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Preface

Voltammetry is an electrochemical technique based upon the measurement of the current at
an electrode as a function of the applied time-dependent potential. The wide-ranging appli-
cations of voltammetry include studies associated with the characterization of the electro-
chemical properties of the chemical substances, as well as their quantitative determination.

The Nobel Prize-winning chemist J. Heyrovsky developed the first voltammetric technique,
the DC polarography. J.C. Barker made the next significant step with the development of square
wave, differential and normal pulse, as well as radiofrequency polarography. Polarography is
referred to the voltammetry applied with mercury electrode. The recent achievements in the
material science offered materials and technologies allowing the mercury electrode replace-
ment by solid electrodes. This type of electrodes, combined with nanoscale-sized modifiers,
converted the voltammetry into a powerful but a low-cost method for the rapid, direct, specific
and high-sensitive quantification of a variety of inorganic and organicspecies.

The present book Applications of Voltammetry is a collection of six chapters, organized in
two sections.

The first book section ‘Metrology and Chemometrics’ (Chapters 1 and 2) is dedicated to the
application of mathematical methods, such as multivariate calibration coupled with voltam-
metric data and numeric simulation to solve quantitative electroanalytical problems. The
suggested approaches could be useful for the improvement of the sensitivity and the selec-
tivity of the voltammetric techniques.

The second book section, including Chapters 3-6, is devoted to the electron transfer studies
and electroanalytical applications of voltammetry. Chapter 3 comments on the interfacial
electron transfer kinetics of the haem group in human haemoglobin molecules and physisor-
bed on glass-/tin-doped indium oxide substrates. Chapter 4 offers an exhaustive overview
on the application of voltammetry to the analysis of dyes, using a variety of techniques and
electrodes. Chapter 5 discusses about voltammetric methods suitable for characterizing the
antioxidant properties of wine and wine products. Chapter 6 addresses the large spectrum
of modified electrodes, applied for determining trace metal ions with improved sensitivity.

The book offers a professional look on the recent trends and advances in voltammetry. All
the contributing authors are gratefully acknowledged for their time and efforts.

Margarita Stoytcheva and Roumen Zlatev
Universidad Auténoma de Baja California
Instituto de Ingenieria

Mexicali, Baja California, México
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Chapter 1

Applications of Chemometrics-Assisted Voltammetric

Analysis

Ali R. Jalalvand

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67310

Abstract

Electroanalytical techniques consist of the interplay between electricity and chemistry,
namely the measurement of electrical quantities, such as charge, current or potential and
their relationship to chemical parameters. Electrical measurements for analytical pur-
poses have found a lot of applications including industry quality control, environmental
monitoring and biomedical analysis. Chemometrics is the chemical discipline that uses
mathematical and statistical methods to design or select optimal procedures and experi-
ments and to provide maximum chemical information by analysing chemical data. The
use of chemometrics in electroanalytical chemistry is not as popular as in spectroscopy,
although recently, applications of these methods for mathematical resolution of overlap-
ping signals, calibration and model identification have been increasing. The electroana-
lytical methods will be improved with the application of chemometrics for simultaneous
quantitative prediction of analytes or qualitative resolution of complex overlapping
responses. This chapter focuses on applications of first-, second- and third-order mul-
tivariate calibration coupled with voltammetric data for quantitative purposes and has
been written from both electrochemical and chemometrical points of view with the aim of
providing useful information for the electrochemists to promote the use of chemometrics
in electroanalytical chemistry.

Keywords: chemometrics, electroanalytical chemistry, voltammetry, quantification,

multivariate calibration

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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1. Introduction

1.1. Chemometrics

Chemometrics uses statistics, mathematics and formal logic: (i) to provide maximum relevant
chemical information by analysing chemical data, (ii) to design or to select optimal experi-
mental procedures and (iii) to obtain knowledge about chemical systems [1]. Chemometric
analyses have received good acceptance over the past 20 years due to the study of complex
samples by improving existing analytical methods. There is an impressive research related
to the development and testing of multivariate algorithms applied to difficult chemical sce-
narios [2, 3]. The main reason is that the second- and higher-order data are able to deal with
unwanted interferences in contrast to zero- and first-order calibrations [4]. Modelling of the
unwanted interferences that are not included in the calibration set allows us to accurate deter-
mination of the calibrated analytes even in the presence of uncalibrated interferences. The
property is a ‘second-order advantage’ [5], which has a great potential in multicomponent
analysis. Second- and third-order multivariate calibrations are gaining widespread accep-
tance by the analytical community due to their variety of second- and third-order instrumen-
tal data that are being produced by modern instruments and due to their appeal from the
analytical standpoint.

1.2. Electroanalytical methods

Electroanalytical methods can monitor an analyte by measuring the potential or current in an
electrochemical cell containing the analyte [6-9]. It is well known that electrochemical analy-
sis has been benefited from the electronics revolution in two ways: (i) the development of
neater, faster and simpler and arguably, competitively affordable instrumentation and (ii) the
applicability for rapid analysis. In addition, electrochemistry has a wide range of analytical
methods, e.g. polarography, potentiometry, coulometry and voltammetry, which can provide
a wide concentration range (from ppb to mg L™ levels).

1.3. Chemometrics in electroanalytical chemistry

The use of chemometrics in electroanalytical chemistry is still in its infancy, and for many
years, the application of chemometrics to electroanalytical data had been quite scarce as com-
pared to the case of spectroscopic techniques. The limited use of chemometrics in electro-
analytical chemistry is related to the relationship between mathematics and electroanalytical
chemistry. In this case, the fundamental corpus are: (i) a hypothetical physicochemical pic-
ture of the processes, the transport phenomena and the nature of the measurements; (ii) the
numerical solution of the mathematical formulation and (iii) the interpretation of the elec-
troanalytical data and determination of concentrations and constants or whatever [10, 11].
This approach is usually called as hard-modelling, a common approach in electrochemical
investigations and by the electrochemists, and is regarded as the real approach. Postulation of
a theoretical physicochemical model is difficult because the transport phenomenon, the elec-
trode process and perturbation by an excitation signal are complex. In these cases, the other
types of approaches that can provide quite more information about the systems are required.
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This alternative or complementary approach can be provided by chemometrics, and it is based
on extracted results from statistical analysis of the data. This approach is well known as soft-
modelling approach.

Chemometrics has different applications in electrochemical analyses, such as experimental
design and optimization, data treatments, sample classification, calibration for determination
of concentrations and model identification.

In general, over the past two decades, instrumentation has been significantly developed. This
is especially the case for electrochemical instruments. Such progress has provided increas-
ing opportunities for the application of chemometrics in electrochemical analyses. Among
the most relevant multivariate methods, multi-way algorithms play an important role in
numerous analytical fields [12, 13]. Developing an electrochemical technique by chemometric
methods may supply a valuable resource for accurate analyte quantification when the abso-
lute separation is not accomplished, or unexpected components are present in the sample
being analysed. Chemometrics will be useful when it is coupled to multi-way calibration,
for instance, applying excitation-emission [14], high-performance liquid chromatography
with diode array detection (HPLC-DAD) [15-17], flow injection analysis- diode array detec-
tion (FIA-DAD) [18, 19], liquid chromatography-attenuated total internal reflectance-Fourier
transform infrared spectrometry (LC-ATR-FTIR) [20], liquid chromatography-diode array
detection-mass spectrometry (LC-DAD-MS) [20], pH-DAD [21, 22], DAD-kinetics [23] and
differential pulse voltammetry [24].

1.4. Required information
1.4.1. Calibration

According to the international union of pure and applied chemistry (IUPAC), calibration is, in
a general sense, ‘an operation that relates an output quantity to an input quantity for a measur-
ing system under given conditions’ [25, 26]. The input quantities of our primary interest, i.e. in
analytical calibration, are the concentrations of a sample constituent of interest (the analyte),
while the output quantities are analytical signals or responses delivered by analytical instru-
ments (a spectrometer, chromatograph, voltammetric equipment, etc.). Therefore, in this chap-
ter, calibration means the operation of relating instrumental signals to analyte concentrations.

1.4.2. Univariate calibration

A specific case of the general calibration process is the one relating the content of a single ana-
lyte in a sample to a single value of an instrumental signal and is called ‘univariate calibration'.
In analytical chemistry, univariate calibration employs a calibration curve as a general method
for the determination of the concentration of a constituent in an unknown sample [26].

1.4.3. Multivariate calibration

A more general calibration process involves the relationship between the concentrations of var-
ious constituents in a test sample and multiple measured responses, i.e. multivariate instead of
univariate [26, 27]. In contrast to univariate calibration, which works with a single instrumental
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response measured for each experimental sample, multivariate calibration works with many
different signals for each sample. Depending on the instrumental setup, the delivered data for
a single sample may have different degrees of complexity. The simplest multivariate data are
those produced in vector form, i.e. as a series of responses, which can be placed on top of each
other to generate a mathematical object known as a column vector. This object is also referred
as having a single ‘mode’ or ‘direction’. Multivariate calibration using vectorial data has given
rise to a highly fruitful analytical field that today is routine in many industrial laboratories
and process control units [28]. Multiple analytes can be determined simultaneously in the
presence of others, possibly unknown constituents, provided they have been properly taken
into account during the calibration phase [29, 1].

1.4.4. Multi-way calibration

Multi-way calibration is based on many instrumental signals per sample, which can be mean-
ingfully organized into a certain mathematical object with higher modes than a vector, for
example, as a data table or matrix [26, 30].

The most important advantage of multi-way calibration is the fact that analytes can be deter-
mined in the presence of unexpected constituents in test samples. It is called the ‘second-order
advantage’.

Multi-way calibration has interesting advantages relative to other calibration methods. One
is the increase in sensitivity, because the measurement of redundant data tends to decrease
the relative impact of the noise in the signal. Selectivity does also increase, because each new
instrumental mode, which is added to the data, contributes positively to the overall selec-
tivity. Still another one is the possibility of obtaining qualitative interpretation of chemical
phenomena through the study of multi-way data, in a much better way than with univariate
or first-order data.

1.4.5. Nomenclature for data and calibrations

In algebraic jargon, a scalar is a zeroth-order object, a vector is first order, a matrix is second
order, etc. A nomenclature exists for the different calibrations, based on the measurement of
data of various orders for a single sample: zeroth-order calibration is equivalent to univariate
calibration, first-order multivariate calibration is equivalent to calibration with vectorial data
per sample, second-order multivariate calibration is equivalent to calibration with matrix data
per sample and third-order multivariate calibration is equivalent to calibration with three-
dimensional data arrays per sample. The list may continue with data arrays with additional
modes per sample [26]. On the other hand, with data for a group of samples it is possible
to create an array having an additional mode, the sample mode. For example, univariate
measurements for several samples can be grouped to form a vector, first-order data can be
placed adjacent to each other to create a matrix, etc. On the basis of above fact, an alternative
nomenclature has been developed, in which calibrations are named according to the number
of ways (modes) of an array for a sample set. Thus, zeroth-order calibration is also one-way
calibration, first order is two-way, second order is three-way, etc., and it is customary to name
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all calibration methodologies involving second- and higher-order data (i.e. three-way and
beyond) as multi-way calibration, which is thus a subdivision of multivariate calibration.
Figure 1 provides a compact view of the hierarchy of data and calibrations.

Oth order 1st order 2nd order 3rd order
i H \
Scalar | Vector . Matrix i Three-dimensional
] ] ]
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a. : : :
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Figure 1. Hierarchy of data illustrating the nomenclatures based on the concept of ‘order’ and “ways’. Top: Data for a
single sample. Bottom: Data for a set of samples [26].

1.5. Linearity and nonlinearity of second- and third-order data
1.5.1. Second-order data
1.5.1.1. Trilinear data

When a second-order data array is processed, it is vital to meet the so-called trilinearity condi-
tion. A three-way data array can be modelled by the following expression:

N
X = i;a. b, ¢, +E; 1)

in " jn "kn

where N is the total number of chemical constituents generating the measured signal, a_ is the
relative concentration or score of component 7 in the ith sample, and b, and ¢, are the intensi-

7
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ties in the instrumental channels (or data dimensions) j and k, respectively. The values of
E,, are the elements of the three-dimensional array E, representing the residual error, and
having the same dimensions as X. The column vector a_is collected in the scores matrix A,
whereas vectors b_and c_are collected in the loading matrices B and C (usually b_and c_are
normalized to unit length). For a three-dimensional data array, the signal must be linearly
related to concentration and the component profiles must be constant across the different
samples [31].

1.5.1.2. Non-trilinear data

To evaluate the linearity of a three-way data array should first consider its basic ingredients,
i.e. the individual data matrices and whether they are bilinear or not. In case they are bilin-
ear, a further subdivision can be made on the existence and number of trilinearity-breaking
modes: (i) when one of the data modes is non-reproducible and breaks the trilinearity, the
data are not trilinear, but can be unfolded into a bilinear augmented matrix and (ii) when
both data modes are trilinearity breaking, the data are not trilinear and cannot be unfolded
into a bilinear augmented matrix. To distinguish these two latter non-trilinear data types,
we propose to call them non-trilinear Type 1 and non-trilinear Type 2, respectively. Finally,
in case the individual matrices are non-bilinear, we have a fourth data type that we may
call non-trilinear Type 3. There is no point in further dividing Type 3 data according to the
number of non-reproducible modes, since the former are neither trilinear nor unfoldable to
an augmented bilinear matrix [26, 31]. Figure 2 illustrates the classification of three-way data
for a sample set.

Three-way data

Bilinear
indrvidual
matrices?

Number of
breaking modes

Figure 2. Classification tree for three-way data for a set of samples, according to whether the individual data matrices are
bilinear or not and to the number of trilinearity-breaking modes [26].
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1.5.2. Third-order data
1.5.2.1. Quadrilinear data

Quadrilinearity of a four-way array can be defined by the extension of Eq. (1), including
an additional mode: the sample mode. A four-way data array obtained by ‘joining’ three-
dimensional data arrays for a sample set is a quadrilinear if its elements can be thought to be
obtained through:

N

Xz’jkl = r; 4 bjn Con dln + Ez’jkl 2)
where all symbols are as in Eq. (1), with d,_ describing the changes in constituent concentra-
tions along the sample mode. A requirement for quadrilinearity of a data array for a sample

set is that the three instrumental profiles for each constituent are equal for all samples [26].

1.5.2.2. Non-quadrilinear data

Quadrilinearity may be lost if one or more modes behave as quadrilinearity-breaking mode,
in the sense that constituent profiles change from sample to sample along this mode. In the
present case, there might be one, two, or three quadrilinearity-breaking modes. Hence, a per-
tinent classification of non-quadrilinear third-order/four-way data would be in types 1, 2 and
3, respectively. On the other hand, intrinsically non-trilinear data for each sample for reasons
of mutual correlations among the phenomena in the different data modes will be classified as
non-quadrilinear of type 4 [26]. Figure 3 illustrates a classification tree.

Four-way data

Trlinear
three-dimensional
arrays?

MNonquadrilinear No
type 4

Quadnlinear

Number of

breaking
modes

e Nonquadnlinear
type 3

Nonguadrnilinear
type 2

Nonquadnlinear
type 1

Figure 3. Classification tree for four-way data for a set of samples, according to whether the individual three dimensional
arrays data are trilinear or not and to the number of quadrilinearity-breaking modes [26].
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1.6. Algorithms
1.6.1. First-order algorithms

The standard models are principal component regression (PCR) and partial least-squares
(PLS) analyses, although a number of different algorithms such as continuum power regres-
sion (CPR), multiple linear regression-successive projections algorithm (MLR-SPA), robust
continuum regression (RCR), partial robust M-regression (PRM), polynomial-PLS (PLY-PLS),
spline-PLS (SPL-PLS) and radial basis function-PLS (RBF-PLS) exist. However, when the data
behave in a non-linear manner with respect to the analyte, a different approach is needed, such
as an artificial neural network (ANN) or a least-squares support vector machine (LS-SVM).

1.6.2. Second-order algorithms

Suitable algorithms for analysing second-order data are parallel factor analysis (PARAFAC)
[32], the generalized rank annihilation method (GRAM) [33], direct trilinear decomposition
(DTLD) [34], multivariate curve resolution-alternating least squares (MCR-ALS) [35], bilin-
ear least squares (BLLS) [36, 37] and alternating trilinear decomposition (ATLD) [38] and its
variants (self-weighted alternating trilinear decomposition (SWATLD) [39] and alternating
penalty trilinear decomposition APTLD [40, 41]).

Rearranging the second-order data to vectors and applying a first-order algorithm such as
unfolded-principal component regression (U-PCR) and unfolded-partial least squares (U-
PLS) [42] is an alternative to working with second-order data. Another alternative which is a
genuine multi-way method is multi-way partial least squares (N-PLS) [43]. These three meth-
ods can obtain the second-order advantage by coupling of them to residual bilinearization
(RBL) [44, 45].

1.6.3. Third-order algorithms

Suitable quadrilinear models for third-order data are including PARAFAGC, trilinear least-
squares (TLLS) with residual trilinearization (RTL) [46] and alternating penalty quadrilinear
decomposition (APQLD) [47]. However, models allowing for deviations of multilinear-
ity in one way or another are including PARAFAC2 (a variant of PARAFAC that allows
profile variations in one of the data dimensions from sample to sample) [48], PARALIND
(PARAFAC for linearly dependent systems) [49], MCR-ALS [50], non-bilinear rank annihila-
tion (NBRA) [51], bilinear least squares (BLLS) extended to linearly dependent systems [22],
U-PLS [42], N-PLS [52], non-linear kernel-PLS [53] and artificial neural networks (ANN) [54,
55]. To achieve the second-order advantage, BLLS, PLS and ANN should be combined with
RTL [44-46, 55-59].

1.7. Generation of second- and third-order electrochemical data

Differential pulse voltammetry (DPV) is the most frequently used technique for generation
of second- and third-order electrochemical data. The second- or third-order data could be
obtained via changing one or two of the instrumental parameters of DPV [60]. The theory
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behind the proposed procedure will be briefly discussed. The current signal intensity in DPV
can be obtained using the following equations [61]:

O+ne - Red 3)
nFADEC, [ P,(1-0?)
i = 7-[1/2(,1-_,-[')1/2|:(U+PA)(1 +PAG)] 4)
P, = & exp[2L(E+5E-EY)] )
o = exp(g—?%) (6)
DO 1/2
5 - (DRed> (7)

where O and Red are species involved in the electrode reaction (Eq. (1)), n is the number of
electrons involved in the electrode reaction, F is the Faraday's constant, A is the electrode area,
D, and D, , are the diffusion coefficients of O and Red species, respectively, C_is the concen-
tration of O species at the electrode surface, R is the gas constant, T is the temperature, AE, E
and E” are the pulse height, potential and formal potential of the electrode, respectively, 7 and
' are, the pulse duration or pulse time and starting time of potential pulse, respectively. For
an electrochemical reaction, a data vector can be produced by sweeping the potential at con-
stant AE and 7. Applying a different AE and sweeping potential at the constant 7, produces
different data vectors. By the same way, third-order voltammetric data could be obtained by
sweeping potentials at different pulse durations and pulse heights [62]. Literature survey
shows that changing AE can cause non-linearity in DPV data while changing 7 does not cause
non-linearity [60].

1.8. Data pre-processing
1.8.1. Shift correction or data alignment

Linearity is a property assumed by multivariate linear calibration algorithms. However, in
many electroanalytical situations, slight deviations from linearity could be observed such as
in the presence of interactions among components. Generally, non-linear signals can cause
signal shifts, peak broadening or increase of the peak height. Any of these problems hinders
the application of multi-linear data processing algorithms. Such problems become more com-
plicated when signals are overlapping. Therefore, aligning the voltammograms is an impor-
tant step that should be performed before the application of multi-linear algorithms. The data
alignment is based on digitally moving a voltammogram towards a reference voltammogram,
with certain objective function such as correlation coefficient, residual fit, similarity index,
etc. which indicate the quality of the matching process. The most algorithms used for data
alignment require a reference voltammogram, to which all the remaining ones are aligned.
Suboptimal choice of the template could affect the alignment results [63]. The most frequently
used alignment algorithms are correlation optimized warping (COW) [64], interval correla-
tion optimised shifting (icoshift) [65], Gaussian peak adjustment (GPA) [66], Gaussian peak
adjustment with transversal constraints (GPA2D) [67], asymmetric logistic peak adjustment
(ALPA) [68], shiftfit [69, 70] and pHfit [71].
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1.8.1.1. COW

For understanding a detailed description about the mathematical aspects of COW algorithm
the reader is referred to Ref. [64].

1.8.1.2. icoshift

For understanding a detailed description about the mathematical aspects of icoshift algorithm
the reader is referred to Ref. [65].

1.8.1.3. shiftfit, pHfit, GPA, GPA2D and ALPA

The shiftfit corrects the data matrix from the signal movements and for this purpose, it opti-
mises by least squares of the potential shift of every pure voltammogram with respect to
a reference position. To correct the potential shift, there are peakmaker, shiftcalc and shiftfit
functions. Peakmaker generates a Gaussian peak as an initial estimation of the pure voltam-
mograms. The shiftcalc function displaces every signal in every experimental voltammograms
matrix for a given potential shift AE. The shiftfit function iteratively optimises the values of AE
to generate a matrix (I_ ) in which all signals remain at the fixed potentials stated in the pure
voltammograms matrix (V) [69, 70].

The pHfit algorithm can solve more intricate systems like those encountered in voltammetric
pH titrations by imposing a shape restriction to the movements of the signals as a function of
potential, by means of adjustable sigmoid or linear functions [71].

After shiftfit and pHfit, the GPA algorithm based on a new strategy, parametric signal fitting
(PSF), was proposed for the chemometric analysis of voltammetric data when the pure sig-
nals do not maintain a constant shape [66]. This is based on the fitting of parametric functions
to reproduce the shape of the signals. As a first approach, two Gaussian functions are fitted,
one at each side of the signal, and the parameters are least-squares optimised. Such param-
eters determine not only the height and position of the signals (as in the algorithms above)
but also the width at both sides of the maximum. It is important to note that, unlike shiftfit
and pHfit, the use of Gaussian functions restrict the GPA exclusively to peak-shaped signals.
Moreover, it must be remarked that, despite fitting of Gaussian peaks which has been already
used in some situations such as the resolution of UV-vis spectra, in such approaches the sym-
metric character of the Gaussian function prevents an appropriate treatment of asymmetric
signals. In the proposed method, the use of two separated Gaussian functions at both sides
of the maximum (sharing the same height and position but different widths) is a new and
simple solution for the fitting of asymmetric peaks. Figure 4 summarizes the main steps of
the fitting procedure.

A new method, GPA2D, was developed as a significant improvement of the GPA which
includes, for the first time, transversal constraints to increase the consistency of the resolution
along the different signals of a voltammetric dataset [67]. The aim of GPA2D is to extract a
physicochemical sense to the evolution of the signals and their shifts along the experimental
axis. The imposition of the transversal constraints makes this method more powerful for the
analysis of voltammetric data, especially if they are non-bilinear. Figure 5 shows the main
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structure of the operation program, which is based on a common GPA procedure with two
alternative intermediate paths depending on the kind of transversal constraint to be applied
(signal shift evolution or equilibrium).
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Figure 4. Flowchart of the GPA [67].
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The asymmetriclogistic peak adjustment (ALPA) was developed as a new function for the PSF of
highly asymmetric electrochemical signals in non-bilinear datasets or in the presence of irrevers-
ible electrochemical processes [68]. Figure 6 summarizes the main steps of the fitting procedure.
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Figure 5. Flowchart of the GPA2D [68].
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Figure 6. Flowchart of the ALPA [70].

1.8.2. Baseline correction

Baseline correction has been considered as a critical step for enhancing the signals and reduc-
ing the complexity of the analytical data [72, 73]. Considering this aim, Eilers et al. [74] have
introduced an algorithm for baseline elimination based on asymmetric least squares splines
regression (AsLSSR) approach. Details of the implementation of the mentioned method can
be found in the literature [74, 75].
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2. Applications of first-order multivariate calibration

Tables 1-3 summarize applications of first-order multivariate calibration with different first-
order algorithms to electroanalytical data.

Technique Application Refs.

DPASV Determination of Tl and Pb [76]

PSA (at Au electrode) Determination of As in the presence of [77]
Cu and Sn

DPP Determination of furaltadone, [78]
furazolidone and nitrofurantoin

DPV Determination of 2-(3)-t-butyl-4- [79]
methoxyphenol and propyl gallate

NPP, DPP Determination of furazolidone and [80]
furaltadone

DPP Determination of sulfadiazine, [81]
sulfamerazine and sulfamethazine

SWV, SWAdSV Determination of [82]
sulphamethoxypyridazine and
trimethoprim in veterinary formulations

DPP Determination of Cu, Pb, Cd and Zn [83]

LSV Determination of indomethacin and [84]
acemethacin

ASV Determination of Tl and Pb [85]

DPP Determination of Pb, Cd and Sn(IV) [86]

LSV, CV, DC, DPP Determination of propylgallate, [87]
butylated hydroxyanisole and butylated
hydroxytoluene

DPASV Determination of Cu in the presence [88]
of Fe

DPP Variable selection for the determination [89]
of benzaldehyde and of Cu, Pb, Cd and
Zn

DPASV Variable selection for the determination [90]
of the binary mixtures TI/Pb and Cu/
Fe(III)

SWV, DPV Determination of paraquat and diquat [91]

DPAdSV Speciation of Cr (determination of Cr(III) [92, 94]
and Cr(VI))

FIA-ED Determination of 4-nitrophenol, phenol [93]

and p-cresol
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Technique Application Refs.
DPV Determination of the anti-inflammatory [95]
drugs indomethacin, acemethacin,
piroxicam and tenoxicam
LSV Determination of mixtures of vapours [96]
(ethanol, acetaldehyde, acetylene, SO,,
NO,, NO, O,)
DPAdSV Determination of Al and Cr(VI) [97]
DPV Determination of nordihydroguaiaretic acid [98]
DC, DPV, SWV Determination of tocopherols in [99]
vegetable oils
NPP (at UME array) Monitoring of Staphylococcus aureus [100]
population
NPP (at UME array) Monitoring of Escherichia coli ATCC [101]
13706 and Pseudomonas aeruginosa ATCC
27853 population
Ccv Determination of cysteine, tyrosine and [102]
tryptophan
DPAdSV Determination of In [103]
Table 1. Application of partial least squares (PLS) method to electroanalytical data.
Technique Application Refs.
DPASV Determination of Pb, Cd, Tl and In [104]
PSA (at Au electrode) Determination of Cu, Zn, Cd and Pb [105]
DPP Monitoring of freshness of milk (by an [106]
electronic tongue)
DPV Determination of Cu [107]
NPP, DPP Determination of adenine and cytosine [108]
DPP Determination of Cu and Mo [109]
SWV, SWAdSV Determination of ethanol, fructose and [110]
glucose
DPP Determination of vitamins B6 and B12 in [111]
LSV Determination of Cu [112]
ASV Determination of ethanol, methanol, [113]
fructose and glucose
DrP Determination of nalidixic acid and its [114]

metabolite 7-hydroxymethylnalidixic acid

Table 2. Application of artificial neural networks (ANN) method to electroanalytical data.
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Chemometrical technique  Electrochemical technique Application Refs.

MLR/PLS DPASV Study of influence of pH [115]
and Ca in metal/fulvic
interactions

CLS/PLS/PCR AdSV Determination of synthetic [116]
colorants

CLS/ILS/KF SWASV Determination of Pb, Cd, [117]
Inand T1

CLS/PLS/PCR/MLR DPP, NPP Determination of Pb, Cd, [118]
Cu,Niand V

CLS/PLS/PCR/MLR ASV Determination of Pb, Cd, [119]
Cu and Zn

PLS/NL-PLS/PCR cv Determination of [120]
tryptophan in feed samples

PLS/NL-PLS/PCR/MLR/ DuPSV Determination of ethanol, [121]

ANN fructose and glucose

PLS/PCR Cv Determination of cysteine, [122]
tyrosine and tryptophan

PLS/ANN DPV Determination of catechol [123]
and hydroquinone at C
fiber electrode

PLS/ANN DC, DPP Determination of atrazine/ [124]
simazine and terbutryn/
prometryn

CLS/PLS/PCR LSV Determination of synthetic [125]
food antioxidants

CLS/PLS/PCR/MLR DPSV Determination of [126]
chlorpromazine
and promethazine
hydrochloride

CLS/PLS/PCR/MLR DPSV Determination of five [127]
nitro-substituted aromatic
compounds

PLS/PCR ASV Determination of Pb, Cd, [128]
Inand Tl

CLS/PLS/MCR-ALS ASV Determination of Pb, Cd, [129]
Inand T1

PLS/PCR/ANN ASV Determination of Pb and Tl [130]

PLS/PCR DPSV Determination of [131]
paracetamol and
phenobarbital in
pharmaceuticals

CLS/PCR/PLS/KF/ANN DPSV Determination of [132]

parathion, fenitrothion and
parathion
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Chemometrical technique  Electrochemical technique Application Refs.

PCR/PLS/GA-PLS/ANN DPV Determination of cysteine, [133]
tyrosine and tryptophan

CLS/PCR/PLS/ANN DPV Determination of propoxur, [134]
isoprocarb, carbaryl and carbofuran

HPCR/HPLS/CPCR/MBPLS ACV Determination of [135]
brightener in industrial Cu
electroplating baths

PLS/ANN Ccv Determination of isoniazid [136]

and hydrazine

Table 3. Applications of different multivariate analysis techniques as applied to electroanalytical data.

3. Applications of second- and third-order multivariate calibrations

In an interesting work, Kooshki et al. generated three-way DPV data at different pulse heights
of 20-100 mV with a 20 mV interval and analyzed them by MCR-ALS for determination of
tryptophan (Trp) in the presence of tyrosine (Tyr) as an uncalibrated interference at the gold
nanoparticles decorated multiwalled carbon nanotube modified glassy carbon electrode (Au
NPs/GCE) [60]. The data were non-bilinear; therefore, the shiftfit algorithm was used to cor-
rect the observed shift in the data. Figure 7 shows the potential shift correction of the aug-
mented data for three standard Trp solutions (top left) and for a synthetic mixture solution
containing Trp and Tyr (top right). These corrected data were augmented, and MCR-ALS was
performed on them. The results of the potential shift correction and the MCR-ALS analysis
for the determination of Trp in the synthetic mixtures confirmed that the analysis of the shift
corrected data generates convergence with a low lack of fit value. Finally, they assessed the
analytical utility of the proposed method by applying it to the determination of Trp in a fresh
meat sample.

Galeano-Diaz et al. have reported a work based on adsorptive stripping square wave
voltammetry (Ad-SSWYV) for the simultaneous determination of fenitrothion (FEN) and
its metabolites: fenitrooxon (OXON) and 3-methyl-4-nitrophenol (3-MET) in environmen-
tal samples [137]. These three compounds produced an electrochemical signal due to an
adsorptive-reductive process at hanging mercury drop electrode (HMDE). The electro-
chemical approach showed a very high overlap degree for FEN and OXON voltammogram:s.
Second-order multivariate calibration has been tested to solve the mixture of these three
compounds. The accumulation time (¢, ) was chosen as the third variable (third way). The t__
was varied in 5 s intervals and with the aim of increasing the total ¢, value without electrode
saturation, the equilibration time was fixed at 5 s, and t __ was varied from 5 to 25 s, thus
five voltammograms for each sample were recorded. For the second-order multivariate cali-
bration N-PLS/RBL, U-PLS/RBL and PARAFAC have been tested, using the three-way data
intensity-potential-accumulation time. The U-PLS/RBL model was stated as the best second-
order algorithm for the simultaneous determination of these three compounds. Finally, the
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proposed method was used to the analysis of river water samples as real cases and the results
were encouraging.
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Figure 7. Application of potential shift correction, augmentation of the corrected data and resolution of the augmented
data by MCR-ALS for the experimental data of standards (top left) and of a synthetic mixture (top right) [60].

Another interesting work entitled ‘second-order data obtained from differential pulse voltam-
metry: determination of lead in river water using multivariate curve resolution-alternating
least-squares (MCR-ALS)” was reported by Abdollahi et al. [24]. In this work, the MCR-ALS
has been applied to potential-time second-order data with the aim of achieving the electro-
chemical second-order advantage. A simple way (change in pulse duration) was reported as
the first approach towards generation of second-order DPV data. A linear dependency exists
in the pulse duration profiles of the electroactive species in the mixture samples. Rank defi-
ciency of the mixture data matrix was broken by matrix augmentation. Due to existence of
potential shift in the obtained data, MCR-ALS could not be achieved the convergence on the
augmented data. So, this shift was corrected with shiftfit program. Results of MCR-ALS after
shift correction show that the proposed method could be efficiently used for determination of
Pb* in the presence of unexpected interferents in the river water sample.
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Khoobi et al. coupled DPV with MCR-ALS for simultaneous determination of betaxolol
(Bet) and atenolol (Ate) at a multi-walled carbon nanotube modified carbon paste electrode
(MWCNT/CPE) [138]. Operating conditions were optimized with central composite rotatable
design (CCRD) and response surface methodology (RSM). Then, the second-order DPV data
were generated at different pulse heights and after potential shifts correction by COW algo-
rithm were analysed by MCR-ALS. Figure 8 shows the resolved voltammograms of the seven
mixtures of Bet and Ate that were applied in calibration curve, after using COW and MCR-
ALS procedures. Finally, the developed method was successfully applied to simultaneous
determination of Bet and Ate in human plasma.
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Figure 8. Application of potential shift correction using COW, augmentation of the corrected data and resolving of the
augmented data by MCR-ALS for the data of seven standards of Bet and Ate [138].

In an interesting work by Khoobi et al. the MCR-ALS was used for determination of dopamine
(DA) in the presence of epinephrine (EP) using second-order DPV data at different pulse heights
on a carbon paste electrode modified with gold nanoparticles (AuNPs/CPE) [139]. The CCRD
was employed to generate an experimental programme to model the effects of different parame-
ters on voltammetric responses and the RSM was applied to show the individual and interactive
effects of variables on the responses. The voltammograms of the samples were then collected
into a column-wise augmented data matrix and subsequently analyzed by MCR-ALS. The effect
of rotational ambiguity associated with a particular MCR-ALS solution under a set of constraints
was also studied. With the aid of MCR-BANDS method, the absence of rotational ambiguity
was verified. Finally, by the developed methodology, satisfactory results were obtained for the
determination of DA in the presence of EP in spiked human blood plasma samples.

Ghoreishi et al. have reported a work based on coupling of three-way calibration with second-
order DPV data for simultaneous quantification of sulfamethizole (SMT) and sulfapyridine
(SPY) [140]. After finding the optimized values of the variables which affected the voltammet-
ric responses, potential shift corrected by COW was used for further processing by MCR-ALS.
Finally, the method was applied for simultaneous determination of SMT and SPY in spiked
human serum and urine samples.

Masoum et al. generated second-order electrochemical data by changing the pulse height as
an instrumental parameter [141]. After potential shift correction, MCR-ALS results showed
that second-order calibration could be applied with great success for (+)-catechin determina-
tion in the presence of gallic acid at the surface of the multi-walled carbon nanotubes modified
carbon paste electrode. The ability of the proposed method was evaluated using (+)-catechin
determination in the presence of gallic acid in a green tea sample. In this study, fixed size
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moving window-evolving factor analysis (FSMW-EFA) [142] was used for the determination
of pure variables, zero concentration and selective regions. Result of FSMW-EFA is shown in
Figure 9. There are two curves higher than the noise level at peak region in FSWM-EFA plot.
In this plot, regions that do not have any curves higher than the noise level are zero regions;
regions that have one curve higher than the noise level are pure region (part 1 for gallic acid and
part 2 for (+)-catechin) and regions that have two or more curves higher than the noise level are
overlapped region (part 1 + 2). As shown in Figure 9, both components have selective region,
so selectivity constraint can be applied. The solution to the problem of rank deficiency was the
combined analysis of the rank deficient matrix with other matrices in the column direction that
can have the suitable information to detect the presence of the hidden components [143].
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Figure 9. FSWM-EFA plot of real sample [141].

A work entitled ‘application of Fe doped ZnO nanorods-based modified sensor for determi-
nation of sulfamethoxazole (SMX) and sulfamethizole (SMT) using chemometric methods in
voltammetric studies’ has been reported by Meshki et al. [144]. In this work, the second-order
DPV data have been produced by changing the pulse heights and after potential shift cor-
rection with the help of COW algorithm they further processed by MCR-ALS for exploiting
second-order advantage. The potential shift correction was carried out on a column-wise aug-
mented data matrix that contained 13 calibration set of SMX and SMT. Then MCR-ALS was
performed on the new augmented data and lack of fit was reduced and was better than that
obtained in the absence of potential shift correction. Finally, the application of the proposed
method was examined for simultaneous determination of SMX and SMT in human blood
serum and urine samples.

Jalalvand et al. have reported a work for generation of second-order DPV data based on
changing the pulse heights and application of them for simultaneous quantification of norepi-
nephrine (NE), paracetamol (AC) and uric acid (UA) in the presence of pteroylglutamic acid
(FA) as an uncalibrated interference at an electrochemically oxidized glassy carbon electrode
(OGCE) [145]. In this work, several second-order calibration models based on ANN-RBL,
U-PLS/RBL, N-PLS/RBL, MCR-ALS and PARAFAC2 were used to exploiting second-order
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advantage to identify which technique offers the best predictions. The baseline of the DPV
signals was corrected by asymmetric least squares spline regression (AsLSSR) algorithm and
the observed shifts were corrected using COW algorithm. All the algorithms achieved the sec-
ond-order advantage and were in principle able to overcome the problem of the presence of
unexpected interference. Comparison of the performance of the applied second-order chemo-
metric algorithms confirmed the more superiority of U-PLS/RBL to resolve complex systems
(see Figure 10). The results of applying U-PLS/RBL for the simultaneous quantification of the
studied analytes in human serum samples were also encouraging.
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Figure 10. Elliptical joint regions (at 95% confidence level) for the slopes and intercepts of the regressions for (A) AC,
validation set, (B) AC, test set, (C) NE, validation set, (D) NE, test set, (E) UA, validation set and (F) UA, test set. In all
cases: black point marks the theoretical point (0,1), black ellipse shows ANN results, blue ellipse shows MCR-ALS
results, yellow ellipse shows N-PLS/RBL results, red ellipse shows PARAFAC2 results and cyan ellipse shows U-PLS/
RBL results [145].

Mora Diez et al. have reported the work to develop a method based on DPV coupled to sec-
ond-order data modelling with MCR-ALS and U-PLS/RBL for the quantitation of the pesticide
ethiofencarb in the presence of fenobucarb and bendiocarb as interferences in tap water [146].
In this study, the possibility of second-order multivariate calibration was studied by using
the hydrolysis time as the third variable, and MCR-ALS and U-PLS/RBL. Asymmetric least
squares background correction adapted to second-order data was used to remove the baseline
of the data (Figure 11A). Figure 11B shows the voltammograms retrieved by MCR-ALS for
all the three mentioned components in validation sample number 1. As can be appreciated
there exists a high degree of overlapping among analyte and interferents signals. In addition,
Figure 11C shows the corresponding time evolution profiles in this particular sample and the
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Figure 11. (A) Voltammograms corresponding to validation sample number 1, before and after background correction.
(B) Voltammogram profiles retrieved with MCR-ALS for validation sample number 1 and (C) time profiles retrieved
with MCR-ALS when analysing validation sample number 1 and three pure standard solutions of ethiofencarb [146].
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ones retrieved for three ethiofencarb standard samples. The areas under the kinetic profiles
were used to build a calibration curve that allowed them to obtain the concentration of ethio-
fencarb in the validation samples. After model building by U-PLS/RBL, the outputs of MCR-
ALS and U-PLS/RBL were compared by elliptical joint confidence region (EJCR) method and
EJCR confirms the better performance of U-PLS/RBL than MCR-ALS.

Granero et al. have reported a work based on three-way calibration with second-order square
wave voltammetric (SWV) data for simultaneous determination of ascorbic acid, uric acid,
and dopamine in the presence of glucose (interfering species) in lyophilized human serum
samples [147]. The second-order data were baseline- and shift-corrected by AsLSSR and COW
algorithms, respectively, and then modelled by U-PLS/RBL second-order algorithm. Finally,
the developed analytical method was successfully applied to determine ascorbic acid, uric
acid, and dopamine in lyophilized human serum samples.

Jaworski et al. have reported a work related to the application of multi-way chemometric
techniques for the analysis of AC voltammetric data [148]. In this study, three multi-way cali-
bration techniques have been applied for determining the suppressor concentration in indus-
trial copper electrometallization baths used in semiconductor manufacturing. PARAFAC
for multi-way array decomposition coupled with inverse least squares (ILS) regression
(PARAFACY/ILS), DTLD coupled with ILS (DTLD/ILS), and multilinear partial least squares
(NPLS) regression were employed to develop and test calibration models based on trilin-
ear AC voltammetric data. The hardships associated with the physical interpretation of very
complex AC voltammograms were tackled by the use of powerful chemometric tools which
played a significant role in the revival of interest in real-life applications of AC based electro-
analytical techniques.

Recently, an interesting work has been published by Jalalvand et al., which reports coupling
of four-way multivariate calibration with third-order DPV data [62]. To achieve this goal,
the DPV response of each sample was recorded 36 times. Six current-potential matrices were
recorded at six different pulse durations. Each matrix consists of six vectors which have been
recorded at six different pulse heights. The three-way data array obtained for the calibra-
tion set and for each of the test samples were joined into a single four-way data array. The
recorded data were baseline-corrected by AsLSSR and the data array was nonlinear, thus,
the non-linearities were tackled by potential shift correction using COW algorithm (see
Figure 12) and subsequently was analysed with U-PLS/RTL and N-PLS/RTL as third-order
multivariate calibration algorithms. A comprehensive and systematic strategy for comparing
the performance of the two algorithms was presented in this work, in particular with a view
of practical applications. This comparison was developed to identify which algorithm offers
the best predictions for the simultaneous determination of levodopa (LD), carbidopa (CD),
methyldopa (MD), acetaminophen (AC), tramadol (TRA), lidocaine (LC), tolperisone (TOP),
ofloxacin (OF), levofloxacin (LOF) and norfloxacin (NOF) in the presence of benserazide (BA),
dopamine (DP) and ciprofloxacin (COF) as uncalibrated interferences using a multi-walled
carbon nanotubes modified glassy carbon electrode (MWCNTs/GCE). This study demon-
strated the more superiority of U-PLS/RTL to resolve the complex systems. The results of
applying U-PLS/RTL for the simultaneous determination of the studied analytes in human
serum samples as experimental cases were also encouraging.
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Figure 12. Differential pulse voltammetric data corresponding to the calibration set. (A) Raw data, and after pre-
processing: (B) baseline correction and (C) alignment with COW [62].
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4. Conclusions

Multi-dimensional data are being abundantly produced by modern analytical instrumen-
tation, calling for new and powerful data-processing techniques. Research in the last two
decades has resulted in the development of a multitude of different processing algorithms,
each equipped with its own sophisticated artillery. Going from univariate data (a single
datum per sample, employed in the well-known classical univariate calibration) to multivari-
ate data (data arrays per sample of increasingly complex structure and number of dimensions)
is known to provide a gain in sensitivity and selectivity, combined with analytical advan-
tages which cannot be overestimated. Nowadays, chemometrics is essential to exploiting the
extraordinary potential of modern analytical instruments. This has been widely demonstrated
with different types of signals. Electroanalytical chemistry cannot ignore this dominant trend.
Modern electrochemical instrumentation provides reliable and reproducible data that are the
basis of analytical methods with very low quantitation limits. Electrochemical methods are
very interesting techniques for coupling with multi-way calibration because they provide
excellent and low-cost opportunities for accurate and reliable determination of analyte(s) and
because of the existence of instrumental parameters; they are very suitable for generating sec-
ond- and third-order data. The second-order advantage, achieved with second- (or higher-)
order sample data, allows one not only to mark new samples containing components which
do not occur in the calibration phase but also to model their contribution to the overall sig-
nal, and most importantly, to accurately quantitate the calibrated analyte(s). Voltammetric
measurements assisted by multi-way calibration are producing increasingly complex data
structures, whose appropriate chemometric processing opens new dimensions in analytical
studies. Improved sensitivity and selectivity, the possibility of analyte quantitation in the
presence of uncalibrated interferents, and the possibility of obtaining qualitative interpre-
tation of chemical phenomena through the study of multi-way data, in a much better way
than with univariate or first-order data, are some of the advantages which can be achieved.
The most problems with voltammetric data for coupling with multi-way calibration are the
baseline of the signals and sample-to-sample potential shifts in the analyte profiles and for
tackling these problems chemometric tools can show an interesting power. The chemometric
algorithms such as COW, icoshift, shiftfit, pHfit, GPA, GPA2D and ALPA can be used for cor-
recting the shifts and the baseline of the signals could be removed with AsLSSR as a power
chemometric tool. On the whole, voltammetric measurements assisted by multi-way calibra-
tion are gaining attention of the scientists and we hope this review will help to promote the
use of multi-way calibration in electroanalytical chemistry.
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Abstract

Metrological properties of voltammetric electrodes, in the situation where on their
surface an electrochemical reaction of oxidizing/reduction takes place, were analyzed
in this chapter. The properties of electrodes on which a reaction controlled by ion
transport process takes place were taken into consideration. Also, it was analyzed how
the electrode’s shape and the voltage polarizing the electrode influence this electrode’s
metrological properties. The result of the analysis conducted is that in case of a reaction
controlled by charge exchange process, such a voltammetric electrode functions like a
converter type 0. Its metrological properties in the time domain are defined solely by
sensitivity. However, if on the surface of the electrode there is a reaction controlled by
ion transport process, the electrode will function like a converter type I. Its metrological
properties in the time domain are defined by the sensitivity and time constant. Numeric
simulations were conducted in order to determine the influence of the electrode’s shape
and the polarizing voltage on metrological properties of the electrode. The results show
that both the sensitivity and the time constant of the electrode can be influenced by
choice of an electrode’s shape and the shape of the polarizing voltage.

Keywords: voltammetric electrodes, voltammetric measurements, DC voltammetry,
AC voltammetry, metrologic properties, time constant

1. Introduction

Voltammetric measurements are one of the most frequently conducted measurements in order to
determine ion concentration in water [1-7]. Their commonness is connected most of all to its
simplicity and relatively high accuracy. There are many different types of voltammetric methods
[7-15]. These methods differ from each other mainly in the voltage shape polarizing the
voltammetric electrode, and in result, they also differ in accuracy of measurements conducted.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgINN
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These methods are successfully applied in electrochemical measurements in stationary condi-
tions when the marked ion concentration in the volume of analyzed solution is constant in time.
At the same time, much more voltammetric measurements are conducted in situ, where the
concentration of marked ions can change during the marking process [7, 10]. Some questions
raise concerning the accuracy of conducted measurements, metrological properties of
voltammetric electrodes, and methods of their improvement [12-15]. Hence, some work is
undertaken in order to define metrological properties of voltammetric electrodes and the influ-
ence of the electrode’s shape and the shape of polarizing voltage on these electrodes.

2. Metrological properties of voltammetric electrodes

Generally, metrological properties of voltammetric electrodes as measuring converters can be
divided into static and dynamic ones.

Static properties are the characteristic of voltammetric electrodes which are in the steady state,
i.e., in the state in which the concentration of marked ions does not change in the volume of the
analyzed solution nor on the surface of the electrode. Dynamic properties are the characteris-
tics of the electrode in the transient state, when these concentrations change while the
voltammetric measurements are being conducted.

In order to simplify the analysis of the voltammetric electrode metrological properties follow-
ing assumptions have been accepted:

* the input signal is the marked ion concentration C(t) in the analyzed electrolyte volume,

e the output signal is the current i;(¢) of the electrochemical reaction on the voltammetric
electrode’s surface,

*  the time of charge exchange between the ions in the analyzed electrolyte and the voltammetric
electrode equals 0.

Generally, the electrochemical reaction of oxidizing/reduction on the voltammetric electrode’s
surface is divided into several stages. The first stage is about delivery of depolarizer’s ions
from the volume of the electrolyte into the vicinity of the electrode’s surface. The second stage
of the electrochemical reaction is to transport, to or from, an electron or electrons through the
depolarizer’s ion. The third stage is to transport away the products from the reaction to the
volume of analyzed solution. Stage four of the reaction is when the products of the electro-
chemical reaction can still react with other ions in the electrolyte after being transported away.

3. Electrochemical reaction controlled by a process of charge exchange on
the surface of the voltammetric electrode

When on the surface of the voltammetric electrode an electrochemical reaction controlled by a
process of charge exchange takes place, then the marked ion concentration in oxidizing/reduction
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form on the electrode surface equals the concentration of the same ion form in the analyzed
solution volume [8]:

Ci,OX,O(t) = Cgox(t)r (1)

Ci/ red,O(t) = C?, red(t)' (2)

The value of the output signal of a voltammetric electrode, which is the current on this
electrode, is defined by the Butler-Volmer equation [8]:

ii(t) = ZiFA[ki,ox (t)ci,ox,O(t) - ki,red(t)ci,red,o(t)} = ii,ox(t) - ii,red(t)/ (3)

where the values of the reaction rate coefficients k; ox and k; rq are defined by the following
relations [8]:

ki,ox(t) = ko exp {_ %}1{: [Epol(t) - EO] }/ (4)
ki rea(t) = K exp {% [EPOI(t) - EO] } (5)

Keeping in mind that an oxidizing/reduction reaction may take place on the surface of the
voltammetric electrode, the relation (3) may be denoted as follows:

ii, 0x (t) = ZiFAki, 0x (t)ci, ox,O(t)/ (6)
ii,red(t) = ZiFAki, red(t)ci, red,O(t)' (7)
It is immediately clear that the voltammetric electrode functions exactly like a converter type 0.

Hence, its metrological properties are defined solely by the sensitivity coefficient denoted as
follows:

S0 = 200 = SFAK), ®)

by taking into consideration relations (6) and (7) we get:
Si, ox(t) - ZiFAki, OX(t)/ (9)
Si red(t) = ziFAkj rea(t)- (10)

It results from the above analysis presented that metrological properties of a voltammetric
electrode are described solely by sensitivity. This parameter is characteristic to an electrode
both in the steady state and in the transient state. In such electrochemical reactions, the
electrode does not present any delays or dynamic errors. Its sensitivity is determined by
parameters defining marked ions, area of the electrode, electrochemical reaction rate on the
surface of the electrode, and the voltage polarizing the electrode.
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4. Electrochemical reaction controlled by a process of ion transport to the
surface of the voltammetric electrode

In the case when an electrochemical reaction controlled by a process of ion transport takes
place on the surface of the electrode, its flux to the surface is defined by this relation [8]:

Ni(i’) = D,‘VC,‘(i’) + u,'z,'FCi(t)VLl(t) + V,-(t)Ci(t). (11)
Distribution of ion concentration VD; = 0 in the solution volume as a function of time t is
defined by the flux divergence. Hence [8]:

aGi(t)
ot

= VNi(b). (12)

Keeping in mind the relation (11) and assuming that VD; = 0 we get as a result:

oC;(t
% = D;V2Ci(t) + z;FVCi(H) VU(t) + zu; FC;(£)V2U() + VVi(1)Ci(t) + Vi(HVCi(t)  (13)
In real terms, voltammetric measurements are conducted with stationary electrodes in pres-
ence of excess of concentrated basic electrolyte, which allows to simplify the relation (13) to:

AC;(1)

T D;V2Ci(t). (14)

It is clear that in such a case the ion transport to or from the surface of a voltammetric electrode
is determined solely by the diffusion.

4.1. Metrological properties for a general case

In general cases, without making any assumptions about reversibility or irreversibility of
electrochemical reactions happening on the surface of the voltammetric electrode, one may
present the relation (14) using the finite difference method

) 0y — C:
oC; o(1) _p, G (1) . Cio(h) / (15)
o &0
Which, after transformation, leads to:
8 (t)| 9C;0(t)
D, lbt +Cio(t) = C(1) (16)

Keeping in mind the relation (3) and transforming it we get:
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Cio(t) = Z,Flzl‘ilg(t)' (17)
o) 1 o) .. i)
5 ‘ziPAki(t){ or ~ HAC() T} 1)

Substituting the relation (16) with relations (17) and (18) we get:

0]
D;

0i;(1)
ot

87 (t) 1 k(1)
-~ D; k(t) ot

] ii(t) = zFAki (1) C(t). (19)

Keeping in mind all the assumptions, we can transform the above relation to:

&)

[T,} az,(t) Z,'FAki(t) Co(t) (20)

{1_@} Nk,@} ot {1_[6%@} 1 M} :
D; k,‘(i’) ot D; k,(t) ot

It results from the presented analysis that in this case the voltammetric electrode functions like
converter type I. Its metrological properties are defined by sensitivity and the time constant. Static
properties of the electrode are defined by sensitivity, and its dynamic properties are characterized
by sensitivity and the time constant. Values of these parameters define the following relations:

+1ii(t) =

B z;F Ak ox ()
Sirox(t) - 512,0x(t> 1 akz,ox(t) ’ (21)
{1 - |:D,',0x i| ki,ox(t> ot }
{rﬁox(t)
D;, ox
Nt ox() Fox®] 1 dex(®) )
{1 - |: DI ox ki,OX(t) ot }
Z,'FAki red (£
5 malt) = A a(t) , (23)
{1 _ {I,md(t)} 1 ak»rcd(t)}
D,‘/ red ki, red (t) ot
|:6xg,red(t>:|
Dired
(24)

N1, red() = '
T,i,red ( ) 1 b% red () 1 Ok red(t)
- D,', red ki, red (t> ot

In the case of this type of electrochemical reactions, an electrode will present a dynamic error
whose values are determined above all by the time constant and the nature of changes in the
marked ion concentration. One can see in the presented relations that the parameters defining
metrological properties of the voltammetric electrode are determined by the parameters
defining marked ions, areas of the electrodes, a thickness of the diffusion layer, a rate of the
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electrochemical reaction happening on the surface of the electrode, and thereby voltage polar-
izing the electrode.

4.2. The influence of the voltammetric electrode’s shape on its metrological properties in the
time domain

Not only flat electrodes are being used in voltammetric measurements, but spherical and
cylindrical as well. That is why we also analyzed the influence of the voltammetric electrode
on its metrological properties.

4.2.1. Spherical voltammetric electrode

In the case of spherical voltammetric electrode, the relation of ion transport to/from the
electrode’s surface give in relation (14) appears as follows:

oCio(t) [19[,0Cio(h) 1 9. ,0Co(t 1 &Ciolt)
ot~ Py or | T sn000 |0 00 | Ti7sin20 og? (25)

Assuming that the marked ion concentration on the surface of the voltammetric electrode is
not determined by 6 and ¢, so

ang(t) =0, (26)

szafiég( ) _ , (27)
and

ng(;(t) =0, (28)

azg;‘)z(t) =0, (29)

relation of the ion transport given in relation (25) is simplified as follows:

ACiol) _ {1 0 { rzaci,O(t)} } (30)

ot 2or or

and it results in:

0Cio(t)  2D;0C;(t) n D.GZC,v,o(t).

— 1 1
ot r or or? (31)

We can present the relation using the finite difference method:
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acgg(f) _ l;),- C?(f)éj(t()fi,o(f) D, C?(t)(sl?_(tc)w(t) , (32)
which after transformation leads to the relation:
aC,-é(z(t) 2D,'6;é§)(t—;— rD; Crolt) = 2Di6ri§§)(;— rD; C?(t), (33)
and it results in:
) 3ol | ¢y — o, (34)

ZDi(Si(t) + T’D,' ot

Substituting the relation (34) with relations (17) and (18) we get:

ai,‘(f) 2Di6,‘(t) + TD{ 1 ak,(i’) ( ) FAk ( ) 2Di6i(t) + TD,‘ Co(t) (35)
ot ro7 (t) ki(t) ot o7 (t) s
which can be denoted as:
: 2iFAKi(1) {ZD‘” tr }
2Di5i(H+rDi 1 dki(B)] Ot n {zD,»(S()HD __a_)} Gi
H0) kit) ot H0) ki(t) 9

The above relation proves that the spherical voltammetric electrode functions as converter
type I, both for the oxidizing reaction and for the reduction reaction. Its metrological proper-
ties are defined by sensitivity and the time constant. Static properties of the electrode are
defined by sensitivity, and its dynamic properties are defined by sensitivity and the time
constant. Values of these parameters are defined by the following relations:

Z,’FAki/ ox (t) |:2D’°Xb’°><(t>"'rD'/°X:|

0, ox (1)
Si, ox(t) = ’, (37)
2Di,ox6i,ox(t)+TD1,ox _ 1 akr,ox(t)
|: Vﬁ?’ ox (1) ki, ox(t) ot :|
1
NT, i, ox(t) = ’ (38)
2Di oxox ox( )+7Di,ox _ 1 akx, ox (t>
|: rélz N0) ki ox(t) ot :|
2D, red b, re D, re
ZF Ak rea (1) [b—(?;}
Sired(t) = : , (39)
2D req, red(f)+VDi, red 1 Okired(t)
|: }’51 red( ) kz, red(t) ot :|
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1
Nr, i/red(t) = - : (40)
2D red O red () +7Dijred 1 Okjred(t)
707 oa(b) Kirea(t) Ot

Presented relations show that a change of the shape of voltammetric electrode does not cause
a change of the measuring converter’s type. A spherical electrode functions as converter type
I. This electrode, in this type of electrochemical reactions, will produce a dynamic error
whose value is determined above all by the time constant and by the nature of changes of
the marked ion concentration. The relations also show that the parameters defining metro-
logical properties of this voltammetric electrode are determined by the parameters defining
marked ions, an electrode radius, a thickness of the diffusion layer, a rate of electrochemical
reaction taking place on the surface of the electrode, and thereby by the voltage polarizing
the electrode.

4.2.2. Cylindrical voltammetric electrode

The relation of ion transport to/from the surface of the cylindrical voltammetric electrode
shown by relation (14) is:

Cio(t) _ ~ [10 [ dCio(t)] | 1Cio(t) | 9*Ciolt)
of D’{pbp{ dp 02 Og? T2 [ (41)

Assuming that the concentration of marked ions on the surface of the cylindrical electrode is
determined by ¢, i.e.,:

aci,()(t) _ 0’ (42)
Op
we get:
aCio(t)  DioCio(t) DCio() DCio(t)
= e tDiTa DT (43)

Defining this relation with finite difference method we get:

dCio(t) _ Dy |C(t) = Ciol) C(H) = Cio(t) C(t) = Cio(t)
’ = — . + Dl . + Dl - ’ 44
ot p 5i(t) 52 () 83 (1) 4
which finally leads to:
aC; o(t) D; 2D, D; | 2Di|

and it results in:
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PR Cialt)

20D+ 00D ot T ol =C) (46)

Substituting relation (46) with relations (17) and (18) we get:

2 .
po; () 0i; (1) 2pD; + 0i(t)D; 1 Oki(t)|. 2pD; + oi(t)D; 0
- i(t) = ziFAki(t) | ————| G (1).
2pD; + 6;(H)D; po2(t) ki(t) o i(t) = zFAk(t) po? (1) 0
(47)
Keeping in mind the assumptions, the above relation may be transformed as follows:
62 (1) ) 4y [2pDi+0i(t)
atm] o . =FAR() PR QO i
{ZpDﬁéi(i)Di _LM} ot +11( ) = |:2PDi+5i(t)Di _La_} ( ) ( )
po3(t) ki(t) ot poz(t) ki(t) o

In the above relation, it is clear that a cylindrical voltammetric electrode functions as a mea-
suring converter type I both for the oxidizing reaction and for the reduction reaction. Its
metrological properties are defined by sensititvity and the time constant. Static properties of
the electrode are defined by sensitivity, and its dynamic properties are characterized by
sensitivity and the time constant. Values of the parameters are described as follows:

P07 o (1)

,
{ZpDr w00 Do 1 ak,-,oxu)}

LEAK, o (1) [M}
Si, ox (t) =

PO} ox (1) Go(D O

P82 o (1)
20D, 0151, 0 (DD ox

’
|:2PD1 ox‘H)x ox( ) i, 0x 1 Bki,0><(i’):|

N7 ox(t) =

PO o (1) B O

P‘Szz, red ()

ZZ‘FAki/ red (t) |:2PD1, red +éi, md(t) Dl, rcd:|
Si,red(t) = |: :| 7 (51)

ZPD:’, red +6i, red (t) D:, red 1 aki, red <t)
P s G 00

20D, red +0i, red (£) Dj, red

20D; red+0ired (HDired 1 Okired(t)
PO} rea(t) Kirea)  OF

(52)

N7 ired(t) = {

In presented relations, one may notice that the change of the shape of a voltammetric electrode
does not change its type as a measuring converter. A cylindrical electrode functions also as a
converter type L. This electrode in case of this type of electrochemical reaction will create a
dynamic error whose value is determined above all by the time constant and the nature of
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changes in marked ion concentration. In presented relations, one may notice that parameters
defining metrological properties of the voltammetric electrode are determined by parameters of
marked ions, an electrode radius, a thickness of the diffusion layer, a rate of the electrochemical
reaction taking place on the surface of the electrode, and thereby by voltage polarizing the
electrode.

4.3. The influence if polarizing voltage on metrological properties of a voltammetric
electrode

In order to enforce a certain course of an electrochemical reaction on the surface of a voltammetric
electrode, it should be polarized with a proper voltage. In measuring practice, there are different
voltammetric methods applied. Most frequently used method is direct current voltammetry. In
this method, an electrode used is polarized by voltage with a value changing linearly. The
advantage of such a solution is the simplicity of the measuring system. At the same time, its
disadvantage is relatively low accuracy. It is a solution connected with relatively great influence
of capacitive current.

In order to eliminate the influence of the volume of the double layer on accuracy of voltammetric
markings, there are different types of alternating currents voltammetry applied. In such cases,
the voltage polarizing a voltammetric electrode has two components: variable and static. A static
component is identical with one in the direct current voltammetry, and a variable component
may be for example sinusoidal voltage, square wave voltage, or triangle wave voltage.

4.3.1. The influence of polarizing voltage with a value changing linearly

In the method of direct current voltammetry, a voltammetric electrode used for measuring is
polarized with a voltage described as follows:

Epol() = Eo & Sut. (53)

In such a case, coefficients of the rate of an electrochemical reaction which are defined by
relations (4) and (5) will take on a form:

ki,ox(t) = kO exp {— LYZ_,F [Eo + Sut — EO]}, (54)
RT
ki red (f) = K2 exp {% [Eo — Sut — EO]}, (55)

and their derivatives are, respectively:

ak,‘, Ox(t) . OZZ,'F

S~ RT Suki,ox(t), (56)
aki,red(l’) . (1 — DZ)Z,'F )
ot = - RT Sukz,red(t)- (57)

Substituting relations (21) and (22) with relations (56) and (23) and relation (24) with rela-
tion (57) we get, respectively:
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FAK; ox
Siox(t) = —— ]?)0 w__ (58)
{1+ |:r(jxox:|aZFS }
6120)(()
{ Dl ox }
NT,i,ox(t) = ® F s (59)
O el
and:
FAKk; t
Si,red(t) _ Z; zred( ) ) (60)
{1+ |:1Dred(d):| (1 O(Z,FS }
[ ,red(i):|
Dx red
N7, red(t) = (61)

o Feglews]

In relations above, one can see that a flat voltammetric electrode polarized with a voltage as in
relation (53) functions as a converter type I. Parameters defining its metrological properties are
determined by the rate of changes in polarizing voltage. Hence, their values can be alternated
by an appropriate choice of the rate of changes in this voltage.

4.3.2. The influence of polarizing voltage with a sinusoidal variable component

In the method of alternating current sinusoidal voltammetry, the voltammetric electrode used
for measuring is polarized with a voltage described this way:

Epoi(t) = Eo £ Syt + Uy, sin wt. (62)

In this case, coefficients of the rate of an electrochemical reaction described by the relations (4)
and (5) are denoted:

ki ox(t) = K exp { Rf [Eo + Sut + Uy sinwt — EO] }, (63)
ki red (t) = K° exp {(1_R0;,)Z’F [Eo — Sut — Uy sinwt — E }, (64)

and their derivatives are, respectively:

ak,', Ox(t) OéZ iF

5 RT —— (Su + wU,y, cos wi)ki ox (F), (65)
aki red (t 1—«a ZZ'F
’aetd( )_ ! RT) (Su + @wU,, cos W)k req (1)- (66)

Because the variable component of polarizing voltage causes changes of ion concentration in
the volume of the analyzed solution, also on the surface of the electrode, accordingly to the relation:
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A0t _ 2 oy sin o) — 20

. 0
= sinwt + w cos wtC} (), (67)

then the relation (14) denoted on the surface of the voltammetric electrode polarized by
voltage with a static and sinusoidal variable component is:

O[Cio(t) + AC;o(t)]  dC;o(t) N A[AC; o(t)] dC(t)

— D2 ; 0
5 =3 5 = D;V°Ci(t) + ” sinwt + w cos wtC; (t). (68)

Denoting this relation with the use of finite difference method we have:

AC(¢
n i ()

5 sin wt + @ cos wtCY (1), (69)

C;o(t) [c?m — Ciolt)

o8 | ot

which results in:

0
87 (t) —aca"(t) sin wt

1

D;

5% (1)

1

D;

oCio(t)
ot

D;
o7 (1)

+Cio(t) =

+ w cos wt] () +

Dl
L),_z(t) + w cos a)t}

Substituting the relation (70) with relations (17) and (18) we get:

57 (1)
D;

1

qu(t) [, 1 k(noi()
ot ~k(t) ot D;

ii (t) = {Z,’FAki (t)

1 +5’2(t) t
D, WCosw

2 0
z;FAk;(t) 6’7@ %t(t) sin wt (71)
Ci(H + :

z;FAKk;(t)

o2 (t
1 —)—#wcoswt}

i
Keeping in mind the assumptions taken, we can transform the above relation into:

5 (t)

1

5 (t)

D;

;1 ok;(t) 62 (t)
~k(t) ot D;

1+

ziFAKk;(t)

5 () a)coswt]
i; (¢ B
ot lz(t) =

1 Ok;(t) 62 (t)

1

ki(t) ot D

(72)
5 (1) ACV (1)

lD- # sin wt
&7 (1)

1

Z,‘FAk,' (t)

Cl(t) +

ZFAki(H) |1+

W COS a)t]

It is clear from the above relation that both for the oxidizing reaction and for the reduction
reaction, a flat voltammetric electrode polarized by the voltage denoted as in relation (62)
functions as a converter type I with properties defined as follows:
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8} (1)
ziFAk; ox (t) [l + >~ w cos wt]

Sioxlt) = ; BRI (73)
[1 + %= (Su + wU,, cos wt) ﬁ}

(Siz,ox(t)
D, ox

,Z“X(t> ’
{l + %L (Sy + wl,, cos wt) 2 }

i, OX

NT,i,ox(t) =

& realt)
ziFAk; rea(t) |1 + Drg @ COS wt

Si,red(t) = s (75)
{l 4 = “F(S + wU,; cos wt) ”EdU}

d

2
0; rea(t)
Di, red

- )
[l + —(1_§XT)Z’F (Su + wl,, cos wt) —6’5“(0}

i, red

NT, i, red (t) =

(76)

It is clear that both the sensitivity of the electrode as well as its time constant are determined by
the rate of changes of the static component of polarizing voltage and by the amplitude and
sinusoidal frequency of the variable component. Hence, the parameters describing metrologi-
cal properties of the electrode can be influenced by an appropriate choice of polarizing voltage
parameters.

4.3.3. The influence of the triangle waveform variable component

In the method of triangular waveform AC voltammetry, a voltammetric electrode used for
measuring is polarized by voltage denoted as follows:

Epoi(t) = Eo & Sut + Uy(t), (77)

with a variable component of the polarizing voltage which can be denoted as:

24t T, T
2772
Uy(t) = n . (78)
2A(t — t) T et
T 27

Triangular bipolar waveform component U;(t) can be denoted with an expansion in the
Fourier series:

8A (=1)" sin[(2n + Dwt] _ 84

U(t) = —
=722 @n+1? 7

<sinwt—%sin3wt+%sin5wt— ) (79)

In this case coefficients of the rate of electrochemical reactions denoted by the relations (4) and
(5) are as follows:
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az;F 8A [ . 1 . 1 .
ki ox(t) = K° exp {_ﬁ [EO + Syt +— <smwt ~5 sin 3wt +% sin 5wt — > — EO} }, (80)
0 (1—a)z;F 8A [ . 1 1 0
kirea(t) = k" exp {T [Eo — Syt — = sin wt — 5 sin 3wt + %5 sinbwt — —E7| ¢,

(81)

and their derivatives are, respectively:

aki/ox (i’) _ OKZ iF S
ot RT

A 1 1
— (coswt — 5 Cos 3wt +§ cosbwt — ...)]k,;ox(t), (82)

; 1- i F A 1 1
Firea () _ (1 )z [Su + 8% (Cosa)t 3 cos 3wt +§ cos 5wt — ...)]ki,red(t). (83)

o RT

Because the variable component of the polarizing voltage causes changes in the ion concentra-
tion of the analyzed solution, also on the surface of the electrode, accordingly to the relation:

8A Ot 2 sin[(2n 4+ 1)wt]
;; (2n+1)* } 84

6[ACi,0(t)}
ot

which leads to:

O[AC;o(t)] %6C?(t) i (—1)" sin [(2n + 1)wt] 8A o i " w cos [(2n + 1wt (85)

ot o2 ot g 2n+1) s (2n+1) ’

then the relation (14) denoted for the surface of the voltammetric electrode polarized by the
voltage with a static component and a triangular waveform variable component is:

J[C;io(t) + AC;0(t)]

3 = DjVZCj(t)
+% sin t—ls'nB t+ls'n5 t— oc(t)
0 1 1
+wC; ()| coswt — 3 cos 3wt + 5 cosbwt — ... | |.
Denoting this relation by using finite difference method, we get:
9Cio(t) _ py |G/ — Ciot)
i 2
o &
SA[( . 1 1 oC; (1)
+¥ <smwt—§sm3wt+£ sm5wt—...> 3 (87)

1 1
+a)C?(t)<cosa)t -3 C053wt+g cos 5wt — ﬂ,
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which results in:

) aCzO()

( )
5 T Ciolt) =

8 (h)
D;

[ D 8a)A
3 5

() m

1

1 1
cos wt — = cos 3wt + = cos bwt — )]
(88)

8AJCY(t) (

t 1s 3t+1sn5t
nwt — = sin 3wt + — sinbwt — .
2 ot

9 25

CY(t) +

1

HORS 3

1

D; 8wA 1 1
+——| coswt — = cos3wt+§ cosbwt — ...

Substituting the relation (88) with relations (17) and (18), we get the relation:

1 k(NGB
k(t) ot D; it) =

5 (H) 8wA 1 1
{z,-FAk,'(t) 1+£L<coswt—§c053mt+g cos 5wt — )}}

&7 (1)
D;

0ii(t)
ot

D,‘ 2

z<>8AaC%> 1 1
z;FAk;(t) 2o sin wt 9sm3wt+25 sin5wt — ...

5$(t) 8wA
D,‘ 2

Gt +

ZiFAki(t) 1 3

1 1
oswt — = cos3wt+g cosbwt — )]

Keeping in mind the assuptions taken, the above relation may be transformed into:
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It is clear from the above relation that both for the oxidizing reaction and for the reduction
reaction, a flat voltammetric electrode polarized by voltage as in relation (77) functions as a
converter type I with properties defined as follows:
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It is clear that the sensitivity of an electrode and its time constant are determined by the rate of
changes of the static component in the polarizing voltage and by the amplitude and frequency
of the fundamental component and individual harmonic components of the triangle waveform
polarizing voltage.

Hence, the parameters describing metrological properties of an electrode can be influenced by
an appropriate choice of polarizing voltage parameters.

5. Numerical simulations and discussion

Numeric simulations were conducted in order to determine how the electrode’s shape and the
shape of the voltage influencing the voltammetric electrode metrological properties.

The influence of the voltammetric electrode’s shape on its metrological properties was ana-
lyzed assuming that the electrode is flat, spherical, and cylindrical and polarized only by
linearly increasing voltage.

Also, the influence of the shape of the voltage polarizing the electrode on its metrological
properties was analyzed assuming that the electrode is flat and polarized by the linearly
increasing voltage, linearly increasing voltage with sinusoidal variable component and linearly
increasing voltage with a triangular waveform variable component. It was assumed in the
simulations that there is an oxidizing reaction of marked ions on the surface of the electrode
and the values defining the marked ions, voltammetric electrode’s shapes and polarizing
voltages are: z; = 1, @ = 0.5, Eg = 0.25...0.75 V; D; = 10 °...107 em/s, A = 1 mm?, r = 0.1...1
mm, p =0.1...1 mm, Sy;=>5...100 mV/s, U,,=5...100 mV, f = 1...100 Hz.

Numerical simulations prove that the shape of the electrode and its geometrical dimensions
influence its sensitivity. When the electrode functions like a converter type 0, the geometrical
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values influence the sensitivity solely through the surface area of the electrode. However, if the
electrode functions like a converter type I, the electrode’s radius influences greatly the sensi-
tivity. The sensitivity of the electrode is the highest when the electrode functions like a con-
verter type 0, which is shown in Figure 1.

The highest sensitivity is the characteristic of a cylindrical electrode when there are deter-
mined: rate of changes in the voltage polarizing an electrode, a rate of oxidizing reaction, an
ion diffusion coefficient, and equal geometrical dimensions. It was also proved that spherical
and cylindrical electrodes sensitivity is determined by their radius. Reducing geometrical
dimensions of a flat voltammetric electrode leads to reduction of its sensitivity. And reducing
the radius of spherical and cylindrical electrode leads to an increase of their sensitivity.

Numeric simulation results show that the shape of the electrode influences its time constant.
The lowest time constant is a characteristic of a cylindrical electrode when there are deter-
mined: rate of changes in the voltage polarizing an electrode, an ion diffusion coefficient, and
equal geometrical dimensions of electrodes, which is shown in Figure 2.

The results of calculations show that the shape of the voltage polarizing a flat voltammetric
electrode influences its metrological properties. It has been proved that a flat electrode polar-
ized by voltage with a triangular waveform variable component has the highest sensitivity
when there are determined: an ion diffusion coefficient, steady rate of the reaction, equal
parameters of the polarizing voltage, which is shown in Figure 3.
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Figure 1. Influence of the shape on the sensitivity of an electrode; E’ =0.50V; D; =10 ®cm? /s, ko= 1078 cam/s,
A=1mm? r=05mm, p=0.5mm, Sy = 0.025 mV/s; The type of an electrode: (1) converter type 0; converter type I,
(2) cylindrical, (3) spherical, (4) flat.
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Figure 2. Influence of the shape on the time constant of an electrode; D; = 1077 cm? /s, r=05mm, p=0.5mm,
Sy = 0.010 mV/s; The type of an electrode: (1) flat, (2) spherical, (3) cylindrical.

Sensitivity, Am3/mol

04 06 08 1
Voltage, V

Figure 3. Influence of the shape of polarization voltage on the sensitivity of an electrode; D; = 10~ cm? /s, Sy = 0.010 mV/s;
U,, =5 mV, f =1 Hz; The type of polarization voltage: (1) direct voltage, (2) direct voltage with a sinusoidal component, (3)
direct voltage with a triangular component.
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The sensitivity of an electrode polarized with such a type of voltage is determined by the
number of harmonics of the electrode’s triangular waveform variable component. Including in
calculations further, harmonics of this component increases the sensitivity of the electrode. The
results of such calculations show that the sensitivity of a flat voltammetric electrode is also
determined by the frequency of a polarizing voltage variable component. The increase of a
frequency of sinusoidal and triangular waveform component voltage leads to the increase of a
voltammetric electrode’s sensitivity. The lower the rate of change of polarizing voltage static
component the greater the increase of sensitivity. The amplitude of the polarizing voltage
variable component influences the sensitivity of the electrode as well. The increase of this
component’s amplitude leads to the reduction of the electrode’s sensitivity.

It was also proved that the time constant of a flat voltammetric electrode is determined by the
shape of polarizing voltage. Results of these calculations revealed that the electrode polarized
by voltage only with a static component has the highest time constant. The increase of the rate
of changes in this voltage leads to the decrease of time constant of the electrode. A flat
voltammetric electrode has the lowest time constant for voltage with a sinusoidal variable
component when there are determined: rate of changes of the polarizing voltage static compo-
nent and amplitude and frequency of the variable component, which is shown in Figure 4.

The increase of the variable component amplitude leads to the decrease of the voltammetric
electrode time constant. Also an increase of a polarizing voltage variable component frequency
leads to the decrease of the electrode’s time constant. In the case when a flat electrode is polarized
by voltage with a triangular waveform variable component including this electrode’s individual
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Figure 4. Influence of the shape on the time constant of a flat electrode; D; = 1077 cm? /s, ¥ =0.5mm, p=0.5mm,
Sy =0.010mV/s; U,, =5mV, f =1Hz. The type of polarization voltage: (1) direct voltage, (2) direct voltage with a
sinusoidal component, (3) direct voltage with a triangular component.
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harmonics leads to the decrease of the time constant. The electrode’s time constant also decreases
when the rate of gain of the electrode polarizing voltage static component increases.

6. Conclusions

Analyses conducted show that depending on the concentration of marked ion solution, the
voltammetric electrode may function like a converter type 0 or type L In the first case, its
metrological properties in the time domain are determined solely by sensitivity, in the latter
case by sensitivity and the time constant. Values of both parameters are determined by the
type of marked ions in the analyzed solution, by the shape of the electrode and the shape of the
polarizing voltage. Results of simulations conducted show that in the case of marking low ion
concentrations, the cylindrical electrode has the best metrological properties. It is characterized
by the highest sensitivity and the lowest time constant. It was also proved that the most
beneficial metrological properties are the ones of a voltammetric electrode polarized by volt-
age with a static component and a sinusoidal variable component. The choice of the amplitude
and the frequency of polarized voltage variable component may influence both sensitivity and
the time constant of a voltammetric electrode used in markings. As a result of such activities
metrological properties of a used measuring electrode may be shaped in an optional way. The
ion concentration may be measured with a high sensitivity or low time constant. It will allow
to match closer metrological properties of a voltammetric electrode to the expected nature of
changes in marked ion concentration and as a consequence it leads to the decrease of static and
dynamic errors of electrochemical markings conducted.

Major symbols

A Surface area of electrode

C?( t) Bulk concentration of ions 7 at time £

Cio(t) Surface concentration of ions i at the electrode surface at time ¢
aCa,£X> Gradient of concentration of ions i at time ¢ at voltammetric electrode
VCi(x) Concentration gradient of ions i at distance x

VCi(x) Concentration gradient of ions i at distance x

Ci ox0(t) Concentration of oxidation ions i at the electrode surface at time ¢
Cired,0(t) Concentration of reduction ions i at the electrode surface at time ¢
D; Diffusion coefficient of ions i

E° Standard potential of an electrode

Eo Initial potential

F The Faraday constant

i(t) Current

iox(t) Anodic oxidation current

ired () Cathodic reduction current
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ki ox () Heterogeneous rate constant for oxidation

ki rea (t) Heterogeneous rate constant for reduction

K Rate constant for a heterogeneous reaction

VN;(t) Flux gradient of ions i

u; Mobility of ions i

Z; Charge on ions i in signed units of electronic charge

Su Linear potential scan rate

t Time

T Absolute temperature

u, Amplitude of a sinusoidal component

Uy(t) Amplitude of a triangle component

vu Potential gradient

Vi Velocity of ions i

a Transfer coefficient

1) Angular frequency of rotation

oi() Diffusion layer thickness for ions i at the electrode surface at time ¢

i, ox (t) Diffusion layer thickness for oxidation ions i at the electrode surface at time ¢
i red () Diffusion layer thickness for reduction ions i at the electrode surface at time ¢
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Abstract

Interfacial electron transfer kinetics of the haem (Fe"'/Fe") group in human hemoglobin
molecules were investigated on glass/tin-doped indium oxide electrodes. Factors such as
surface roughness, crystallinity, hydrophilicity and partial polarization of the working
electrode played an important role to provide a more compatible microenvironment for
protein adsorption. Results suggested that direct electron transfer from electrode to haem
(Fe™)-H,O intermediate is coupled to proton at near physiological pH (I=0.035, pH=7.2).

Keywords: cyclic voltammetry, direct-electron-transfer, human hemoglobin, tin-doped
indium oxide electrode, surface electron transfer rate constant

1. Introduction

Haem-containing proteins such as hemoglobin (Hb), also spelled haemoglobin, are macro-
molecules that consist in an assembly of four globular polypeptide chains, tightly associated
with a nonprotein haem group by means a complex arrangement folding pattern (a-helix).
The haem group consists of an iron atom chelated to a porphyrin ring (cf. Figure 1), which
allow to carry the oxygen in the red blood cells to whole body of all vertebrates as well as
some invertebrates. Although the iron atom can take any of its oxidation states (Fe™ or Fe'™),
the ferrihemoglobin (methemoglobin, metHb) (Fe™) cannot bind oxygen [1]. In adult humans,
the most common Hb type is a tetramer well-known as Hb A, consisting of two a and two 3
subunits noncovalently bound (a,3,). These subunits are structurally similar to themselves
and about the same molecular size. The total molecular weight of the Hb A is ca. 64 kDa.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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Figure 1. The structure of haem a.

The four polypeptide chains are bound to each other by salt bridges, hydrogen bonds, and
hydrophobic interaction. While Hb does not function physiologically as an electron transfer
carrier, it does undergo oxidation and reduction at the haem group in certain cases in vivo [2].
Therefore, the focused research on its electron transfer process might lead to a more profound
understanding of electron flow in biological systems.

Throughout almost half of the century, there has been shown that the direct electrochemistry of
haem proteins on bare electrodes is fairly difficult [3]. Arrival to this conclusion may be caused by
several factors that were overcame to progress, among them: (a) the extended three-dimensional
protein conformation due to strong interaction between the protein and the substrate or the lack
of an effective microenvironment for adsorption; (b) the inaccessibility of electron communication
between the electroactive center of the protein and the electrode due to misalignment of the redox
center of the protein; (c) the adsorption of denatured protein onto electrodes, resulting in a loss
of bioactivity; and (d) the unsymmetrical distribution of surface charges on protein molecules.
According to point (c), a general problem commonly found with used metal electrodes, such
as Au, Ag, Pt, and Hg, is that all of them lead to denaturation and irreversible adsorption of the
resulting inactive protein, and they are easily fouled by contaminants, i.e., the water molecules
that are normally bound at the electrode/electrolyte interface are easily displaced (cf. Figure 2).

Since the pioneering studies of Rusling and co-workers [4, 5] in the 1990s, the most suc-
cessful electrode materials for haem proteins have been carbon or metal oxides, which bear
well-defined natural surface functionalities. Semiconducting metal oxides are often optically
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Figure 2. Cartoon illustrating the importance of the protein adsorption process whose conformation may become
distorted on interaction with a metallic surface leading to denaturation.

transparent across the visible spectrum and thus provide additional possibilities for spectral
studies, e.g., fluorescence and Raman spectroscopies. In the last decade, a few studies have
been conducted on mammalian’s Hb, for example, Topoglidis et al. [6] reported that tita-
nium oxide and tin oxide allow the reduction of bovine metHb without the addition of any
promoters and mediators. Later, Ayato et al. [7, 8] reported that tin-doped indium oxide can
induce the electron transfer of the haem (Fe™/Fe) redox center in bovine Hb molecules; they
also found that the protein directly adsorbed on the electrode surface was not significantly
denatured. More recently, Martinez-Mancera and Hernandez-Lopez [9] reported that thin
films of solid solutions like In, Sn O, on flat glass substrates can act as both electron acceptors
and electron donors, and can be considered a simple model system for mimicking a charge
interface of the physiological-binding domain. Herein, the electron transfer properties of the
haem (Fe™/Fe™) redox center in human Hb molecules were investigated, in vitro, on commer-
cial glass/tin-doped indium oxide (ITO) electrodes. Special emphasis is put in theory of cyclic
voltammetry and in the Butler-Volmer model, developed by Laviron, for studying the elec-
tron transfer between electrode and protein film, the morphological, structural, and surface
properties of the electrode, as well as the influence of the physiological milieu that was con-
ditioned into the three-electrode cell system by means of a phosphate-buffered saline (PBS)
solution (0.01 mol L™ Na,PO,, 0.015 mol L™ NaCl, pH 7.2) and T = 25°C. To this chapter, we
have added supplementary information. Subsection 2.2.1. A procedure of chromatography
in-column, which underlines the importance of preparing and purifying the protein solution.
Subsection 2.6. A model of theoretical prediction for determining the point of zero charge of
the working electrode.

2. Experimental

2.1. Chemicals

Human hemoglobin (Product No. H7379, pH, /= 6.87, MW = 64.5 kDa) and phosphate-buffered
saline (PBS) packs (0.01 mol L™ Na,PO,, 0.015 mol L NaCl, pH 7.2), BupH™ were purchased
from Sigma-Aldrich® and Thermo Scientific®, respectively, and used without further purifica-
tion. Sodium dithionite (Na 5,0,), FW =174.110 g mol™ was purchased from ].T. Baker and used

27274
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without further purification. BACKBOND spe™, Sephadex® G-25, disposable extraction columns
were purchased from J.T. Baker. The concentration of Hb was adjusted to 1 x 10* mol Hb L™ using
the PBS solution.

2.2. Characterization of the protein by UV-visible spectroscopy

Absorption spectra of human Hb were measured at A = 200-1000 nm with an UV-Visible
spectrophotometer 101 GBS (Cintra), using the following parameters: step size = 0.16 nm,
scan speed =400 nm/min, slit width (SW) =2 nm. The concentration of Hb referred above was
estimated by this technique using the following absorptivity value: A, (1%) =5.97 cm™ [10]
(cf. Figure 3).

2.2.1. Preparation of reduced hemoglobin from oxidized hemoglobin

Reduced hemoglobin can be prepared from oxidized hemoglobin in accordance to the work
reported by Dixon and McIntosh [11] with modifications. Briefly, the procedure is as follows:
(a) equilibrate a column of Sephadex G-25 (25 x 2.5 cm) with a 20 x 10 mol L™ PBS solution,
pH 7.0, containing 1 x 10 mol L™ EDTA; (b) apply to the column 2 mL of the same buffer
to which 1 x 10 mol of Na,S,0, have been added, and help it drain into the gel by adding
1 mL of the PBS solution; (c) apply to the column about 10 mL of sample containing oxidized
hemoglobin and elute with the PBS solution; (d) saturate the reduced hemoglobin eluent with
oxygen gas; and (e) dialyze the oxygenated eluent against an oxygen-saturated PBS solution
in order to eliminate any excess of S,O,* and achieve complete conversion to oxyhemoglobin.
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MetHb
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Figure 3.The UV-visible absorption spectra for metHb and oxyHb exhibiting the highly conjugated porphyrin
macrocycle with intense features at 405.7 and 412.1 nm (the “Soret” bands), respectively, followed by several weaker
absorptions (Q bands) at higher wavelengths (from 450 to 650 nm) [12-14].
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2.3. Electrochemical measurement system

Glass/tin-doped indium oxide (ITO) substrates were purchased from TIRF Technologies, Inc.
The ITO film surface was cleaned according to the following standard procedure [15]: immer-
sion for 15 min each in a series of ultrasonically agitated solvents (acetone, ethanol, water)
then for 15 min each in ultrasonically agitated: (a) 2.0% (v/v) phosphate-free detergent solu-
tion Hellmanex (Hellma™; sonification apparatus Super RK510, Sonorex), (b) deionized water
type I and (c) ethanol at room temperature. In between the sonification steps, the samples
were rinsed in deionized water type I. Finally, the substrates were dried in a stream of nitro-
gen gas (Praxair, 99.999%) until further processing. The electrode potential was controlled
with a potentiostat-galvanostat EW-4960 (Epsilon™ BASi) using a conventional three-elec-
trode cell system supported onto a module C3 (BASi). The latter is coupled to a PC/Processor
Intel® Celeron, 3.06 GHz. A glass/ITO substrate (A =1.15 cm?) was used as working electrode.
A straight platinum wire (A, = 0.79 mm?) and an electrode of Agl AgCl in 3 M NaCl solution
(E”=0.209 V vs. SHE at 25°C) were used as counter and reference electrodes, respectively.
The cell system was thermostated at 25 + 0.1°C. Prior to voltammetry, the Hb solution was
purged with nitrogen gas (Praxair, 99.999%) for at least 30 minutes; then, a nitrogen atmo-
sphere was maintained over the solution during experiments.

2.4. SEM and surface roughness analysis

Scanning electron microscopy (SEM) micrographs were taken with a scanning electron micro-
scope JSM-6510LV (JEOL) operated at an accelerating voltage of 15 KV. The superficial charac-
terization of the electrode’s roughness was carried out by means of a surface roughness tester
HANDYSUREF E-35A (TSK/Carl Zeiss®) and performing the norm ASME B46.1-2009 Standard.

2.5. XRD analysis

The structural characterization was determined by X-ray powder diffraction (XRD) using a dif-
fractometer D8 Advanced (Bruker AXS), using the following parameters: U =40 kV, I =35 mA,
Ni-filter, and Cu-Ka radiation, A =1.54 A. A background diffractogram was subtracted using a
glass/tin-doped indium oxide slide as blank. For qualitative analysis, XRD diffractograms were
recorded in the interval 10° <26 > 80° at a scan speed of 2°/min.

2.6. Theoretical prediction of the point of zero charge of a glass/ITO electrode

The point of zero charge (PZC) of simple metal oxides can be predicted using an electrostatic model,
which takes into account the surface charges originating from the dissociation of amphoteric sur-
face M-OH groups and adsorption of the hydrolysis products of M#(OH)* [16]. In this model,
a theoretical value of the PZC can be obtained for a given metal oxide by the following equation
pH

pzc

= A-115[%+0.0029(CFSE) + B| (1)
with

R =2r +r, (2)
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where z is the ionic charge of species indicated by the subscript, i.e.,, O = O, and M = cation,
ris the ionic radius (r, = 0.141 nm, r,, = 0.071 nm and 0.081 nm for Sn* and In*, respectively),
CFSE is a correction factor called crystal field stabilization energy and the constants A and B
are parameters that depend on the coordination number of the cation. By virtue of that Sn*
and In* occupy octahedral interstitial sites in SnO, and In,O,, the coordination number for
these ionic species is 6. Assuming that CFSE is zero in these calculations, A =18.6 and B =0
[16]. The predicted PZC values obtained for SnO, and In,O, are then pHpZC(SnOZ) =5.93 and

pHpZC(InZOS) =9.37[16].
For solid solutions such as ITO, the pr can be considered as a mixture of the constitutive
simple oxides and can be calculated by the following equation [17]

rH

pzc

= stk pszc,k (3)

where s, represents the molar fraction of each constituting oxide at the surface. It can be
defined by
xk2/3

WL @

where x, is the usual volumetric molar fraction of each constituting oxide.

3. Results and discussion

3.1. Morphological, structural, and electrochemical characterization of a glass/ITO
electrode

3.1.1. Morphological and surface roughness analysis

The surface morphology of a pretreated glass/ITO electrode was investigated using SEM (cf.
Figure 4). The micrograph, taken at a 500 um scale, shows a layer of ITO well defined whose
thickness was ca. 90 um. Besides, it is possible to observe a regular, uniform, and flat elect-
rodic surface.

Additionally, the average roughness value obtained in this case was 0.017 pm, which is compar-
atively lower than the average roughness value obtained for a common glass slide (0.024 pm).

3.1.2. Structural analysis

The structural characterization of a pretreated glass/ITO electrode was investigated using
XRD. Figure 5 shows the XRD pattern of a glass/ITO substrate used like a working electrode.
All of the distinct diffraction peaks corresponded to the (211), (222), (400), (440), and (622)
reflections of the BCC structure of ITO (In, ,,Sn, O.) (JCPDS Card File No. 89-4596). Almost
all the peaks were very prominent and referred to the cubic rock salt structure of a very
crystalline material. Moreover, strong (222) and (400) diffraction peaks are indicative of pre-

ferred orientations along the (111) and (100) directions, respectively [18].
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Figure 4. Cross-sectional SEM micrograph of a glass/ITO electrode.

—— Glass/ITO

BCCITO structure/(In, ,,Sn, O,

< (222)

(JCPDS Card File No. 89-4596)
a =1.01234 nm
Dm=17.9 nm

@211)

0 30 40
26 (°)

50

10

Figure 5. X-ray diffraction pattern of a glass/ITO electrode.
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An estimate of the mean crystallite or grain size for a given orientation was determined by
using Scherrer’s formula [19]:

D - _KA 5)

il B c05O

where D, , is the crystallite size (nm), K is a constant (shape factor, about 0.90), A is the X-ray
wavelength (1.54 A as mentioned before), B, = A20) denotes the full width at half maximum
(FWHM) or broadening of the diffraction peak (degree), and 6 is the diffraction angle (degree).
The average D,,, was estimated to be approximately D,,, = 17.9 nm for 26 = 30.566°. It is worth
mentioning that the calculated lattice constant a for the glass/ITO substrate using Bragg’s
equation was a = 1.01234 nm, which coincides with the reported value in the standard card.

3.1.3. Electroactive surface area determination

By measuring the peak current in cyclic voltammograms (CVs), the electroactive surface area
of a pretreated glass/ITO electrode was determined according to the Randles-Sev¢ik equation
for a reversible electrochemical process under diffusive control:

Ipa = 0-4463HFABCOX % (6)

where I;m is the anodic peak current (A), n is the number of electrons transferred in the redox
reaction, F is Faraday’s constant (96,485 C mol™ of electrons), A is the electroactive surface
area of the electrode (cm?), C, is the bulk concentration of an oxidant molecule in the solution
(mol cm™), v is the scan rate (V s™), D is the diffusion coefficient of the oxidant molecule in
solution, (6.50 + 0.02) x 10° cm? s, for hexacyanoferrate (II) in 0.1 mol L™ KCl as supporting
electrolyte at 25°C [20], R is the gas universal constant (8.314 ] K™ mol™), and T is the absolute
temperature (K).

CVs for 4.0 x 10° mol L™ hexacyanoferrate (II) in 0.1 mol L KCl were registered to different
scan rates (v =10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV s™!) with the glass/ITO electrode. The
peak-to-peak potential separation was constant and linear relationships between the anodic
and cathodic peak currents and the square root of the scan rate: Im =0.00101v'?-5.8550 x 107,
R?=0.9999; - Ipc =0.00101v2+3.2078 x 107, R? = 0.9999, were achieved. From the slope of these
equations, A, was calculated to be 1.36 cm® The roughness factor (p) of the GME, which is
defined as the ratio (A /Ag) [21], was estimated to be 1.18.

3.2. Electrochemical behavior of human hemoglobin molecules

The most popular methods for studying redox enzyme or protein electrochemistry are those
based on controlled potential techniques: linear sweep voltammetry (LSV), square wave voltam-
metry (SWV), and cyclic voltammetry (CV). In the latter, the scan rate, defined as v = AE~Af,
can be varied from less than 1 x 10° V s to 1 x 10° V s™ or more, offering a practical timescale
window from minutes to microseconds, which makes to this technique very suitable to study
interfacial electron transfer kinetics.

Consider the following hypothetical reversible electrochemical reaction: Ox + ne— = Red, the
interconversion given between oxidized (Ox) and reduced (Red) forms of the protein are fast
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on the timescale of the voltammogram, as controlled by scan rate. Ideal, reversible voltam-
mograms from a monolayer of electroactive protein on an electrode for a simple electron
transfer reaction as it was written above are similar to those of any ultrathin electroactive film.
A protein-film voltammetry approach is described in more detail in the following section of
this chapter.

3.2.1. Cyclic voltammetry of thin protein films

Figure 6 shows the CVs of glass/ITO electrodes in absence and presence of Hb molecules. In
Figure 6a, a CV recorded in PBS solution alone shows a non-Faradaic current behavior. The
electrode had the largest background current in the nonelectrolyte solution which reflected
the properties of the electric double layer. The double layer capacitance (C,) can be estimated
by dividing the sum of the anodic and cathodic current with twice the scan rate, i.e., C, = (IW
+1,)/2v [21]. So, the capacitances of the glass/ITO and glass/ITO/Hb electrodes were calculated
from Figure 6a and b as 4.8 and 0.4 puF cm™, respectively. In Figure 6b, a pair of redox peaks, at
around —0.117 V in the cathodic scan and at around -0.097 V in the anodic scan, were found in
that Hb-containing solution. This fact indicated that a Faradic current was generated over the
glass/ITO electrode, which can be adscribed to the haem (Fe™/Fe™) redox center in Hb molecules.

Once capacitive effects are counted out, the amount of electrochemically active Hb molecules
could be estimated from integration of the charge Q (in C) under each peak in those CVs
acquired at slow scan rates (i.e., 0.1, 0.3, or 0.5 V s), given by Faraday’s law:

Q=nFAT, (7)
where I'_is total surface concentration of the protein molecule (mol cm™), A is the electroac-

tive surface area of electrode (cm?), F is Faraday’s constant (96,485 C mol™ of electrons) and n
is the number of electrons transferred in the redox reaction:

Hb: haem(Fe™)+H,O"+e~ — haem(Fe™) (8)
1.5x10° . 1.5x10°
a b |
1.0x10° B 1.0x10° pa E
5.0x10° g 5.0x107 /Nw/\
< <
s 0.0 1 - 0.0
5.0x10° 4 1 5.0x107 /M
-1.0x10” A E -1.0x10° Ipc E
-1.5x10° ‘ ‘ ‘ ‘ ‘ ‘ ‘ -1.5x10° 1+ ‘ ‘ ‘ ‘ ‘
04 03 02 01 00 01 02 04 0.3 0.2 0.1 0.0 0.1
E /V vs. Ag|AgClin 3M NaCl E /V vs. Ag|AgCl in 3M NaCl

Figure 6. (a) Cyclic voltammograms of: (a) a PBS solution (0.01 mol L™ Na,PO,, 0.015 mol L NaCl, pH 7.2) and (b) a PBS
solution (0.01 mol L™ Na,PO,, 0.015 mol L™ NaCl, pH 7.2) containing 1.0 x 10* mol human Hb L™ after subtraction of (a),
as a blank. The experiment was carried out at T = 25°C. Scan rate: 0.5 V s\
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The total surface concentration of electroactive Hb molecules was estimated to be I', = (4.69
+0.52) x 102 mol cm™ On the other hand, the theoretical maximum coverage of a protein
monolayer on the electrode surface was estimated as 4.89 x 1072 mol cm™?, considering that
one human Hb molecule in PBS solution has a Stokes radius of 31.3 A [22]. These data indicate

that 6 = (I'/T';,,.) = 0.96 of a protein monolayer was achieved.

Figure 7a shows CVs recorded with different scan rates, from 0.1 to 3.5 V s7'. Nearly symmet-
ric anodic and cathodic peaks were observed; in addition, they have roughly equal heights.
The anodic to the cathodic peak potential difference (AE ) was much greater than the ideal
value of zero. At the lower scan rates, i.e., 0.1, 0.3, or 0.5 V s, the smaller redox peak cur-
rents were observed, while CVs with the largest redox peak currents corresponded to those
acquired at the fastest scan rate, i.e., 3.5 Vs’

In such cases, the formal potential E”” was taken as the midpoint potential between the oxida-
tion and reduction peaks if there is a small separation between them. Considering this crite-
rium, an E?" =-0.107 V (vs. Ag| AgCl in 3 M NaCl solution) was determined at 0.5 V s*. On the
other hand, the anodic and cathodic peak currents, I and I , increased with increasing scan
rates as observed in Figure 7b.

These results are characteristic of quasireversible, surface confined electrochemical behav-
ior, in which all electroactive proteins in their haem (Fe™) forms are reduced on the forward
cathodic scan, and the reduced proteins in their haem (Fe™) forms are then fully oxidized to the
haem (Fe™) forms on the reversed anodic scan.

When the peak currents were plotted against the scan rate, direct linear relationships were
obtained, indicating a surface-controlled electrode process. The origin of this process is indic-
ative that the diffusion of H,O" ions toward the electrode surface was very fast. Therefore, the
electron process can be expressed as proposed in the redox reaction before [23].

8.0x10°

‘ 8.0x10° T

6.0x10°4 a e 6.0x10° b 4

4.0x10° - B 4.0x10° 4 B

20104 2.0x10° 1
S 0.0 f 0.0 ,
— 1 —

22.0x10° 1 22.0x10° B

-4.0x10° ] 4.0x10° i

-6.0x10° R -6.0x10° B

-8.0x10° ‘ T \ \ \ -8.0x10° : . . . . . .

0.4 03 0.2 0.1 0.0 0.1 00 05 10 15 20 25 30 35 40
E /V vs. Ag|AgCl in 3M NaCl V/ (Vs

Figure 7. (a) Corrected cyclic voltammograms of a PBS solution (0.01 mol L™ Na,PO,, 0.015 mol L NaCl, pH 7.2)
containing 1.0 x 10 mol human Hb L™ (T = 25°C) as function of scan rate. Scan rates: 0.1, 0.3, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, and
3.5V s\ (b) Dependence of anodic () and cathodic ((J) peak currents with scan rate: I,=2.0305x 10"%v —1.3809 x 107,
R?=0.9987; -1, =1.7896v - 3.0310 x 107, R* = 0.9985.
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The linear regression equations for anodic and cathodic peak currents are as follows: I =2.0305
x10v -1.3809 x 107, R?=0.9987; -1 =1.789%6v - 3.0310 x 107, R* = 0.9985.

Linear plots of I vs. v were in good agreement with the following equation [24]:
n’F?AT v
» = T4RT ©)
However, their width at half height is nearly 200 mV, much larger than the ideal 90.6/n mV

at 25°C.

Broadening or narrowing of CV peaks compared to the ideal 90.6/n mV at 25°C suggests a
breakdown of the ideal model assumptions of no interactions between redox sites that all have
the same E”’. Representative examples arose from studying cytochrome c and myoglobin on
Au/alkanethiolate SAMs and OPG/LC surfactants, respectively. Some authors have modeled
protein films by LSV, SWV, and CV techniques considering the concepts of spatial distribution
of the redox centers, dispersion models of formal potentials (E’’), and electron transfer rate
constants to account for the peak broadening [25-27]. Other factors, e.g., lack of refinement of
mathematical algorithms for the extraction of rate constants or improvements to the goodness
of fit of SWV data to pulse heights >50 mV, including counterion transport efficiency, could
also influence peak widths, but have not been investigated in detail for protein films.

At scan rates <0.5 V s, AEV was nearly constant in the films. As the scan rate increased, the
peak potentials shifted negatively (cf. Figure 8). This is consistent with the onset of limiting
kinetic effects as scan rates increase.

60 5

50{

V/(Vsh

Figure 8. Influence of scan rate on the anodic to the cathodic peak potential difference (AE,) for a PBS solution (0.01 mol Lt
Na,PO,, 0.015 mol L™ NaCl, pH 7.2) containing 1.0 x 10* mol human Hb L. The experiment was carried out at T = 25°C.
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An increasing AE  as the scan rate is increased for an electroactive thin film suggests kinetic
limitations of the electrochemistry [28] and is consistent with predictions of the Butler-Volmer
model for electron transfer between an electrode and redox sites in a thin film on an electrode.
Possible causes could be attributed to: (a) slow electron transfer between electrode and redox
centers, (b) slow transport of charge within the film limited by electron or counterion trans-
port, (c) uncompensated voltage drop within the film, and (d) structural reorganization of the
protein accompanying the redox reactions.

When nAE, <200 mV, the surface electron transfer rate constant (k) of the adsorbed Hb on
the glass/ITO electrode can be estimated according to Laviron’s equation for quasi-reversible

thin-layer electrochemistry [29]:

T nFAE,
Logk = aLog(1-a)+(1-a)Loga-Log;r;-a(l-a)53rT (10)

nFv

Our experimental results showed that the scan rate in the range 0.1-3.5 V s did not affect the
k. value, because nAE <200 mV. Assuming a charge-transfer coefficient a of 0.5, the k_of the
adsorbed Hb thin film on the glass/ITO electrode was 8.01 s at the onset of limiting kinetic
effects (500 mV s™). This value is significantly higher than other previously reported values
in the literature for different hemoglobin species and electrode materials (cf. Table 1). For
comparison with data on bare or mediator-coated electrodes, k. was converted to the standard
heterogeneous rate constant (k°") by using k”’=k_ d, where d is the film thickness [29]. This fact
could be attributed to the morphological and structural properties shown by the electrode,
i.e,, surface roughness, crystallinity, and hydrophilicity [30], as well as the influence of the
physiological milieu that was conditioned into the three-electrode cell system, charging posi-
tively/negatively to the working electrode (cf. Section 2.6 and Ref. [31]) and negatively to the
protein [32]. All these factors played an important role in providing a more favorable micro-
environment for the protein.

pH Sample | electrode E’’/mV (SHE) k”fem 7 References
5.5 *Hb-DDAB-Nafion | edge-plane PG 80 57d [4]

5.5 "Hb-DDAB | edge-plane PG 84 27d [5]

5.5 "Hb in solution | edge-plane PG Not detected Not detected op. cit. [5]
7.0 *Hb in solution | Pt + MB 145 2.0x10* op. cit. [5]
7.0 "Hb in solution | Pt+Azure A 180 3.5x10°¢ op. cit. [5]
7.0 ’Hb in solution | Pt + BCG 184 2.0x107 op. cit. [5]
7.0 "Hb in solution | SnO2 -215 053d 6]

7.4 "Hb in solution | In, Sn O, -112 Not determined [7, 8]

7.2 "Hb in solution | In ,Sn, O, 102 8.01d 9]

DDARB = Didodecyldimethylammonium bromide, PG = pyrolytic graphite, MB = methylene blue, BCG = brilliant cresyl
green.

‘For comparison with CV data where diffusion control pertains, k. was estimated from the standard heterogeneous rate
constant (k') by using k”’=k_- d, where d is the film thickness [29].

Table 1. Electrochemical parameters for different mammalian (superscripts: b-bovine, h-human) hemoglobin species at
25°C.
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As indicated in Section 1, Introduction, to facilitate the electron communication between the
prosthetic group of haem proteins and an electrode due to misalignment of the haem (Fe'/Fe™)
redox center is a difficult task but could help to advance understanding on biological electron
transfer. Techniques such as FT-IR spectroscopy, NMR, ESR anisotropy, polarized reflectance
FT-IR, circular dichroism, and calorimetry could yield detailed information on the secondary
structure of the protein in regards to its redox state as well as to give some notion of order and
specific orientation.

4. Conclusions

In this study, we clearly demonstrated that human Hb molecules directly physisorbed
on glass/tin-doped indium oxide substrates exhibited direct electron transfer (DET) in PBS
(0.01 mol L™ Na,PO,, 0.015 mol L™ NaCl, pH = 7.2) solution and T = 25°C.

The experimental results suggest that acid-base equilibria and the water molecule coor-
dinated to the haem group as the sixth ligand might play an important role in the electron
transfer process between human hemoglobin and very crystalline and hydrophilic tin-doped
indium oxide electrodes.
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Abstract

Since 1856 when W. H. Perkin synthesized the first synthetic dye (Mauveine), a wide
variety of colors and shades are produced and used in several commercial products. The
occurrence in water and wastewater has gained controversy regarding their toxicity and
mutagenicity and it has been regulation by several regulatory agencies. Thus, analytical
methods able to determine these colorings in several matrices with high sensitive and
robust enough are relevant. Among several analytical methods, the use of electroanalyt-
ical methods, especially the voltammetric techniques, are of great interest due to the
high selectivity, sensitivity, use of low quantity of sample, little or without sample
treatment, and low waste generation, which contributes to reduced environmental
impact. Over the past decades, the technical based on current-potential curves by using
of static electrodes have gained considerable progress, as minimizing the effect of capac-
itive current and the possibility of pre-concentration of the analyte at the electrode
surface, which has reflected in lower detection levels. The present work gives an over-
view about the analytical methods available in literature focusing on electroanalysis of
dyes by using voltammetric techniques. The advances of the electroanalytical techniques
and the use of different modifiers to increase sensitivity and selectivity are reviewed.

Keywords: voltammetry trends, dyes analysis, electroanalytical methods, dye
determination
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1. Introduction

Since 1856, when W.H. Perkin synthesized the first synthetic dye (mauveine), a wide variety of
colors and shades has been produced and used in several commercial products, mainly in the
industries of textiles, cosmetics, food, and others [1-4]. The dyes present complex organic
structures with several chromophoric centers based on functional groups, such as azo, anthra-
quinone, polymethine, nitro, nitroso, aryl methyl, xanthine, coumarin, and others. They also
have some particular physicochemical properties that are essential for their attachment in spe-
cific types of natural fibers, such as cotton, silk, leather, and hair and synthetic fibers, such as
polyamide, polyester, and cellulose acetate. Thus, they can be commercially classified as due
chromophoric group or due fixation to the fiber and can also be assigned as reactive, direct, acid,
vat, sulfur, dispersed, premetalized, optical brighteners, and so on.

The use and release of dyes in the environment has received great attention since approximately
9% (40,000 tons) of the dyes produced worldwide (450,000 tons) are discharged in to textile
wastewater [5, 6]. Their occurrence in water and wastewater has gained controversy regarding
their toxicity and mutagenicity, and it has been regulated by several regulatory agencies [7].
Besides that, their addition in food has obeyed rigorous control, and a little amount of dye is
allowed for this strict end. Thus, analytical methods able to determine these colorings in surface
water, commercial formulation, industrial effluents, and food are of great interest. For monitor-
ing in environmental samples, where the dye is much diluted, is required very sensitive and
robust methods as well in food samples that usually are based on complexes matrices. In this
context, several analytical methods are described in literature and are compiled here. The most
popular method is the UV-visible (UV-vis) spectrophotometry, and it is based on the presence of
chromophoric groups responsible for the color of the dye solution [8-10]. However, due to its
medium sensitivity coupled with matrix interference and band overlapping in simultaneous
measurements, this technique is losing space. The development of methods for the detection of
dyes using chromatographic techniques has also been exploited, particularly due to low levels of
detection and high types of available detectors [11-14]. Nevertheless, while chromatography-
based methods are effective for the detection and quantification of the dyes in the wide range of
matrices, such methods require the use of a large amount of organic solvents and a laborious
sample preparation. In this context, electrochemical techniques, especially the voltammetric
techniques, have been used as alternative methods due to the high selectivity, sensitivity, low
cost, use of low-quantity sample, little or no sample treatment, and low waste generation, which
contribute to reduced environmental impact.

The voltammetric techniques gained notoriety in the early 1920s, when Jaroslav Heyrovsky
developed the polarography based on the use of dropping mercury electrode [15]. Over the past
decades, the technical based on current-potential curves (polarography and voltammetry) by
using static electrodes have gained considerable progress, as minimizing the effect of capacitive
current (techniques of differential pulse voltammetry and square wave voltammetry) and the
possibility of preconcentration of the analyte at the electrode surface, which has reflected in
lower detection levels. Furthermore, the use of stationary solid electrodes (electrodes as gold,
platinum, and carbon) has shown improvements, because there is the possibility of modifying
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the surface of these electrodes with high diversities of materials, such as metal nanoparticles,
polyaminoacids, carbon nanotubes, graphene, and imprinted molecular polymer, which
improved considerably the sensitivity and/or selectivity of the electroanalytical method [16-18].

The present work gives an overview about the analytical methods available in literature,
focusing on electroanalysis of dyes by using voltammetric techniques.

2. Electroanalysis of food dyes

Food additives are substances (or mixtures) that are added during the process of food
manufacturing, processing, or packaging with the purpose to prevent changes and/or to
confer, intensify, and maintain color, aroma, taste, or any other action required to improve the
quality or aspect of the food [19-21]. Among the food additives used, we can highlight the
color additives, usually added only to make them more attractive and tasty to the consumers
[20, 22].

Until the middle of the nineteenth century, all the coloration used in dyes came from extracts
of animals or vegetables [20, 23]. But currently, natural dyes have been replaced by synthetic
dyes, because they present better stability, uniformity, and tinctorial power [6, 24, 25]. As a
reflection of this progress, at the end of the nineteenth century, more than 90 dyes were used
by the food industries. In 1906, started in the USA, a great concern and the first legislation
was imposed to the control the use of food colorants, in which only seven dyes were
authorized [26].

Color additives can be classified in different ways. In Brazil, a simple one is stipulated by the
Agéncia Nacional da Vigilancia sanitdria (ANVISA) in the resolution of the Nacional de Normas e
Padroes para Alimentos (CNNPA) n° 44, of 1977. These agencies establish that food colorings can
be classified as natural organic dyes (derived from vegetables or animals), artificial dyes
(synthetic organic dyes), synthetic organic dyes identical to natural dyes (synthetic organic
dyes whose chemical structure is derived from natural organic dyes), inorganic dyes (obtained
from mineral substances), and caramel dyes (natural dyes obtained by heating sugars) [23, 27].
Figure 1 exemplifies the distribution of the dyes used in food (food and drink) products in the
world, which shows the supreme use of synthetic additives by food industries.

Due to the inefficiency of resolutions, control, and monitoring, many illegal dyes were used in food
products, which resulted in cases of allergic reactions and even deaths, as reported in 1860 after
two people consumed a dessert that contained copper arsenate [23]. In India, studies indicated that
61.6% of the analyzed foods presented dyes not allowed in the country [28]. This occurs because
the synthesis in most cases is complex and the purification requires time and money.

Food legislation is a very important factor in ensuring the quality of food. The first supervisory
agency was created in the USA and became known as the 1906 FD&C Act [26]. Nowadays,
there are several agencies that dictate and supervise the dye additives allowed, not only to
maintain the good quality of food but also to preserve the health of the people, since research
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indicates that certain substances with dyeing power have great mutagenic potential besides
adverse reactions. In the USA, all color additives are regulated by the Federal Food, Drug, and
Cosmetic Act (FD&C) [29, 30]. However, the use of additives must be approved by the USA
Food and Drug Administration (FDA) by a color petition process and listed in Title 21 of the
Code of Federal Regulations (CFR, 2014) [23, 30, 31]. In the European Union (EU), the first
legislation was created in 1950 [26]. Currently, food additives are controlled by EU Regulation
(EC) No1333/2008 and food additives are divided into 20 groups, according to their function-
ality [30]. Among them, 43 colorants are permitted as food additives, of which 17 are synthetic
and 26 are natural [26].

Table 1 shows some types of synthetic color additives commonly used in food and whether they
are recognized or not by the European Union (EU), US Food and Drug Administration (FDA),
Agéncia Nacional da Vigilancia sanitdria (ANVISA), and World Health Organization (WHO).

The search for highly sensitive, efficient, and rapid methods of analysis of these additives has
been growing. This is justified by a great demand for coloring additives to be used in food.
Therefore, the inspection agencies need to specify the types of substances that can be used and
chosen one that is not harmful for the human health. In addition, the presence of food dyes has
also been reported in wastewater, and there is a demand for analytical methods applicable in
environmental matrices.

The first works for the detection of food dyes using electroanalytical methods are dated to
1979, and they were based on the use of mercury electrodes [33, 34]. Fogg and Yoo [33] have
used differential-pulse polarography (DPP) for the determination of mixtures of Tartrazine-
Sunset Yellow FCF, Tartrazine-Green S, and Amaranth-Green S in soft drinks. In another
work, FOGG et al. [35] used differential-pulse adsorptive stripping voltammograms
(DPASV) for the determination of 13 food dyes assigned as Amaranth, Carmoisine, Ponceau
4R, Red 2G, Erythrosine, Sunset Yellow FCF, Tartrazine, Quinoline Yellow, Green S, Indigo
carmine, Patent Blue V, Brilliant Blue FCF, and Chocolate Brown HT. For Amaranth,
Carmoisine, Ponceau 4R, Red 2G, Sunset Yellow FCF, Tartrazine, and Chocolate Brown HT,
the signals were attributed to the reduction of the azo to hydrazo group. After optimization
for each analyte individually, the sensitivities for food dyes were in the range of 5.5-38 and
120-1500 mA L mol ' by using dropping mercury electrode (DME) and hanging mercury
drop electrode (HMDE), respectively.

Dominguez and collaborators [36] have demonstrated that Sunset Yellow FCF and Tartrazine
can be determined in soft drinks sample by DME and DPP techniques. The sensitivities of the

1% [] Synthetic
20% [ —42% [ Natural
B Nature identica
_— [l Caramel
27%

Figure 1. Distribution of the types of coloring additives used in food in the 1992 world market [23].
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proposed methods were 4.56 x 10* (40.03) and 1.98 x 10* (£0.02) uA L mol ' and the detection
limits were 1.3x10~® and 3.0x 10™® mol L™" for Sunset Yellow FCF and Tartrazine, respectively.
In the work of ALBA and co-authors [37], a method was developed for the determination of the
synthetic food colorants Tartrazine, Allura Red, and Sunset Yellow by DPP. Using as a response,
for the three analytes, the signal intensity related to the reduction of the azo to hydrazo group on
the surface of a DME, linear relationships were obtained between 0.050 and 7.5, 0.050 and 7.5,
and 0.050 and 10 pmol L~ ! and the detection limits 0.013, 0.020, and 0.011 pmol L~ ! for Allura
Red, Tartrazine, and Sunset Yellow, respectively. Combeau et al. [38] proposed a method for the
determination of Azorubin, Allura Red, and Ponceau 4R in soft drinks by DPP. Reductions of
the azo groups (for all dyes) were promoted under the surface of a DME. Using as electrolyte
0.1 mol L™ KCl, the detection limits were 22, 50 and 44 ug L~! for Azorubin, Allura Red, and
Ponceau, respectively. Finally, the application in the food dye sample showed low values of
standard deviation in relation to the amount added and found for all analytes.

Although most studies are based on the reduction of food dye molecule as a basis for its
monitoring, some chapters describe the use of electrochemical oxidation process, as described
by Fogg and Bhanot [39] in the 1980s, using stationary solid electrodes. In the work of
Desimoni et al. [40], the authors used carbon glass electrode (GCE) modified with Nafion for
the detection of Patent Blue (V) dye, by oxidation of the R-OH to R=0O group. Under opti-
mized conditions such as electrolyte (0.1 mol L™ acetate buffer solution) and pH (5.0), an
analytical curve was constructed in the interval from 9.5x10°® to 9.9x10~7 mol L™ using
differential pulse voltammetry (DPV), found a detection limit of 7.6 x 10~® mol L™". In another
work, Nayak and Shetti [41] developed a glucose-modified carbon paste as sensor for erythro-
sine. The measurements were performed in phosphate buffer solution pH 11.2, since the sensor
exhibited higher catalytic activity. The mechanism proposed by the authors is exemplified in
Figure 2. Using square-wave voltammetry (SWV), an analytical curve was constructed
between 1.0x10™7 and 1.0x10™* mol L™ with detection limit of 2.16x10™® mol L™". The
method was applied in human urine sample, with recoveries between 91.6 and 98.0% and
relative standard deviation of 1.12%.

Zhang and collaborators [42] have proposed the determination of food dye Ponceau 4R and
Allura Red using a multi-wall carbon nanotube-modified GCE. In this case, the dye signal
occurred by the oxidation of the R—OH group for both analytes. By means of DPV measure-
ments, linear relationships were found in pH 7.0 phosphate buffer 0.1 mol L™" solution from
25pugL ' to1.5mg L " and 50 ug L' to 0.6 mg L.~ ! and detection limit of 15 and 25 pug L™ for
Ponceau 4R and Allura Red, respectively. The proposed method was applied in soft drinks
samples with high accuraty and feasibly. In the work of Sierra-Rosales et al. [43], the authors
used a GCE modified with multi-walled carbon nanotubes (MWCNTs) and 1,3-dioxolane as a
dispersant agent for the determination of Tartrazine, Sunset Yellow, and Carmoisine. For the
three dyes, the oxidation occurred by the loss of one le” and one H" from oxidation of the
R—OH group. Analytical curves were constructed by DPV in 0.1 mol L™ phosphate buffer
solution (pH 7.0) using 2 min of accumulation time. Linear regions were obtained in the
interval from 1.0 to 7.0, 0.55 to 7.0, and 0.54 to 5.0 pmol L~! and limits of detection of 0.22,
0.12, and 0.11 umol L ™" for Tartrazine, Sunset Yellow and Carmoisine, respectively. Finally, the
method was applied in soft drinks sample reaching recoveries from 87 to 109% for all the
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Figure 2. Oxidation mechanism of erythrosine on glucose-modified carbon paste sensor in basic phosphate buffer
solution [41].

analyzed dyes. The method was compared with high-performance liquid chromatography
(HPLC) method and showed great proximity between both methods.

3. Electroanalysis of hair dyes

The use of hair dyes with the purpose to change the look is a common practice for men and
women. In the 1950s, only 7% of Americans usually had their hair colored. Nowadays, more
than 75% of American women use hair dyes [44]. In the same way, in Japan, the hair dyeing
process has grown from 14-41% in 1992-2001 to 60-85% in the last 20 years, mainly from high
school women [45]. In Brazil, the IBOPE agency indicated that 26% of the population uses hair
dyes, of which 85% are women and 15% are men [46].

The first records of hair dye were identified in Egypt, where the natural dye known as henna,
extracted from the leaf of Lawsonia inermis plant, was found in the mummies’ hair [47-49].
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Some other natural dyes were also used in the past, such as chamomile. In addition to these
types, in some Asian countries, it was found that the extracts from nutgall, logwood, and
brazilwood were used to cover gray hair [50]. However, due to short variety of colors, the
natural hair dyes lost space after the first development of synthetic hair [7, 51]. Since then, the
great demand and use of these products have made the technological development and
growth of this market seek new products with high fixation and low price.

Hair dyes are usually classified according to the fixation on hair. They can be assigned as direct
dyes (semipermanent and temporary dyes) and oxidative dyes (permanent dyes) [50, 52]. Direct
dyes are separated into semipermanent or temporary dyes. The first of these (semipermanent
dyes) are low molecular weight substances derived from nitroanilines, nitrophenylenediamines,
and nitroaminophenols [53]. The semipermanent dyes are responsible for 10% of the economy of
hair dyes and are marketed with a mixture of 10-12 different dyes to achieve the desired shade,
which can remain in the hair for up to 6 weeks. Due to the low molecular weight, it allows the
dye to diffuse into the cortex region, developing Van der Waals and weak polar interactions [50].
However, the temporary dyes, that present high molecular mass, cannot permeate to the region
of the cortex [54]. Thus, these dyes are deposited only due to Van der Waals interactions or
simple adsorption on the hair, which justifies their short durability. The products marketed as
temporary dyes, such as shampoo, sprays, and lotions, have in their composition a mixture of
two to five different types of temporary dyes to acquire the desired shade [55].

The second class of dyes is the permanent dyes (or oxidative dyes). They can promote permanent
fixation into the hair. The process involves opening of the cortex and interaction of the compo-
nents of the dye with inner regions of the hair strand [7, 55]. Oxidative dyes are the most
representative among hair dyes due to their versatility, easy application, and mainly high fixa-
tion, which is reflected commercially; they represent 80% of the economy in this sector, in the
USA and EU [56]. The products marketed as permanent dyes are available in kits containing two
components: the first component is a mixture containing precursor agents, which are aromatic
amines such as p-phenylenediamine (PPD) and p-aminophenol, and coupling agents, which are
electron donor substances such as resorcinol (RSN) and naphthol [53]. The second component
consists of an oxidizing agent in alkaline media, since the hair bleaching process is more effective
in basic solutions [50, 53]. When the two components are mixed, the oxidizing agent (i.e.,
hydrogen peroxide) promotes the oxidation of the precursor agent (usually PPD), forming
intermediates such as p-quinoneimine (PDQ) [18]. After this process, the dye itself will begin to
form from the reaction of the intermediate formed, PQD, with the coupling agent (usually RSN)
[7]. The reactions involved in the dye formation process (Figure 3) occur within the hair, that is,
upon penetration of the coupling, precursor and oxidizing agents, into the cortex.

However, besides the motivation for the development of a wide variety of shades for hair dyes,
the human health risks of these substances have also been the subject of research. The main
worry is about the additives that may contain azo compounds and other amine, nitro, and other
derivatives, which may be hazardous for the human health [49, 57-59]. As an example, in 1975,
AMES et al. [60] evaluated for the first time the mutagenicity of hair dye ingredients. In a recent
work, Hudari et al. [18] have shown that when PPD is used as a precursor agent, besides the
formation of dyes, there is also the formation of the trimer called Bandrowski’s Base (Figure 3),
which is associated with several allergic reactions and possible carcinogenic properties [61-63].
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For these reasons, several electroanalytical methods have been proposed for the identification
and/or determination of hair dyes and their ingredients. In the early 1960s, Olson and co-authors
[64] studied the electrochemical behavior of p-nitroaniline on the surface of a carbon paste
electrode. They established that reduction of the -NO, groups involves 6e™ and can form amine
products [64, 65]. In the work of Tong et al. [66], the authors used a rotating disk electrode to
study the PPD reactions at the electrode. For quantitative purposes, Lawrence and coauthors [67]
use a GCE for determination of PPD by cyclic voltammetry (CV) and SWV. PPD presented a
reversible behavior regarding the oxidation of the -NH, groups and subsequent reduction of the
groups =NH, with the participation of 2~ and 2H" in oxidation and reduction processes.
Analytical curves were constructed using the CV and SWV, where linear relationships were found
between 2-200 umol L™ and 2-20 umol L' and limits of detection was 1.2 and 0.6 umol L.™".

Aiming for better levels of detection and selectivity, the search for new electrode materials and
the modification of the surface of the electrodes became preponderant for the development of
electroanalytical methods for the determination of hair dyes. As an example of new electrode
materials, Oliveira and Zanoni [68] have used a self-organized Ti/TiO, nanotubular array elec-
trode to monitor the reduction of azo group to hydrazo group in the hair dye basic brown 17
after a process involving 2H™ and 2e ™. After optimization of SWV technique, an analytical curve
was constructed in the interval from 1x10~7 to 7x 10 °mol L™". The method exhibited a limit
detection of 2.7x107° mol L. As an example of the use of modifiers, Hudari et al. [18]
proposed a composite carbon nanotube/chitosan for the modification of the surface of a GCE
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and oxidizing agents, respectively [49].
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for the determination of the precursor and coupling agents p-phenylenediamine (PPD) and
resorcinol (RSN), respectively, in commercial permanent dye sample. The determination and
subsequent quantification of the analytes was done through the oxidation of the -NH, to =NH
groups (involving 2H" and 2e™) and the -OH to =O groups (involving 2H" and 2e~) present in
the PPD and RSN molecules, respectively. Using linear sweep voltammetry (LSV) and measure-
ments in 0.1 mol L™' ammonia buffer (pH 8.0) solution, a linear relationship was found in the
range of 0.55-21.2 mg mL " for both analytes with detection limits of 0.79 and 0.58 mg mL ™" for
PPD and RSN, respectively. Finally, the method was applied in a sample of commercial hair dye
and compared with the UV-vis spectrophotometric method, which, with great agreement
between the two methods. In the work of Zhao and Hao [69], the authors developed a molecular
imprinting electrochemical sensor for the determination of 2,6-Diaminopyridine. Similar to PPD,
the 2,6-Diaminopyridine exhibits a reversible behavior due to the oxidation of the -NH, group
and subsequent reduction of the =NH group. A wide linear range was found between 0.0500
and 35.0 mg kg ! with limit of detection of 0.0275 mg kg~ '. The method was applied in samples
of commercial dyes with a recovery from 98.40 to 103.8% and relative standard deviation of less
than 1.51%. Corréa et al. [70] used a composite electrode to preconcentrate carboxyl-
functionalized magnetic nanoparticles for the determination and quantification of the Basic
Brown 16. In this case, the determination of dye was made by the signal referring to the
oxidation of the -OH group, which allowed a linear relationship between 1.00x10~7 and
1.00x10~® mol L ™" with limits of detection and quantification of 1.01x10™® and 2.37x 10~® mol
L', respectively. Finally, the method was applied with great success for the determination of
hair dye in wastewater and also in samples of dye removed from dyed hair strands.

In recent years, miniaturized systems, such as printed electrodes, have also deserved attention.
Disposable electrodes have been widely used as a viable alternative for rapid measurements of
dye in low concentrations [71-73]. As an example, Hudari and coauthors [16] proposed a
method for the determination of hair dye Basic Blue 41 using screen-printed carbon electrodes
modified with graphene. The well-defined peak is attributed to the reduction of the azo group.
After multivariate optimization of SWV instrumental parameters, such as frequency (54.8 Hz),
pulse amplitude (43.7 mV), and step potential (6 mV), an analytical curve was constructed in
the range of 3.00x10~® to 2.01x 10 ® mol L™! with limits of detection and quantification of
5.00x 10~ and 1.70x 10~® mol L™, respectively. The sensor was successfully applied in waste-
water samples and validated by comparison with HPLC-DAD method with good accuracy.

4. Electroanalysis of textile dyes

Textile dyes are a class of colored substances used to impart permanent color to textile fibers.
The most used class of dye is the azo dyes that present low cost and great diversity of colors
and other promissory characteristics [74, 75]. The dye can be fixed to the fiber by several
mechanisms, mainly due ionic Van der Waals and hydrogen interactions, but also due covalent
bond [76].

The ionic bonds are frequently found in the dyeing of wool, silk, and polyamide. It came from
the interactions between oppositely charged ions of the dye bearing charged groups and in the
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protonated groups in the fibers [76]. The Van der Waals has been found in dyeing of wool and
polyester. It results from an approach between the 7 orbitals of the fiber and dye molecule [76].
Hydrogen interactions have been found in the dyeing of wool, silk, and synthetic fibers, such
as ethyl cellulose. It has resulted from the interaction between hydrogen atoms covalently
bonded in the dye and free electron pairs of donor atoms in the center of the fiber [76].
Covalent bonds have been used in cotton fiber dye. They are formed between reactive groups
(electrophilic groups) of the dye molecule and nucleophilic groups on the fiber [76, 77].

On the other hand, the textile dyes can also be classified based on the chemical structure (azo,
antraquinone, etc.) or based on the method used to transfer the dye to the fiber. The main
classes of textile dyes are reactive, direct, azoic, acid, vat dyestuffs, sulfur, disperse
premetalized, and bleaching [76]. The main characteristics of this class are show below.

Reactive dyes bear in their structure an electrophilic group (reactive) that can form covalent
bond with hydroxyl groups, amino groups, and thiol groups present in cellulose fibers, wool
and polyamides for instance. In most cases, the reactive dyes bear an azo group or anthraqui-
none group, like chromophores, ethyl sulfonyl sulfate, and chlorotriazine, as reactive center.
They are highly soluble in water and commonly used in dyeing of cellulose like cotton or flax,
but also wool is dyeable with reactive dyes. Among the reactive dyes, the most used are the
azo dyes because the azo group (—N=N—) confers to these dyes resistance to light, acids, bases,
and oxygen. However, these desired proprieties makes them hazardous for the environment
even at low concentration.

Direct dyes are anionic dyes soluble in water and can be used to dye cellulose fibers (rayon,
silk, and wool) by Van der Waals interactions. They can be used for cellulosic fibers, normally
applied from an aqueous dyebath containing an electrolyte, either sodium chloride (NaCl) or
sodium sulfate (Na,SOy). They mostly show chromophore azo groups (diazo, triazo).

Azoic dyes are products insoluble in water and cannot be applied directly on fibers as dyes.
They are produced within the fibers itself. Acid dyes are the major class of anionic dyes that
present sulfonic groups, for instance, to increase the solubility in water and to promote a dye
bearing negative charge to the dye molecules. The textile acid dyes are effective for protein
fibers such as silk, wool, nylon, and modified acrylics. These dyes are characterized by sub-
stances with a chemical structure with the presence of azo, anthraquinone, triarylmethane,
azine, xanthine, ketonimine, nitro, and nitrous groups, which provide a wide color range and
degree of fixation.

Vat dyestuffs are mainly based on indigos, toringoides, and anthraquinone dyes. They are
slightly soluble in water; in the dying process, they are reduced with dithionite in alkaline
solution, transforming into a soluble compound (leuco form), and they are subsequently
oxidized by air or another reagent, such as hydrogen peroxide, regenerating the original form
of the dye on the fiber. In this type of dye, the carbonyl group can be present in an ethylenic
group or alicyclic subunits. The main application of this type of dye has been the cotton dye.

Sulfur dyes are characterized by macromolecular compounds with polysulfide bridges (—S,-),
which are highly insoluble in water. First, they are applied after prereduction in sodium
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dithionite, which gives them the soluble form; these are subsequently reoxidized onto the fiber
by contact with air. These compounds have been used mainly in dyeing of cellulosic fibers,
imparting colors such as black, olive green, marine blue, and brown.

Disperse dyes are scarcely water-soluble dyes, originally used for dyeing synthetic fibers, and
usually applied from fine aqueous suspensions and the presence of surfactants. They are used
in hydrophobic fibers, such as cellulose acetate, nylon, polyester, and polyacrylonitrile.

Premetalized dyes are characterized by the presence of a hydroxyl or carboxyl group in the
ortho position of azo chromophore, allowing the formation of complexes with metallic ions.
They are useful mainly for dying protein fibers and polyamide.

Bleaching dyes are a class of compounds that have been used to decrease the color of natural
textile fibers. The process involves the dyeing of fiber with chemical bleaches or white dyes,
also known as optical brighteners or fluorescent brighteners. These dyes present carboxylic
groups, azomethine (—N=CH-) or ethylenic (—CH=CH-) groups allied to benzene, naphtha-
lene, pyrene and aromatic rings.

During the dyeing process, usually, there is a loss of around 10-50% of the dye to the environ-
ment [77, 78]. Considering that some dyes are highly toxic and mutagenic, and can also disturb
the light penetration in surface water and therefore the photosynthetic process [79], their dis-
charge deserves attention. The literature reports that azo dyes represent 60-70% of all organic
dyes produced in the world [74], and they can be easily reduced to amine groups. So, the
development of efficient and low-cost methods for the determination of this kind of dye is very
important; electroanalytical method has been shown to be a successful alternative to this end.

The electrochemical reduction of two reactive dyes, Procion Red HE-3B 9 (RR120) and Procion
Green HE-4BD (RG19), has been reported by cyclic voltammetry, differential pulse and DC
polarography, chronoamperometry, and controlled potential electrolysis at mercury electrodes
[80]. These dyes can be present in dyebath and wastewaters, considering that in the dye-fiber
reaction the efficiency varies from 50 to 90%. Procion Red HE-3B (RR120) and Procion Green
HE-4BD (RG19) are dyes with bis-azo groups that are reduced to bis-hydrazo derivative after
transfer of four electrons generating the hydrazo derivative. Linear correlations in the range
1.0x10" " mol L™" to 1.0x 10 > mol L' were obtained between peak current and dye concen-
tration for the peaks due to the reduction of both bis-azo and bis-monochlorotriazine group
from the. The method allowed a limit of detections of 0.1 umol L' for both dyes [80].

The electrochemical oxidation of Reactive Black 5 (RB5), a vinyl sulphone azo dye, has been
also proposed by Radi et al. [81] at glassy carbon electrode (GCE) in phosphate buffer solutions
in the pH range 2.85-11.79, employing cyclic voltammetry (CV) and differential pulse
voltammetry (DPV). Under alkaline conditions, these dyes react with the hydroxyl groups of
cellulose, by nucleophilic substitution or forming a covalent bond. RB5 presents a well-defined
oxidation peak at 0.614 V vs AglAgCl using DPV in phosphate buffer at pH 4.20 that can be
used for this determination from 6.0x 107 to 15x10~° mol L' in phosphate buffer (0.2 mol L',
pH 4.20). The limit of detection and quantification were 4.0x10~7 and 1.1x10"® mol L,
respectively.
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Reactive Red 231 has been also determined by glassy carbon electrode by cyclic and differential
pulse voltammetry on a glassy carbon electrode in phosphate buffer [82]. The dye oxidation
shows two peaks, attributed to the following process shown in Scheme 1. Using anodic differ-
ential pulse voltammetry in pH 3.77, analytical curves were constructed from 0.25 mmol L™" to
200 mmol L', The method offers a reproducibility of RSD 4.7% and a detection limit of 0.20
mmol L™". The method has been applied to determine the dye in environmental water samples,
with recoveries from 85 to 97%.

Turquoise blue 15 (AT15) is a reactive dye widely used in the textile industry to color natural
fibers and has been determined in aqueous solution at mercury and glassy carbon electrode
[83]. Using linear cathodic stripping voltammetry in acidic medium, the copper phthalocy-
anine is reduced in only one step, but it exhibits two reduction waves in an alkaline medium
at glassy carbon electrode. The reduction of AT15 at mercury electrode (HMDE) is similar to
the reduction at glassy carbon electrode, shown three cathodic peaks. These peaks can be
attributed to ligand reduction. In addition, an extra peak could be observed at less negative
potential, with preaccumulation, attributed to the reduction of the metal center. So, the
results suggest a adsorption of the dye on mercury electrode stabilized by coordination
bond metal/phthalocyamine ring first, and next the reduction of Cu(ll) and pyrrole ring.
Using the best experimental conditions, linear analytical curves were obtained for the first
reduction step from voltammograms recorded at accumulation time of 180 s from 1.00x 10~®
mol L™" to 1.00x 107 mol L™". The repeatability of the method shows a relative standard
deviation from 1.36 to 2.05%. Detection limits were estimated from 8.34x10™° to 1.50x 107
mol L™, and the method was applied with success in tap water and in textile plant effluent
sample [83].

The determination of Black 5 and Red E was determined by quartz crystal resonator sensor
coated with mesoporous carbon cryogel [84]. The determination of the dyes is based on the
vibrational motion of the plate in a resonant frequency, where the frequency is sensitive to
mass loading on the electrode. Analytical curves were obtained from 25 to 100 ppm. The
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Scheme 1. Oxidation mechanism of Reactive Red 231 on a glassy carbon electrode in phosphate buffer [82].
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method is selective since the method is based on the size of each reactive dye and the micro-
pores of the activated carbon resonator.

The analysis of vat dyes Indanthrene Olive Green B dye (VG3), which present an anthraquinonoid
group and a ketonic group, has been also reported by differential pulse voltammetry in alkaline
solution using glassy carbon electrode [3]. A typical linear scan voltammogram obtained for VG3
dye presents three reduction cathodic processes at —0.57, —0.67, and —0.99 V. A good linear correla-
tion from 1.0x10™* to 7.0x10* mol L' was obtained in sodium hydroxide 0.1 mol L™" pre-
accumulated during 30 s at 0 V on glassy carbon electrode. The detection limit was 5x 10> mol L.

Santos et al. [85] has also reported the analysis of the disperse dye Disperse Red 13 (DR13) at
glassy carbon electrodes (GCEs) modified with polyglutamic acid (PGA). This dye bears
reductive nitro and azo group and presented a well-defined peak at —0.66V when reduced in
a mixture of DMEF/BR (pH 4, 1:1 v/v) and Buy,NBF,/DMF. At glassy carbon electrode modified
with polyglutamic acid, the cathodic peak of DR13 shifts at least 200 mV to a less negative
potential, and the peak intensity is 2.5 times higher compared to bare electrode. A linear
calibration curve was obtained in DMF/BR buffer (pH 4) from 2.5x10"7 t0 3.0x10"° mol L™".
The limit of detection was 1.5x10~® mol L™ and the repeatability presented an RSD of 4.29%.
The method was applied in river water sample and dyebath wastewater.

The poly-L-lysine-modified glassy carbon electrode was also applied in determination of
Cibacron Blue F3GA [17]. The dye presents an anthraquinone group as chromophore and
amine group that is oxidized at 0.75 V. A linear calibration curve was obtained from 1.0x10~°
to 1.0x107° mol L™" in BR buffer pH 2.0 after a preconcentration off-line by 10 min. The
method reached a limit of detection of 4.5x10~® mol L™}, and it was applied in tap water and
raw water sample.

The simultaneous determination of Orange G (Or G) and Orange II (Or II) in industrial wastewa-
ter has been proposed by using carbon paste electrode containing Fe;O; nanomaterials/oxygen
functionalized multiwalled carbon nanotubes/triton X-100 modified (Fe,O3/MWCNTs-COOH/
OP/CPE) [86]. The optimized conditions for dyes analyses were 10 uL. of MWCNTs-COOH/OP
dispersion on the MWCNTs-COOH/CPE surface, accumulation time of 4 minutes, pH 7 of
supporting electrolyte 0.1 mol L™". A liner calibration curve was observed by DPV method from
0.1-20.0 pmol L ™" to 0.2-50.0 umol L™ ! and detection limits of 0.05 and 0.1 umol L™ for Or G and
Or I, respectively. The developed sensor was applied to the simultaneous detection of Or G and
Or IIin different industrial wastewater samples. The RSD was lower than 5%, the recoveries for Or
G and Or I in these samples ranged from 96.8 to 105.1% and from 97.4 to 103.8%, respectively.

The determination of direct orange 8 dye in a flow stream was developed by using a wall-jet
electrode system and square-wave stripping method [87]. The DO8 shows an electrochemi-
cally oxidizable phenolic group at —0.65V. After optimized experimental conditions, and using
stripping voltammetric method, a linear calibration curve was obtained from 1.0x10™* to
1.5 mg mL~". The method shows a reproducibility of 2.0 % and recovery of 98%.

Abrasive stripping voltammetry (AbrSV), based on a mechanical transfer of material onto the
surface of a solid electrode and the subsequent voltammetric measurement of the electrochem-
ical stripping process, has been proposed by Chen et al. [88]. They analyzed six different solid
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compounds of widely different natures in room temperature ionic liquids (RTILs), among
them the Prussian blue (PB) and indigo dye. In PB analysis, a reversible oxidation and reduc-
tion peak centered at around 0.6 V were observed. The authors indicates that the reduction and
oxidation reactions originated from a surface redox species: Fe,[Fe'(CN)¢]s + M" + e —
MFe'"Fe;™[Fe'(CN)¢]s, where M could be a cation, such as K™, Li*, or H'. In addition, indigo
electroanalysis shows a large reduction peak at —1.19 V, corresponding to indigo reduction:
HoIN — HoIN, ™.

Hydrodynamic electrode system based on a vibrating probe (250 Hz, 200 Im lateral amplitude)
has been applied to determine indigo in a complex plant of indigo sample, with high levels of
organic and inorganic impurities after the reduction by glucose in aqueous 0.2 mol L.~ NaOH
[89]. The soluble leucoindigo is determined by oxidation response at the vibrating electrode. In
alkaline media, indigo is reduced in the presence of glucose to give leucoindigo that does not
interfere in the electrode process. The best analytical signal was obtained using high scan rate,
low vibration amplitude (250 Hz), and high temperature (75°C). The method was applied in 25
different samples of plant-derived indigo.

Finally, the determination of alizarin red S (AR), an anthraquinone dyes used in textile indus-
try, has been proposed by flow-through potentiometric sensor [90]. The sensor is based in the
use of a sensitive poly (vinyl chloride) membrane and the use of aliquate 336, Mg"phtha-
locyanine (MgPc), Cunphthalocyanine (CuPc), and Ferhthalocyanine (FePc) plasticized poly
(vinyl chloride) membrane. The sensor allowed detection limits of 5.9x1077, 1.9x10°°,
23%x107% and 1.9%x 10 ® mol L™ for aliquate, MgPc, CuPc, and FePc membrane-based sensor,
respectively, and accuracy higher than 99.4%. The method shows a linear calibration curve from
0.1-1.8 to 1.0—40 ug mL " and a detection limit of 0.08 and 0.5 pg mL " for 10~* and 10> mol L™*
AR as a carrier, respectively.

5. Electroanalysis of marker dyes

The marker dye are used mainly in the groundwater protection and in the prevention of tax
frauds, such as identification of fuel with high sulfur concentration [91, 92]. These dyes are
cataloged based on their characteristics and following a standard that depends on the type of
dye and degree of coloring. An example of dyes commonly used as marker is the Solvent red
24 and Solvent blue 35, structures of which are shown in Table 2. The “Solvent red” and
“Solvent orange” dyes usually bear azo group in their structure unlike the “solvent green”
and “solvent blue” that bears anthraquinone groups. These dyes are used in fuel coloring due
their higher solubility in organic solvents, nonpolar and slightly polar. They are commonly
used as marker solvent in petroleum derivatives, such as waxes, lubricants, plastics, and other
nonpolar materials. The marker dye usually has the chemical structure protected and only the
manufacturer can detect it by specific methods. Neverthelees, some marker dyes are known in
the literature and are commonly added to fuels with the purpose of control specific types of
fuels, comprove the authentic, discourage robberies and adulterations, as well as control the
distribution and use of some specifics fuels [93, 94]. In Brazil, the adulteration of fuel has been
a common problem, and the marked dyes are applied to distinguish the hydrated ethanol from
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the dehydrated ethanol. In agreement with Brazilian laws, a solvent dye with orange colora-
tion is prescribed to be added to dehydrated ethanol as a control. The aviation fuels are also
marked as a guarantee to prevent fraud or other dilutions [95, 96].

In many countries, particularly those in the European Community, fuel distributors use marker
dyes to diesel, “the red diesel,” since it is significantly cheaper than heavier diesel fuels with a
higher sulfur concentration that can promote damages to both the environment and the engine.
In view of such problems, enforcement agencies have adopted the addition of marker dyes as a
method of prevention as a way to curb the adulteration of these types of fuels. Among these
dyes, red dyes, which are present in azo groups, such as Red Solvent 19, Red Solvent 24, and Red
Solvent 26, are prominent. The aviation kerosene, as well as heating oils and so on, has also been
marker with dyes, whose purpose is to prevent their mixing with poor-quality products. Now-
adays, all the countries of the European Union are being obliged to adopt a marker dye; the most
common is the “Solvent Yellow” 124. This dye can easily detect in adulterated fuels by dilution

Anthraquinone group Azo group 2 .
R 4] Rl
[T N
B
RS a R4
Ring substituent
Dye R, R, R; Ry Rs Rg
Anthraquinone
NH NH
Solvent Blue 14 - H H - H H
Solvent Blue 36 J H H J H H
S S
NH NH
Solvent Blue 35 P N KNH H H . _~NH H H
Solvent Green 3 —NH H H — 3 H H
Azo
Solvent Red 24 OH H P H - -
H
Solvent Red 26 OH CHj; ;o CHj; - -
-
Solvent Red 164 OH H — H - -
Solvent Yellow 14 OH H H H - -

Table 2. Molecular structures of marker dyes.
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with solvents or in poor-quality products at very low levels [97]. In the USA, the Environmental
Protection Agency (EPA) designates the use of a red dye, the “Red Solvent 26,” to identify and
label high sulfur fuels [98]. In Brazil, in recent years, a fuel alcohol marking system has been
adopted [99], whose purpose is to ensure its quality, as well as to free it from adulteration fraud
by addition of water. The marker dyes, such as Quinizarine (QNZ), solvent blue 14 (S-14),
Solvent Blue 14, Solvente Blue 35 (SB-35), Solvent Orange 7 (SO-7), and Red Solvent 24 (SR-24)
can be legally added for the purpose of meeting the requirements of the ANF, or illegally, for
circumventing inspection agencies.

Thus, analytical methods, able to determine these marker dyes and help the protection of
quality of fuel, are highly demanded. Some electrochemical methods are proposed in the
literature with this purpose and they are resumed below.

The determination of solvent blue 14 (SB—14), 1,4-bis(pentylamino)anthraquinone, in fuel
samples has been studied by square-wave voltammetry (SWV) at glassy carbon electrode in a
mixture of aqueous solution and N,N-dimethylformamide [100]. SB-14 dye presented a well-
defined cathodic peak at around —0.41 V vs Ag| AgCl attributed to the reduction of the central
quinone group in the dye molecule. The best conditions for SB-14 determination were obtained
in a mixture DMF:BR buffer pH 2.0, using square-wave voltammetry operating at f: 60 Hz,
AEg;: 6 mV and Eg,: 50 mV. Under optimized conditions, there is a linear response from
1.0x107° to 6.0x 10 ° mol L' and a detection limit of 2.90x10~7 mol L™". The method was
applied to dye SB-14 determination in kerosene, after cleanup with a self-packed SPE column
(5i0,) and alcohol samples with average recovery from 93.00 to 98.10%.

A similar method has been also developed for determining solvent Orange 7 (SO-7), an azo
dye in fuel ethanol samples [4]. The optimal conditions adopted a mixture of N,N-dimethyl-
formamide (DMF) and Britton-Robinson buffer pH 7.0 (1:1, v/v). In this medium, a well-
defined anodic peak at +0.70 V vs Ag| AgCl was observed. Using optimized parameters based
on the SWV technique, it was possible to construct a linear relationship from 4.0x10~° to
18.0x10~® mol L™". The proposed method was successfully applied to the direct quantification
of the SO-7 dye in fuel ethanol samples, with recovery between 97.2 and 106%.

The screen-printed carbon electrode in Britton-Robinson buffer with N,N-dimethylformamide
(7:3, v/v) in presence of 5.50x10 *mol L™" of dioctyl sulfosuccinate sodium (DSS) has been
reported to analyze solvent blue 14 (SB-14), 1,4-bis(pentylamino)anthraquinone [101]. The SB-14
showed a cathodic peak at —0.40 V due to reduction of the central quinone group to hydroqui-
none derived after a two-electron process. Using the optimal conditions, f = 60Hz, AE; = 4mV
and E,,, = 50mV, and pH 3.0, an improved interaction between the dye and the anionic surfac-
tant by electrostatic interaction was obtained in a mixture of B-R buffer (pH 3.0)/DMF (7:3, v/v)
+ 1.40x10 °mol L™! DSS surfactant. A calibration curve was constructed from 2.00x 10~ to
2.00% 10 °mol L' with limit of detection and quantification of 9.30x10~® and 3.0x 10~ mol
L', respectively. The developed method was applied for the quantification of SB-14 dye in
alcohol samples without any pretreatment and in kerosene (after rapid cleanup procedure based
in solid-phase extraction cartridge) with recoveries of 82.00-99.00%, respectively. The values are
in good accordance with other reference methods based on spectrophotometric analysis.
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The 1,10-dihydroxyanthraquinone, quinizarine (QNZ), has been determined by square-wave
voltammetric technique in a mixture of Britton-Robinson buffer 0.08 mol L™" with 30% of
acetonitrile [102]. The QNZ was oxidized at glassy carbon electrode in and the well-defined
peak at +0.45 V vs AglAgCl. This peak can be attributed to the oxidation of the phenolic
hydroxyl group present in the dye marker to its quinone derivative after two electrons’
transfer. An analytical curve was constructed for QNZ concentrations ranging from 2.0x10°
to 1.4x 10> mol L™ ". The method was successfully applied for determining QNZ in gasoline
and diesel oil, the recoveries were 94.20 and 90.80%, respectively. For diesel oil sample, the
QNZ was first extracted by liquid-liquid extraction using ACN: BR, 7:3 v/v and next was
performed a solid-phase extraction cartridge of C18 adopting.

Quinizarine has been also determined by square-wave voltammetric technique using screen-
printed carbon electrode (SPCE) in the presence of cetyltrimethylammonium bromide (CTAB)
[103]. In the presence of 7.50 x 10~* mol L' CTAB in a mixture of BR buffer (pH7.0) and DMEF (7:3,
v/v), quinizarine (QNZ) shows a cathodic peak at —0.68 V, without CTAB the peak was observed at
—0.78 V. The peak in the presence of CTAB was three times higher than the one obtained in its
absence. These peaks are both attributed to the electron-transfer involving the reduction of central
quinone group to form hydroquinone derived after a two-electron process. The electroanalytical
method presented a linear response from 5.00x 10~ t0 6.00x 10 ® mol L ™" and a detection limit of
2.70x10~7 mol L. The methodology was applied in the dye marker quantification in diesel oil and
kerosene samples with recovery values ranging between 84.0 and 98.7%.

6. Conclusion

The voltammetric methods have shown to be a powerful tool for dye determination consider-
ing the great diversity of dye and different utilities. Different voltammetric techniques have
been proposed, such as differential pulse, square-wave stripping, abrasive stripping hydrody-
namic, polarography, chronoamperometry, and others. These techniques minimizing the effect
of capacitive current (techniques of differential pulse voltammetry and square-wave
voltammetry) and possibility of preconcentration of the analyte at the electrode surface pro-
moted analysis applicable at lower detection levels. Furthermore, different electrodes have
been proposed, such as dropping mercury electrode, glassy carbon, screen-printed electrode,
Ti/TiO, nanotubular array electrodes, and others. The use of solid stationary electrodes
improved the applicability of the method, since they can be easily modified and offer the
possibility to increase the sensitivity and selectivity of the selected dye. The main modifiers
found in literature are based on the use of metal nanoparticles, polyaminoacids, carbon
nanotubes, graphene, molecularly imprinted polymers, and others that offers higher sensitiv-
ity and/or selectivity. So, the voltammetric methods allow the detection of dyes in different
matrix in concentration level until 10~ mol L™, similar to other instrumental techniques such
as chromatography. The main advantages of voltammetric methods are that they are low cost,
are environmental friendly and quick, and, in many cases, do not require long steps of cleanup
sample.
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Abstract

Wine contains polyphenols that are responsible for its quality. Moreover, phenolic com-
pounds have antioxidant properties and benefits on human health. Cyclic voltamme-
try (CV) was the first electrochemical method used for polyphenols characterization
and determination of polyphenols content in wine products. Electrochemical behav-
iour of standard solutions of phenolic compounds has been investigated and evaluated
the importance of the phenolic concentration and pH. The electrochemical parameters
extracted from the voltammograms have been correlated with the antioxidant potential
in wine products. In addition, CV allowed establishing differences in the antioxidant
activity of wines with different addition of grape seeds. In winemaking by-products,
different]  and Q,, values were found depending on the state of maturation of the grape
pomace. On the other hand, the total flavonoids and phenolic acids contents were signifi-
cantly correlated to the electrochemical parameters. Differences for the electrochemical
parameters were found between by-products, being pomace and seeds which presented
the greatest values of Q. Simple regression analyses showed that voltammetric param-
eters are correlated to their values of lipid peroxidation inhibition by thiobarbituric
acid reactive substances method. Our results open the possibility of CV as a promising
technique to estimate the global antioxidant potential of wine products rich in phenolic
compounds.

Keywords: antioxidant activity, phenolic composition, electrochemical parameters,
wine, wine by-products

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgINN



110 Applications of the Voltammetry

1. Introduction

Grape juice is rich in phenolic compounds and plays a very important role in winemaking,
mainly due to its content in pigments and tannins. Several hundred phenolic compounds have
been identified in grapes, and they are transferred from grapes to wines during vinification.
These compounds accumulate rapidly during berry maturation and they are very important
for grape (and wine) character because they include red pigments, astringent flavours and
browning substrates [1, 2].

The total phenol content of wine is less than that present in the grape because traditional
methods of destemming, crushing and fermenting usually give extraction rates of no more
than 60% [3].

The major phenolic compounds found in wine are either members of the diphenylpropanoids
(flavonoids) or phenylpropanoids (nonflavonoids). Flavonoids, including anthocyanins,
flavonols and flavan-3-ols (catechin, epicatechin, and their procyanidin polymers), are the
most important phenolics for wine quality [4]. Flavonoids are derived primarily from the
seeds, skins and stems of the grape. Anthocyanins and flavonols are extracted mainly from
skins, and catechins and leucoanthocyanins reside mainly in seeds and stems. Increasing skin
contact time and fermentation temperature, and the degree of berry disruption increase the
flavonoid content of a wine [5].

Nonflavonoids are structurally simpler, but their origin in wine is more diverse. In wines
not aged in oak, the primary nonflavonoids are derivatives of hydroxycinnamic and
hydroxybenzoic acids [1]. They are stored primarily in cell vacuoles of skin and pulp, and
are easily extracted on crushing. The most numerous and variable are hydroxycinnamic acid
derivatives. They occur principally as esters with tartaric acid (for example, caftaric, coutaric
and fertaric acids, the tartaric acid esters of caffeic, p-coumaric and ferulic acids, respectively),
but may also be associated with sugars, various alcohols or other organic acids. The esters
also slowly hydrolyse during fermentation [6]. The most common nonflavonoid in grapes is
caftaric acid, one of the primary substrates for polyphenol oxidase. It often plays an important
role in oxidative browning of must [7, 8].

Particularly in wine red, flavonoids and some phenolic acids (colourless phenols) are involved
in the chemical stabilization of anthocyanin pigments by means of non-covalent interactions
through intermolecular co-pigmentation reactions [8, 9]. Studies were carried out in model
solution and focused on the application of objective colour measurements. These studies
have demonstrated that co-pigmentation causes the stabilization of the coloured forms of the
anthocyanins and consequently enhance their colour of wine [10, 11].

In the last years, the pre-fermentative cold maceration, also known as cold soaking or
cryomaceration, is being increasingly used by enologists worldwide in order to improve
some important quality characteristics of wines such as colour and aroma [12-16]. This
technique consists in maintaining the crushed grapes at low temperatures (5-10°C) for a
variable period (from one to several weeks), and thus the beginning of the fermentation
process is delayed. During this period, the extraction of polyphenols from the skins to the
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must takes place in the absence of ethanol. With reference to the phenolic compounds,
these compounds contribute to colour stability since they can act as oxidation substrates
in white wines [17-19]. Controlling skin contact conditions is vital to obtain high-quality
white wines [20]. Skin contact may greatly increase both the total hydroxycinnamate and
flavanol concentration [21].

Wine, especially red wine, is a very rich source of polyphenols, such as flavanols (catechin,
epicatechin, etc.), flavonols (quercetin, rutin, myricetin, etc.), anthocyanins (the most abun-
dant is malvidin-3-O-glucoside), oligomeric and polymeric proanthocyanidins, phenolic
acids (gallic acid, caffeic acid, p-coumaric acid, etc.), stilbenes (trans-resveratrol) and many
others polyphenols.

Winemaking generates a high amount of by-products that cause environmental and economic
problems, which could be minimized by the exploitation and valorization of those products,
such as their use in pharmaceutical and food industries. Grape pomace, consisting of seeds,
skins and stems, is the main winemaking by-product and is a rich source in phenolic com-
pounds with interest by their biological and antioxidant properties [22, 23].

Many of these phenolic compounds have been reported to have multiple biological activities,
including cardioprotective, anti-inflammatory, anti-carcinogenic, antiviral and antibacterial
properties [24, 25]. These biological properties are attributed mainly to their powerful antioxi-
dant and antiradical activity.

1.1. Antioxidant activity

Oxidative stress takes place when there is an imbalance between the production of reactive
species and the antioxidant defence systems, that is, there is a disturbance in the pro-oxidant-
antioxidant balance in favour of the oxidant species, leading to potential damage [26-29]. The
oxidative damage that takes place is defined as biomolecular damage caused by the attack of
reactive species on the cells and tissues of the living organisms [30].

These reactive species are oxidant agents and/or convertible into free radicals easily. Reactive
oxygen species (ROS) and reactive nitrogen species (RNS) are the most common reactive
species. ROS, such as superoxide anion radical (O,*), singlet oxygen (10,), hydrogen per-
oxide (H,0,) and hydroxyl radical (OH"), are constantly generated in living organisms by
endogenous (metabolism, inflammatory reactions) or exogenous sources (environmental
factors) [30].

The action mechanism of the free radical is based on the attack to the target molecule to
remove a hydrogen atom, or an electron, and so the unpaired electron of the radical one turns
into a more stable electrons par. In this process, the target molecule oxidizes. The principal
target molecules are DNA, proteins and lipids. Antioxidants are compounds or systems that
can safely interact with free radicals and terminate the chain reaction before vital molecules
are damaged.

The antioxidant capacity is defined as the ability of compound (or mixture of compounds)
to inhibit the oxidative degradation of various compounds. Antioxidant functions imply
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lowering oxidative stress, DNA mutations, malignant transformations, as well as other
parameters of cell damage.

The human organism has an antioxidant defence system to neutralize the excessive lev-
els of ROS and RNS and protect to the cells from oxidative damage. This defence system
can be from endogenous (enzymatic and non-enzymatic) or exogenous origin. The enzy-
matic systems, especially superoxide dismutases (SOD), catalases (CAT) and glutathione
peroxidases (GPX), are recognized as being highly efficient in ROS detoxification [31-33].
The main small molecule non-enzymatic antioxidants present in the human organism are
bilirubin, estrogenic sex hormones, uric acid, ascorbic acid, coenzyme Q, melanin, melato-
nin, a-tocopherol and lipoic acid [34, 35]. The diet provides to the body with basic nutrients
(proteins, vitamins, minerals) and phytochemical substances that have antioxidant activity
and help endogenous defence systems.

Fruits and vegetables are accepted as good sources of natural antioxidants, which provide
protection against free radicals and have been associated with lower incidence and mor-
tality rates of cancer and heart diseases in addition to a number of other health benefits
[36-38]. Higher plants and their constituents provide a rich source of natural antioxidants,
such as carotenoids, tocopherols and polyphenols that are found abundantly in spices,
herbs, fruits, vegetables, cereals, grains, seeds, teas and oils. In addition, by-products from
the food and agricultural industries have been explored for their potential use as antioxi-
dants. For example, seeds, skins and stem of pomace from winemaking, hulls, shells and
skins of nuts and cereals, citrus peels and seeds have been found to possess antioxidant
activity [39-42].

There are several methods for evaluating antioxidant activity, either in vitro or in vivo. The in
vitro assays can be classified into chemical methods (spectrophotometric methods and electro-
chemical techniques) and biological methods (cellular systems).

The most used spectrophotometric methods are 3-ethylbenzothiazoline-6-sulfonic acid
(ABTS), 1,1-diphenyl-2-picrylhydrazyl (DPPH) and oxygen radical absorbance capac-
ity (ORAC), which measure the ability of antioxidants to scavenge a radical; ferric reduc-
ing antioxidant power (FRAP), cupric reducing antioxidant capacity (CUPRAC) and cerium
reducing antioxidant capacity (CERAC), which measure the capacity of antioxidant to
reduce metals; and thiobarbituric acid reactive substances (TBARS), which is used to mea-
sure the lipid peroxidation inhibition [43]. These spectrometric methods are mainly used
in the analysis of antioxidant properties. However, these methods are dependent on many
parameters, such as temperature, time of the analysis, character of a compound or mixture
of compounds (extracts), concentration of antioxidants and pro-oxidants and many other
substances. In addition, they are based on different action mechanisms so the antioxidant
activity value of the samples differs according to the used test [44, 45]. The measurement of
antioxidant activity cannot be evaluated satisfactorily using a simple antioxidant test due to
the many variables influencing the results [46].

Total phenolic content (TPC) is another parameter used for evaluation of antioxidant extracts.
The Folin-Ciocalteu assay is the well-known method for determination of TPC. This method
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is used to analyses phenolic components in wine, and it became a routine analysis for
antioxidant assessment of food and plant extracts [43].

On the other hand, electrochemical methods for evaluating antioxidant activity have
emerged in the past decade, among which cyclic voltammetry (CV) has attracted much
attention as an alternative method to conventional chemical assays. Cyclic voltammetry
measures electron-donation capability (redox potential) of antioxidants, which respond to a
voltammetric scan according to their redox potential [43].

1.2. Cyclic voltammetry

CV is a simple, fast and inexpensive electrochemical technique that could become an
alternative to traditional spectrophotometric techniques to measure the antioxidant activity.
CV has already been applied to evaluate of antioxidant capacity in blood plasma [47], plant
extracts [48], vegetable oils [49], milk [50] and orange juice [51].

CV has been successfully used to determine the phenolic content of wines and to correlate
the analytical response to the antioxidant capacity of these wines [52-54]. It was shown that
CV provides a qualitative and quantitative assessment of wine phenolics based on their
reducing strength, and charge passed to 500 mV (vs Ag/AgCl). Other studies also demon-
strated the coherence of the cyclic voltammetric response with the information provided by
HPLC, Folin-Ciocalteu assays and absorbance at 280 nm on white and red wines [53]. CV does
not allow identifying individual antioxidants present in the sample; however, the technique
provides the sum of total antioxidants [55]. According to Kilmartin et al. [52], Makhotkina and
Kilmartin [56] and Rebelo et al. [57], each voltammetric peak is ascribed to different groups
of phenolic compounds.

In addition, CV was also used to investigate the influence of sulphur dioxide, glutathione
and ascorbic acid on polyphenol oxidation processes relevant to wine oxidation [58] and to
correlate analytical response to sensory characteristics such as astringency [59].

2. Experimental part

2.1. Cyclic voltammetry measurement

The experimental configuration for recording cyclic voltammograms consists of an electro-
chemical cell that has a tree electrodes, counter or auxiliary electrode, reference electrode and
working electrode, all immersed in a liquid and connected to a potentiostat. The potentiostat
AUTOLAB model PGSTAT 302 N (Metrohm-Eco Chemie, Netherlands), controlled by a
General Purpose Electrochemical System (GPES) software and conventional three-electrode
system consisting of a glassy carbon working electrode, platinum auxiliary electrode and Ag/
AgCl reference electrode, was used for all electrochemical measurements.

All measurements were carried out at room temperature using a conventional three-electrode
system. Prior to the measurements, the working electrode was polished in alumina/water
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suspension, rinsed with Milli-Q water and sonicated for 2 min. The electrolyte solution was
transferred into a glass water-jacketed electrochemical cell (EG&G, Princeton, NJ) connected
to a circulator that held the sample temperature at 25.0 + 0.5°C. The solution was de-aerated
with an inert gas (N,) for 10 min, and after a 1 min running scan was taken. The cyclic
voltammogram scans were made from 0.0 to 0.5 V at a scanning rate of 5 mV/s for winemaking
by-products and 0.0 to 1.0 V for wine solutions.

The electrochemical parameters extracted from the cyclic voltammetry curve were the peak
anodic current and potential (I, and E_, respectively), the peak cathodic current and potential
(I,.and E_, respectively), the potential mid-way between the anodic and cathodic peaks (E,, )
calculated from %2 (EP/C + Ep/a), Ip,a/Ip,c and E, - EP/Z. The anodic current area (Q), which rep-
resents the total integrated area of the cyclic voltammogram for scans taken from 0 to 1 V
(QT) or from 0 to 0.5 V (Q,,), was also extracted. In addition, QI, QII and QIII were also
calculated; these parameters represent the area corresponding to peaks I, II and III, respec-
tively (Figure 1).

These parameters were taken from the cyclic voltammograms after subtracting cyclic voltam-
mogram data of the blank (1 mL of 75% methanol diluted with 25 mL phosphate buffer). All
of the cyclic voltammograms were recorded in triplicate.
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Figure 1. Representative cyclic voltammogram of a grape pomace.
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2.2. Applications of cyclic voltammetry
2.2.1. Electrochemical properties of phenolic compounds

In this study, CV was used to monitor the electrochemical behaviour of four phenolic com-
pounds representing the main phenolic groups found in wines and winemaking by-prod-
ucts, namely gallic acid (hydroxibenzoic acid), caffeic acid (hydroxycinnamic acid), catechin
(flavanol) and quercetin (flavonol). These compounds have in common a catechol moiety
believed to be the electrochemically active group [52]. All the compounds measured acted as
powerful antioxidants and were oxidized on a glassy carbon electrode. The electrochemical
measurements were taken at different pH (3.6 and 7), concentrations (100 and 500 mg/L)
and potential scans (0.5 and 1 V). Table 1 shows the electrochemical parameters (Ipra, Ep,a, Q)
extracted from the cyclic voltammetry curves of the compounds. In a previous paper, Q and
Ip,a parameters showed a strong and significant correlations (R = 0.95, p <0.05), and therefore
results are discussed based on parameter I .

The pH influence was very important on electrochemical behaviour of these compounds. As
can be seen in Figure 2, cyclic voltammograms of phenolic compounds, adjusted to pH 7,
showed one well-defined anodic peak between 0.2 and 0.3 V. However, two anodic peaks
were exhibited to pH 3.6, between 0.1 and 0.3 V, and between 0.3 and 0.5 V. Considering
cyclic voltammograms to pH 7, catechin and quercetin showed higher values of I (1.32 uA)
than gallic and caffeic acids (1.20 and 1.10 uA, respectively). The anodic peak potential (E_ )
ranged between 0.25 V for quercetin and 0.27 for caffeic acid.

Peak I Peak II
pH Concentration E_ (V) I, (uA) Q E_ (V) L, (uA) Q
(mg/L)
Gallicacid 3 100 0.21 1.76 0.346 0.43 4.24 0.489
3 500 0.22 1.93 0.354 0.43 5.97 0.659
7 100 0.26 1.20 - - - -
Caffeicacid 3 100 0.22 1.94 0.371 0.46 3.86 0.446
3 500 0.21 1.74 0.330 0.46 5.25 0.569
7 100 0.27 1.10 - - - -
Catechin 3 100 0.21 1.72 0.341 0.46 3.29 0.415
3 500 0.24 1.61 0.306 0.41 2.59 0.333
7 100 0.26 1.32 - - - -
Quercetin 3 100 0.22 1.88 0.363 0.45 2.52 0.340
3 500 0.22 1.73 0.328 0.42 249 0.329
7 100 0.25 1.32 - - - -

Table 1. Electrochemical parameters of anodic peaks extracted from the cyclic voltammetry curves of the phenolic
compounds.
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Regarding to cyclic voltammograms to pH 3.6, values of I, E _and Q depended on the peak
(I or IT) and the concentration (100 or 500 mg/L). As can be observed in Table 1, peak II had
higher values of I | than peak I; gallic acid showed the highest values at 100 and 500 mg/L
(4.24 and 5.97 YA, respectively).

It is known that pH is the most significant factor determining the antioxidant activity of
phenolic compounds. Yakovleva et al. [48] observed that with increasing pH values the
anodic peak voltage decreased, which was caused by the decrease in the degree of antioxidant
protonation and the resulting shift of the charge of the molecule to negative values.

The phenolic concentration is also an important factor for values of electrochemical param-
eters. As previously described, I increases with increasing concentrations of phenolics
although the relationship is not always linear [53]. I | increases with the concentration for
gallic acid (4.24 and 5.97 pA for 100 and 500 mg/L, respectively) and caffeic acid (3.86 and 5.25
HA for 100 and 500 mg/L, respectively); however, this increase did not occur for catechin and
quercetin (Table 1).

Cyclic voltammograms of gallic acid and catechin at 1 V are shown in Figure 3. The main
peak for both compounds was at 0.43 V, and I | was 6.98 and 2.95 uA for gallic acid and
catechin, respectively. The potential range is a significant factor since the flexibility of adjust-
ing the electrode potential to higher values allows a progressively wider range of phenolic
compounds to be monitored [60].
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Figure 2. Cyclic voltammograms of phenolic compounds adjusted to pH 3.6 (a) and pH 7 (b).
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Figure 3. Cyclic voltammograms of gallic acid and catechin at 1 V.

2.2.2. Electrochemical properties of wine products

Before measures by CV, the samples containing phenolic compounds must be prepared cor-
rectly. It is important to control factors such as phenolic concentration and pH of the solution,
because, as previously mentioned, these factors influence the electrochemical properties.

In order to obtain the suitable phenolic concentration and pH, samples are diluted with the
corresponding buffer: 0.1 M sodium acetate-acetic acid buffer for pH 3.6, and 5% (w/v) 50 mM
disodium hydrogen phosphate and 35% (w/v) 50 mM sodium dihydrogen phosphate for pH
739, 61].

For this study, several dilutions (1/50, 1/25, 1/17, 1/12.5) of grape pomace extract were
prepared in phosphate buffer (pH 7). Table 2 shows the electrochemical parameters for
diluted grape pomace extract determined from CV. These dilutions provided well-defined
voltammetric peaks which had peak currents (I, and I ) that changed linearly with wine
dilution. I ,ranged between 2.15 and 2.62 uA for most d1luted (1/50) and most concentrated
(1/12.5) solutlons, respectively. As can be observed in Figure 4, the anodic current area was
highest for solution most concentrated (Q,,, = 5.67), which has more amount of phenolic
compounds.

500

In order to explore the relationship between the concentration of grape pomace extract
(according to dilution) and the electrochemical parameters (Ip,a and Q,), simple correlation
analysis was realized. Significant and high linear correlations were found for I and Q,,, with
concentration (Figure 5).

Each type of sample requires a different dilution to obtain well-defined voltammetric peaks
and anodic peaks charge directly proportional to the volume fraction of the samples. Kilmartin
[60] indicated that white wines require around 10-fold dilution and red wines up to 400-fold.
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Rebelo et al. [57] reported that red wine samples required a 50-fold dilution to reach a range
in which the anodic peak charge was directly proportional to the final volume of the wines. In
our previous studies [39, 61, 62], a 25-fold dilution was required for winemaking by-products
and wine samples.

Dilution E, (mV) E (mV) I (A I (A E e E-E, I/ AE>59 Q.
1/50 236 171 215 172 203 65 0.80 65 5.02
1/25 236 163 241 1.86 200 65 0.77 73 5.27
117 236 163 2.59 2.00 200 56 0.77 73 5.59
1125 244 155 2.62 2.00 200 64 0.76 89 5.67

Table 2. Electrochemical parameters for diluted pomace extracts determined from cyclic voltammetry.
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Figure 4. Cyclic voltammograms of diluted pomace extracts.
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2.2.2.1. Winemaking by-products

CV was used for determining the total antioxidant activity of phenolic compounds present in
winemaking by-products.

Firstly, extracts from grape pomaces (including seeds, skins and stems) at different states of
maturation (early, technological and late harvest: EH, TH, LH, respectively) were measured
atpH 7 and 0.5V, and a one well-defined anodic peak was showed at 0.24 V in the three cyclic
voltammograms (Figure 6). Differences were found in I depending on the state of matura-
tion (Table 3). I was highest for grape pomace at EH, followed by TH and LH (1.62, 1.50 and
1.28 A, respectively). In addition, the anodic current area (Q,,)) was extracted from the cyclic
voltammetry curves (Table 3). This electrochemical parameter represents the integrated area
of the cyclic voltammogram for scans taken from 0 to 0.5 V. Values of Q,  were in accordance
with Ipla, thus, grape pomace at early harvest, with the highest Ipa, showed the highest Q_
(0.42) followed in decreasing order by those at TH and LH (0.38 and 0.33, respectively). As
shown in Table 3, these results were also in accordance with the total phenolic content. E_
value was 0.24 V in all states of maturation.

Seeds, skins and stems from grape pomace were also measured separately at three states of
maturation. Figures 7-9 show the cyclic voltammograms for seeds, skins and stems, respec-
tively. As can be observed, differences in voltammograms depending on the state of maturation
were found. For skins and stems, I . decreased from EH to LH; however, for seeds the evolution
of this parameter was different. Considering Q,, differences depending on the state of matura-
tion were found for seeds, skins and stems, and the evolution was the same as for L, (Table 3).

These data indicate that CV provides a reliable and good estimation of the state of maturation
of winemaking by-products, because different electrochemical behaviour is shown depending
on the state of maturation.

CV is also used to evaluate the differences in the antioxidant potential between grape pomaces
from different variety. In our previous study [39], the electrochemical behaviour of grape pomaces
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Figure 6. Cyclic voltammograms of grape pomace at different states of maturation (EH, TH, LH).
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Electrochemical parameters

State of maturation E,. I, Qo
EH 0.24 1.62 0.42
Pomace TH 0.24 1.50 0.38
LH 0.24 1.28 0.33
EH 0.25 1.36 0.34
Seeds TH 0.25 1.38 0.33
LH 0.25 1.32 0.32
EH 0.25 0.82 0.23
Skins TH 0.25 0.78 0.22
LH 0.25 0.75 0.21
EH 0.25 0.79 0.23
Stems TH 0.25 0.77 0.22
LH 0.25 0.73 0.21

Table 3. Electrochemical parameters of anodic peak extracted from the cyclic voltammetry curves of winemaking
by-products at different state of maturation.
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Figure 7. Cyclic voltammograms of seeds at different states of maturation (EH, TH, LH).

from nine different varieties of white grapes was studied. The cyclic voltammogram scans were
made from0to 1V at pH 3.6 and three different anodic peaks were observed in the voltammogram.
The electrochemical parameter I _ for peaks I, Il and III was significantly different among variet-
ies. Peak I was correlated mainly to phenolic acids and flavonols, peak II to flavanols and peak III
to three phenolic groups. Results suggested that the electrochemical response of phenolic com-
pounds in grape pomace extracts could be used as a measurement of the antioxidant potential.
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Figure 8. Cyclic voltammograms of skins at different states of maturation (EH, TH, LH).
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Figure 9. Cyclic voltammograms of stems at different states of maturation (EH, TH, LH).

On the other hand, CV was used as a measurement of the total antioxidant activity of
different winemaking by-products: grape pomace, seeds, skins and stems [61]. The cyclic
voltammograms scans were made from 0 to 0.5 V at pH 7 and the main anodic peak was
examined by extracting the electrochemical parameters. Regarding I, significant differences
(p < 0.05) were found between pomace and seeds, with higher values than skins and stems
(1.44, 1.33, 0.84 and 0.73 uA, respectively). Q,,, was used as a measure of the concentration
of the total phenolic compounds and values of this parameter were significantly lower for
the skins and stems (2.36 and 2.17, respectively) than for pomace and seeds (3.74 and 3.29,
respectively). In this study, a principal component analysis allowed to classify between seeds,
skins, stems and pomace, as a function of the electrochemical profile. Finally in this study,
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relationships between the voltammetric parameters (Q,,, and L) and the results of inhibition
of lipid peroxidation of winemaking by-products were explored. Results suggested that CV
could be a good technique to estimate the ability of winemaking by-products to inhibit lipid
peroxidation in an in vitro biological system.

2.2.2.2. Wine

Finally, CV can be used for the characterization of phenolic compounds in wine on the basis
that practically all polyphenolic molecules present in wine are electrochemically active. CV
was the first electrochemical method used for characterization of phenolic compounds and
determination of the total phenolic content in wines [63].

CV can be utilized for direct evaluation of antioxidant activity in real samples of red wine and
white wine [54, 64], and for the quantification of antioxidants on a carbon electrode in wine
samples [53, 58].

In a previous work [62], we use CV to determine the electrochemical behaviour of red wines
at the beginning and the end of vinification in order to study their antioxidant activity. In the
cited study, three types of experimental vinification processes were performed with mixtures
of Syrah grapes and addition of Pedro Ximénez seeds (simple and double dose). Grape seeds
are a natural source of phenolic compounds, particularly flavanols, and their addition could
improve the biological properties of wines. CV allowed establishing differences according to
the area under the curve (QT, QI, QII and QIII) between control wines (without seeds) and
wines with addition of seeds. Electrochemical results indicated that wines with double dose
of seeds had better antioxidant activity than control wines.

3. Conclusion

Electrochemical technique, specifically cyclic voltammetry, has been used to estimate the
total antioxidant potential of phenolic extract from wine products. This contribution accen-
tuates the role of electrochemical techniques for the determination of antioxidant activity in
samples.

The electrochemical behaviour of standard solutions of the main phenolic groups found in
wines has been investigated and the influence of the sample matrix has been evaluated. In
winemaking by-products, CV provides a reliable and good estimation of the state of maturation
and the electrochemical parameters were significantly correlated to the total flavanols, flavonols
and phenolic acid contents. Moreover, a good correlated was obtained between voltammetric
parameters and values of lipid peroxidation inhibition in vitro biological system, measured by
TBARS procedure. Additionally, CV allowed establishing differences in the antioxidant activity
of wines with different addition of grape seeds.

Cyclic voltammetry proved to be a useful technique to estimate the antioxidant potential of
wine products.
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Abstract

Due to all the advantages of low cost, speed, and simplicity, electrochemistry has always
represented a perfect choice to be selected in quantitative analysis particularly in the case
of metal ions but with the drawback of specificity and sensitivity. With the arrival of nano-
materials, the problem of sensitivity and limit of detection has been overcome and a great
variety of applications of electrochemistry especially in trace analysis are highlighted.
Layers of materials can be arranged and manipulated to make the methods more spe-
cific to targeting analytes The opportunity is there for both older and newer methods to
be beneficial in a large number of applications with superb analytical performance. This
knowledge of modified electrodes can inspire newer and greater innovative applications
of electrochemistry with the promising extension to other areas under current interests.

Keywords: modified electrodes, ASV, nanomaterials, metal ion analysis

1. Introduction

A number of techniques have been employed for the determination of trace metal ions includ-
ing atomic absorption spectrometry (AAS), inductively coupled plasma-mass spectrometry
(ICP-MS), inductively coupled plasma-optical emission spectrometry (ICP-OES), and electro-
chemical techniques. Spectroscopic techniques are very expensive and need preconcentration
as well as extraction that are time-consuming with danger of losses and contamination [1].
Electroanalytical techniques, particularly anodic stripping voltammetry (ASV), can be consid-
ered as the most powerful techniques due to their excellent detection limits, high sensitivity,
capacity for multielement determination, high speed, simplicity, and relatively low cost [2]
not to mention their innovative opportunities. It is important to be noted right at the very first
here that voltammetry is not the only technique to be used for modified electrodes but other
electrochemical techniques can be applied as well, especially potentiometry.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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The selection of a proper electrode material is crucial in voltammetry. For the past six decades,
mercury has been the most commonly used electrode material in various configurations for
electrochemical determination of trace metal ions. Despite advantages of formation of amal-
gam and high overvoltage for gases among others, there have been numerous attempts to
replace well-known toxic mercury with some other nontoxic or less-toxic electrode material
[3]. Nowadays, numerous new electrode materials and methods have been developed, espe-
cially those concerning electrode modifications in particular with nanomaterials.

2. Background of modified electrodes

In general especially in the past, an electrode can be any electroconducting materials that
were started by metals such as platinum or gold. Later, glassy carbon has been used with a
number of advantages in particular ease to use and wide potential range. After that, carbon
paste has been applied due to the fact that it is easy to prepare. Various substances have been
mixed to attract the analytes especially metal ions to be collected at electrode surface and
increase the sensitivity. With an introduction of nanomaterials and conducting polymers, for
example, the surface areas for preconcentrating metal ions have been dramatically increased,
making the method perfect for trace metal analysis in accordance with simplicity and low cost
of electrochemical methods. Consequently, at present, there are a great number of research
articles involving the development of new methods using a variety of modified electrodes to
be applied with various areas as well as samples. To make this chapter simple but specific,
the use of enzymes in the form of biosensors is not mentioned here. Those who are interested
can obtain those specific stories in detail in a large number of available references [4]. We also
have to say that modified electrodes can be used with a great variety of analytes, but metal
ions are under the focus here. However, for the sake of abundant available applications and
promising characteristics in adapting to metal ion analysis, the determinations of other ana-
lytes will be concisely included.

3. Types of substrate electrodes

Due to the fact that there are vast types of available and investigated substrates, the most
recent and the most popular are discussed here. Other less frequently used electrodes such as
carbon fiber or carbon cloth are not included. The readers are recommended to further study
corresponding articles for more details.

3.1. Glassy carbon electrode (GCE)

Glassy carbon electrodes (GCEs) are prepared by means of a carefully controlled heat-
ing program of premodeled polymeric resin body in an inert atmosphere [5]. Unlike many
nongraphitizing carbons, it is impermeable to gases and also resistant to acid attack. The struc-
ture of glassy carbon consists of graphite planes randomly organized in a complex topology.
Glassy carbon possesses isotropic properties and does not require a particular orientation in
the electrode device. The properties of carbonaceous materials significantly depend on the
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manufacturing processes involved. Surface treatment is usually employed to create its active
and reproducible surface to enhance analytical performances. Another way is to include certain
additional activation steps such as electrochemical, chemical, vacuum heat, or laser treatment.

Carbon electrodes offer a useful and environmentally friendly alternative to substitute mer-
cury electrodes with a narrow cathodic range or noble metal surfaces with limitations in terms
of reproducibility, formation of oxide layers during voltammetric procedures and relatively
low cost [6]. It becomes one of the most commonly used substrates due to its wide potential
window with low background and its chemical stability. Electrode modification can then be
applied to improve its performance in terms of sensitivity, selectivity, and reproducibility.

3.2. Boron-doped diamond (BDD)

Boron-doped diamond (BDD) electrodes have also currently attracted much interest to be
applied in a variety of areas due to their superior properties, including extreme robustness
with a low level of background interference, less adsorption of polar molecules, and attrac-
tively wider potential window in aqueous media [7, 8]. It has been used to quantify manganese
in tea [9] as well as lead in tap water [10] and river sediment. Anodic stripping voltammetry
BDD has been proved to possess outstanding features [11] to determine silver [12] and simul-
taneous detection of lead and copper [13].

3.3. Fluorine-doped tin oxide (FTO)

Fluorine-doped tin oxide (FTO) has been applied continuously as a substrate with outstanding
features of simplicity in layer-by-layer (LbL) fabrication and its compatibility with extensive
building blocks including dyes, biomolecules, nanomaterials, and polymers [14]. In spite of the
fact that it has been reported to be successfully applied in the analysis of biosubstances particu-
larly DNA, it is also mentioned here in light of making its promising way to metal ion analysis.

3.4. Screen-printed electrode (SPE)

There are numerous possibilities to choose from for screen-printed electrode (SPE). The most
popular material is still carbon. SPE has advantages of small size, low cost, simplicity as well
as smaller amount of sample and waste. The problem of lower sensitivity can be solved by
electrode modification, which also highlights its applications in a larger number of areas [15].

3.5. Carbon paste electrode (CPE)

Carbon paste is still widely used throughout the development of modified electrodes
with certain reasons including superb quality of carbon as an electrode, low cost, and its
simplicity [16]. With clever design, additional benefits can be reached including stability,
reproducibility, and fast response time. This material has been found to be useful for the
determination of both compounds and metal ions.

3.6. Silica

Silica, in particular mesoporous silica, has been increasingly used in modified electrode with
features of inertness, high surface area, moderate cost, availability, and compatibility of being
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anchored by various materials. It has been reported to be useful in the analysis of both bio-
molecules and metal ions [17].

4. Types of modified electrodes

A number of materials have been investigated to be used in preconcentrating metal ions as
well as other substances and make electrochemistry unique and highlighted in the worlds of
analytical chemistry and beyond. Thanks to the developments and arrivals of nanomaterials,
the most widely used especially at the very beginning is metal nanoparticles such as silver
or gold to increase the surface areas and in turn the sites for metal ions to deposit. Both con-
ducting and nonconducting polymers have been used for a long time in modifying electrode
surface to have more capabilities in supporting metal ions. Mesoporous silica with the advan-
tage of surface areas as well has been used in the determinations of a number of metal ions.
Another example of a neutral substance with greater surface areas in collecting metal ions is
chitosan, a substance from shrimp. Currently, it is certain that the opportunity is there that a
large number of substances are under investigations or even await the discovery. Finally, the
combinations of a variety of materials have also been proved to be useful in further receiving
the metals ions to a greater extent. The electrodes modified by aforementioned materials are
then applied in stripping voltammetry, parameters are optimized, and then the methods are
used with real samples. Normally, the results are compared with standard methods or the
standard materials are used for verification. A number of spectroscopic and electrochemi-
cal methods can also be used to provide additional details of the analysis. At present, a very
large number of research articles focus on the applications of modified electrodes in many
areas especially in the analysis of a great variety of substances, in particular, metal ions. Also,
a number of materials have been investigated in the form of layers and sublayers as well as
specific pores as a specific substrate for particular analytes, hence, the new term of “molecular
imprinted,” which makes the method extremely specific.

The following materials that have been used in electrode modifications are not arranged with
the criteria of the time of development. Rather, it is presented in the order of simplicity.

4.1. Unmodified electrode

With a superb characteristic of specific electrode such as screen-printed carbon electrode,
metal ion can still be determined at trace level by in a very normal way [18].

4.2. Graphene

Graphene is an allotrope of carbon in the form of a two-dimensional, atomic-scale and hex-
agonal lattice in which one atom forms each vertex. It is composed of a single layer of sp2
carbon in two dimensions. It is the basic structural element of other allotropes, including
graphite, charcoal, carbon nanotubes (CNTs), and fullerenes. Graphene has a great variety of
unusual beneficial properties including strength, heat and electricity conductivity, transpar-
ency, magnetic properties, and low cost [19].
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4.3. Graphene oxide

Graphene can be prepared in a modified way to obtain different and beneficial properties
in new forms including thermally reduced graphene, partially reduced graphene, or even
electrochemically reduced graphene (ExGO). Normally, this is the arrangement of oxygen in
the structure, hence the name graphene oxide that is really helpful in collecting metal ions
and providing better selectivity, resolution, as well as precision. With the addition of other
substance that can form the bond via conjugation with graphene, electrocatalization as well
as electroluminescence (ECL) can be facilitated. This modified graphene derivatives can be
use satisfactorily in both waste water treatment via adsorption [20] as well as analysis in only
one step [21] in addition to the development of new batteries [21, 22] and improvement of
antibacterial properties [23].

4.4. Metals

Metal and metal alloys can also be used in the analysis of different species such as nitrite but
the applications for metal ions are focused here. Moreover, as a typical case,only metal that
can satisfactorily substitute mercury namely bismuth is emphasized.

In 2000, a new type of electrode called bismuth film electrode (BiFE) consisting of a thin film
of bismuth deposited on a carbon substrate has been proposed as an alternative to mercury
electrodes in ASV [24]. The main advantage of electrochemical properties of bismuth film elec-
trodes in comparison with mercury film electrodes (MFEs) is that Bi is more environmentally
friendly with less toxicity in addition to simple preparation, high sensitivity, well-defined and
separated stripping signals, and insensitivity to dissolved oxygen (which is an essential prop-
erty for on-site monitoring). The superior stripping performances of bismuth-based electrodes
derive from their ability to form “fused” alloys with other metals similar to mercury [24].

There are three common ways to generate a bismuth film including (i) by preplating it from
an acidic solution which is called an ex situ preparation, (ii) by codeposition with the analyte
which is commonly known as an in situ setup and (iii) by electrode modification of a film,
such as Bi,O,(s) or BiF,, to generate the Bi(s) coating [25]. Ex situ plating was found to be
easier to manage because the conditions can be different from analytical or stripping condi-
tions, and there are no interferents in depositing; however, it is more susceptible to the change
of electrode surface during electrode transfer and more steps make the method take longer
time. Another advantage of ex situ methods is that the electrode can be regenerated at any
time. Also, the potential can be better controlled due to the fact that, for in situ preparation,
the stripping of bismuth needs to be performed at the potential more positive than bismuth
oxidation and after that bismuth is replated [26].

4.5. Metal complexes

A number of metal complexes have been immobilized on the substrate to attract or react
with other substances. Due to the fact that it already contains metals, this type of modifica-
tion substance is normally used for the determination of organic and inorganic compounds
especially via electrocatalysis [27]. Cobalt phthalocyanin has been widely and continuously
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investigated and applied for the analysis of ascorbic, diethyl stilbestol, and acetaminophen
[28]. Manganese porphyrins have been extensively investigated [29]. As a matter of fact, por-
phyrins themselves can accommodate metal ions really well and, with the increase of surface
areas, should be able to be used in the analysis of metal ions [30].

4.6. Metal nanoparticles

There was a wonderful review for metal nanoparticles for the determination of arsenic, chro-
mium, lead, cadmium, and antimony [31]. Mixing metal nanoparticles with a wide range of
compounds can allow the analytical performances of the methodology to be greatly improved
in various aspects especially sensitivity due to larger amount of analytes collected.

4.7. Metal compound nanoparticles

Due to the fact that there are a great variety of metal compound nanoparticles that have
been used in metal ion analysis especially recently [32], only modified magnetic iron oxide
nanoparticles (M-MIONPs) for mercury determination are mentioned here as an example.

It is well known that mercury in the lowest levels of concentrations is dangerous for human
health due to its bioaccumulation in body and toxicity. Modified magnetic iron oxide
nanoparticles (M-MIONPs) with 2-mercaptobenzothiazole (MBT) was found to be able to
absorb mercury (II) ion satisfactorily from polluted surface water with advantages of speed,
cost-effectiveness, simplicity, capability, ease of preparation, and safety [33]. Modification by
2-mercaptobanzothiazole could increase absorption percentage up to 98.6% compared with
43.47% for magnetic iron oxide nanoparticles (MIONPs) alone. Salt concentrations and pH
were found to have no profound effect on mercury ion accumulation with high loading capac-
ity of 590 pg/g. This proves that the capability of metal compound nanoparticles in attracting
analytes can be greatly improved by combining them with additional compounds.

4.8. Organic compounds

Organic compounds that can be used normally or after polymerization are provided in the
topic of polymers. All kinds of organic compounds that can attract metal ions can be used
well in metal ion determination. The stronger bond obtained from the compounds, the better
they can be applied in accumulating metal ions. Ketones and quinones form another group
of interest with specific interaction with certain metal ions [34]. Additionally, all organic com-
pounds can be made nanostructured by mounting in a multilayer form on substrate electrode.
A few popular compounds are exemplified as follows.

4.8.1. Crown ether

Crown ether is a macrocyclic compound with a pore of specific size to accommodate metal
ions. With derivation, its selectivity can be greatly increased. This characteristic combined
with different potential of stripping makes the methodology suitable for simultaneous deter-
mination of metal ions which can face or cause interferences in other techniques [35].

Strategies can also be designed to let the compounds to form self-assembled monolayers
(SAM) on metal electrodes or to be immobilized on other monolayers [36, 37].
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4.8.2. Schiff bases

Schiff bases are defined as the substances that contain the C=N moiety. With their specific
capability in forming complexes with metal ions, Schiff bases can help increase the quantity

of analytes on the electrode surface. Typical examples are potentiometric determination of
Co(II) [38] and cyclic voltammetric analysis of AI(III) [39].

4.9. Polymers

Two cases of 2-mercaptobenzothiazole and diazonium are stated here for the vision about the
applications with the use of materials in this group that can be in both monomeric and polymeric
forms. Moreover, certain polymers can also be used for the purpose of molecular imprint [40].

4.9.1. 2-mercaptobenzothiazole

2-mercaptobenzothiazole (MBT) has been found in both monomer and polymer forms with
the capabilities of collecting metal ions. Modification of nano-TiO, modified with 2-mercapto-
benzothiazole (MBT) was found to be capable of collecting metal ions including Cd(II), Cu(II),
and Pb(II) followed by elution with nitric acid and analysis by flame AAS [41]. Adsorption
process as well as analytical conditions was optimized to obtain the dynamic range in ng/ml
of 0-25.0 for Cd, 0.2-20.0 for Cu and 3.0-70.0 for Pb. The method was applied to the deter-
mination of Cd(II), Cu(Il), and Pb(Il) in water and ore samples. Obviously, this can also be
applied to the analysis by electrochemistry without any need for elution. As a matter of fact,
this is the topic under investigations of our group at present.

Poly(2-mercaptobenzothiazole) (PMBT) modified glassy carbon electrode has been fabricated
and employed for the determination of specific organic compounds namely dopamine (DA),
uric acid (UA), and nitrite (NO,") in pH 6 phosphate buffer [42]. PMBT was found to catalyze
oxidation of the compounds and shift the potentials to more negative which in turn resulted
in well-defined and well-separated differential pulse (DP) peaks and made them possible
to be simultaneously analyzed. SEM also revealed that continuous PMBT was formed with
nano-scaled particles of 1525 nm diameters. With optimized conditions, dynamic linear
range in umol/l was found to be 0.8-45 for DA, 0-165 for UA, and 60-1000 for NO,” with
excellent linearity and submicromolar detection limits. Moreover, using standard addition,
the methodology could be applied well with the real samples of urine and serum. Once again,
due to the fact that the compound can react with metal ions well, this could shed some lights
on simultaneous analysis of metal ions as well.

4.9.2. Diazonium

The modification through the electrochemical or chemical reduction of aromatic diazonium
derivatives has been extensively investigated on a variety of carbon substrate including glassy
carbon [43, 44], graphite [45], graphene [46], and carbon nanotube [47]. It has been proved to
immobilize a great variety of functional groups onto carbon materials with simplicity and ver-
satility to be used in metal analysis in a number of areas. Another advantage is long-term sta-
bility both in air and organic solvents. The high stability of the diazonium-modified electrodes
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and the versatility of the diazonium modification method are particularly attractive for strip-
ping analysis. Carbon modified by the reduction of aromatic diazonium derivatives was first
used as an electrode for electrochemical stripping analysis of heavy metals [44]. Diazobenzoic
acid was reduced on GCE to obtain benzoic acid modified GCE to simultaneously analyze
Cd?* and Pb?*. The sensitivity of stripping peaks for both metals was increased up to six times
with satisfactory analytical performances including 0.5-50 g/l linear range, submicrogram
per liter detection limits, and superbly low relative standard deviation especially for Cd*. The
method was successfully used in determining the metals in sewage samples. The detection
of Cd* by ASV on BDD electrode based on simple and selective electrochemical reduction of
Cd* on diazonium-modified BDD electrode has been developed with analytical performance
interference study as well as verification by analyzing standard material. The method was
then applied to the analysis of Cd in tap water [43].

4.10. Chitosans (natural polymers)

Chitosan (CTS), poly-[1,4]-N-D-glucosamine, is one of the most abundant natural polymers.
Its pKa is about 6.5; therefore, at lower pH solutions (>pKa), its primary amines are proton-
ated, making it a cationic polyelectrolyte that is soluble in aqueous solution. At higher pH
(>pKa), these amines are deprotonated which, in turn, makes chitosan neutral and insoluble
[48]. The reasons that chitosan can be applied well in the analysis of drug substances, envi-
ronment pollutants, industrial materials, and food compounds are that they can form the film
well and attach strongly to the surfaces. They are also hydrophilic, compatible with biological
substances, mechanical resistant, and capable to be further modified [49].

4.11. Clay

It has long been known that cationic metals can be strongly absorbed on clay materials with
negative charge. A large number of scientists especially in the areas of environments have
extensively studied the adsorption of metal ions on the clay particles. This characteristic also
benefits the determination as well as elimination of metal ions [50, 51].

4.12. Mesoporous silica

Mesoporous materials are described as materials whose pore diameters lie in the range
between 2 and 50 nm [52]. These materials are in focus due to the fact that they have abundant
surface areas, they can absorb metal ion very fast, and their pore size as well as pore arrange-
ment can be well-controlled. Moreover, they can be chemically modified with other functional
groups to be able to better attract large variety of metal ions for the purpose of simultaneous
analysis and removal for various samples [53].

4.13. Charcoal

Due to the fact that different kinds of charcoal can specifically adsorb metal ions on their surface
[54, 55], they should work well in collecting metal ions. The increase of both surface areas and
specificity from modifications can facilitate better analytical performances. Even though there
have not yet been recent reports about their applications in metal ion analysis, the opportunity
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is there to apply charcoals onto substrates as a new methodology to reach the objective of using
readily obtained and low-cost materials in both analysis and removal of metal ions.

4.14. Carbon nanotube

Carbon nanotubes are tube-form materials with the diameter at nanometer level discovered by
a Japanese scientist, Sumio lijima, in 1991. They can be classified into single-walled (SWCNT)
and multiwalled (MWCNT) with different properties especially in terms of metallic and mag-
netic behavior. They can be prepared by chemical vapor deposition (CVD), arc discharge,
or laser vaporization. They can be applied in a large number of areas especially modified
electrodes. Carbon nanotubes can be mounted either alone or mixed with other materials on
any substrate electrode but preferably GCE. MWCNT is normally more satisfactory due to its
advantages of highly ordered structure, light weight strength as well as thermal and electrical
conductivity. In particular, the multi-walled have been extensively used in the determination
of organic compounds [56] or metal ions either by electrochemistry [57] or spectroscopy [58,
59]. Their advantages in analysis mainly derive from the capabilities to adsorb metal ions [60].
This property makes it suitable to be applied in the areas of energy [61]. Furthermore, with
large surface areas of carbon nanotubes, a number of substances can be mounted on them
either single layer or multilayer to increase the capability to preconcentrate metal ions before
their determinations [62].

4.15. Mixed or multilayered modification

Mixed materials can be used to determine both organic and inorganic substances including
metal ions with the only reason of selectivity improvement. Despite of the fact that there are
increasing methods to determine compounds such as H,0, or glycerol, the combination of
modified materials has been proved to facilitate the determination of trace metals. The good
example is the use of bismuth, polystyrene sulfonate (PSS), and carbon nanopowder (CnP) in
the determination of cadmium and lead [63]. This group can be further researched with the
keyword “nanocomposites” [23, 64].

4.16. Biomolecules

Certain biomolecules including DNA, peptides, algae, and cell among numerous others can
be used to determine specific metal ions. However, the experimental procedures can be much
more complicated and difficult. The readers are recommended to obtain more information
from an available review [65].

5. Roles of trace metal ions

Heavy metal contaminations have become one of the environmental issues of global concern
due to the serious harm to human health. They have been main contribution for environ-
mental problems caused by their ecological toxicity in a number of areas worldwide. Heavy
metals and their products have been extensively distributed in natural surroundings, and
they continued their cycles in accumulating in living organisms before passing on to human.
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Among those not easily removed from the environment are cadmium, mercury, copper, lead,
silver, zinc, and arsenic [41]. Lead and cadmium are responsible for the damage of kidney
and nervous as well as circulation systems [66]. Lead particularly has the greatest effects on
children due to the fact that it causes irreversible neurological disorders. The limits of lead
and cadmium in drinking water set in the USA are 0.015 and 0.005 mg/1 respectively [67].
Therefore, control and accurate determination of trace metals in environment is of paramount
importance.

6. Stripping techniques for metal ion determination

For voltammetry, stripping techniques are the most widely used in metal ion analysis [2,
3] and normally the main objective of developing new ASV methodology for is to improve
the analytical performances in determining trace metal ions including higher reproducibility,
higher sensitivity, more convenience, better speed, lower cost, and environmentally friendlier
conditions. The methods are optimized as well as standardized and then applied to the analy-
sis of a great variety of real samples. Their brief practical aspects are presented as follows.

7. Optimizations of stripping voltammetry

After the modified electrode of interest is fabricated and its characteristics such as wet-
tability are clearly defined, involving parameters are optimized such as electrolyte and
electrolyte concentrations, pH and buffer to use, concentration of modifying agent and
involving materials, deposition potential, deposition time, scan rate, and interferences. The
optimized method is then applied with standards to obtain analytical performances fol-
lowed by methods validations. Finally, real samples can be analyzed in comparison with
other standard methods.

8. Comparison of voltammetry with other methods

The comparison of voltammetry with normal electrode has been comprehensively discussed,
especially for the speciation of arsenic [68]. Spectroscopic methods can provide the best limit
of detection (LOD) but with high cost. With higher LOD, voltammetry is a better choice. Due
to much greater sensitivity achieved by using modified electrodes, previous obstacles can be
overcome and makes a large number of methods in the past applicable to real sample analysis
by electrochemistry.

9. Study of metal ligand interaction and surface

Once practical approaches have been clearly proved to be applicable, the next important
step is delving into involving interactions in order to lay the brick for future development of
modifying materials as well as metal species to be determined. Methods such as X-ray crys-
tallography, cyclic voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS), and
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quantum calculations can be helpful in understanding collecting interaction and bond forma-
tion between metal ions and coordinating atoms [69, 70].

In addition, normally surface method such as Scanning Electron Microscopy (SEM) as well as
Transmission Electron Microscopy (TEM) can be employed to follow the change of the surface
during modifications and EIS has also proved to be helpful in checking the conductivity of
electrode materials [71].

10. Comparison of analytical performances for individual analyte

To picture the figures of merit and analytical performances and to compare a wide range
of modified electrodes, a number of investigations have been summarized in Tables 1-5).
The decision has been made to arrange the research items with the criteria of individual
analyte with a wide range of publication periods to suit specific areas of researchers and to

Entry Modified Methods Ion/compound Linearrange LD (nmol/l) Ref
electrode (mol/l)

1 Fe,O,NPs-CS?/ DPVi Bisphenol A 0.05-30.0 8.0 [72]
GCE (BPA)

2 CMK-3/ LSV Bisphenol A 0.2-150 50.0 [73]
nano-CILPE® (BPA)

3 Fe O, DPV Bisphenol A 0.0001-50.0 0.031 [74]
NPs-CB¢/GCE (BPA)

4 Au NPs/ LSV Bisphenol A 0.08-250.0 35.0 [75]
SGNF4/GCE (BPA)

5 AuNPs-GR¢/  DPV Bisphenol A 0.0001-100 50.0 [76]
GCE (BPA)

6 Fe,O, NPs- AMP! Bisphenol A 0.01-3.07 5.0 [77]
PANAM'/ (BPA)
GCE

7 RGO¢/CNT"  DPV Bisphenol A 0.00145-1.49 0.8 [78]
Au NPs/SPE! (BPA)

°CS: chitosan.

*CMK-3/nano-CILPE: ordered mesoporous carbon modified nano-carbon ionic liquid paste electrode.
“CB: carbon black.

4SGNF: stacked graphene nanofibers.

°Au NPs-GR: gold nanoparticles dotted graphene.
‘PANAM: poly(amidoamine).

8RGO: reduced graphene oxide.

"CNT: carbon nanotubes.

ISPE: screen-printed electrode.

IDPV: Differential Pulse Voltammetry

KLSV: Linear Scan Voltammetry

'AMP: Amperometry

Table 1. Analytical performances of various modified electrodes for BPA determination.
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Entry Modified Methods Ion/compound Linearrange LD (ug/l Ref
electrode (ug/l

1 CB-15- DPASVI Pb/Cd 10.9- 3.3/4.7 [35]
crown-5/ 186.5/15.7—
GCE 191.1

2 BiOCI*/ SWASV* Pb/Cd 5-50/5-50 0.57/1.2 [79]
MWCNTY/GCE

3 L-cys!/GR*-CS/ DPASV Pb/Cd 1.04-62.1/0.56— 0.12/0.45 [80]
GCE 67.2

4 MWCNT/ DPASV Pb/Cd 1.0-200.0/1.0-  0.4/0.2 [81]
poly(PCV)Y/ 300.0
GCE

5 Bi-D24C8s/ SWASV Pb/Cd 0.5-60/0.5-60  0.11/0.27 [2]
Nafion SPCE

6 Bi/poly(p- DPASV Pb/Cd 1.0-130/1.0- 0.8/0.63 [82]
ABSA)/ 110.0
GCE

7 Bi-xerogel/ SWASV Pb/Cd 1.04- 1.3/0.37 [83]
Nafion/GCE 20.72/0.56—

11.24

8 Bi/CNT/SPE SWASV Pb/Cd 2-100/2-100 0.2/0.8 [84]

9 Bi,0,/GCE" SWASV Pb/Cd 2-250/1-150 0.26/0.52 [85]

10 BiF /CPE! SWASV Pb/Cd 20-100/20-100  9.8/1.2 [86]

*CB-15-crown-5, 4-carbox-ybenzo-15-crown-5.

*BioCl, bismuth-oxychloride.

‘MWCNT, multi-walled carbon nanotube.

9L-cys, L-cysteine.

°GR, graphene.

fpoly(PCV), poly(pyrocatecholviolet).

8D24C8, dibenzo-24-crown-8.

"Bi,0,/GCE, graphite-composite electrodes bulk-modified with Bi,O.,.
'BiF /CPE, ammonium tetrafluorobismuthate bulk-modified carbon paste electrode.
IDPASV: Differential Pulse Anodic Stripping Voltammetry.

*SWASV: Square Wave Anodic Stripping Voltammetry.

Table 2 Analytical performances of various modified electrodes for Pd and Cd simultaneous determination.

Entry Modified electrode Methods Ion/compound Linear range (uM) LD (uM)  References
1 Hb? microbelt/GCE cv H,0, 10-230 0.61 [87]
2 HRP*/DNA-Ag/GCE  CV H,0, 7.0-7.8 2 [88]
3 Cobalt oxide NPs/ Cv H,0, 1-1000 0.6 [89]
GCE
4 Cyt c?/Ag NPs/GCE cv H,0, 8.5-130 9.8 [90]
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Entry Modified electrode Methods  Ion/compound Linear range (uM) LD (uM)  References

5 Mbe(Hb, HRP)/ cvi H,0, 24.2-1670 8.07 [91]
SWCNT-CTABY/GCE

6 Hb/undoped Ccv H,O, 2-25 0.4 [92]
nanocrystalline
diamond/GCE

7 Hb/PAN-co-PAAS/ Ccv HO, - 45 [93]
GCE

8 Hb/chitosan and Cv H,0, - 8.3 [94]
nanoCaCO,/GCE

9 Hb/nano-gold/ITO" cv H,0, 10-700 4.5 [95]

10 Hb/nano-Ag sol-gel/ Ccv H,0, 1-250 0.1 [96]
GCE

11 Hb/nano-Ag-chitosan/ CV H,0, 0.75-216 0.2 [97]
GCE

“Hb: Hemoglobin.

"HRP: Horseradish peroxidase.

‘DNA: Deoxyribonucleic acid.

4Cyt c: Cytochrome c.

“Mb: Myoglobin.

'SWCNT-CTARB: Single walled carbon nanotubes-cetylramethylammonium bromide.

sPAN-co-PAA: poly(acrylonitrile-co-acrylic acid).

"ITO: Indium tin oxide.

ICV: Cyclic voltammetry.

Table 3. Analytical performances of various modified electrodes for H,, determination.

Entry Modified electrode Methods Ion/compound  Linearrange (nM) LD (nM)  References

1 NN*HMDEP Csv! Iron - 0.08 [98]

2 DHN¢Y/HMDE csv Iron - 0.005 [99]

3 DHN¢(mercury coated, csv Iron - 0.1 [100]

gold, micro-wire electrode)
4 5-Br-PADAP‘HDME DLSAVe  Iron 0.25-100 - [101]
5 -(IL-rGO/AuNDs*/Nafion/ ~ SWV* Iron 300-100,000 35 [102]
GCE)

*NN: 1-nitroso-2-naphthol.

*DHN: 2,3-dihydroxynaphthalene.

‘HDME: Hanging mercury drop electrode.

45-Br-PADAP: 2-(5'-bromo-2"-pyridylazo)-5-diethylaminophenol

IL-rGO/Au NDs: ionic liquid-reduced graphene oxide supported gold nanodendrites.
fCSV: Cathodic stripping voltammetry.

8DLSAV: derivative linear sweep adsorption voltammetry

"SWV: Square wave voltammetry.

Table 4. Analytical performances of various modified electrodes for iron determination.
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Entry Modified electrode Methods  Ion/compound  Linearrange LD (ug/l) References
(ug/D

1 HMDE® DPASV Se (IV) 1.2-75 - [103]

2 BiFE® DPASV Se (IV) 2.0-30 0.1 [104]

3 AuE° modified with poly DPASV Se (IV) 0.4-158 0.06 [105]
3,3'-diaminobenzidine
4HCI-Nafion

4 Screen printed graphite DPASV Se (IV) 10-1000 4.9 [106]
electrode

5 Au NPs/BDD DPASV Se (IV) 10-100 - [107]

6 Poly(3,3"- diaminobenzidine) DPASV Se (IV) 7.9-79 0.78 [108]
film/AuE

7 Renewable silver annular DPASV Se (IV) 1.0-10 0.15 [109]

band working electrode

8 AuNPs/EY(GCE) SWASV  Se(IV) 15-55 0.12 [110]

“"HDME: Hanging Mercury Drop Electrode.
PBiFE: Bismuth film electrode.

“AuE: Gold electrode.

“9E: Electrochemically prepared.

Table 5. Analytical performances of various modified electrodes for Se determination.

shed light on their upcoming research. Even though the focus is on metal ions, bisphenol
A and hydrogen peroxide have been used as a model for the applications of modified elec-
trodes in analyzing other compounds. Despite of the fact that two units of concentration
are expressed, the advantage of modified electrodes in moving up to better sensitivity and
specificity as well as their more useful and more innovative applications in the near future
can be clearly seen.

11. Future trends

Electrochemistry has been used and studied for a long time, which lays great fundamen-
tals for the development of newer electrochemical techniques. Valuable previous discoveries
await their improvements by using modified electrodes. Innovations are underway to analyze
metal ions with greater analytical performances as well as to suit simultaneous determina-
tions. New compounds can be investigated and mixed or immobilized to increase the surface
areas and serve species imprints which in turn require deeper investigations for the attractions
and interactions between modified substrate and analytes. Modified electrodes should also
work well with spectroscopic, separation, and other methods in a variety of ways. They have
already been proved to facilitate reactions for energy research [111]. The new thing that has
not been considered is the use of modified electrodes in organic synthesis to make it more spe-
cific [112]. Moreover, modified electrode has already found its ways in spectroelectrochemical
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investigation [113]. Finally, new theoretical explanations can be adapted for better under-
standing and applications, which would be the stepping stones for more and greater inven-
tions in the future.

12. Conclusions

Modified electrodes have been proved to be effective in the determination of a number of met-
als ions. With the speed, simplicity, and sensitivity of stripping voltammetry, the methods can
be successfully applied to their analysis at trace level. Mixtures of various compounds await
the art to manifest them in increasing the sensitivity for monitoring the concentrations of
important metal ions. Additionally, the discovery of new nanomaterials would give stripping
voltammetry a bright future. Furthermore, new electrochemical techniques such as EIS would
assist the applications of modern modified electrodes in a great variety of areas. It is hoped
that this article fires up researchers as well as opens up new opportunities in initiating and
conducting new electrochemical research to be universally applicable in vast areas.
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