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ABSTRACT: A composite was developed to align with the
principles of green chemistry and the sustainable development
goals, with a focus on its renewability, production, and degradation.
Thus, a polymeric matrix-agglutinant, poly(hydroxyurethane), was
synthesized from carbonated macaw palm oil (derived from
epoxidized oil and CO2) and 1,6-hexanediamine. When combined
with graphite, this material resulted in a solid composite exhibiting
uniform graphite dispersion and moderate hydrophobicity,
contributing to its applicability as an electrode material. The
composite electrode demonstrated sensitivity to pH variations,
enabling its application as a probe for both anionic (K3[Fe(CN)6])
and cationic ([Ru(NH3)6]Cl3) species. Its analytical performance
was evaluated in the determination of sildenafil citrate (SIL) in phosphate buffer solutions at various pH values and in synthetic
urine. The electrode exhibited a sensitive response for SIL detection, with a limit of detection (LOD) of 1.17 × 10−7 mol L−1, limit
of quantification (LOQ) of 3.90 × 10−7 mol L−1, sensitivity of 0.1873 μA μmol L−1, and a recovery of 100 ± 1% in synthetic urine.

1. INTRODUCTION
Solid composite electrodes have been widely used in
electroanalysis to determine and quantify organic compounds
of biological, pharmaceutical, and environmental interest, as
well as cationic and anionic inorganic species.1−8 This type of
electrode, when prepared from carbon sources, is less
susceptible to surface oxidation and less expensive than
electrodes made from pure noble/rare metals, such as gold,
palladium, platinum, gallium, and silver.9−13

Usually, solid composite electrodes are composed of a
conductor phase (e.g., graphite, acetylene black, carbon black,
carbon nanotube, graphene, fullerene)14−20 and a polymeric
matrix (also known as an insulator or agglutinant phase), such
as poly(vinyl chloride), polystyrene, poly(ethylene terephtha-
late), poly(vinylidene-difluoride), poly(dimethylsiloxane), pol-
ypyrrole, polylactic acid, polyurethane, and so forth.21−27

Electrochemical devices utilizing advanced electrode materi-
als, including solid and composite rod-type electrodes,
constitute a global market valued at several billion dollars,
with an estimated worth of approximately USD 7.8 billion in
2025 and an anticipated increase to USD 14.6 billion by
2032.28 Sustained growth is propelled by the escalating
demand for durable, reproducible, and chemically stable
electrodes across sensing, diagnostics, environmental monitor-
ing, and energy-related applications. Therefore, it is necessary
to develop new composite electrodes that, upon disposal, can
be decomposed efficiently in line with the circular economy.29

Our group has expertise in preparing, characterizing, and
using composite electrodes based on polyurethanes (PU)-
synthesized by reacting a polyol compound or a mixture of
polyols with a di- or tri-isocyanate compound.30−37 Although
this reaction is rapid and can be conducted at room
temperature, there is concern regarding isocyanate compounds
due to their toxicity.38

Recently, we presented the preparation and characterization
of a new flexible epoxidized/malenized castor oil derivative.39

Such material was used to prepare a composite electrode
exhibiting notable features for the determination of organic
and inorganic analytes following electrochemical treatment.
This prompted us to explore alternative sustainable approaches
to fabricating composite electrodes for electroanalytical
applications.
To overcome the safety risk, organic cyclic carbonates can

be used as substitutes for isocyanates. These compounds are
reacted with polyamines to synthesize poly(hydroxyurethane)
(PHU).38 Cyclic carbonates can be synthesized by reacting
epoxides with CO2 in a reactor in the presence of a
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catalyst.40−43 This process follows the carbon dioxide
utilization (CDU) methodology relevant to industrial-scale
operations.40−43 Cyclic carbonated production is significant
because it uses CO2, a greenhouse gas associated with global
warming. Due to anthropogenic activities, CO2 is released into
the atmosphere at approximately 37,000 megatons per year
(33% of all CO2 in the atmosphere).

40

The selected carbonated compound should be renewable to
align with green chemistry, circular economy, and the united
nations sustainable development group−UNSDG, particularly
UN sustainable development goal 12 (SDG 12). The goal
relates to sustainable consumption and production.44−48

Given its renewable nature, carbonated vegetable oil,
specifically carbonated macaw palm oil, was selected for this
study. This vegetable oil, produced in Brazil, is nonfood grade
and offers a higher yield per hectare than soybean (8:1).49,50

Subsequently, sildenafil citrate (SIL, 5-[2-ethoxy-5-(4-
methylpiperazin-1-yl)sulfonylphenyl]-1-methyl-3-propyl-6H-
pyrazol[4,3-d]pyrimidin-7-one; 2-hydroxypropane-1,2,3-tricar-
boxylic acid, as depicted in Figure 1), was chosen as a model

analyte to demonstrate the feasibility of employing these novel
electrodes in electroanalytical applications. This pharmaceut-
ical compound is a well-established drug used to treat erectile
dysfunction, functioning by increasing cyclic guanosine
monophosphate (cGMP), which accounts for its inhibition
of phosphodiesterase type 5 in the corpus cavernosum.
Sildenafil selectively alleviates pulmonary arterial hypertension
and enhances blood flow to erectile tissue without inducing
vasodilation in other regions.51,52

The literature reports that sildenafil citrate is predominantly
determined by chromatographic techniques.53,54 However,
electroanalytical methods are also highlighted as viable
alternatives to chromatographic procedures, providing rela-
tively straightforward sample preparation, low equipment costs,
ease of operation, rapid analysis, high sensitivity and selectivity,
and reduced waste generation.55

Recently, our group also reported an acetylene black
composite electrode with silver nanoparticles and an
isocyanate-based polyurethane binder, in which different
electroanalytical strategies for SIL determination were
compared.9 The reported limits of detection ranged from
1pmol L−1 to 10.7 μmol L−1, with linear ranges spanning from
1 pmol L−1 to 500 μmol L−1.56−64 This wide dispersion reflects
the use of highly sophisticated, labor-intensive methodologies,
often involving expensive and, in some cases, toxic materials.
In contrast, the present work does not aim to establish a

complete electroanalytical method for SIL or to compete with
those studies. Instead, it demonstrates the feasibility of
employing a new nonisocyanate poly(hydroxyurethane) as a
binder in a bare composite electrode. SIL determination is
used solely as proof of concept for this application.
Therefore, this work used a poly(hydroxyuretane) synthe-

sized from carbonated macaw palm oil and 1,6-hexanediamine
as a binder, with graphite (the conductive phase), to produce a

composite electrode based on this new binder. The resulting
electrode response can be modulated by pH changes, thereby
enabling applications for compounds that are sensitive to pH.
Thus, to establish evidence, both anionic K3[Fe(CN)6] and
cationic Ru[(NH3)6]Cl3 probes were used in electrochemical
characterization.
To our knowledge, this is the first attempt to use this new

renewable macaw palm oil-based poly(hydroxyuretane) system
as a binder agent in composite electrodes.

2. MATERIALS AND METHODS
Macaw palm oil (manufacturing data: 03/2019; batch code:
MAO073/18) was acquired from Mundo dos o ́leos (Brazil).
Hydrogen peroxide solution (30% H2O2), Amberlite IR-120, glacial
acetic acid (≥99%), 1,6-hexanediamine (98%), Na2CO3 (≥99.5%),
and MgSO4 (≥98%) were acquired from Sigma-Aldrich and used
without further pretreatment. Sildenafil citrate (min 98.0%, Amazon
Brazil) was obtained from a local compounding pharmacy in São
Carlos, SP/Brazil, and used without further treatment.
Potassium chloride (≥99%) and potassium ferrocyanide (≥99%)

were acquired from Merck. Monobasic potassium phosphate, dibasic
potassium phosphate, and sodium hydroxide were purchased from
Spectrum and used to prepare electrolyte solutions.
Electrochemical solutions were prepared with water treated in an

OS 10 LZ reverse osmosis system (GEHAKA) and then purified in a
Barnstead D13321 EasyPure RoDi system (Thermo Scientific) with
resistivity ≥18.2 MΩ·cm.
2.1. Macaw Palm Oil Epoxidation and Carbonation
The macaw palm oil has an iodine value of 108.48 g of I2 per 100 g of
sample (equivalent to 0.4274 mol of C�C per 100 g), as measured
by 1H NMR. (Figure S1, Supporting Information), was used in the
epoxidation reaction according to a previous procedure.65 Therefore,
50.0 g of macaw palm oil, 13.0 g of glacial acetic acid, 40.0 g of
hydrogen peroxide (50%), and 5.0 g of Amberlite IR120 (catalyst)
were settled into a round-bottomed flask with a magnetic bar. The
reaction was stirred at 80 °C for 4 h. The crude product was filtered
to remove the catalyst, then extracted with ethyl acetate and washed
three times with sodium carbonate solution (0.10 mol L−1) and once
with brine. After that, the organic layer was dried over MgSO4,
filtered, and concentrated under reduced pressure to afford the final
product, a pale-yellow liquid (epoxidised macaw palm oil, EMPO).
The total conversion of alkene groups to epoxide groups was
confirmed by 1H NMR (Figure S2).
The epoxidized macaw palm oil was subjected to carbonation in

accordance with the procedure outlined in the literature.42 Therefore,
the EMPO was poured into a stainless-steel reactor and reacted with
CO2 (10 bar) at 100 °C for 24 h under stirring in the presence of an
aluminum-Salen complex (catalyst) and tetrabutylammonium bro-
mide (cocatalyst). The crude product was purified to remove the
catalyst. The carbonated macaw palm oil was characterized by 1H-
RMN, which converted 100% of the epoxide groups into carbonated
groups (Figure S3), as evidenced by the complete disappearance of
epoxy signals and the appearance of characteristic carbonate ones.
These results are consistent with our previous reports.42,43

2.2. Composite Electrode Preparation
First, the carbonated macaw palm oil and 1,6-hexanediamine were
added to a beaker in equimolar amounts relative to the reaction sites.
Both reactants were stirred for 1 h at 80 °C during the
prepolymerization step. (high-viscosity orange liquid).42,43 Afterward,
the mixture was transferred to a silicon tray and heated at 120 °C for
4 h to obtain a tack-free, rubbery brown material (poly-
(hydroxyuretane) − PHU). This material was soft and mixed with
graphite (40:60 m/m) as previously reported by our group.9,30

Subsequently, the composite mixture was loaded into a polypropylene
syringe barrel, and a copper wire was inserted. This system was
pressed in a hydraulic press (10 kgf cm−2) and maintained overnight
to facilitate particle compaction. The final electrode was polished in a

Figure 1. Structural formula of sildenafil citrate.
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figure-eight motion using 2000-grit sandpaper and then finished with
sulphite paper (PHU-G). Scheme 1 depicts the monomer synthesis
and electrode preparation.

2.3. 1H NMR Analysis
The 1H NMR analyses were conducted utilizing an Agilent 400 MHz
Premium Shield spectrometer. MPO, EMPO, and CMPO were
dissolved in deuterated chloroform (CDCl3, 99.8% D, Sigma-Aldrich),
with TMS serving as an internal reference.
2.4. Mid-Infrared Spectroscopy (MIR)
The MIR spectra of carbonated macaw palm oil and poly-
(hydroxyuretane) were acquired using a Nicolet iS10 spectrometer
(Thermo Scientific). The spectra were obtained via attenuated total
reflectance (ATR) employing a germanium crystal, covering the
spectral range of 4000−700 cm−1. The data collection involved 32
scans with a resolution of 4 cm−1.
2.5. Simultaneous Thermogravimetry-Differential Thermal
Analysis (TGA/DTA)
PHU and graphite composite (PHU-G) were analyzed using
simultaneous thermogravimetry-differential thermal analysis (TG/
DTA) with the STA 449 F3 instrument (Netzsch). Samples, each

weighing 30 mg, were placed in an open α-alumina crucible
containing 200 μL of volume. The examination was conducted over
the temperature range 30−1000 °C at a heating rate of 10 °C min−1

under a continuous flow of dry air at 70.0 mL min−1.
2.6. Scanning Electron Microscopy (SEM)
The morphology of PHU and PHU-G was examined using a LEO 440
scanning electron microscope. Samples were mounted on SEM-
standard carbon adhesive and sputter-coated with gold. The
accelerating voltage was maintained at 15 kV under a low-pressure
environment (10−3 Pa).
2.7. Tensiometric Analysis
The contact angles for PHU and PHU-G were determined utilizing a
C201 Attension Theta Flex optical tensiometer, operated with the
One Attension software (Biolin Scientific), and complemented by a
Navitar digital camera. A water droplet was applied to each polymer
sample, and one hundred optical scans were conducted to verify the
contact angle established between the droplet and the surface.
2.8. Biobased Content
The biobased content (BC) was calculated using eq 1. In this
equation, mCMPO and mamine represent the masses, in grams, of each
respective reactant. The carbonated vegetable oil is classified as a
biobased reactant, whereas the amine is not.

m m mBC (%) ( )/( ) 100CMPO CMPO amine= [ + ] × (1)

2.9. Electroanalytical Procedures
Electrochemical experiments were conducted using an Autolab
PGSTAT 204 potentiostat/galvanostat, integrated with a micro-
computer and operated via NOVA v. 2.1.3 software (both from
Metrohm). All experiments were performed in a glass cell (25 mL
capacity), with a platinum foil (0.55 cm2) as the auxiliary electrode
and a saturated calomel electrode (SCE) as the reference.
Cyclic voltammograms were obtained using 1.0 × 10−3 mol L−1

K3[Fe(CN)6] or [Ru(NH3)6]Cl3, both in 0.5 mol L−1 KCl (pH 2.0 to
7.0). The electrochemical response of sildenafil citrate (1.0 × 10−3

mol L−1) in phosphate buffer solution (PBS) at pH 2.0 was evaluated
by differential pulse voltammetry (DPV).
The effect of the scan rate in the DPV response of SIL (1.0 × 10−3

mol L−1) in 0.10 mol L−1 phosphate buffer (0.1 mol L−1), pH 2.0, was
evaluated in 10.0, 20.0, 30.0, 40.0, 50.0, 60.0, 70.0, 80.0, 90.0, and
100.0 mV s−1.
The analytical curve was obtained under optimized DPV

conditions from 5.0 × 10−7 to 1.0 × 10−5 mol L−1 SIL.
The standard addition method used a SIL stock solution at 1 ×

10−4 mol L−1 to obtain a spiked concentration of 2 × 10−6 mol L−1 in
10 mL of synthetic urine, with three further standard additions
equivalent to this same concentration. All analyses for SIL
determination were made in triplicate.
The synthetic urine sample was prepared according to the

literature.66 Usually, the concentration of SIL in urine is up to 1.44
× 10−5 mol L−1, which depends on medication doses and
pharmacokinetics.66 Therefore, 200 μL of a 1.0 × 10−4 mol L−1 Sil
stock solution was fortified in 10.0 mL of synthetic urine solution.
This fortified solution was then diluted in PBS in an electrochemical
cell (1:5) to obtain a concentration of 2.0 × 10−6 mol L−1 of SIL.
Then, three more SIL standard additions from the stock solution (2.0
× 10−6 mol L−1) were added to the electrochemical cell; each addition
evaluated the electrochemical response in triplicate.

3. RESULTS AND DISCUSSION

3.1. Poly(hydroxyuretane) (PHU) Characterization: MIR,
Morphology, Contact Angle, and Thermogravimetry
The MIR spectrum of carbonated macaw palm oil (Figure
S4a) exhibited characteristic bands at 1737 cm−1 (C�O
stretching of ester backbone) and 1803 cm−1 (C�O
stretching of cyclic carbonate).42,43 Upon polymerization into

Scheme 1. Synthetic Route for Poly(hydroxyuretane)
(PHU) and Graphite Composite Electrode (PHU-G)
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PHU, these carbonyl peaks diminished due to aminolysis,
forming urethane and amide groups (Figure S4b). New bands
emerged at 1635 cm−1 (C�O stretching of urethane), 1545
cm−1 (N−H deformation of urethane), and 3307 cm−1 (N−H
stretching of amide/urethane), confirming the successful
synthesis of PHU. Scheme 1 illustrates the structural features
responsible for the aforementioned bands. The biobased
content of the PHU was determined to be 79.9%, as the
amine cross-linker (HDA) is petrochemical-derived.
Both PHU and PHU-G samples demonstrated borderline

hydrophobicity, exhibiting contact angles of 92.4 ± 0.5° and
93.3 ± 0.6°, respectively (Figure S5a−c). However, it contains
polar functional groups (urethane, ester, amide, and hydroxyl),
the hydrophobic fatty acid backbone predominates, thereby
influencing overall hydrophobicity.67−69 This balanced hydro-
phobicity is essential for optimal electrode performance, as
excessive water absorption can cause swelling, while repellence
can hinder electrical response.68,69

SEM micrographs reveal a smooth, agglomerated surface for
PHU at 500× magnification (Figure S5b), consistent with a
soft polymeric structure. In contrast, as indicated by the red
arrows, PHU-G exhibits a rough topography with uniformly
dispersed graphite domains (Figure S5d). Further magnified
SEM imaging (5000×, Figure S6) confirms the homogeneous
distribution of graphite clusters throughout the PHU-G
composite. This uniform dispersion of graphite is expected
to contribute to the composite’s effective electrical response
across various probes, as discussed later.

The TG curve of PHU (Figure S7a) exhibits three distinct
mass loss steps corresponding to polymer decomposition. The
overlapping of the first and second steps indicates a complex
degradation process, as shown by the DTG curve. PHU
exhibits thermal stability up to 210.5 °C, at which
decomposition initiates.70−72 The final stage involves combus-
tion of the carbonaceous residue, accompanied by exothermic
peaks in the DTA curve.
The TG curve of PHU-G displayed a similar thermal

degradation profile (Figure S7b), except for a significantly
increased mass loss in the final stage due to graphite
decomposition (58.2%). No residual matter remained after
the analysis of either sample. Table S1 summarizes the thermal
events observed in both TG and DTA curves.
3.2. Electrochemical Evaluation−pH Influence

The electrochemical behavior of PHU-G was first tested in a
solution containing 1.0 × 10−3 mol L−1 of K3[Fe(CN)6] as an
anionic probe in 0.5 mol L−1 of KCl, at pH 6.0 (purified
water). This cyclic voltammogram was unsatisfactory, so an
activation treatment was performed to improve the electro-
chemical response. The treatment was performed with 150
cycles between −1.0 V and +1.0 V (vs SCE) in a phosphate
buffer solution at pH 7.0.72,73 However, this treatment was
unfruitful, and the electrochemical response did not change.
After that, the effect of pH on the response of anionic and

cationic probes was tested. Therefore, both K3[Fe(CN)6] and
[Ru(NH3)6]Cl3 were tested in different solutions with pH 2.0,
3.0, 4.0, 5.0, 6.0, and 7.0. As expected, the oxidative and

Figure 2. (a) Protonation of organic groups on PHU. Cyclic voltammograms in different pH solutions for 1.0 × 10−3 mol L−1 (b) K3[Fe(CN)6] or
(c) [Ru(NH3)6]Cl3, both in 0.5 mol L−1 KCl. Scan rate of 10 mV s−1.
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reductive signals for K3[Fe(CN)6] were enhanced in lower pH
solutions. However, the reduction of ferro to ferricyanide is
favored regarding the oxidation, once Ip,red = −25.1 μA while
the Ip,ox = 15.5 μA (at pH 7.0); and Ip,red = −15.5 μA while the
Ip,ox = 8.94 μA (at pH 4.0). This suggests that the protonated
polymer matrix attracts more negatively charged species than
less negatively charged ones. At pH above 4.0, the polymer
appears uncharged, and the signal is less sensitive. However,
for the [Ru(NH3)6]Cl3, this effect is remarkable for pH 2.0 to
4.0, from which the current signal tends toward stability.
These findings corroborate that the protonation of func-

tional groups in the polymeric matrix of the composite can
modulate the electrochemical response (Figure 2a). Figure
2b,c display the pH effect (pH 2.0−7.0) for both probes:
K3[Fe(CN)6] (anionic) and [Ru(NH3)6]Cl3 (cationic).
However, due to hydrolysis of the polymeric matrix (Figure

S8), the PHU-G electrode does not withstand alkali solutions
(pH ≥ 8.0).42,43 In phosphate solution, an electrochemical
response is observed at 1.37 V (vs SCE) at pH 8.0 and 10.0,
indicating that, at higher pH, the functional groups become
active at lower potentials at this electrode. This occurs since
polymer degradation (binder) takes place,73 while in the KCl
medium, this behavior is probably postponed in potential.
The electroactive area for PHU-G was determined through

chronocoulometry, utilizing a solution of 1.0 × 10−3 mol L−1

K3[Fe(CN)6] in 0.5 mol L−1 KCl at pH 2.0. The measurement
was conducted by applying Cottrell’s eq 2 to isolate the
electroactive surface area (A, cm2).30 The procedure was
repeated five times.

A
S

nF D C2 0
=

(2)

In which, F is the Faraday constant (96.485 C mol−1), n is the
number of electrons involved in the redox reaction (in this case
1e−), D is the diffusion coefficient for K3[Fe(CN)6] at 25 °C
(7.6 × 10−6 cm2 s−1), C0 is the concentration (1.0 × 10−6 mol
cm−3), and S (C s1/2) is the slope of the graph q as a function
of 1/t1/2 (where q is the charge, measured in Coulombs, and t
is the time).
The electroactive area for PHU was 0.0961 ± 0.0002 cm2,

which exceeds the geometric area of 0.0707 cm2 (ϕ = 3.0 mm).
Furthermore, PHU-G exhibits a larger electroactive area
compared to the glassy carbon electrode (GCE), which has
an area of 0.0760 cm2.30

3.3. Sildenafil Detection and pH Influence

Sildenafil citrate-SIL was used as an analyte because it is an
organic salt of sildenafil (conjugated base) and can be
influenced by pH changes. Differential pulse voltammetry
(DPV) was used to detect and determine SIL after optimizing
parameters such as scan rate (ν) and pulse amplitude (a)
(Figure S9). The best result was obtained with a scan rate of
20.0 mV s−1 and a pulse amplitude of 50.0 mV.
Subsequently, a pH effect study was conducted to determine

the optimal signal profile; therefore, a pH screening (pH 2.0 to
7.0) was performed in a solution containing 1.0 mmol L−1 SIL
in PBS (0.1 mol L−1). Figure 3a displays all DPV results, which
clearly show a pH dependence of SIL. At both extremes, the
current was higher at pH 2.0 than at pH 7.0. The peak signal
shifts to more positive potentials as pH decreases, thereby
facilitating better separation of the oxidative process (signal at
0.84 V vs SCE in pH 2.0) and the adsorptive process (signal at
1.27 V vs SCE in pH 2.0).73

Therefore, both signals overlap in higher-pH solutions (pH
7.0, 6.0, and 5.0). Furthermore, the lowest current is observed
at pH 5.0, associated with the acid−base equilibrium (pKa =
5.5 for SIL), and the conjugate base predominates in the bulk
of the solution, preventing oxidation of the piperazine ring.74,75

The oxidation of the piperazine ring in the SIL corresponds to
a two-electron/one-proton (2e−/ H+) process.9

Hence, pH 2.0 was selected for further analysis because it
yields higher current and better separation of electrochemical
processes (Figure 3b). Figure 3b shows two inflection points;
the first occurs at pH 4 and corresponds to acid−base
equilibrium in the insulating phase of the composite (PHU), as
confirmed by voltammograms with cationic and anionic probes
(Figure 2a,b). The second point concerns SIL’s pH 5.0 and 6.0
acid−base equilibria.
CV results at different scan rates (10.0 mV s−1 to 100.0 mV

s−1, Figure 4a) for a solution of 1.0 mmol L−1 SIL in PBS (0.10
mol L−1) were obtained. The oxidation peak has a higher
current and a displacement to more positive potentials;
therefore, in a CV of 20.0 mV s−1, the electrochemical process
signal was found at 1.27 V vs SCE, and in a scan rate of 100
mV s−1, the signal is observed at 1.30 V vs SCE (Figure 4a).
The potential shift here confirms the irreversibility of the
process.30,33,76

Figure 4b shows the dependence of oxidative current peaks
against the square root of the scan rate to verify this method’s
mass transport control. Thus, the linear portion of this curve is
described by the eq 3.

I v s R( A) 0.877 1.92 ( ) 0.9982p
1/2 1/2 1/2 2= + =

(3)

Figure 3. (a) DPV results for SIL in different pH solutions and (b)
peak displacement and maximum current for each DPV. DPV in
different pH solutions for 1.0 × 10−3 mol L−1 of SIL, in 0.1 mol L−1

PBS. Scan rate of 20 mV s−1 and pulse amplitude of 50.0 mV.
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This curve shows linear behavior across the all-scan rate
range, a characteristic of diffusion-controlled pro-
cesses.30,33,76,77

3.4. Analytical Curve and Determination of SIL in
Synthetic Urine
The effect of crescent SIL concentration was evaluated by DPV
using the previously optimized parameters at PHU-G (scan
rate of 20.0 mV s−1 and a pulse amplitude of 50.0 mV). The
linear response from 5.0 × 10−7 to 1.0 × 10−5 mol L−1 SIL was
determined in Figure 5a, while Figure 5b presents the
analytical curve. According to eq 4, the limit of detection
(LOD) was 1.17 × 10−7 mol L−1, the limit of quantification
(LOQ) was 3.90 × 10−7 mol L−1, and the sensitivity was
0.1873 μA μmol−1 L.

I

C R

( A) 0.02162 ( A) 0.1873 ( A mol L)

( mol L ) 0.9994

p
1

1 2

= +

= (4)

The LOD was determined by dividing 3 times the standard
deviation by the slope of the line.77 The curve showed a linear
response in all ranges, including the first six points in an inset,
from 5.0 × 10−7 to 1.6 × 10−6 mol L−1 SIL. The LOD and
linear response range fall within those reported in our previous
paper.9 Therefore, this proposed electrode is superior to
previous electrodes, as it does not require expensive, toxic, or
laborious modifications or metal doping. The electrode is
robust and reproducible, as SIL could be determined without

any surface renovation, with a significant signal throughout the
working day.
The production of electrodes for drug detection is extremely

useful and can be used to detect drugs in urine samples for
antidoping or clinical purposes. In this sense, the PHU-G was
used to determine SIL in a synthetic urine matrix to evaluate
the electroanalytical response (Figure S10). The urine sample
was spiked with 2.0 × 10−6 mol L−1, and a standard addition
procedure resulted in a SIL concentration of 2.1 ± 0.2 x10−6

mol L−1 (R2 = 0.9995) with a relative error of 3.0%.
Furthermore, a study of the recovery coefficient was
performed, and the results are presented in Table 1. These
values suggest that the PHU-G can be used to determine SIL
in PBS at pH 2.0 and in synthetic urine without matrix effects.
Several works in the literature discuss the quantitative

determination of sildenafil using various electrode types and
electroanalytical methods, such as voltammetry. Examples
include the work by Rocha et al., which uses disposable stencil-
printed carbon electrodes made with a conductive ink
combining graphite powder and glass varnish, and a 3D-
printed holder for SWV measurements. The analyses were
carried out on commercial and seized tablets at concentrations
ranging from 1 to 20 μmol L−1, with a detection limit of 0.20
μmol L−1.64 Rouhani and Soleymanpour developed an
electrochemical sensor based on an imprinted sol−gel on a

Figure 4. (a) CV voltammograms in different scan rates, and (b)
dependence of the peak currents with ν1/2. DPV at pH 2 using a
solution of 1.0 × 10−3 mol L−1 of SIL, in 0.1 mol L−1 PBS. Pulse
amplitude of 50.0 mV.

Figure 5. (a) DPV (Scan rate of 20 mV s−1 and pulse amplitude of
50.0 mV) in different SIL concentrations, and (b) analytical curve.
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pencil graphite electrode (PGE) modified with functionalized
multiwalled carbon nanotubes (MWCNTs) and gold nano-
particles (AuNPs).63 Lovic ́ et al. employed a cysteine-modified
gold electrode. They applied cyclic voltammetry (CV) and
square-wave voltammetry (SWV) over a concentration range
of 0.0010 to 0.10 μmol L−1, achieving an LOD of 0.0104 μmol
L−1.65 Staden et al. developed a method for determining SIL
using a three-monocrystalline diamond-paste electrode with
varying particle sizes.61 A linear concentration range is
obtained by natural diamond (⌀ = 1.0 μm), Synthetic 1
(synthetic diamond with ⌀ = 50.0 μm) and Synthetic 2
(synthetic diamond with ⌀ = 1.0 μm) between 10−12 and 10−8,
10−12 and 10−9, and 10−11 and 10−9 mol L−1, respectively with
LOD between 0.1 and 1.0 pmol L−1 for three electrodes.61

Considering these works, our present study demonstrates a
promising device for sildenafil citrate, which was used as a bare
electrode without modification, based on a renewable
polymeric matrix.

4. CONCLUSIONS
A novel composite electrode was fabricated using a renewable
polymer derived from carbonated macaw palm oil and
graphite. The polymer’s hydroxyurethane groups undergo
protonation in acidic conditions, enabling selective binding of
either cationic or anionic probes based on pH, pointing to very
interesting future explorations. The composite exhibited
moderate hydrophobicity and a uniform distribution of
graphite.
The bare composite electrode demonstrated promising

electrochemical performance for the target analyte, sildenafil
citrate (SIL). Notably, it exhibited high sensitivity, enabling the
detection of low SIL concentrations. Recovery rates in
synthetic urine approached 100%, validating the electrode’s
analytical accuracy. This is just a demonstration of the
feasibility of the proposed device in analytical procedures.
Future work can be executed to develop full electroanalytical
procedures for SIL and other analytes.
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Cavalheiro, É. T. G. Evaluation of a Graphite-Polyurethane
Composite Electrode Modified with Copper Nanoparticles as an
Amperometric Flow Detector in a Wall-Jet System for the
Determination of Cysteine. J. Braz. Chem. Soc. 2020, 31 (2), 370−
380.
(35) Mattioli, I. A.; Cervini, P.; Cavalheiro, É. T. G. Screen-Printed
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