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Abstract

The quantitative and qualitative analysis of pharmaceutical and biological compounds is of growing interest, yet it remains challenging due to the complexity of
real sample matrices. Such analysis often requires the simultaneous detection of multiple compounds with high sensitivity and selectivity. In this study, raw Moroccan
clay from the Chefchaouen region was used as an additive in different paste matrices for the detection of molecules of biological and environmental importance.
Electrochemical techniques, including Cyclic Voltammetry (CV), Differential Pulse Voltammetry (DPV), and Electrochemical Impedance Spectroscopy (EIS), were employed
to evaluate the impact of clay incorporation into the composite electrodes. X-ray Diffraction (XRD) analysis revealed the clay contains kaolinite, chlorite, and interstratified
illite-smectite, suggesting improved electrochemical performance. An optimal clay content of 3% yielded the highest performance, yielding superior analytical responses
compared to other tested proportions. The developed sensor shows strong potential for future use in the simultaneous detection of Paracetamol (PAR) and Dopamine
(DA), particularly in real samples such as pharmaceutical tablets and biological fluids like urine.

Introduction

Research on chemically modified electrodes began
approximately four decades ago with the work of Lane,
Hubbard, Miller, and co-workers [1]. Over the past two decades,
the use of these modified electrodes has seen significant
growth, particularly in the field of electrocatalysis. Among the
developed electrode materials, carbon paste — first introduced
by Adams in 1958 [2], occupied a prominent place. This work
has led to the continued use of this type of electrode materials
in various application areas, including analysis, catalysis,
electrocatalysis, and biosensor applications [3,4].

The selective and precise detection of substances requires

efficient analytical means, such as chromatographs and various
spectrometers. However, these devices have limitations,
being complex, expensive, bulky, and sometimes difficult to
implement. Therefore, new methods with electroanalytical
properties better suited for on-site analysis have emerged.
This has led to the development of various sensors for the
detection of chemical or biological species in recent years [5].
Among the different types of sensors, electrochemical sensors
appear to be an attractive alternative for simple, reliable, rapid,
and cost-effective detection [6,7].

Paracetamol (PAR), also known as acetaminophen, is a
commonly used analgesic, and anti-inflammatory drug for
treating viral/bacterial fevers and relieving mild to moderate
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pain such as headaches, toothaches, backaches, post-operative
pain, as well as pain associated with arthralgia, neuralgia,
and cancer [8-10]. Generally, PAR does not have harmful side
effects at therapeutic doses. However, high doses, chronic use,
or concomitant use with alcohol or other drugs can lead to
health problems such as rashes, liver disorders, nephrotoxicity,
and pancreatitis [11-13].

DA is the most important catecholamine and a major
neurotransmitter produced by the decarboxylation of L-dopa
[14]. It plays an essential role in the hormonal, renal,
cardiovascular, and central nervous systems of mammals
for message transfer [15]. Low levels of DA can lead to
various neurological diseases such as Parkinson’s disease,
schizophrenia, attention deficit hyperactivity disorder,
addiction, and restless legs syndrome [7,16].

In this context, the aim of this work is to develop simple,
low-cost, eco-friendly, and efficient electrochemical sensors
for the on-site analysis of PAR and DA, using natural clay as an
environmentally friendly modifier. XRD analysis was employed
to investigate the clay and non-clay fractions of the material.
Additionally, CV and EIS techniques were used to characterize
the optimized sensor and compare it to an unmodified
electrode. Preliminary results indicate that the developed
sensor could be used in future experiments to monitor PAR
and DA concentrations in real samples such as pharmaceutical
tablets and urine.

Experimental
Chemicals

Raw clay was collected from the Rif mountains, located in
the north-west of Morocco. High-purity natural graphite, with
a particle size (< 20 pm), was purchased from ProGraphite
Shop. The chemicals used included potassium dihydrogen
phosphate (K,HPO,) with a purity of 2 99% and potassium
dihydrogen phosphate (KH,PO,) with a purity of 2 99%, both
sourced from Riedel-de Haen. Paraffin oil (0.86 g cm™) was
also used, while absolute ethanol with a purity of = 99.8%
was obtained from VWR Chemicals. Additionally, PAR with
a purity of = 99.95%, DA with a purity of = 99.9%, as well
as potassium hexacyanoferrate (II) and (III), were purchased
from Sigma-Aldrich. Polyvinyl chloride capillary tubes (i.d. 2 +
0.05 mm) were used as supports for composite electrodes. All
experiments were conducted at room temperature and pH 7.0.

Instrumentation and procedures

Voltammetric measurements were performed using a
Potentiostat/Galvanostat/ZRA from GAMRY Instruments
(Interface 1010T, PA, USA), connected to a desktop computer
running Gamry Framework software. The experiments were
conducted in a three-electrode cell, in a single compartment
of 25 mL. A platinum wire was used as the counter electrode,
while a Hg/Hg,Cl, (3M KCl) reference electrode was used. The
working electrodes were made of carbon paste composites.
The used clay was characterized by XRD using a Bruker D8
ADVANCE diffractometer, with a 20 angular range from 5° to
65°, using a Cu Ko radiation source with a wavelength % = 1.5418

A. Additionally, EIS measurements were carried out at an open
circuit potential of +0.28 V in an aqueous solution containing
0.5 M KCl and an equimolar mixture of K3[Fe(CN)6] /KA[Fe(CN)é].
The impedance data were recorded over a frequency range from
105 Hz to 107 Hz with an amplitude of 5 mV.

Procedure for preparing carbon paste electrodes

The CPE-Clay composite was prepared by carefully hand-
mixing a quantity of graphite/clay powder mixture with an
appropriate amount of paraffin oil in an agate mortar using
a pestle to achieve a homogeneous mixture [6]. This mixture
was then inserted into a cylindrical plastic tube. To establish
electrical contact with the external circuit, a copper wire was
inserted into the paste and securely positioned. The composite
electrodes, whether unmodified or modified by natural clay
(CPE-Clay), were then rinsed with ethanol and distilled water.
Finally, the electrode surfaces were electrochemically cleaned
by applying a number of successive cycles of CV in the potential
range of -1V to +1 V until stable and similar voltammograms
were obtained (Figure 1).

Results and discussion
Clay’s characterization

XRD analysis was performed to identify the mineralogical
phases present in the raw clay. The XRD pattern shown in Figure
2 reveals several characteristic diffraction peaks. A reflection
attributed to chlorite (JCPDS 00-016-362) appears around
20 = 6.03° (d,,, = 14.66 R), partially overlapping with other
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Figure 1: CV of Clay modified carbon paste electrode with a scan rate of 0.05 V/s

at 10 cycles.
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Figure 2: XRD pattern of the natural Clay.
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reflections. Additionally, distinct reflections associated with
kaolinite (JCPDS 00-005-0143), illite (JCPDS 00-083-1808),
and smectite are observed [17]. The presence of interstratified
illite-smectite (I-S) phases is also confirmed by reflections
near 5 A [18]. Moreover, non-clay mineral peaks, notably those
corresponding to quartz, are identified at 4.27 A and 3.33 A.
These findings indicate that the clay is primarily composed of
clay minerals such as chlorite, kaolinite, and predominantly
interstratified illite-smectite, as well as non-complex mineral
composition may account for the enhanced electrochemical
performance observed after modification.

Effect of the clay percentage on the detection of PAR

During the preparation of modified electrodes, one of the
primary parameters to be optimized is the clay percentage
of clay incorporated into the final mixture [19]. To evaluate
its influence on the electrochemical response different clay
loadings (1%, 2%, 3%, 7%, 10%, 15%, and 20% by weight) were
added to the carbon paste.

The electrochemical performance of the modified carbon
paste electrodes was assessed using DPV with 100 pM PAR in
a phosphate buffer solution (PBS) at pH 7.0. Among the tested
compositions, the electrode containing 3% clay exhibited the
most favorable electrochemical response, as evidenced by the
highest peak current. The highest peak height was observed
with a clay percentage of 3% (Figure 3A). This enhancement
is attributed to an increase in the number of active sites and
more efficient electron transfer. Furthermore, an improved
electrode transfer process is indicated by a shift in the peak
potential toward more negative values (Ep (CPE-Clay) = 0.361
V) compared to the unmodified electrode (Ep (CPE) = 0.455 V),
confirming the superior performance of the modified materials
for PAR detection.

However, as shown in Figure 3B, the peak current remains
nearly unchanged for low clay contents (1% and 2%) and
progressively decreases as the clay percentage increases beyond
3%. This decline likely results from a reduced electroactive
surface area, caused by a decrease in surface roughness and
conductive carbon content, thereby lowering the overall
conductivity of the electrode.

Electrochemical behavior of PAR and DA

The electrochemical behavior of PAR and DA was
investigated using the CPE modified with 3% Clay (CPE-Clay
3%) by CV. Figure (4A and 4B) display the voltammograms
recorded with the unmodified CPE and the CPE-Clay sensors in
0.1 M PBS (pH = 7.0), in the presence of 10~ M of PAR and 10-5
M of DA respectively.

For PAR (Figure 4A), both oxidation and reduction peak
currents were significantly enhanced on the CPE-Clay sensor
compared to the unmodified CPE. The Ipa/Ipc ratio decreased
from 3.8 (CPE) to 1.8 (CPE-Clay), indicating improved electron
transfer kinetics. Table 1 summarizes the anodic and cathodic
peak currents and potentials (Ipa, Ipc, Epa, and Epc), along
with the peak-to-peak separation (AEp) for PAR at different
clay loadings.
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Figure 3: (A) DPV recorded with formulations CPE 3% Clay and CPE, in presence of

a 10* M PAR solution. (B) Peak heights recorded using different proportions of Clay
in a 10“ M PAR solution.
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Figure 4: CV of 10* M PAR (A) and 10° M DA (B) at CPE (black line) and CPE-Clay

(red line) using 0.1 M PBS.

Table 1: Electrochemical parameters (Epa, Epc, Ipa, Ipc) of PAR on the fifth
percentage of electrodes. V = 0.05V s7, 0.1M PBS at pH = 7.0.

T T

0.483 -0.089 0.572 4469 1.188 3.762
CPE 3% Clay 0.382 0.166 0.216  6.038 3.245 1.861
CPE 7% Clay 0.408 0.030 0.378 6.627 3.215 2.061
CPE 10% Clay 0.426 0.034 0.392 5119 1.821 2811
CPE 20% Clay 0.434 0.635 0.433 4.019 0.635 6.330

The unmodified CPE exhibited a quasi-reversible redox
process with a AEp of 0.572 V, reflecting slow electron transfer.
Upon modification with 3% clay, a notable enhancement was
observed, with a reduced AEp of 0.216 V and an increase in
oxidation current by approximately 36% compared to the bare
electrode.

The optimized CPE-Clay 3% sensor was further evaluated
for DA detection. Figures 4B and 5A show the CV and DPV
responses respectively. As seen in Figure 4B, the modified
electrode exhibits a well-defined, reversible redox behavior for
DA, while the unmodified CPE shows a significantly reduced
electrochemical response. The DPV results (Figure 5A) show a
marked improvement in oxidation peak intensity for DA with
the clay-modified sensor.

Selectivity was assessed by testing the simultaneous
detection of PAR and DA in the same solution. The
electrochemical response in the same solution. As shown
in Figure 5B, the CPE-Clay sensor allows clear separation of
the two oxidation peaks, located at 0.173 V for DA and 0.427
V for PCT, with a peak separation of 0.254 V In contrast, the
unmodified CPE produced less intense and less resolved signals,
shifted toward more positive potentials. These results highlight
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the capability of the CPE-Clay sensor to simultaneously detect
DA and PAR with good sensitivity and selectivity, supporting
its potential use in real-sample analysis.

Electrochemical characterization of CPE-clay

CV and EIS techniques are commonly used to study various
aspects of electrode behavior in the presence of an analyte. to
evaluate the electrocatalytic influence of clay incorporation in
the carbon matrix, experiments were conducted in a potassium
ferrocyanide system (KAFe(CN)é) with a concentration of 5 mM,
using a KCl solution as the supporting electrolyte. Figure 6A
shows the electrochemical characteristics of CPE and CPE-
Clay electrodes in the potential range of -0.3 V to +0.7 V at
a scan rate of 0.01 V/s. Both oxidation and reduction currents
increased in the presence of clay at the surface of the modified
electrode, indicating that electron transfer is faster at the CPE-
Clay electrode, in addition, this electrode is more conductive
than the unmodified CPE electrode. Furthermore, the peak
separation potentials AEp were 0.100 V for CPE and 0.085 V
for CPE-Clay. These results confirm the electrocatalytic effect
of clay and a faster electron transfer kinetics for the CPE-Clay
electrode compared to the CPE electrode.

To determine the electroactive surface areas of the
electrodes, Randles-Sevcik equation (Eq. 1) was used, and scan
rates were performed ranging from 0.01 V s to 0.2 V s™. The
equation used is as follows [20].

Ipa:(2.69><105)n3/2AC pl/Z /2 (1]

where Ipa is the peak current, n is the number of electrons
involved in the electrochemical reaction (in this case, n = 1),
C is the concentration of the redox probe, D is the diffusion
coefficient for a ferrocyanide/potassium chloride system (6.5 x
1076 cm? s™), v is the scan rate, and A is the electroactive area.
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Figure 5: DPV recorded with CPE- 3% Clay and CPE in presence of 5.10° M of DA (A),
5.10° M DA and 10° M PAR (B) in 0.1 M PBS at pH 7.0.
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Figure 6: (A) CV of CPE and CPE-Clay electrodes in 5 mM K,Fe(CN),, 0.1MKCI

aqueous solution; 0.01 V/s of scan rate. ,(B) Nyquist plots of CPE and CPE-Clay.

The effective electrode surface area for the CPE-Clay
electrode is approximately 50% larger than the surface area
of the unmodified CPE electrode. These results are consistent
with previously reported studies for a similar unmodified
composite.

In order to characterize the electrochemical behavior of
both the unmodified and the modified CPE with the raw clay,
Nyquist plots were recorded and are shown in Figure 6B. both
samples exhibited similar electrochemical mechanisms, as the
plots show a depressed semicircle (due to the nonideality of
the system used) at high frequencies, followed by a diffusion
process, which is modeled by a linear portion (Warburg
diffusion) that occurs at medium to low frequencies. The
electrode modification aimed to reduce the charge transfer
resistance (R ), as evidenced by the smaller semicircle diameter
in the Nyquist plot. Specifically, the R, decreased from 89.5 Q
cm? for the unmodified CPE to 31.8 Q cm? for the CPE-Clay
sensor, indicating a significant improvement in conductivity
and electron transfer kinetics.

Conclusion

The electrochemical behavior of PAR was studied on the
CPE-Clay electrode using electrochemical measurements,
including CV and DPV, performed in a phosphate buffer. The
electrochemical characterization of the electrode was conducted
using a ferrocyanide solution. The incorporation of clay into
the carbon matrix improved electron transfer compared to
unmodified electrodes for PAR and DA. The addition of clay
increased the effective surface area of the electrode, leading to a
decrease in polarization resistance. These results demonstrate
the practical feasibility of a low-cost, clay-modified electrode
for the electrochemical analysis of PAR and DA, enabling
their quantification in biological fluids and pharmaceutical
formulations, as well as for water quality monitoring.
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