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Abstract

In this study, a carbon paste electrode modified with silver and magnetite nanoparticles
was used to quantify arsenic via square-wave anodic stripping voltammetry. Under opti-
mized parameters, a deposition potential of 0.4 V for a period of 70 s, the setup achieved
a linear quantification range from 0 to 40 ug L of As (III) (R? = 0.982). Electrochemical
characterization was performed using cyclic voltammetry and electrochemical impedance
spectroscopy (EIS). The evaluated arsenic quantification framework encompasses the
World Health Organization (WHO) limit and the Mexican maximum permissible level for
arsenic in drinking water (10 ug L), as well as arsenic concentrations frequently reported
in groundwater wells throughout northern Mexico. Key advantages of this electrode in-
clude its low fabrication cost, ease of operation, and analytical stability spanning a 30-day
period. Additionally, selectivity tests revealed that Cu(Il) masked the arsenic stripping
signal at a 1:1 Cu(ll): arsenic concentration ratio, whereas no modification of the target
signal was observed in the presence of cadmium.

Keywords: anodic stripping voltammetry; carbon paste electrode; magnetite
nanoparticles; silver nanoparticles

1. Introduction

Arsenic contamination is a global problem as over 200 million people are exposed to
high concentrations of arsenic in drinking water [1]. It has been determined that the main
source of human exposure is the consumption of contaminated water, causing diseases
such as vascular problems, and ischemic heart disease, in addition to increasing the risk
of generating tumors in the bladder, lungs, kidneys, and liver [2], and skin problems [3].
Additionally, chronic arsenic exposure has been associated with cognitive impairment [4].

Water contamination by arsenic occurs through both lithogenic and anthropogenic
pathways [5], with the latter being exacerbated by overexploitation [6]. It is estimated that
between 94 and 220 million people worldwide are at risk of exposure to high levels of
arsenic [7].

Among the countries reporting arsenic concentrations above the WHO drinking wa-
ter safety limit, India presents a major issue [8]. For Latin America, arsenic contamination
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of groundwater has been considered a serious problem in 20 countries [9]. Mexico is
among the countries with the highest probability of groundwater concentrations above 10
ug L1 [10]. Arsenic concentrations above 100 pg L' have been reported in northern Mex-
ico [11]. For this reason, it has been necessary to establish different regulations for water
quality assurance. In Mexico, the NOM-127-55A1-2021 [12] standard establishes a maxi-
mum allowable arsenic concentration of 10 pg L' for government-provided drinking wa-
ter. Additionally, the arsenic concentration in bottled water is set at 10 ug L, as regulated
by NOM-201-5SA1-2015 [13]. The latter is equal to the maximum value recommended by
the World Health Organization (WHO) and complements the regulations. Arsenic moni-
toring is another important issue.

The analytical techniques currently used for arsenic determination in water, spectro-
scopic, chromatographic, and hybrid approaches remain the most common [14]. However,
chromatographic procedures for arsenic quantification and speciation require complex sam-
ple preparation steps to accurately determine the different arsenic species [15]. In addition,
these techniques present several limitations, such as long analysis times [16], the need for spe-
cialized personnel [17], and high investment costs in equipment and reagents [18].

Portable colorimetric assays provide a practical means for performing onsite measure-
ments efficiently [19], and their results represent only an approximation of the actual arsenic
content in water samples [20]. Current challenges in arsenic quantification encompass the
need for precise speciation, the development of low-cost, user-friendly devices, and enhanced
analytical performance [21]. On-site arsenic analysis relies on innovative methods based on
biosensors, nanomaterials, and electroanalytical technologies [14]. Relevant electrochemical
methods include potentiometry, conductimetry, and voltammetry [21].

Ongoing research aims to develop portable devices capable of quantifying arsenic
directly on site [22]. Electrochemical techniques, together with the use of modified elec-
trodes, have a high potential to develop devices that are easy to use and capable of quan-
tifying contaminants at low concentrations with high sensitivity [14,23,24].

Although significant progress has been made in environmental monitoring, quanti-
fying arsenic in real water samples remains a complex analytical challenge [25]. In this
scenario, the selection of the working electrode material is crucial for the success of the
determinations [26]. Gold, for instance, has historically been one of the preferred materials
for this task, but its use considerably increases production costs [27]. Added to this are
major operational limitations of current systems, such as the need for rigorous electrode
conditioning, chemical modification of the sample [28], and constant verification of sur-
face conditions via cyclic voltammetry to ensure reproducibility [29]. Carbon paste elec-
trodes have been widely studied due to their ease of modification, their low cost, chemical
stability [30] and easy renewal [31]. It is necessary to incorporate a modifier that provides
selectivity and an electrochemical response to the analyte [32]. The use of metallic materi-
als provides a high electroactive surface area and facilitates efficient mass transport [33].
Moreover, incorporating metallic nanoparticles offers the additional advantage of ena-
bling direct adsorption of arsenic species onto the electrode surface [34].

Regarding arsenic, the synergistic effects of two materials have been studied: one with
analyte adsorption properties and the other with electrical conducting properties [35].

One of the desired characteristics of electrodes used in arsenic quantification is selectivity.

Therefore, it was decided to study the effect of copper, since these metals are often
found as contaminants along with arsenic. In addition, copper is one of the main interfer-
ing elements in arsenic quantification [36].

One of the main difficulties is that the oxidation peak of As (0) to As (III) overlaps
with the Cu(0) to Cu(II) peak [37]. In addition, Cu can form intermetallic compounds with
As during the deposition process [38,39].
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Magnetite (FesOs) is used due to its adsorptive properties for arsenic [40] and it has
been reported that the reduction of As(Ill) is promoted by the redox cycle of Fe(II)/Fe(IlI)
[41]. Further, it exhibits selectivity for arsenic ions [42]. Silver, as a nanoparticle, is used
due to its excellent electric conductivity, in addition to the report of being used as a mod-
ifier for the determination of arsenic III and V [43], achieving a limit of detection (LOD) of
1.5 ug L' and 0.1 pg L respectively [44,45].

Although several modified electrodes have been reported for electrochemical arsenic
determination, most studies have focused primarily on improving analytical perfor-
mance. In the present work, the analytical evaluation is complemented with electrochem-
ical characterization to better understand the sensing mechanism of the Ag—FesOs NPs-
CPE. Cyclic voltammetry, electrochemical impedance spectroscopy, and kinetic analysis
were used to explain the synergistic contribution of Ag and FesOs nanoparticles to the
electrochemical response. In addition, the influence of Cu(Il) and Cd(II) on the arsenic
signal was investigated to assess the selectivity of the proposed electrode under condi-
tions relevant to water analysis.

2. Materials and Methods

2.1. Reagents and Apparatus

Paraffin oil, density 0.827-0.890 g mL-!; FesOs, particle size 50-100 nm; graphite pow-
der and KBHs were purchased from Sigma-Aldrich, St. Louis, MO, USA. The AgNO:s crys-
tal was J.T. Baker, Phillipsburg, NJ, USA. All reagents were used without further purifi-
cation. Cyclic voltammetry and sweep-potential measurements were performed on an
Autolab PGSTAT 204 potentiostat/galvanostat (Metrohm Autolab B.V., Utrecht, The
Netherlands), and impedance measurements were performed on a Bio-Logic model SP-
300 multi-channel galvanostat (Bio-Logic Science Instruments, Seyssinet-Pariset, France).
For silver nanoparticle synthesis, the method of chemical reduction was used [46], obtain-
ing a particle size range of 20-90 nm.

The active surface area of the working electrode was determined using potassium
hexacyanoferrate (III) (KsFe(CN)s (Sigma-Aldrich).

Atomic Absorption for Cu (AA15N-1) and Cd (AAO8N-1) were purchased from Ac-
cuStandard (New Haven, CT, USA) and used for interferents measurements.

2.2. Fabrication of Working Electrodes

The composition of the carbon paste electrode modified with Ag and FesOs (Ag-FesOs
NPs-CPE) was selected based on the component reported by Toor et al. [33]. Carbon paste
electrode modified with silver nanoparticles (Ag NPs-CPE) and carbon paste electrode
modified with magnetite nanoparticles (FesOs NPs-CPE) maintain the same proportions
of nanoparticles in Ag-FesOs NPs-CPE, as described in Table 1, to determine the effect of
each of the components of the electrode.

Table 1. Composition of working electrodes in weight percentage.

Electrode Graphite Powder = AgNPs FesO:sNPs  Paraffin Oil
Ag-FesOs NPs-CPE 63 8 4 25
Ag NPs-CPE 67 8 25
FesOs NPs-CPE 71 4 25
Bare CPE 75 25

The solid components of each electrode were weighed and homogenized in 5 mL of
hexane and stirred for 300 s in a vortex. The mixture was left to rest for 12 h to allow the
hexane matrix to evaporate. The paraffin oil was incorporated manually by mixing in an
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agate mortar for 30 min. The resulting mixture was packed into 2 mm diameter plastic
cylinders, and a copper wire was placed as a conductor. The photo of the working elec-
trode is shown in Figure 1, and the approximate cost is $8.00.

e

Figure 1. Working electrode.

2.3. Cell Characteristics and Potential Sweep

A conventional three-electrode voltametric cell was used. A 3 M Ag/AgCl electrode
(BASi) was used as a reference electrode, a platinum wire (BASi) was used as an auxiliary
electrode, and bare CPE and modified CPEs were used as working electrodes.

Measurements were performed using square-wave anodic stripping voltammetry,
with phosphate buffer as the supporting electrolyte. During the preconcentration period,
the migration of arsenic species was promoted by magnetic stirring at 200 rpm, with per-
tinent adjustments to improve the signal. The system was purged with argon for 300 s
prior to preconcentration. Baseline correction was applied to each calibration curve meas-
urement using the Nova 2.1.1 program, the potentiostat’s software.

2.4. Determination of Redox Potential

Redox potential measurements were performed using an ORION STAR A329
(Thermo Scientific Walthman, MA, USA) equipped with an ORP electrode (HI3230B,
Hanna Instruments, Woonsocket, RI, USA). The measurements were conducted in accord-
ance with Standard Method 2580 [47].

2.5. Preparation of Tap Water Samples

Analytical measurements were performed using the standard addition method. To
ensure matrix uniformity, a fixed volume of 2.0 mL of phosphate buffer and a 2.5 mL
aliquot of tap water (containing 23 ug L of As) were transferred to 10 mL volumetric
flasks. Each flask was then spiked with the corresponding volume of an As(Ill) standard
solution, according to the required fortification level. Finally, the flasks were diluted to
volume with deionized water.

2.6. Impedance Spectroscopy Measurements

The working electrodes used were Ag NPs-CPE, FesO4+NPs-CPE, bare CPE, and Ag-
FesOs NPs-CPE; Ag/AgCl 3 M was used as the reference electrode, and a platinum wire
was used as the auxiliary electrode. Working solutions (phosphate buffer 1 M pH 4.8)
were added. For measurements, 7 points per decade were determined, with an amplitude
of 10 mV over a frequency range from 100 kHz to 10 MHz. The adjustments were made
with the Zview 2 software (Scribner Associates Inc., Southern Pines, NC, USA) program.
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2.7. Electrode Aging

The test was performed using Ag-FesOs NPs-CPE, whose surface was renewed by
polishing on filter paper before each measurement. Three measurements were carried out
every five days at a solution of As(Ill) 10 pug L.

2.8. Data Analysis

The data obtained were analyzed with Minitab 17 Statistical Software. Five measure-
ments per point on the calibration curve were performed, using concentrations prepared
starting at 5 ug L, 10 ug L, and then increasing in 10 pug L up to 90 pug L of As(III).

3. Results and Discussion

For peak identification, cyclic voltammetry was applied at a scan rate of 100 mV s
in the anodic direction. Figure 2a shows the measurements in the presence and absence of
arsenic in water, (b) under the experimental conditions applied, H3AsOs was identified as
the arsenic species present in the water samples. The redox potential (Eh) was measured
using an oxidation-reduction potential (ORP) electrode.

200

150

100 A

-50 4

-100 A

-150

-200 A

15 T T T T

a b
1.0+
05
A =
o
=
il
0.0
05+
T T T T T 10 T T T T T T
-0.4 -0.2 0.0 0.2 0.4 0.6 0 2 4 6 8 10 12 14
E(V) vs Ag/AgCI pH

Figure 2. (a) Cyclic voltammetry with Ag-FesOs NPs-CPE. The black line corresponds to the blank
solution, and the red line shows the measurement in an As(III) in phosphate-buffered solution. Scan-
ning rate of 100 mV s in an anodic direction. Peak A corresponds to redissolution, and Peak B
corresponds to deposition. (b) The marked point indicates the experimental redox potential and pH
conditions used in this study within the Eh-pH (Pourbaix) diagram of the As-O-H system at 25 °C
and 1 bar. Reproduced from [48].

By applying cyclic voltammetry, it was possible to identify the redissolution peak (A,
Figure 2), corresponding to reaction (2), and peak B, corresponding to

As(IIl) + 3e~ — As(0) (1)

As(0) —— As(lll) + 3e~ ()

To identify the response of each Ag-FesOs NPs-CPE component, the working electrodes
were evaluated and compared through cyclic voltammetry, the results are in Figure 3.

From the comparison made in Figure 3, it is possible to identify peaks A and B in Ag-
FesOs NPs-CPE, smaller peaks for Ag NPs-CPE, bare and FesOs NPs-CPE electrodes; it is
not possible to identify a response to the presence of As(IIl) in A or B.

Once the peaks of interest were identified, the potential for impedance spectroscopy
measurements were defined: -400 mV for arsenic deposition and 200 mV for redissolution
potential.
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Figure 3. Cyclic voltammetry with the different working electrodes. Experimental conditions: phos-
phate buffer and As(III) 1000 pg L™ solution, at a scan rate of 100 mV s™ in the anodic direction. The

peaks marked A and B correspond to redissolution and deposition, respectively.

3.1. Operation Parameters and Calibration Curve

In Figure 4, the peak height is shown as a function of deposition time and deposition
potential, respectively. This information was used to optimize the operating conditions of
the square-wave technique with Ag-FesOs NPs-CPE.

6 10
5 -
8-
4
64
~ 3] L
g a
2 41
14 2]
04
04
_1 T T T T T T T T T T T T T T T T T T T
005 010 015 020 025 030 035 010 015 020 025 030 035 040
E (V) vs Ag/AgCl E(V) vs Ag/AgCI

Figure 4. Influence of (a) variation in deposition potential, and (b) variation in deposition time using
Ag-FesOs NPs-CPE in a 10 ug L As(III) solution.

As a result of operating parameter optimization, -0.40 V was defined as the deposi-
tion potential and 70 s as the deposition time. In Figure 4b, it is observed that a higher
peak could be achieved with a longer deposition time.

With the operating parameters, measurements were made at different arsenic con-
centrations with Ag-FesOs NPs-CPE. The results are presented in Figure 5.
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Figure 5. Application of square-wave anodic stripping voltammetry to solutions with arsenic con-
centrations ranging from 0 to 90 pug L™ As(IIl) using Ag-FesOs NPs-CPE. Measurements were per-
formed with a preconcentration time of 70 s at —0.4 V. A square-wave frequency of 25 Hz, an ampli-
tude of 25 mV, and a step potential of 5 mV. (a) Calibration plot showing the bilinear response. Blue
symbols and the blue regression line correspond to the concentration range of 0—40 pg L™, whereas
gray symbols and the gray regression line correspond to the concentration range of 50-90 ug L. (b)

Square-wave voltammograms obtained for increasing As(III) concentrations.

The analytical performance of Ag-FesOs NPs-CPE in arsenic quantification was meas-
ured using the scanning technique under optimized conditions. Figure 5a shows the cali-
bration curve, which exhibits bilinear behavior in the 0-90 ug L' range. The lower portion
of the curve, from 0 to 40 ug L, represents the range of greatest environmental signifi-
cance. The upper range, from 50 to 90 pg L, shows a decrease in sensitivity of approxi-
mately 47% compared to the lower range. This loss of linearity may be due to surface
saturation and the interaction between the adsorbed species and the analyte [49]. How-
ever, the range in which Ag-Fe3sOs NPs-CPE performs efficiently allows the quantification
of 10 ug L, a value established as safe for drinking water.

3.2. Analytical Application in Real Water Samples

To evaluate the practical applicability of the developed Ag-FesOs NPs-CPE platform,
analytical determinations were conducted in tap water using the standard addition
method. To guarantee matrix uniformity across all experimental runs, a fixed volume of
2.5 mL of tap water (natively containing 23 pugL-! of As) was transferred into a series of 10
mL volumetric flasks. Each flask was subsequently treated with 2.0 mL of phosphate-buff-
ered solution (pH 4.8, 1 M) and spiked with the appropriate aliquot of an As(III) standard
solution to achieve the target fortification levels. Finally, the mixtures were diluted to vol-
ume with deionized water prior to square-wave anodic stripping voltammetry.

The analytical performance of the Ag-FesOs NPs-CPE was evaluated in a real tap wa-
ter matrix using the standard addition method to compensate for potential matrix effects.
Figure 6 shows the square-wave anodic stripping voltammetric responses and the corre-
sponding calibration curve obtained within a fortification range from 0 to 40 ugL- As(III).
As observed in Figure 6, well-defined stripping peaks correspond to the oxidation of As(0)
to As(IlI). The stripping peak current exhibited a linear dependence relative to the con-
centration of the spiked As(III). Despite the inherent complexity of the tap water matrix,
which typically features co-existing ions and natural components that can foul electro-
chemically active sites, the modified electrode exhibited a remarkably stable baseline and
well-defined, sharp peak morphologies. The high sensitivity achieved (0.8827 uA ug L)
highlights that the synergistic effect between the silver and magnetite nanoparticles plays
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40

a crucial role in minimizing matrix interferences. This structural combination efficiently
protects the active surface, ensuring reliable analytical responses even in complex real-
world water samples.

30 4

10

R2= 0.955
i(uA)= -6.133 + 0.8827 (ug L") As(lll)

T T T
0.30 0.35 0.40

E(V) vs Ag/AgCI

T
0.25 0.45

As(lll) (ug L)

Figure 6. (a) Linear calibration curve of stripping peak current (i) as a function of As(IIl) concentra-
tion in the tap water matrix. Blue symbols represent experimental data, and the red line corresponds
to the linear regression. (b) Corresponding square-wave anodic stripping voltammetric for different
concentration levels from 0 to 40 pug L-'. Experimental conditions: deposition potential -0.4 V; dep-
osition time 70 s.

3.3. Interference Measurement

When designing an electrochemical sensor for practical water monitoring, ensuring
selectivity is just as critical as achieving a low detection limit. In the case of arsenic, copper
is notoriously known as one of the most troublesome interfering ions [36]. This usually
occurs for two reasons, the stripping peaks of As(0) to As(III) and Cu(0) to Cu(Il) heavily
overlap in the same potential region [37], and copper tends to form intermetallic com-
pounds with arsenic during the deposition step [38,39].

To see how this interaction played out, we ran cyclic voltammograms in the anodic
direction while step-by-step raising the Cu(II) concentration (Figure 7a).

200
a b
80 -
0 —
—10yg L AN}
1019 L As(il}+ 59 L Cull)
-200 50 - —— 10 L As(iE}+ 10pg L Cul) i
— 20491 As(il} + 15pg L Cal)
T o _
< 400 / 2.
600 | \
1 m 7
0 pg L' Cu(lly
-800 80 ug L' Cu(ll)
-1000 4 0
T T T T T T T T T
04 02 0.0 0.2 0.4 0.6 o1 0.2 03 04
E(V) vs Ag/AgCI E(V) vs Ag/AgClI

Figure 7. (a) Cyclic voltammetry in anodic direction with variation in Cu(II) concentration. (b) Com-

parison in the As(III) and Cu(II) mixture signal.
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The copper reduction point can be identified; in b, the results obtained show that the
Ag-Fe3s04-CPE electrode is stable, since increasing the Cu(Il) concentrations from 5 to 15
ug L. For (b), the peak resulting from the arsenic measurement in the presence of copper
increases the resulting signal. This phenomenon has been previously reported using a
gold electrode [50], as well as with a silver-modified electrode [51].

Cadmium is another contaminant frequently found alongside arsenic in water
sources [52,53]. The results of this study are shown in Figure 8.

In Figure 8a it can be seen that the increase in the concentration of Cd(Il) is not reflected
in working potential window; in b) the result of the potential sweep is shown in which it
can be observed that the presence of Cd(II) does not affect the arsenic signal, which agrees
with what was reported by Zhu et al. [54] who report the possibility of identifying the signal
of several elements with an electrode with noble metals and iron structures.

200 ~

a 4 b
——5 g L' Cd(ll) 40
20 ug L' cd(ly
40 ug L' Cd(lly
100 4 60 ug L™ Cd(ll) a5
——80 ug L Cd(ll) ——10ug L As(lll)
10 ug L As(lll) + 5 ug L Cd(ll)
——10pug L As(lll) + 10 ug L™ Cd(ll)
3 —, e L As(lll) + 40 ug L Cd(ll
< <204 0 ug s(Ill) + 40 pg L™ Cd(Il)
=105 =
10
-100
0 -
-200 T T T T T T T T T
04 0.2 0.0 0.2 0.4 0.6 0.0 0.2 0.4
E (V) vs Ag/AgCl
(a) (b)

Figure 8. (a) Cyclic voltammetry in anodic direction with variation in Cd(II) concentration. (b) Com-

parison in the As(III) and Cd(II) mixture signal.

3.4. Electrode Aging

The aging of the working electrode was evaluated by measurements in a 10 pg L™
As(III) solution, three measurements per day for a period of 44 days. The electrode’s per-
formance is summarized in Figure 9.

2 — 7T T T T T T T T T T T T T

0 5 10 15 20 25 30 35 40 45
Time (days)

Figure 9. Long-term stability response of the Ag-FesOs NPs-CPE over a period of 44 days. The meas-
urement was performed in a solution of 10 pg L™ As(IIl) (n = 3).
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From day 1 to approximately day 15, the peak current showed minor variations, fluc-
tuating between 10 and 14 pA. However, the electrochemical response became consider-
ably more stable and reproducible between days 16 and 31.

This phenomenon may be due to a phenomenon described by Svancara et al. [55]
called “Self-Homogenization,” which refers to changes that occur in the carbon paste with
respect to the processing time. After day 31, the electrode signal drops, approximately
33% compared to the initial signal. This decay marks the end of the sensor’s operational
lifetime. To place both the analytical performance and operational stability of the pro-
posed electrode in context, Table 2 compares its main analytical characteristics with those
reported for other electrochemical platforms used for arsenic determination.

Table 2. Application of different electrochemical platforms for the quantification of arsenic.

Arser.lic Electrochemical Platform Swe.ep LOD  Stability Sensitivity Linear Range Reference
Species Technique (pgL") (Days) (pA(ugL™")™) (ug LY

I GO-g-FesOs-PAMAM-COOH/AuNPs SWASV 0.47 15* - 1to 125 [56]

I FesOs-Au-IL/GCE SWASV 0.22 - 122 0 to 100 [57]

I Chitosan-Catechol modified carbon paper DP 0.82 30 7.79 1 to 100 [58]

I Au nano/Fe-MOFs SWASV  0.0085 - 4.708 gi:;g [54]

I Fes04/C03S4+-SPCE SWASV 0.691 10 4.359 1to 10 [59]

I rGO/AuNP/MnO2 SWASV 24 42 0.03015 25 to 200 [60]

I AuNPs-L-Cyst/SPCE LSASV 0.91 - 4.679 1 to 200 [61]

I Fe3sOs—1GO SW 1.19 - 2.15 1to 20 [42]

I Ag@SiO2/PANI NFs/SPCE SWASV 0.013 - 0.83 0.1 to 100 [62]

11 Gold electrode modified with AgNPs DP 1.03 - 0.0459 3.75t0 15 [45]

\Y% Ag-NP-SPCNFEs Dr 0.6 - 0.000109 1.9to25.1 [63]

I  Nanocomposite silane grafted bentonite CPE DP 0.0036 - 0.0469 0.5to 20 [64]

I NS-Pt-doped NiCo0204 CPE SW 0.05 28 0.1438 0.1to 125 [65]

I ZnO-GO/MCPE Dr 0.03 - - 10 to 80 [66]

11 Ag/FesOs NPs CPE SW 0.51396 30 0.9468 4.68t040  This work

DP —differential pulse; SW —square-wave; SPCE —screen-printed carbon electrode; CPE—carbon
paste electrode; PAMAM —poly(amidoamine) dendrimer; FesOs-Au-IL —linker-free magnetite-dec-
orated gold nanoparticles; MOFs—hybrid of amino-containing Fe-based metal-organic frameworks;
PANI—polyaniline; SPCNFEs —carbon-nanofiber-based screen-printed electrodes; MCPE —modi-
fied carbon paste electrode. * The sensor retained 97.8% of its initial response after 7 days and 90.3%
after 15 days.

The Ag/FesOs NPs-CPE developed in this work achieved a limit of detection (LOD)
of 0.514 ug L7, which is comparable to those reported for several FesOs and Au-based
electrochemical platforms. Although lower detection limits have been reported for some
nanostructured electrodes, the proposed sensor provides adequate analytical perfor-
mance while maintaining a simple electrode design and fabrication procedure. Only a
limited number of studies reported the limit of quantification (LOQ), making a direct com-
parison difficult. The proposed electrode exhibited a LOQ of 4.68 pg L1, which falls within
the range of the few values available in the literature. In addition, the linear working range
(4.68-40 pg L) includes the World Health Organization (WHO) guideline value for arse-
nic in drinking water (10 pug L), supporting its potential application for routine environ-
mental monitoring.
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3.5. Impedance Spectroscopy
We used electrochemical impedance spectroscopy to see how electrons move at the

electrode surface. Looking at the Nyquist plots in Figures 10 and 11, all modified elec-
trodes show a smaller loop compared to the bare CPE. This means that adding nanopar-

ticles drops the interface resistance.
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Figure 10. Nyquist diagram, (a) corresponds to —0.4 V deposition and (b) to 0.2 V redissolution, for

each of the components; black line, measurements in phosphate buffer support electrolyte solution,

red line, measurement in 100 pug L As(III) solution.
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Figure 11. Nyquist diagrams for Ag-FesOs NPs-CPE, (a) corresponds to deposition potential and (b)
redissolution potential, black line measurement in support electrolyte and red measurement in 100

ug L1 As(III), blue line 50 pg L As(III).

https://doi.org/10.3390/chemosensors14080174


https://doi.org/10.3390/chemosensors14080174

Chemosensors 2026, 14, 174

12 of 20

We fitted our experimental data using equivalent electrical circuits to calculate the
parameters of the interface (Table 3). The solution resistance, represented by R1 [67],
stayed stable between 2 and 3 () cm? across most tests, which confirms that our supporting
electrolyte remained stable throughout the experiments. The real variations appeared in
R2, which represents the charge-transfer resistance. When we applied a deposition poten-
tial of —400 mV in the buffer solution, the bare CPE showed a resistance of 0.634 x 103 QO
cm? in the buffer solution. Testing the evaluation of the single-modifier FesOs NPs-CPE
yielded a slightly higher value of R2 = 0.872 x 10 ) cm? which makes sense given the
semiconductor nature of magnetite [68]. On the other hand, adding silver nanoparticles
alone (AgNPs-CPE) successfully lowered the opposition to electron transport. In contrast,
the addition of silver nanoparticles alone (Ag NPs-CPE) effectively minimized opposition
to electron transfer, dropping R2 to 0.133 x 10° () cm? due to the high conductivity of silver.

We found a completely different behavior for the hybrid matrix Ag/FesOs NPs-CPE.
In the blank supporting electrolyte at -400 mV, the hybrid surface displayed a high re-
sistance of 2.40 x 10° Q) cm?2. However, as soon as we added 100 pug L1 As(IlI), R2 suffered
amassive drop to 0.00417 x 103 Q cm?. This sharp drop represents the highest conductivity
among all the systems we studied. This occurs because As(0) deposits rapidly onto the
electrode surface, building a temporary metallic network that works in perfect synergy
with the silver nanoparticles.

The constant phase element values CPE describe the double-layer capacitance as a
function of surface texturing [69]. Additionally, the second relaxation loop which appears
at lower frequencies, modeled by R3 and CPE2 for the silver and hybrid setups, represents
mass transport and adsorption dynamics at the surface. When we changed the potential
to a redissolution value of 200 mV, the bare CPE remained highly resistive, showing an
R2 of 402 x 10° QO cm? in both solutions. In contrast, the Ag/FesOs+ NPs-CPE maintained
remarkably low values of 0.00454 x 10° Q) cm? in buffer and 0.00172 x 10° QO cm? with ana-
lyte. This behavior confirms that the combination of magnetite as an active anchor and
silver as an electron pathway successfully enhances charge-transfer kinetics during both
the deposition and stripping steps.

Equivalent circuits are a key part of interpreting impedance data because they help
us visualize how electrochemical reactions take place at the electrolyte/electrode interface
[70]. In our simulations, we used constant phase elements to achieve a better fit, calculat-
ing the true capacitance values through Equation (3):

Yy = (Capp)? 3)

where Y, is a coefficient calculated from the capacitance (Capp) and p is a parameter <1
for a non-ideal capacitor [71]. The circuit element values obtained from the simulation are
listed in Table 3.

Table 3. Values of equivalent circuit elements.

Potential ) R1 R2 CPE1 R3 CPE2
Electrode (mV) Solution () em?) (@ em?x109 (Flem? x109) (Q em 2 x10) _ (Ffem? x109

FesOs NPs-CPE 200  Phosphate buffer 3.18 3.55 395
FesOs NPs-CPE 200 As 10.56 2.28 237
FesOs NPs-CPE -400  Phosphate buffer 2.96 0.872 355
FesO4 NPs-CPE -400 As 8.95 0.484 233
Paste 200  Phosphate buffer 3.58 402 164
Paste 200 As 3.58 402 164
Paste -400  Phosphate buffer 3.26 0.634 318
Paste -400 As 3.13 0.224 1380

Ag NPs-CPE 200 Phosphate buffer 2.89 210 157 31,400 6.50
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Ag NPs-CPE 200 As 244 3.80 6.19 729 8.95

Ag NPs-CPE —-400  Phosphate buffer 2.60 0.133 89.4 0.0203 136

Ag NPs-CPE -400 As 2.73 0.126 461 0.000170 12.2
Ag/FesOsNPs-CPE 200  Phosphate buffer 2.29 0.00454 11.9 1.10 7.64
Ag/Fes04 NPs-CPE 200 As 243 0.00172 9.57 0.405 5.19
Ag/FesOsNPs-CPE 400  Phosphate buffer 2.29 2.40 194 0.00846 3.85
Ag/Fes04 NPs-CPE ~ —400 As 2.71 0.00417 14.4 0.00922 4.64

The electrodes that resulted in the most notable change were Ag NPs-CPE and Ag-
FesOs NPs-CPE. For these electrodes, a decrease in resistance to electron transport was
observed; in addition, the adsorptive capacity of the materials was identified by the shape
of the last semicircle in the Nyquist diagram (Figures 10a and 11a).

3.6. Electrochemical Characterization

To evaluate the electroactive area of the Ag-FesOs NPs-CPE, cyclic voltammetry ex-
periments were carried out using the ferricyanide—ferrocyanide redox system over a scan
rate range of 10 to 60 mV-s™ (Figure 12).

300

200

100

i (uA)

-100 +

-200

-300

-400 T T T
-0.5 0.0 0.5

E (V) vs Ag/AgCI

Figure 12. Cyclic voltammetry was performed in a 4.0 mM KsFe(CN)s solution at scan rates of 10—
60 mV-s™.

The linear dependence between the peak current (Ip) and the square root of the scan
rate (v!2) was employed to estimate the electroactive area, according to the Randles-
Sevcik equation:

Ip=2.69 x105n32 A C D2 y12 @)

where Ip denotes the peak current, n represents the number of electrons in the redox re-
action (n = 1), A is the electroactive surface area of the electrode, C corresponds to the
concentration of potassium ferrocyanide (4.0 mM), D is the diffusion coefficient (7.603 x
10-¢ cm?-s!), and v is the scan rate applied during the measurement. The average electro-
active area is 0.0527 cm?.

To further characterize the electron-transfer kinetics, a Tafel analysis was performed
using the voltammogram recorded at a scan rate of 80 mV s™'. The linear region preceding
the oxidation peak, where the current is primarily governed by activation-controlled ki-
netics, was selected for analysis. The faradaic current was obtained by subtracting the
background current from the measured response, and the electrode potential was plotted
against the logarithm of the faradaic current (Figure 13).
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Figure 13. Electrochemical characterization of Ag—FesOs NPs-CPE. (a) Cyclic voltammograms rec-
orded in a 10 pg L1 As(III) solution at scan rates ranging from 20 to 120 mV s7'. The different shades
of blue correspond to increasing scan rates from 20 to 120 mV s, as indicated in the inset legend.

(b) Tafel plot used to determine the apparent charge-transfer coefficient.

The resulting linear fit was used to calculate the apparent charge-transfer coefficient
(a) and the exchange current (lo) based on the Butler—Volmer model.

3.7. Electrochemical Kinetic Analysis

The electron-transfer kinetics of the modified electrode were investigated by cyclic
voltammetry at scan rates of 20-120 mV s™'. The anodic peak current (Ip) was measured
from each voltammogram, and a linear relationship between Ip and the square root of the
scan rate (v'/2) was established. This relationship was analyzed according to the Randles—
Sevcik equation [72] to evaluate the charge transport mechanism governing the electro-
chemical process.

The slope of the linear fit was used to estimate kinetic parameters for mass transport
and electron transfer, accounting for the number of transferred electrons, arsenic concen-
tration, electroactive surface area, and diffusion coefficient. In addition, the coefficient of
determination (R2) was used to assess whether the electrochemical response was predom-
inantly diffusion-controlled or influenced by charge-transfer limitations.

The combined electrochemical evidence obtained from cyclic voltammetry, Tafel analy-
sis, and electrochemical impedance spectroscopy supports the sensing mechanism proposed
in Figure 14. The schematic summarizes the role of FesOs nanoparticles in As(IlI) preconcen-
tration through surface adsorption and the contribution of Ag nanoparticles to enhanced elec-
tron-transfer kinetics, ultimately leading to an improved anodic stripping response.

As illustrated in Figure 14, the electrochemical evidence obtained in this work pro-
vides a comprehensive interpretation of the proposed sensing mechanism for As(III) de-
tection using Ag—FesOs NPs-CPE. Cyclic voltammetry identified the redox processes as-
sociated with arsenic deposition and stripping, while kinetic analysis provided infor-
mation on the apparent electron-transfer characteristics of the modified electrode. In par-
allel, electrochemical impedance spectroscopy revealed a significant decrease in charge-
transfer resistance (Rct), indicating that the incorporation of Ag and FesOs nanoparticles
facilitates interfacial electron transfer. Rather than considering these techniques inde-
pendently, their combined interpretation allows the deposition, adsorption, electron-
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transfer, and stripping processes to be explained within a single electrochemical mecha-
nism. This approach is consistent with previous studies emphasizing that Tafel analysis
should be interpreted together with impedance measurements and complementary elec-
trochemical techniques to obtain a more reliable description of reaction kinetics and inter-
facial processes [73-75].

(a) Proposed sensing mechanism for As(ll) detection using Ag-Fe;O, NPs-CPE
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surface. preconcentration. and increasing the exchange peak (E,=0.2 V). in solution.
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transfer and surface in agreement with Tafel R3 Mass transport / difusion and
adsorption phenomena analysis. adsorption processes
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AN J
The combination of CV, Tafel analysis and FEIS results provides a consisten picture, the Ag/Fe,0,NPs CPE promotes the preconcentration of As(lll) through

adsorption on Fe;0, facilitates electron transfer by means of Ag NPs (low R, high iy), and enables an efficient oxidation of As(0) to As(lll) during the stripping
step, resulting in a sensitive and electroanalytical response.

Figure 14. Proposed sensing mechanism of As(Ill) at the Ag-FesOs NPs-CPE based on CV, Tafel, and
EIS analyses.

4. Conclusions

A carbon paste electrode modified with silver and magnetite nanoparticles was suc-
cessfully developed for the electrochemical quantification of As(Ill) by square-wave an-
odic stripping voltammetry. The proposed Ag-FesOs NPs-CPE exhibited a linear working
range between 4.68 and 40 ug L, a limit of detection of 0.514 ug L, and adequate ana-
lytical stability over a period of 30 days. The analytical range includes the maximum ar-
senic concentration established by the World Health Organization and the Mexican drink-
ing water regulation, demonstrating its suitability for the determination of environmen-
tally relevant concentrations.

The electrochemical characterization carried out by cyclic voltammetry, electrochem-
ical impedance spectroscopy, and kinetic analysis contributed to a better understanding
of the behavior of the modified electrode during arsenic detection. Cyclic voltammetry
allowed the identification of the deposition and stripping processes, while impedance
measurements showed a decrease in the charge-transfer resistance after incorporating Ag
and FesOs nanoparticles. Likewise, the kinetic analysis indicated that the electrochemical
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References

response is governed by a diffusion-controlled process with favorable electron-transfer
characteristics. Altogether, these results support the proposed sensing mechanism, in
which FesOs nanoparticles promote arsenic accumulation on the electrode surface through
adsorption, whereas Ag nanoparticles facilitate electron transfer during the stripping step,
resulting in an enhanced analytical response.

The combination of both nanomaterials produced a synergistic effect that was not
observed when each modifier was evaluated individually, confirming that the simultane-
ous incorporation of Ag and FesOs improves the electrochemical performance of the car-
bon paste electrode. In addition, the interference study showed that Cd(II) did not signif-
icantly affect the arsenic signal, whereas Cu(ll) remained the main interfering species be-
cause of the overlap between the stripping signals of both metals.

Overall, the proposed Ag-FesOs NPs-CPE combines low fabrication cost, simple
preparation, good analytical performance, and adequate operational stability, making it a
promising alternative for routine arsenic monitoring in water samples. Furthermore, the
electrochemical characterization presented in this work not only demonstrates the analyt-
ical capability of the electrode but also provides a mechanistic explanation for enhanced
sensing performance, which may contribute to the rational design of future electrochem-
ical sensors for environmental monitoring.
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