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Abstract

This study focuses on evaluating the electrochemical behavior of the ferri/ferrocyanide redox couple [Fe(CN)¢*/Fe(CN)¢*] on
EDTA-modified carbon paste electrodes, with the aim of developing a sensitive electrochemical sensor for the detection of
trivalent and hexavalent chromium Cr(111,VI). EDTA, a complexing agent well known for its strong affinity for metal ions, was
incorporated at a concentration of 10% in the carbon paste to enhance the electrode's ion recognition properties. Electrochemical
characterization was performed by cyclic voltammetry in the presence of the ferri/ferrocyanide redox couple, used as a probe to
assess electron transfer properties. Electrochemical parameters, including the peak potential difference (AEp), the anodic and
cathodic peak currents (Ipa, Ipc), and their ratio, demonstrated the improved redox behavior and sensitivity of the modified
electrode. The observed improvement is likely due to the complexing functional groups of EDTA, which facilitate stronger
interactions between the modified electrode surface and the redox species in solution. Electrochemical impedance spectroscopy
supports the voltammetric findings, confirming enhanced charge transfer kinetics at the surface of the modified electrode. The
results confirm the potential of this configuration as an effective platform for developing reliable and selective electrochemical
sensors for detecting Cr(111,V1) in aqueous media. By studying the electrical quantities AEp, the formal standard potential E°, and
the Ipa/lpc current ratio, the developed electrochemical sensors can be optimized.
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1. Introduction

The development of electrochemical sensors for the detec-  trace amounts, is an essential trace element for humans.
tion of heavy metals, particularly chromium Cr(ll1l;VI), is  Studies have shown a reduction in the risk of type 2 diabetes
attracting increasing interest due to their simplicity, sensitivity ~ in adults taking supplements containing chromium (111) [3].
and low cost [1, 2]. The heavy metal chromium (I11), even in However, beyond a certain concentration, it can cause dis-
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eases such as respiratory cancers, glucose metabolism disor-
ders, and kidney damage [4]. In contrast, chromium (V1) is
highly toxic and classified as a group 1 carcinogen for living
organisms [3, 5].

To design effective sensors for their detection, optimization
of the working electrode is crucial. Carbon paste electrodes
(CPEs) are a preferred platform in analytical electrochemistry
due to their conductivity, ease of modification, and low cost
[6]. The incorporation of modifiers, such as ethylenedia-
minetetraacetic acid (EDTA), improves selectivity and spe-
cific interaction with metal ions [7]. EDTA is a powerful
complexing agent capable of forming stable complexes with
many cations, including Chromium ions under certain condi-
tions [8].

To evaluate the electrochemical activity and reactivity of
modified electrodes, the ferri/ferrocyanide redox couple
(Fe(CN)s3/Fe(CN)g*") is widely used as a reference probe.
This couple is very popular in electrochemistry because it
offers well-known reversibility, well-established potentials,
and simple electron transfer mechanisms, making it a standard
marker for testing the surface properties of new or modified
electrodes. [9]. Cyclic voltammetry (CV) is the most widely
used technique for this characterization: by sweeping the
potential applied to the working electrode, it allows the gen-
eration of a voltammogram whose characteristics — peak
potentials, anodic and cathodic intensities, peak potential
difference (AE), current ratio (Ia/Ic) — provide information
on the electron transfer kinetics, the active surface of the
electrode, and the diffusion mechanism [10].

In this context, the present study aims to analyze the elec-
trochemical behavior of the ferri/ferrocyanide couple on sev-
eral carbon paste electrode formulations, with the objective of
evaluating them as potential platforms for an electrochemical
Cr(111,V1) sensor. By comparing electrochemical parameters (E,
AE, Ta/lc, current density, etc.), this work seeks to determine
how the composition and modification of the carbon paste
influence electrode performance. The ultimate goal is to opti-
mize this configuration to develop a sensitive and selective
electrochemical Cr(I11,V1) sensor in aqueous media.

2. Materials and Methods

2.1. Materials

2.1.1. Apparatus

The experimental device for plotting cyclic voltammo-
grams analyzes includes a mini potentiostat brand 910PSAT
(METROHM). This potentiostat is controlled by soft-ware
(PSAT) on a laptop computer and connected to electrodes via
electrical connections. Voltammetric curves were recorded at
room temperature in a three-electrode cell set up. The working
electrode is a cylindrical glass tube open at both ends, in
which the bare or EDTA-modified carbon paste is compacted
by regular mechanical pressure on clean, smooth paper,

Ag/AgCI (saturated) was used as a reference electrode and
platinum wire as the counter electrode. Electrochemical
impedance spectroscopy (EIS) measurements were performed
using a mini-potentiostat (PSTrace) driven by PSTrace
5.7.2001 software and used for command analysis and com-
puter data processing.

2.1.2. Reagents

All solutions were prepared with milli-Q water. The paraf-
fin oil was purchased from Sigma Aldrich. The graphite
powder (99.9995%) was purchased from Alfa Aesar. The
reagents used include KCI (99%, E. Merck), KsFe(CN)g (99%,
E. Merck), and EDTA (99%, E. Merck).

2.1.3. Preparation of Working Electrodes

The electrodes used in this study are all made from carbon
paste, either in its unmodified state or modified by the in-
corporation of a specific agent. The modifier used is eth-
ylenediaminetetraacetic acid (EDTA). Before electrode
preparation, the carbon powder was thermally treated at
500<C for 3 hours to remove adsorbed electroactive species,
particularly oxygen, and thereby reduce residual background
currents. Although carbon is widely used as an electrode
material due to its advantages—such as low residual current,
good electrical conductivity, and low ohmic resistance—its
performance can be affected by background currents caused
by oxygen trapped in the graphite pores, which may lower the
sensor’s sensitivity [11]. After cooling, the treated powder
was used for the fabrication of the working electrodes. The
unmodified carbon paste electrode (CPE) was prepared by
thoroughly mixing 70% graphite powder and 30% paraffin oil
(by mass ratio) in an agate mortar. Grinding yields a homo-
geneous paste, which is then introduced into the electrode
body. A copper wire inserted at the rear ensures electrical
contact. The electrode is regenerated by simply wiping it on
clean, smooth paper.

For the preparation of the modified electrodes, varying
amounts of EDTA salt were incorporated. This mixture was
then combined with paraffin oil in the same graphite/paraffin
ratio (70:30 w/w) to obtain a homogeneous paste using a small
agate mortar. Furthermore, to enhance the electrochemical
performance of the EDTA-CPE sensor, its EDTA content was
optimized. Various mass ratios of EDTA (5%, 10%, 15%, and
20%) were incorporated into the carbon paste and evaluated in
a ferri/ferrocyanide redox solution to determine the percent-
age that yielded the highest peak current response.

2.2. Methods

The ferri/ferrocyanide redox couple is widely employed in
electrochemical studies due to its well-defined and reversible
redox behavior, characterized by distinct and reproducible
oxidation and reduction peaks. This makes it particularly
suitable for probing the interfacial properties of electrode
materials via voltammetry. Unlike other redox systems such
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as ferrocene, ferri/ferrocyanide is fully soluble and chemi-
cally stable in aqueous environments, eliminating the need
for organic solvents and enhancing compatibility with bio-
logical and environmental samples. The couple demonstrates
excellent chemical and electrochemical stability under neu-
tral to slightly basic conditions, with minimal degradation
over time. Its low cost, ease of handling, and commercial
availability further contribute to its widespread use. Due to
its fast electron transfer kinetics, broad applicability, and
reliability in evaluating electrode modifications or sensor
performance, ferri/ferrocyanide has become a standard redox
probe in electrochemistry [9, 12]. After their fabrication, the
electrodes underwent electrochemical characterization in a
solution containing the ferri/ferrocyanide redox couple. Cy-
clic voltammograms were recorded in a supporting electrolyte
consisting of 0.1 mol £~2KClI, containing 5 <10™3mol L™ 1of
ferrocyanide.

The electron transfer occurs at the electrode/solution in-
terface according to the following reaction:

[Fe(CN)g]*™ 2 [Fe(CN)g]*™ + e~

Where:

[Fe(CN)g]*": the ferrocyanide ion and

[Fe(CN)g]3™: the ferricyanide ion

The modified electrode that exhibited the best response to
the ferri/ferrocyanide redox couple was selected for further
characterization by electrochemical impedance spectroscopy,

again in the same solution. The voltammograms obtained
were compared to that of the unmodified electrode (EPC) to
evaluate the effect of the modification.

3. Results

3.1. Effect of EDTA Salt Loading

The electrochemical behavior of the carbon paste electrode
(CPE) and the EDTA-modified carbon paste electrode
(EDTA-CPE) was investigated by cyclic voltammetry using
[Fe(CN)¢]* as a redox probe. Figure 1 displays the voltam-
mograms obtained with both unmodified and EDTA-modified
electrodes. A marked increase in the intensities of the anodic
and cathodic peaks is observed following modification, indi-
cating enhanced surface conductivity. This enhancement
suggests that the presence of EDTA facilitates electron
transfer at the electrode/solution interface. These findings are
consistent with previous literature reports [13-16].

Moreover, the redox peaks appear sharper and more de-
fined after modification, which may indicate favorable
chemical interactions between the EDTA embedded in the
paste and the redox probe ([Fe(CN)¢]*") in solution. The peak
intensity also varies with the proportion of EDTA in the paste,
a trend similarly observed by others authors [14, 15].
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Figure 1. Cyclic voltammograms of the EDTA-CPE system at different percentages of EDTA. Electrolyte KCI support 0.1 mol/L containing
([Fe(CN)s]* 5.10° mol/L; electrode Ag/AgCI reference saturated with KCI; scanning rate v=10-60 mV/s.

To determine the most effective composition, the influence
of the EDTA-to-graphite ratio on the current response was
evaluated. Figure 1 presents the cyclic voltammograms for
each proportion. The peak current increases with EDTA

content up to 10%, then decreases at higher proportions, in
some cases falling below the response of the unmodified
electrode. This decrease may be attributed to a disruptive
effect of excess EDTA on the electrode's surface activity. Such


http://www.sciencepg.com/journal/sjac

Science Journal of Analytical Chemistry

http://www.sciencepg.com/journal/sjac

behavior aligns with earlier studies on modified carbon paste
electrodes [17].

The voltammetric responses recorded at various EDTA
concentrations allowed identification of the optimal modifier
content. The current density data extracted from Figure 1 were

used to construct the curve shown in Figure 2. Incorporating
10% EDTA into the graphite powder yielded a peak current
density of 77.42 A, the highest recorded. Thus, 10% EDTA
was selected as the optimal composition for the modified
electrode (EDTA-CPE) used in subsequent experiments.
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Figure 2. Representation of the anodic and cathodic peaks as a function of EDTA percentages.

3.2. Electrochemical Characterization of the
EDTA-CPE System

Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (VC) techniques were used to characterize the
bare (PCE) and modified (PCE-EDTA) electrode in a 5 mM
[Fe(CN)e]* solution prepared in 0.1 M KCI.

3.2.1. Cyclic Voltammetry

Cyclic voltammetry is a versatile electrochemical method
used to analyze reaction mechanisms and characterize mate-
rials by measuring current as a function of a swept potential.
In cyclic voltammetry (CV), a variety of electrochemical
parameters can be extracted from the recorded curves. How-
ever, certain parameters are not always reported, either due to
their methodological complexity or their limited relevance to
the specific objectives of the study. In the present work, the
analysis was deliberately focused on key voltammetric indi-
cators that are directly related to the analytical performance of
the sensor such as Ipa (anodic peak current), Ipc (cathodic
peak current), AEp (peak-to-peak potential separation) and
Ipa/lpc ratio. These parameters were selected because they:
provide information on reversibility (via AEp), reflect sensi-
tivity and reproducibility (via Ipa and Ipc), and allow for the
assessment of the electrochemical stability of the modified
electrode. They thus represent the most relevant and practical
metrics for a preliminary functional evaluation of the devel-
oped sensing platform.

Cyclic voltammetry provides precise information, particu-
larly for reversible systems governed by the Randles-Sevcik
equation [18]:

Ip = (2.687.10%)n3/2. A.DV?.v/2.C (1)

Where n represents the number of electrons involved in the
redox reaction; A represents the electrode area in cm=2 v
represents the scanning speed in V/s; C represents the con-
centration of the active species in mol/cm3 D represents the
diffusion coefficient in cm¥s. The reaction mechanism is
evaluated using the study of the peak potential deflection AEp

(2) [16].
AEp = Epa — Epc (mV) 2

The value of AEp provides information about the reaction
mechanism.

Thus:

If AEp = 60 mV, the system is rapidly reversible.

If AEp > 60 mV, the system is nearly reversible slowly or
nearly irreversibly slowly.

From the peak potentials, the formal standard potential of
the oxidizing/reducing couple E <is calculated from relation (3)
[19]:

E’ = (Epa + Epc)/2 (3)

Another key indicator in the analysis of a cyclic voltam-
mogram is the ratio between the anodic and cathodic peak
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currents: |lpa/lpc| [16]. This ratio provides information on
transport mechanisms and side reactions. Two cases are pos-
sible: (1) a ratio close to 1 indicates a reversible electro-
chemical reaction (rapid equilibrium); (2) a deviation from 1
suggests the existence of chemical reactions coupled to elec-
tron transfer or other complex phenomena at the elec-
trode-solution interface. Figure 3 shows the cyclic voltam-
metry of PCE (curve a) and EDTA-CPE (curve b).

The voltammogram reveals anodic (Ipa) and cathodic (Ipc)
current peaks, corresponding to potentials Epa and Epc,
respectively. The presence of these peaks indicates that the
redox reaction proceeds efficiently at the surface of the elec-
trode material, confirming the electrochemical activity of the
carbon paste. Any electrode material in contact with the
ferri/ferrocyanide couple should produce a similar curve if it
is electrochemically active. The current and potential values
were used to determine the peak potentials and the current
ratio. The results are presented in Table 1.

Table 1. Electrical values of the working electrode in the presence of
the Ferro/Ferricyanide couple in cyclic voltammetry (CV).

Working Electrodes AE_P [I_Pa1_Pc | E<(V)

CPE 0.144 1.77 0.222

Working Electrodes AE_P [I_Pa1_Pc | E=(V)

EDTA-CPE 0.128 1.70 0.218

The effect of scanning speed on the cyclic voltametric re-
sponse of the 10% EDTA-Modified Carbon Paste Electrode
(EDTA-CPE) was also studied. Figure 4 shows the cyclic
voltammograms recorded with a 10% EDTA-modified carbon
paste electrode (EDTA-CPE) at scanning speeds between 0.01
and 0.06 V/s, within a potential range of —0.3 to 0.7 V. At each
speed, the voltammograms maintain a similar shape, reflect-
ing the stability of the electrochemical system under the
applied experimental conditions. Furthermore, a progressive
increase in anodic and cathodic currents is observed with
increasing scanning speed, which is consistent with the trends
generally observed in controlled diffusion systems [20-23].

Table 2 summarizes the data extracted from cyclic volt-
ammograms obtained with a carbon paste electrode modified
with 10% EDTA, for scan rates between 0.01 and 0.06 V/s. It
shows that the potential difference between the anodic and
cathodic peaks (AEp = Epa - Epc) increases with the scan
rate (v), and that the potentials Epa and Epc also vary with this
rate. This evolution suggests a relatively slow electrochemical
process, characterized by non-ideal electron transfer Kinetics.

Table 2. Experimental data drawn from the cyclic voltammograms of the CPE modified with 10% of EDTA. Electrolyte support KCI 0.1 mol/L
containing [Fe(CN)s]* 5.10-3 mol/L, Ag/AgCl reference electrode saturated with KCI; scanning rate v=10-60 mV/s.

Working Electrodes v (VIs) Epa (V) Epc (V)
0.01 0.292 0.15
0.02 0.318 0.13
0.03 0.332 0.126

PCE-EDTA
0.04 0.338 0.13
0.05 0.346 0.12
0.06 0.362 0.114

Analysis of the Tables 1 and 2 reveal different values for E<
AEp, and the ratio |Ipa/Ipc|. This initial observation suggests
that the electrode materials influence the electrochemical
activity of the ferri/ferrocyanide couple. The ratios |Ipa/lpc|
are different from 1 (Tables 1 and 2), thus confirming the
slowness of the system. The difference between the Ipa and
Ipc (Table 1) values could also be explained by the modifica-
tion of surface properties due to various phenomena occurring
on the surface of the EDTA-modified carbon paste electrodes.

AE (mV) II_PaA_Pc | EA°(V)
142 1.864 0.221
188 1.889 0.224
206 1.973 0.229
208 1.896 0.128
226 1.939 0.229
248 2.133 0.238

Furthermore, the relationship between the scan speed and
the intensity of the anodic peak was established in order to
define the electrochemical process at the PCE-EDTA/Solution
interface. Figure 5 shows the curve Ipa = f(v¥?) for
EDTA-modified carbon paste electrodes.

The Ipa = f(v}?) curves for the PCE-EDTA system exhibit a
linear variation (R=2> 0.9993) in the peak anodic current
intensity as a function of v”? (Figure 5).
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Figure 3. Cyclic voltammograms of PCE (a) and EDTA-CPE (b). Electrolyte KCI support 0.1 mol/L containing ([Fe(CN)s]* 5.10- mol/L;
electrode Ag/AgCl reference saturated with KCI; scanning rate v=50 mV/s.
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Figure 4. Cyclic voltammogramm of EDTA-CPE. Electrolyte KCI support 0.1 mol/L containing ([Fe(CN)s]* 5.10-3 mol/L; electrode Ag/AgCl
reference saturated with KCI; scanning rate v=10-60 mV/s.
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Figure 5. Curve of Ipa=f(v?) of EDTA-CPE. Electrolyte KCI support 0.1 mol/L containing ([Fe(CN)s]* 5.10- mol/L; electrode Ag/AgCl
reference saturated with KCI; scanning rate v=10-60 mV/s.


http://www.sciencepg.com/journal/sjac

Science Journal of Analytical Chemistry

http://www.sciencepg.com/journal/sjac

3.2.2. Electrochemical Impedance Spectroscopy

EIS is a basic tool for determining the electrochemical
properties of the electrode surface/interface and can provide
specific information on impedance variations during the
electrode modification process. The results are presented as
Nyquist plots, where the real (Z') and imaginary (Z") com-
ponents of the impedance are plotted on the x- and y-axes,

respectively. The Nyquist curves for CPE (curve a) and
EDTA-CPE (curve b) comprised two sections: a straight line
of approximately 45<C in the low-frequency region indicating
mass transfer by diffusion of electroactive species and a
semicircle of different diameter in the high-frequency region
representing the surface electron exchange environment [24].

0 100 200 300
Z'(Ohm)

400 500 600 700

Figure 6. Nyquist plots of CPE (a) and EDTA-CPE (b). Electrolyte KCI support 0.1 mol/L containing ([Fe(CN)s]* 5.10° mol/L; electrode
Ag/AgCl reference saturated with KCI at frequency range: 0.01- 100,000 Hz applied potential : 0.2 V, and amplitude: 0.01 V.

4. Discussion

The analysis of the potential difference (AEp) obtained for
all systems shows values exceeding 60 mV [16], indicating
that the ferri/ferrocyanide redox reaction is either slow, qua-
si-reversible, or nearly irreversible. Such kinetic slowness
suggests a significant resistance to electron flow within the
electrode material. The AEp value is a useful parameter for
comparing the reaction mechanisms across different elec-
trodes—Ilower AEp values imply improved conductivity and
better cohesion within the electrode matrix. As shown in the
data, the carbon paste electrode modified with 10% EDTA
exhibits a AEp of 128 mV, compared to 144 mV for the un-
modified CPE, confirming a more efficient electron transfer at
the surface of the modified electrode. This reduction in AEp
reflects the enhanced electrochemical performance due to
EDTA incorporation [21, 25]. The current peak ratio |Ipa/lpc|
varies between systems and deviates from unity, implying that
the electron transfer kinetics differ depending on the electrode
composition. A ratio greater than 1 suggests that the anodic
current exceeds the cathodic one, while a ratio below 1 im-
plies the opposite. In both CPE and CPE-EDTA systems, the
ratio exceeds 1, indicating a dominant oxidation process and
suggesting that electron transfer is coupled with mass

transport phenomena. Additionally, Table 1 presents varying
values of the apparent standard potential (E<, which high-
lights the influence of the electrode modifier on the redox
system. Although values remain close to that of the bare CPE,
slight shifts point to changes in the interfacial environment
induced by EDTA. Finally, the linear relationship between the
anodic peak current (Ipa) and the square root of the scan rate
suggests that the electrochemical process is diffu-
sion-controlled, governed by the transport of electroactive
species to the electrode interface.

Electrochemical impedance spectroscopy (EIS) was em-
ployed alongside cyclic voltammetry (CV) to provide a more
comprehensive understanding of the interfacial properties of
the EDTA-modified carbon paste electrode (EDTA-CPE) and
the associated charge transfer processes.

In these plots, the semicircular shape observed at high
frequencies reflects the charge transfer resistance (Rct), a
critical parameter indicative of the ease with which electrons
are exchanged at the electrode/electrolyte interface. As shown
in Figure 6, the bare carbon paste electrode exhibits an Rct of
560 Q (curve a). Upon modification with 10% EDTA, the Rct
decreases to 480 Q (curve b), indicating enhanced charge
transfer kinetics due to the presence of EDTA. Similar results
have been reported by other authors [14]. This improvement
in interfacial conductivity is in good agreement with the CV
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data, particularly the observed decrease in peak potential
separation (AEp), which suggests improved electrochemical
reversibility. The consistency between EIS and CV results
reinforces the conclusion that EDTA functionalization en-
hances the redox behavior of the electrode, likely by facili-
tating complexation with target metal ions and promoting
faster electron transfer at the interface.

5. Conclusions

The study of the electrochemical behavior of the fer-
ri/ferrocyanide redox couple on EDTA-modified carbon
paste electrodes has led to a better understanding of the elec-
tron transfer properties at the surface of these electrodes.
Results obtained by cyclic voltammetry showed that the
introduction of 10% EDTA into the carbon paste improves
the electrochemical response, notably by decreasing the peak
potential difference (AEp) and increasing the anodic peak

current, indicating improved reversibility of the redox system.

This improvement is attributed to the presence of EDTA
complexing groups that promote interaction between the
electrode and the species in solution. These electrochemical
performances enhance the potential of this modified elec-
trode for sensitive and selective chromium (Cr(l11,V1)) de-
tection. These results provide a promising basis for the de-
velopment of efficient electrochemical sensors, particularly
for environmental monitoring of water contaminated by
heavy metals. Further studies are underway to evaluate the
analytical performance of this electrode under real conditions
of chromium Cr (111, V1) detection.
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