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Abstract: Developing new products that satisfy performance and durability expectations while also
addressing environmental concerns is possible through the reuse of residues produced by industrial
processes, aiming to fulfill the principles of circular economy. In this study, we improved the
performance of a carbon paste sensor by incorporating untreated (RC) and regranulated/thermally
treated (RGC) cork, which are considered biomass residues from the cork industry. We explored the
electroanalytical behavior of paracetamol in sulfuric acid solutions using cyclic voltammetry and
differential pulse techniques. The cork-modified carbon paste sensors showed greater sensitivity
towards paracetamol. Both modified sensors allowed for an excellent resolution in distinguishing the
voltammetric responses of paracetamol in sulfuric acid, showing for both an increase in peak currents
compared to the unmodified carbon paste electrode. The quantification of paracetamol without
interference has proved to be a feasible operation for the RC- and RGC-modified carbon paste sensors;
notably, the first showed the most favorable limits of detection (LD = 2.4112 µM) and quantification
(LQ = 8.0373 µM) for paracetamol in the sulfuric acid solution, performing significantly better than
the second (LD = 10.355 µM, and LQ = 34.518 µM). Finally, the practical utility of the proposed
sensors was assessed by analyzing paracetamol in pharmaceutical samples, obtaining satisfactory
results that were in line with those obtainable using high-performance liquid chromatography.

Keywords: cork; carbon paste; electrochemical sensor; paracetamol; circular economy

1. Introduction

Acetaminophen, commonly known as paracetamol, is used to reduce fever and to
relieve mild pains, such as cold symptoms and headaches, thanks to its action on the
temperature regulation system of the Central Nervous System [1]. Currently, it is the most
frequently involved medication in cases of self-poisoning, leading to significant morbidity
and mortality rates. Considering its potential dangers, the possibility of reclassifying parac-
etamol, converting it into a drug for which a prescription is required, should be taken into
serious consideration [2]. The implementation of a maximum limit in prescription products
is aimed at reducing the risk of overdose in instances where patients mistakenly assume
incorrect doses while using various pharmaceuticals containing the same ingredients [3].
Acute poisoning from paracetamol can cause serious, and potentially fatal, liver damage,
which often manifests in symptoms such as nausea, vomiting, and abdominal pain [4].
Given these concerns, it is essential to quantify the paracetamol content of different com-
mercial drugs to ensure that the labeled dosages correspond to the values analyzed [5]. This
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could be pivotal in verifying whether pharmaceutical companies adhere to the standards
established by regulatory bodies such as the Food and Drug Administration [6].

Several analytical methods have been investigated for the quantification of paraceta-
mol, including gas chromatography, spectrophotometry, high-performance liquid chro-
matography (HPLC), chemiluminescence, potentiometric electrochemical methods, po-
larography, and capillary zone electrophoresis [5,7–11]. While chromatographic and spec-
trophotometric methods are used exclusively for the determination of paracetamol, the
tools involved are often expensive to operate and maintain and the pre-treatment process-
ing of the samples is typically time-consuming and complex. On the contrary, analytical
methods based on electrochemical sensors have shown distinct and unique properties, such
as a rapid response, simple and inexpensive operation procedures, time efficiency, high
selectivity, and sensitivity [12–19].

Various types of electrodes have been proposed for the determination of paracetamol,
including carbon paste electrodes [4], graphite [20], boron-doped diamond electrodes [1],
glassy carbon electrodes [3], graphene paste electrodes [2], and ruthenium electrodes [20].
Among these, carbon paste electrodes have garnered significant attention thanks to their
hybrid carbon structure, which exhibits excellent adsorption, conductivity, high sensitivity,
lower background current, and ease of preparation and modification of their surfaces [21].
Compared to glassy carbon electrodes, the renewal of the carbon paste surface is crucial
for subsequent analyses, as the electrochemical (re)activity of the investigated molecules
can alter the surface’s electrode properties [22]. Therefore, the periodic renewal of the
carbon paste surface can facilitate the selective and sensitive electrochemical investigation
of paracetamol.

Cork, derived from the bark of cork oak (Quercus suber L.), is a completely natural
vegetable tissue with a chemical composition comprising suberin (40%), lignin and alkanes
(22%), polysaccharides (18%), and extractables (15%). This composition makes cork entirely
biodegradable, renewable, and recyclable, among other qualities [23]. The valorization
of cork by-products represents a promising avenue for the cork industry, as a significant
portion (20–30%) of cork production is typically rejected. Cork powder, a by-product of
this waste, exhibits a high adsorption performance after the extraction of its extractables,
enabling for its combination with other materials. This positions it as a sustainable option
with potential applications in advanced technologies [24,25].

In this study, we compared the performance of cork-modified carbon paste electrodes
using both raw cork and thermally treated cork powders as part of the reuse of residues
produced by the cork industry, thereby fulfilling the principles of circular economy. We
employed cyclic voltammetry (CV) and differential pulse voltammetry (DPV) methods to
determine the quantity of paracetamol present in some pharmaceutical formulations in a
sensitive and selective way.

2. Materials and Methods
2.1. Chemicals and Reagents

The chemicals utilized were of the highest quality available on the market and were
used without further purification. Pure Carbon paste powder (CAS No.: 7782-42-5), Caf-
feine (CAS No.: 58-08-2), Sulfuric Acid (CAS No.: 7664-93-9), Raw Cork (RC) granules, and
ReGranulated Cork (RGC) granules were supplied by Corticeira Amorim, SGPS (Porto,
Portugal). The RC and RGC granules had particle sizes between 0.8 and 2 mm. The pro-
duction of RGC involves treating RC at 380 ◦C with water vapor injections. Subsequently,
RGC particles underwent washing at 60 ◦C using distilled water, followed by a 24 h drying
period at 60 ◦C to eliminate impurities. Initially, the cork granules were pulverized by
grinding in ball mills and sieved through an ABNT N◦ 200 sieve (φ = 0.150 mm). A detailed
textural and surface characterization of the cork used can be found in a previous study [26].
The following medicines were analyzed: (A) Benegrip Multi Noite (800 mg of paracetamol
per tablet); (B) Doril Enxaqueca (250 mg of paracetamol per tablet); (C) Sonridor (500 mg
of paracetamol per tablet); (D) Naldecon Noite (800 mg of paracetamol per tablet); and
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(E) Tolife (1000 mg of paracetamol per tablet). Aqueous solutions were prepared using
double-distilled deionized water.

2.2. Apparatus

Voltammetric analyses, including cyclic voltammetry (CV) and differential pulse
voltammetry (DPV), were conducted using an Autolab PGSTAT302N model connected
to a PC running NOVA 1.11 software for data processing. A platinum wire served as
the auxiliary electrode, and all potentials were referenced against an Ag/AgCl electrode
immersed in saturated KCl solution. The working electrodes employed in this study had an
exposed geometric area of 3.14 mm2, which was polished with polish paper before and after
each measurement. Experiments were conducted at room temperature (25 ◦C) and atmo-
spheric pressure (1 atm). An FRA impedance potentiostatic module (instrument AUT85282)
was used to perform the impedance electrochemical spectroscopy measurements with the
follow conditions: frequency scan: 100,000 (Hz); amplitude (V): 0.01; integration time (s):
0.125; minimum number of cycles to integrate 1; minimum number of cycles to record 10;
number of frequencies 50; estimated duration 4 m; potential (V): 0.520; and current range:
1 mA.

2.3. Preparation of Modified Carbon Paste Sensors

Two sensors based on modified carbon paste, X1 (incorporating RC) and X2 (containing
RGC), were prepared; in both cases, the amount of cork used was set to 70% of the quantity
of carbon paste, which for each sensor was equal to 0.6 g. This proportion was considered
based on previous investigations [26]. The carbon paste–cork mixtures were homogenized
in a mortar with a pestle, aided by the use of mineral oil (NATIVITA Pharmaceutica, Juiz
de Fora, MG, Brazil), until a pasty consistency was achieved. A total of 30 drops of oil were
used for the RC-modified paste, while 40 drops were used for the RGC-modified paste.
Only 10 drops of oil were used for the unmodified carbon paste electrode, X3. Each paste
was transferred into a 200 µL polypropylene Eppendorf nozzle (model K31-200Y), which
served as a support. Finally, a 0.5 mm-thick platinum wire from Degussa S.A. (São Paulo,
SP, Brazil) was inserted into the nozzle containing the paste and left to rest for 24 h at 25 ◦C.

2.4. Samples Preparation

The pharmaceutical products subjected to analysis were prepared using the following
protocol: 10 tablets were individually weighed and the average weight per tablet was
determined. Subsequently, the tablets were meticulously ground in a mortar until a fine
powder was obtained. A quantity of powder equivalent to the average weight of the tablet
was then dissolved in 20 mL of water using sonication for 5 m. The resulting solution was
centrifuged for 5 m at 4000 rpm, and then diluted by a factor of 1:100 (v/v) in 0.5 M H2SO4.
An appropriate amount of the prepared sample was added to the supporting electrolyte in
the cell for voltammetric analysis.

2.5. Procedure for Measuring Paracetamol Using the Cork-Carbon Paste Sensors

The sensors underwent electroactivation by performing 20 voltammetric cycles from
+0.60 V to +0.9 V at a scan rate of 50 mV/s. Measurements using differential pulse voltam-
metry (DPV) were typically performed with the following parameters: scan rate of 50 mV/s,
equilibrium time of 10 s, modulation time of 0.04 s, initial potential of 0.6 V, final potential
of +1.2 V, potential step of +0.005 V, modulation amplitude of +0.05 V, and deposition
potential of +0.3 V for 10 s.

For the determination of paracetamol, analytical curves were recorded. The intensity
of the current peak was evaluated as a function of the analyte concentration, with 16 points
obtained by adding 10, 20, 30, 40, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000,
and 1100 µL of paracetamol solution (0.01 mol/L) to 20 mL of carrier electrolyte (0.5 M
H2SO4). Prior to each curve, the surface of the working electrode was left in contact with
the electrolyte for 10 m.
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To quantify paracetamol in a complex matrix (real samples), the standard addition
method was used. Paracetamol was quantified in real samples of commercial drugs by
adding 0.3 mL of sample solution to 20 mL of carrier electrolyte, followed by the sequential
addition of 3 × 100 µL of paracetamol (0.01 mol/L), resulting in three additional data
points. Several experiments and analysis were replicated to minimize the experimental
error, with a confidence level of >95% for all determinations, but only one set of data was
chosen as the best.

3. Results and Discussion
3.1. Electrochemical Surface Characterization of the Cork-Modified Carbon Paste Sensors

In order to understand the current response behavior of the modified electrodes to-
wards a redox specie in solution, different pH conditions were investigated (acidic, neutral
and alkaline conditions). Figure 1a,b show the voltammograms obtained by using RC-(X1)
and RGC-(X2) modified carbon paste sensors, respectively, for comparison purposes, in
different electrolyte solutions (0.5 M H2SO4 (pH 1), 0.5 M NaOH (pH 13), and 0.5 M Na2SO4
(pH 6)) containing hexamine ruthenium (III) chloride. In all cases, it was possible to ob-
serve the presence of a pair of peaks (anodic and cathodic) related to the electrochemical
activity of the redox specie. Nevertheless, an enhancement on the current response was
achieved in neutral and acidic conditions while the voltammetric response was lower in
alkaline conditions. This considerable increase in the electroactivity, between the redox
specie and the cork-modified carbon paste electrodes, can be attributed to the presence of
residual groups containing oxygen on the surface of the reduced carbon paste layer [26]
as well as oxygenated cork functional groups. This is a characteristic behavior of elec-
trode arrays modified with a biomass [26], which combine the characteristics of the carbon
paste electrode, such as the radial diffusion regime (hence the voltammogram with the
characteristic sigmoidal shape) with an amplified current intensity due to the sum of the
electrical signals of the individual electrodes that make up the set as well as the features
of biomass modifier like porosity, hydrophobicity, permeability, and so on. Even when
the current response obtained in both modified electrodes are similar (Figure 1a,b), the
RGC-modified carbon paste sensor seemed to improve more signals in neutral and acidic
conditions than the RC-modified sensor. Therefore, further experiments were carried out
under acidic conditions.
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Figure 1. Cyclic voltammograms obtained in 0.5 M H2SO4, 0.5 M NaOH, and 0.5 M Na2SO4 solutions
adding 0.5 mM hexamine ruthenium trichloride (Ru(NH3)6Cl3) using the RC- and RGC-modified
carbon paste sensors (a) X1 and (b) X2 electrodes, respectively. Scan rate = 50 mV s−1 and number of
cycles = 10 cycles.

3.2. Cyclic Voltammetry Experiments in the Presence of Paracetamol

Cyclic voltammetry experiments were conducted on the modified carbon paste sensors
(X1 and X2) to examine the behavior of paracetamol and compare the results with that
obtained by the unmodified sensor (X3), as illustrated in Figure 2. Consistent with findings
reported in previous studies [27,28], the voltammetric profile presents an oxidation signal
during the positive sweep and the absence of any cathodic peak in the reverse sweep, indi-
cating the irreversibility of the oxidation process. The electrochemical oxidation mechanism
of paracetamol involves the transfer of two electrons and two protons (see Figure 3) to
produce the relatively stable N-acetyl-p-benzoquinone-imine (NAPQI) product [8,29].
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Figure 3. Paracetamol oxidation mechanism.

As shown in Figure 2, although the paracetamol showed electroactivity towards the
X3 surface electrode, which is enough to allow its concentration; the modified electrodes
resulting from the presence of RC- and RGC-cork led to an increase in the sensitivity
of the sensors and selectivity from the response of the analyte. This behavior is due to
the accumulation of the analyte on the cork surface. On the other hand, X1 exhibited a
higher peak signal than X2. This disparity derives from the hydrophobic nature of RC-cork,
which contains an aromatic domain in its main constituents, leading to the accumulation of
organic species on the solution’s surface [23]. In contrast, the structure of the RGC-cork
undergoes a degradation of polysaccharides, carbohydrates, and extractables, together
with partial degradation of suberin and lignin, with the formation of coke, consequently
reducing its adsorptive capacity [25].

In order to understand the resistivity behavior of cork-modified electrochemical sen-
sors, impedance electrochemical spectroscopy measurements were performed to obtain
the Nyquist plots (Figure 4). By comparing the Nyquist curves for all electrochemical
sensors, the profiles obtained through potentiostatic steps (Figure 4b) clearly showed that
a greater resistivity of RGC-modified electrode (Figure 4b) was achieved over the others
(Figure 4a,c). This indicates that, upon extrapolation from higher frequencies, these curves
(X1 and X3) intersect the axis at higher frequencies, suggesting greater resistance to load
transfer in these structures. Additionally, the curves for X1 and X3 appear slightly “flat-
tened”. This phenomenon arises from the presence of pores, irregularities, etc., on the
surfaces, leading to the dispersion of various structural characteristics associated with good
adsorptive properties.
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3.3. Effect of Scan Rate on Paracetamol Determination

The impact of the scan rate (from 20 to 100 mV/s) on the voltammetric response of
paracetamol oxidation was investigated on the modified electrodes (X1 and X2), recording
cyclic voltammograms in a 0.5 M H2SO4 solution containing paracetamol (0.01 M). As
observed in Figure 5, anodic peak shifted towards more positive potentials as a function
of the increase in the scan rate. This behavior evidences the irreversible nature of the
process [30,31]. On the other hand, the insets in Figure 5a,b reveal a linear relationship
between peak current and the square root of the scan rate (I vs. v1/2), suggesting that the
oxidation of paracetamol is mainly influenced by diffusion mass transport. In addition,
the plots of the logarithm of the anodic peak current (log I) versus the logarithm of the
scan rate (log v) reached linear relationships with slopes of 0.2669 for X1 and 0.2048 for
X2, respectively. This indicates that cork can contribute an adsorptive tendency on the
electrode surfaces during the paracetamol oxidation reaction [3,32].
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3.4. Differential Pulse Voltammetric Experiments

The validation of the sensors X1, X2, and X3, as a function of paracetamol concentration,
was carried out using DPV measurements, as shown in Figure 6a–c.
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Figure 6. Differential pulse voltammograms recorded, in X1 (a), X2 (b), and X3 (c) electrochemical
sensors, in 0.5 M H2SO4 solution as a function of successive additions of 0.01 M paracetamol solution:
supporting electrolyte, 25, 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 900 and 1000 µM.
Insets: calibration plots of the paracetamol concentration versus peak current (The dashed lines
represent the 95% of confidence of data obtained.) as well as the micrographs of the modified and
unmodified carbon paste sensors (electrode geometric area = 0.78 cm2).

As shown in Figure 6, a peak current for the oxidation of paracetamol was detected
at approximately +0.65 V on the unmodified carbon paste sensor (X3, Figure 6c), and
around +0.75 V on the modified electrodes (X1 (Figure 6a) and X2 (Figure 6b)). The anodic
peak current of paracetamol demonstrates linearity with its concentration and consistently
increases within a range from 25 to 1000 µM for all sensors. The equations that correspond
to the analytical curves according to the linear regressions are as follows:

IpA [µA] = 0.0054 C [µM] − 0.0068 R2 = 0.9997 for X1
IpA [µA] = 0.0109 C [µM] + 0.0077 R2 = 0.9951 for X2
IpA [µA] = 0.0182 C [µM] − 0.4146 R2 = 0.9445 for X3

(1)

The detection and quantification limits, respectively, were 2.41 µM and 8.04 µM for
X1 (Figure 6a); 10.36 µM and 34.52 µM for X2 (Figure 6b); and 333.06 µM and 1110.20 µM
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for X3 (Figure 6c). These limits were estimated using the estimation method described by
Brunetti and collaborators [33,34].

Repeatability was assessed by leading subsequent measurements (n = 5) in 0.01M
paracetamol solution, producing relative standard deviations of 1.5% and 3.8%, respectively,
with both electrodes. Reproducibility was evaluated by measuring the oxidation current
values in freshly prepared solutions over a period of 5 d, revealing discrepancies of only
4.1% and 1.8% compared to the original oxidation current values obtained.

Interestingly, the X1 sensor showed greater sensitivity with lower detection and
quantification limits of paracetamol compared to X2 and X3 electrodes. This behavior
can be attributed to the accumulative nature of the surface of the X1 electrode due to
the superficial cork groups (anionic and cationic), which favor a significant interaction
with paracetamol molecules in solution [22,35,36]. It is also evident in the micrographs
presented in Figure 6a–c that the modification of the carbon paste with raw cork (X1) reveals
an exfoliated structure, not visible in the carbon paste with thermally treated cork (X2),
increasing the interaction of the modifier with paracetamol in solution. In addition, the low
affinity of X3 with paracetamol is evidenced by its intact structure [37].

A comparison of the results reported in the literature for determining paracetamol
using different electrochemical sensors is provided in Table 1. These data reported show that
the X1 sensor has competitive analytical performance, with significantly lower detection
limits than the other sensors.

Table 1. Comparison of the performance of sensors proposed for the electrochemical detection of
paracetamol.

Electrode Method Linear Range (µM) Detection Limit (µM) Reference

C60 DPV 50–1500 50 [38]
CDA/Au-Ag NP DPV 10–100 2.6 [39]
MWCNT/TiO2 CV 10–120 11.77 [40]

SPE/PEDOT DPV 4–400 3.7 [41]
Au/Pani/cMWCNT/Bas/GA DPV 5–630 2.9 [42]

GI/GCE DPV 10–500 2.7 [43]
NC-GPE DPV 50–400 3.71 [44]

MWCNT-polymer/GCE DPV 5–1000 3.5 [45]
NiCu-CAT/GCE DPV 5–190 5 [46]
DMBQ-MCNTPE DPV 5–500 1 [47]
GCE-M221-Fe3O4 DPV 50–2000 16 [48]

AGCE DPV 0.1–100 0.72 [49]
GO/GCE DPV 0.1–430 0.021 [50]

AuNCs/BC DPV 0.003–50 1 [51]
SCB-activatedbiochar/GCE DPV 5–950 2.5 [52]

RC-modified carbon paste (X1) DPV 25–1000 2.4 This work

3.5. Analytical Application of Cork-Modified Carbon Paste Electrodes

To fall within the linearity interval of the sensor, the samples used for these tests
were carefully diluted with the supporting electrolyte. Table 2 summarizes the analytical
results achieved by analyzing real samples of paracetamol content in commercial drugs,
and comparing them with the manufacturer’s data and the results obtained by HPLC. The
paracetamol content in the drugs was determined using the standard addition method,
which avoid the matrix effect. The statistical analysis of the results obtained with the two
analytical methods was conducted using the paired t-test. The calculated t values (texp)
range from 0.117 to 0.024 (see Table 2) and these were lower than the critical value (2.776,
α = 0.05). These results indicated that there are no significant differences between the
results obtained at the 95% confidence level [53–56]. Moreover, as illustrated in Table 2,
the concentrations of paracetamol in the drugs align with the declared content. Based on
these outcomes, it can be concluded that the proposed procedure can actually be used to
determine paracetamol in pharmaceutical formulations.
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Table 2. Results obtained for the determination of paracetamol in pharmaceutical formulations
(tablets) using the DPV (proposed) and HPLC methods.

Medicine
Paracetamol (mg)

a b * c * d *

Benegrip Multi Noite 800 669.17 ± 3.86 945.70 ± 5.46 760.92 ± 4.39
Doril Enxaqueca 250 279.35 ± 1.61 348.60 ± 2.01 321.20 ± 1.85
Naldecon Noite 800 775.67 ± 4.48 917.66 ± 5.30 794.05 ± 4.58

Sonridor 500 436.50 ± 2.52 626.10 ± 3.61 578.11 ± 3.34
Tolife 1000 965.03 ± 5.57 1099.90 ± 6.35 948.78 ± 5.48

* Average of 3 measurements. a: nominal amount of paracetamol in the sample (mg) b: amount of paracetamol
estimated using DPV on X1; (mg) ± % RSD (n = 5) c: amount of paracetamol estimated using DPV on X2; (mg) ±
% RSD (n = 5) d: amount of paracetamol estimated by HPLC; (mg) ± % RSD (n = 5).

The voltammograms obtained during the determination of paracetamol in the drugs
using the RC-(X1) and RGC-(X2) modified carbon paste sensors are shown in Figure 7. In
addition, Figure 7a–e reveals that the regression residuals were evenly distributed around
zero, allowing a visual confirmation of the absence of significant nonlinearity for the two
sensors [57,58].
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4. Conclusions

In this study, cork was utilized as a modifier to improve the performance of carbon
paste sensors. The cork-modified paste carbon sensors, labeled X1 and X2, and the unmod-
ified carbon paste sensor, labeled X3, were characterized using CV and DPV techniques.
The analysis of the effect of the potential scan rate revealed that the oxidation process was
predominantly governed by diffusion. The results relating to the detection limit indicated
an enhanced paracetamol response with the modified sensors that contained cork and
carbon compared to the unmodified sensor. The practical applicability of the sensor was
demonstrated through the analysis of paracetamol in pharmaceutical samples, where the
data obtained for X1 and X2 indicated that the former was the sensor that showed better
detection performances. Thanks to their improved performances, which involve sensi-
tivity, selectivity, convenience, and practicality, the cork-modified carbon paste sensors
appear promising as tools for determining other drugs. It is important to consider that
cork could be also combined with other modifiers to open up new alternatives for other
applications [59,60].
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