenoestrogen with an estrogen-mimicking effect and 
that is widely used as a precursor in plastics industry, has been determined using a 
labelled aptasensor made of gold nanoparticles (AuNPs), Prussian blue (PB), and 
functionalized carbon nanotubes (AuNPs/PB/CNTs-COOH).

Determination of progesterone (P4) in water and other clinical samples was 
performed using single-stranded ssDNA aptamers with high binding affinity to 
P4 [66].

5. EIS in food analysis

In addition to food contamination with antimicrobials and other drugs, bacteria 
and other pathogens like mycotoxins (secondary metabolites of microfungi) or chemi-
cals such as pesticides are also other sources of food contamination. Food contamina-
tion can occur at any stage of food production, storage, or dissemination. Sicknesses 
caused by foodborne pathogens include symptoms such as diarrhea, nausea, vomiting, 
septicemia, meningitis, and even death [50, 53, 67, 68]. Pathogens include famous 
strains of bacteria such as different species of Salmonella (e.g., S. enteritidis and  
S. typhimurium), Escherichia coli (E. coli), and Staphylococcus aureus (S. aureus).

Table 2 shows examples of different bacterial strains that have been determined 
in food products using EIS-based aptamers.

A highly specific DNA—aptamer to S. enteritidis in pork products—was devel-
oped using gold NPs, i.e., modified SPCE (GNPs-SPCE). The developed aptasensor 

Target Sensing 
interface

Electrode Matrix Sensing 
method

LoD Ref

Bacteria (LoD is measured as/CFU mL−1)*

S. enteritidis GNPs@SPCE SPCE Poultry 
products

EIS 600 [69]

S. typhimurium GNPs@SPCE SPCE Animal-
based 

products

EIS 600 [70]

Salmonella GO+AuNPs@
GCE

GCE Pork meat EIS 3.0 [71]

Mycotoxins

OTA Diazonium 
modified-SPCE

SPCEs Cocoa 
beans

EIS 0.15 ng 
mL−1

[72]

OTA Thiolated DNA 
aptamer

Au Food 
products

EIS 0.12–
0.40 nM

[73]

AFB1 Cys-PAMAM-
modified 
electrode

Au Peanuts 
and corn 

snacks

EIS 0.40 ± 
0.03 nM

[74]

Pesticides

Acetamiprid Ag-NG/GCE GCE Cucumber 
and 

tomatoes

EIS 0.033 
pM

[75]

*Colony-forming unit (CFU) mL−1.

Table 2. 
Applications of EIS in analysis of food and food products.
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was selective towards S. enteritidis and showed a negative response towards mixture 
of other pathogens [69]. Similarly, the same electrode was used as a sensor for S. 
typhimurium [70]. The developed sensors were capable of differentiating between 
the targeted Salmonella species (S. enteritidis and S. typhimurium) and the other 
Salmonella.

Another Salmonella sensor was fabricated using a GO/Au NP-modified 
GCE. The sensor was applied for pork samples and achieved a LoD of 3.0 colony-
forming unit (CFU mL−1) in this case [71] compared to 600 CFU mL−1 using the 
GNPs@SPCE aptasensors [69, 70].

The mycotoxin ochratoxin (OTA) has been determined in a variety of samples, 
e.g., in cocoa beans, using EIS aptasensor developed using a diazonium-coupling 
reaction mechanism for the immobilization of anti-OTA-aptamer on screen-printed 
carbon electrode (SPCE) [72]. EIS was also applied for the determination of OTA 
using a thiolated DNA aptamer immobilized by chemisorption to the surface of 
Au electrode [73]. Other mycotoxins, e.g., Aflatoxin B1 (AFB1) were detected using 
layer coating of cystamine (Cys), poly (amido-amine) dendrimers of generation 4.0 
(PAMAM G4) and DNA aptamers (on Au electrode) specific to AFB1 [74].

Pesticides, e.g., acetamiprid, were determined in samples of vegetables (toma-
toes and cucumber) using AgNP-modified nitrogen-doped graphene (AgNPs/
NG). The designed aptasensor was sensitive, selective, and economical and did not 
require intricate labelling procedures [75].

6. EIS in water and wastewater analysis

Discharge of heavy metals (HMs) into the water bodies via industrial activities 
and other sources, e.g., mining, acid rain, agricultural waste, etc., denotes a world-
wide challenge. As previously mentioned in this chapter, HMs and other emergent 
contaminants possess a significant influence on the environment and human health. 
The intensifying flux of HMs into aquatic environments and the properties of HMs 
(toxicity, degradation rates, accumulation, uptake, bioavailability, etc.) necessitate 
the presence of firm rules and action plans for monitoring, detoxification method-
ologies, and treatment technologies to keep their concentrations within the permit-
ted levels [23–26, 76].

Table 3 shows examples for the applications of EIS in determination of water 
contaminants such as HMs, pesticides, drugs, and pharmaceuticals.

EIS has been applied for quantitative determination of HMs in water samples. 
In one of the investigations, a bi-enzymatic biosensor was constructed by immo-
bilizing Arthrospira platensis cells (Spirulina) on gold interdigitated transducers. 
Consequently, phosphatase and esterase activities were inhibited by HMs and 
pesticides, respectively. This approach was used to determine Hg2+ and Cd2+ as 
well as parathion, paraoxon, and triazine pesticides, alone or in mixture with the 
HMs [77].

In another approach, a three-electrode sensor was printed on a polyethylene 
terephthalate film (PET) and was applied for impedimetric determination of 
Pb2+ and Cd2+ in water samples at nanomolar level [78]. An electrochemical DNA 
biosensor based on microspheres of cuprous oxide (Cu2O) and nano-chitosan 
(NC) was used for Hg2+ detection in river water samples with a LoD of  
0.15 nM [79].

Other contaminants like pesticides and herbicides as well as drugs and pharma-
ceuticals were also determined using EIS [63, 65, 66, 75, 77] (Table 3).
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Bisphenol A (BPA), a xenoestrogen with an estrogen-mimicking effect and 
that is widely used as a precursor in plastics industry, has been determined using a 
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functionalized carbon nanotubes (AuNPs/PB/CNTs-COOH).
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strains of bacteria such as different species of Salmonella (e.g., S. enteritidis and  
S. typhimurium), Escherichia coli (E. coli), and Staphylococcus aureus (S. aureus).

Table 2 shows examples of different bacterial strains that have been determined 
in food products using EIS-based aptamers.

A highly specific DNA—aptamer to S. enteritidis in pork products—was devel-
oped using gold NPs, i.e., modified SPCE (GNPs-SPCE). The developed aptasensor 

Target Sensing 
interface
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method

LoD Ref
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was selective towards S. enteritidis and showed a negative response towards mixture 
of other pathogens [69]. Similarly, the same electrode was used as a sensor for S. 
typhimurium [70]. The developed sensors were capable of differentiating between 
the targeted Salmonella species (S. enteritidis and S. typhimurium) and the other 
Salmonella.

Another Salmonella sensor was fabricated using a GO/Au NP-modified 
GCE. The sensor was applied for pork samples and achieved a LoD of 3.0 colony-
forming unit (CFU mL−1) in this case [71] compared to 600 CFU mL−1 using the 
GNPs@SPCE aptasensors [69, 70].

The mycotoxin ochratoxin (OTA) has been determined in a variety of samples, 
e.g., in cocoa beans, using EIS aptasensor developed using a diazonium-coupling 
reaction mechanism for the immobilization of anti-OTA-aptamer on screen-printed 
carbon electrode (SPCE) [72]. EIS was also applied for the determination of OTA 
using a thiolated DNA aptamer immobilized by chemisorption to the surface of 
Au electrode [73]. Other mycotoxins, e.g., Aflatoxin B1 (AFB1) were detected using 
layer coating of cystamine (Cys), poly (amido-amine) dendrimers of generation 4.0 
(PAMAM G4) and DNA aptamers (on Au electrode) specific to AFB1 [74].

Pesticides, e.g., acetamiprid, were determined in samples of vegetables (toma-
toes and cucumber) using AgNP-modified nitrogen-doped graphene (AgNPs/
NG). The designed aptasensor was sensitive, selective, and economical and did not 
require intricate labelling procedures [75].

6. EIS in water and wastewater analysis

Discharge of heavy metals (HMs) into the water bodies via industrial activities 
and other sources, e.g., mining, acid rain, agricultural waste, etc., denotes a world-
wide challenge. As previously mentioned in this chapter, HMs and other emergent 
contaminants possess a significant influence on the environment and human health. 
The intensifying flux of HMs into aquatic environments and the properties of HMs 
(toxicity, degradation rates, accumulation, uptake, bioavailability, etc.) necessitate 
the presence of firm rules and action plans for monitoring, detoxification method-
ologies, and treatment technologies to keep their concentrations within the permit-
ted levels [23–26, 76].

Table 3 shows examples for the applications of EIS in determination of water 
contaminants such as HMs, pesticides, drugs, and pharmaceuticals.

EIS has been applied for quantitative determination of HMs in water samples. 
In one of the investigations, a bi-enzymatic biosensor was constructed by immo-
bilizing Arthrospira platensis cells (Spirulina) on gold interdigitated transducers. 
Consequently, phosphatase and esterase activities were inhibited by HMs and 
pesticides, respectively. This approach was used to determine Hg2+ and Cd2+ as 
well as parathion, paraoxon, and triazine pesticides, alone or in mixture with the 
HMs [77].

In another approach, a three-electrode sensor was printed on a polyethylene 
terephthalate film (PET) and was applied for impedimetric determination of 
Pb2+ and Cd2+ in water samples at nanomolar level [78]. An electrochemical DNA 
biosensor based on microspheres of cuprous oxide (Cu2O) and nano-chitosan 
(NC) was used for Hg2+ detection in river water samples with a LoD of  
0.15 nM [79].

Other contaminants like pesticides and herbicides as well as drugs and pharma-
ceuticals were also determined using EIS [63, 65, 66, 75, 77] (Table 3).
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7. Conclusions

The literature is rich in articles and reviews that investigate the applications of 
electrochemical impedance spectroscopy in detections of various contaminants 
such as heavy metals, drugs, and pharmaceuticals, as well as pesticides. The advan-
tages that impedance spectroscopy introduces as an electrochemical technique are 
innumerable. High sensitivity, specificity, selectivity, no time or effort consump-
tion, and being label-free are the major advantages reported in the majority of 
the surveyed literature. As the mentioned contaminants usually exist as traces in 
complicated matrices, impedance spectroscopy with the mentioned advantages was 
usually the electrochemical technique of choice for the detection of these contami-
nants in water, food, and drug matrices.
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Target Sensing interface Matrix LoD Ref

Heavy metals

Hg2+, Cd2+ Arthrospira platensis cells 
(Spirulina)

Municipal 
wastewater

10−20 M and 
10−20 M

[77]

Pb2+, Cd2+ PET-SPE Water 1 nM for both 
metals

[78]

Hg2+ Cu2O@NCs River water 
samples

0.15 nM [79]

Pesticides and herbicides

Parathion-methyl Arthrospira platensis cells 
(Spirulina)

Municipal 
wastewater

10−20 M [77]

Paraoxon-methyl Arthrospira platensis cells 
(Spirulina)

Municipal 
wastewater

10−18 M [77]

Triazine Arthrospira platensis cells 
(Spirulina)

Municipal 
wastewater

10−20 M [77]

Acetamiprid Ag-NG/GCE Wastewater 0.033 pM [75]

Drugs and pharmaceuticals

Sulphamethoxazole MIP-decorated Fe3O4 
MNPs@SPCE

Seawater 0.001 nM [63]

BPA AuNPs/PB/CNTs-COOH/
GCE

Water 0.045 pM [65]

P4 ssDNA/Au Tap water 0.90 ng mL−1 [66]
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