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n–Fe layered double hydroxides/
graphitic carbon nitride nanomaterials based
potentiometric sensor for paroxetine
determination in environmental water samples

Ahmed Ashry,a Mohamed Rabia, b Sahar Mahmoud Mostafa,a

Mohamed Ali Korany, a Ahmed Ali Farghalic and Mohamed Magdy Khalil *a

Developing targeted and sensitive analytical techniques for drug monitoring in different specimens are of

utmost importance. Herein, a first attempt was made for the determination of paroxetine (Prx+) in

environmental water samples using a novel, sensitive, selective, stable, accurate and eco-friendly

potentiometric sensor based on Zn–Fe layered double hydroxides/graphitic carbon nitride (Zn–Fe LDH/

g-C3N4) nanomaterials with b-cyclodextrin (b-CD) as the sensing ionophore and dibutyl phthalate (DBP)

as the plasticizer. The prepared nanomaterial was characterized using X-ray diffraction (XRD) and

scanning electron microscopy (SEM). The surface properties of the proposed sensor were characterized

by electrochemical impedance spectroscopy (EIS). The sensor exhibited an excellent Nernstian slope of

59.3 ± 0.7 mV decade−1 covering a wide linear working range of 1.0 × 10−6 to 1.0 × 10−2 mol L−1, low

detection limit of 3.0 × 10−7 mol L−1, low quantification limit of 9.9 × 10−7 mol L−1, long life time,

sufficient selectivity, high chemical and thermal stability within a wide pH range of 2.0–9.0. This

analytical method was successfully implemented for Prx+ determination in a pure form, pharmaceutical

formulation and different water samples.
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1. Introduction

Depression is routinely treated with tricyclic antidepressants
(TCAs) and selectively with serotonin reuptake inhibitors(SSRIs)
in psychiatry.1,2 While both medications have comparable
clinical efficacies, SSRIs oen have fewer side effects than
TCAs.2,3 Obsessive-compulsive disorders, panic disorders,
anxiety disorders, and eating disorders are illnesses for which
some SSRIs are recommended.2–7 The antidepressant
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paroxetine [(3S-trans)-3-((1,3-benzodioxol-5-yl-oxy)methyl)-4-(4-
uorophenyl)piperidine] hydrochloride (Prx+) belongs to the
class of SSRIs. The efficacy of Prx+ as a therapeutic for severe
depression is assumed to be correlated with the protonation of
serotonergic activity in the central nervous system due to the
suppression of serotonin (5-hydroxy-tryptamine, 5-HT)
neuronal reuptake. Prx+ is utilized more regularly in medical
treatment than tricyclic antidepressants because it is substan-
tially less harmful.8

Drug monitoring andmedical treatment depend critically on
drug analysis; therefore, the developed analytical techniques
must be established to accomplish this goal,9 numerous
analytical techniques for Prx+ determination have been previ-
ously reported, such as electrochemical,10–16 spectroscopic17–19

and chromatographic techniques.20–23

Although these techniques might be accurate, precise,
sensitive and selective, an in-depth investigation of the pub-
lished papers revealed that one or more defects, such as low
sensitivity,23 poor selectivity,23 low precision,16,18 inaccuracy,
laboriousness,10,16,18 high cost10,16,18 as well as a narrow concen-
tration range23 are observed in these techniques. Therefore, the
development of an easy, affordable, highly sensitive, sufficiently
selective and low-cost potentiometric method for the micro-
determination of Prx+ is still required.
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Many scientists around the world have been drawn to
potentiometric carbon paste sensors (CPSs) because of their
numerous advantages including simplicity, robustness, chem-
ical inertness, renewability, response stability, environmental
friendliness, low ohmic resistance, lack of an internal solution
requirement and the ability to easily regenerate the active
surface of the paste.24–26

In fact, leaching into the bulk sample solution can be limited
by the use of chemically modied ionophores. Due to their
ability to form inclusion complexes with the target analyte,
certain macromolecules, such as calixarenes, cyclodextrins, and
porphyrins have constantly been found to improve the perfor-
mance of electrochemical sensors.

The incorporation of a lipophilic anionic additive (NaTPB) in
the paste is required to stabilize charged complexes and ensure
permselectivity and electroneutrality of the paste. Furthermore,
NaTPB enhances the interfacial ion-exchange kinetics and
reduces the electrical resistance of the sensor matrix, causing
higher ion mobility within the organic layer.

Nowadays, nanomaterials have received increasing attention
from scientists due to their better qualities than single mate-
rials. Many researchers and companies are seeking insights into
the applications of nanocomposites in various kinds of indus-
tries due to their remarkable chemical, physical, and
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mechanical properties.27 Nanocomposite materials are also
anticipated to offer enhanced capacities for potentiometric
chemical sensors.28–30 This behavior can greatly accelerate the
electrocatalytic, repeatability, and stability features of these
sensors.31

A novel class of metal-free polymeric nanomaterials known as
graphitic carbon nitride was recently created by polymerizing
various chemical compounds, including cyanamide, thiourea,
dicyandiamide, or melamine. It is particularly different among
the other materials created so far since it has a very high specic
surface area and contains bonds between hydrogen, nitrogen,
and carbon. It was also discovered that g-C3N4 can be easily used
to build highly sensitive and selective sensors for the determi-
nation of various molecular and ionic species because of its high
chemical and thermal stability, low cost, large surface area, earth-
abundant nature, lack of metals, and non-toxicity.32–34

Recently, layered double hydroxides (LDHs) have attracted
a lot of attention due to their high electrical conductivity and
prospective uses in the domains of nanoelectronics, sensors,
batteries, supercapacitors, and nanocomposites.28–30 In this
study, for the rst time, the fabrication and analytical uses of
a potentiometric sensor based on a unique Zn–Fe LDH/g-C3N4

nanomaterial in the presence of the b-CD ionophore are
described. The surface properties of the investigated sensor were
characterized using EIS. The proposed sensor demonstrated high
sensitivity and reasonable selectivity for Prx+ micro-detection.
2. Experimental
2.1. Reagents and materials

Analytical-grade chemicals were utilized throughout the study.
The water used for all the experiments was deionized. Dibutyl
phthalate (DBP) and spectroscopic graphite powder (1–2 mm)
were bought from Merck. Fluka provided the sodium tetra-
phenylborate (NaTPB). Urea and sodium hydroxide (NaOH)
were purchased from Pio-chem Co, Egypt. Zinc nitrate hexahy-
drate [Zn(NO3)2$6H2O], and iron(III) nitrate [Fe(NO3)3$9H2O]
with the highest available purity were supplied by SDFCL, India.
BDH Company supplied the metal salts as chlorides or nitrates.
Eva PHARMA Co., Cairo, Egypt, provided the pure grade Prx+.
The medicinal product (Prx+ 20 mg per tablet) was bought from
a local pharmacy. A precisely weighed quantity of Prx+ was used
to make a standard solution by dissolving it in deionized water.
The concentration range of the drug prepared was 1.0 × 10−7 to
1.0 × 10−2 mol L−1.

Various cyclic macromolecules, including b-cyclodextrin (b-
CD), 18-crown-6 (18C6) (Euromedex, France), dibenzo-18-
crown-6 (DB18C6), and chitosan (CH, Bio Basic, Canada INC,
with a degree of de-acetylation 96%), were investigated as
sensing ionophores. Concentrated solutions of NaOH and HCl
were used within the range 0.1–1.0 mol L−1 for pH adjustment
of the medium.
2.2. Apparatus

Scanning electron microscopy (SEM, ZEISS, Oberkochen, Ger-
many) and X-ray diffraction (XRD, PANalytical Pro, Almelo, The
© 2024 The Author(s). Published by the Royal Society of Chemistry
Netherlands) were used to conduct the morphology character-
izations. Electrochemical impedance spectroscopy (EIS,
CHI608E, USA) used to characterize the surface properties. The
electrochemical system of the CPE may be represented as
follows:

Carbon paste sensor/test solution//KCl salt bridge//Ag/AgCl
reference electrode.

A 702 titroprocessor equipped with a 665 dosimat made by
Metrohm (Switzerland) was used for the potentiometric
measurements and the temperature of the tested solutions was
controlled applying a mLw W20 circulator thermostat. The
cross-section roughness was conducted using the Gwydion
program, which assesses the degree of roughness, particle size,
and 3D cross-section. The capabilities and clarity of this
program are equivalent to those from AFM analysis.
2.3. G-C3N4 and Zn–Fe LDH synthesis

The preparation of g-C3N4 was carried out by the direct
combustion of 10 g urea in a furnace at 550 °C for 2 h. The
combustion process was performed by covering the crucible
with a porcelain cover, which led to increasing the product mass
of g-C3N4, which had a brownish-yellow color.

Applying a co-precipitation method, Zn–Fe LDH was
prepared as follows: Zn (NO3)2 (0.4 mol L−1, 23.79 g) and Fe
(NO3)3 (0.1 mol L−1, 8.08 g) with a molar ratio of 4 : 1 were
dissolved in 200 mL of deionized water. NaOH (2 mol L−1) was
slowly added while stirred the solution at room temperature till
the pH reached 9.0. Then, the mixture was kept overnight to
guarantee the complete precipitation. The precipitate was
ltered, washed with deionized water until the pH of the ltrate
had reached 7.0, and nally dried at 50 °C for 24 h.
2.4. Preparation of the carbon paste sensor

The ionophore (0.5% b-cyclodextrin), 0.5% NaTPB lipophilic
anionic additive, 5% Zn–Fe LDH, 5% g-C3N4, 39.25% graphite
powder, and 49.75% DBP plasticizer were mixed to obtain
a paste, which was packed into a piston-driven Teon holder.
Gently moving the stainless-steel screw forward produced
a fresh surface, which was then polished with lter paper to
create a bright new surface. Prior to use, the sensor was pre-
conditioned by soaking for 1 h in a solution containing 1.0 ×

10−3 mol L−1 Prx+. The sensor was kept at 4 °C while not in
use.
2.5. Calibration curve construction

The conditioned sensor was submerged in Prx+ solutions
between 1.0 × 10−7 and 1.0 × 10−2 mol L−1 coupled with an Ag/
AgCl double junction reference electrode. While stirring the
sensor and recording the e.m.f. measurements within 1 mV, the
sensor was allowed to equilibrate. Regression equations for the
linear portion of the mV-concentration proles were produced
and utilized for the later calculation of unknown drug
concentrations.
RSC Adv., 2024, 14, 34791–34803 | 34793
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2.6. Water layer test

A water layer test between the carbon paste and the transducer
was performed. The studied sensor was conditioned in 1 ×

10−3 mol L−1 Prx+ solution and then placed into 1 ×

10−3 mol L−1
uoxetine hydrochloride, nisoxetine hydrochlo-

ride, or dapoxetine hydrochloride interferent solution and then
returned back into 1 × 10−3 mol L−1 Prx+ solution.
2.7. Selectivity

The selectivity behavior of the investigated sensor was exam-
ined applying the Bakker Protocol. The inuence of some
interfering species on the sensor response was studied graphi-
cally by plotting the potential against−log[concentration] of the
added species.

2.8. Electrochemical impedance measurements

Electrochemical impedance spectroscopy (EIS) analysis was per-
formed for the blank sample and b-CD/Zn–Fe LDH/g-C3N4 CPE (as
the working electrodes) in (1.0 × 10−3 [Fe(CN)6]

3−/4− containing
0.1 mol L−1 KNO3) with a potentiostat/galvanostat (Autolab
PGSTAT 302 N, The Netherlands). All the EIS measurements were
done in a three-electrode cell (working electrode, Ag/AgCl electrode
as the reference electrode, and platinum wire as the counter
electrode) at 1 V vs. Ag/AgCl within the frequency range of 100 kHz
to 0.1 Hz. The system was run on a PC using Nova 1.11 soware.
2.9. Prx+ micro-determination

A range of volumes (1–5 mL) of 1.0 × 10−2 mol L−1 pure drug or
pharmaceutical formulation samples were utilized for the
Fig. 1 (a) XRD pattern of g-C3N4 and Zn–Fe LDH. SEM images of (b) g-

34794 | RSC Adv., 2024, 14, 34791–34803
potentiometric titrations. Small amounts of 1.0 × 10−2 mol L−1

Prx+ solution was added using the standard addition method to
50 mL aliquot samples of various concentrations drawn from
pure drug, pharmaceutical formulations, and various environ-
mental water samples. Moreover, different environmental water
samples were measured using the calibration curve method.

2.10. Greenness evaluation

A greenness evaluation of the electro-analytical method was
performed according to the eco-scale, which depended on
penalty point calculations for several parameters. The method
achieved a result for AES of >75, meaning it can be considered
an excellent green analytical method.35–38

AES = 100 − penalty points (1)

where AES is the analytical eco-scale.

3. Results and discussion
3.1. Characterization of graphitic carbon nitride and LDH

The XRD pattern for g-C3N4 is shown in Fig. 1a. The crystalline
structure of g-C3N4 was conrmed through the appearance of an
intense peak at the 2q value = 27.20°. The peak for the growth
direction of (002) was related to the stacking of carbon layers.
This peak matched with the JCPDS card 87-1526 for g-C3N4.39

Also, the peak at 13.03° was characteristic of g-C3N4 and
matched with the recent studies (JCPDS 87-1526 card).40 For
calculating the crystal size (D) of g-C3N4, Scherrer's formula, as
given by eqn (2),41,42 was used, in which this equation depends
on the Bragg angle (q) and the full width at half maximum (W).
C3N4 and (c) Zn–Fe LDH. (d) Theoretical cross-section of Zn–Fe LDH.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Moreover, it depends on the constants: dimensionless factor (k
= 0.94), and the XRD wavelength (l). From this equation, the
crystalline size of g-C3N4 at the main peak (27.20°) was deter-
mined to be 16.2 nm.

D = 0.94l/W cos q (2)

The XRD pattern of Zn–Fe LDH is shown in Fig. 1a, in which
four low intensity peaks could be observed, located at 9.46°,
29.38°, 33.14°, 59.48°. These peaks corresponded to the growth
directions (003), (006), (009), and (113), respectively. These low
intense peaks are characteristic of the formation of Zn–Fe LDH,
which matched with the recent literature.43 The low intensities
for the peaks were related to the formed materials being semi-
uniform with low crystallinity.44 The signicant peaks that
highlight the characteristics of this promising synthesized
material were enlarged. Notably, the crystallinity of this mate-
rial matched with other studies that have reported the material
as having a crystalline structure.45 From Scherrer's formula, the
crystal size of the Zn–Fe LDH was 41 nm.
Fig. 2 Optimization of the Prx+ sensor.

© 2024 The Author(s). Published by the Royal Society of Chemistry
The morphology of the prepared g-C3N4 was determined
through SEM analysis, in which the formation of 2D nanosheets
could be well seen, as shown in Fig. 1b. These sheets were fol-
ded and crumpled in some parts, but they were well distributed,
leading to an increase in the surface area and the active sites as
well. The 2D nanosheets had an average width of 80 nm, while
their average length was 170 nm.

The SEM image of Zn–Fe LDH is shown in Fig. 1c, in which it
can be seen that the particle had no uniform ber shapes and
was mixed with gelatinous shapes, which was related to the
behavior of the LDH. These bers had a length of about 250 nm
and a width of 30 nm. The magnied gure conrmed the
formation of these ber particles (see the insert in Fig. 1c).

The cross-section roughness in Fig. 1d demonstrates the
successful intercalation of Zn–Fe LDH onto the surface of g-
C3N4 sheets. This process resulted in the uniform formation of
a 2D nanocomposite with a smooth surface, which is charac-
teristic of LDH materials. The coating of LDH onto the g-C3N4

sheets was thus well-established, indicating the effective
combination of the two components to form the nano-
composite. The smooth surface observed in the cross-section
RSC Adv., 2024, 14, 34791–34803 | 34795
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roughness further conrmed the homogeneous distribution of
LDH on the g-C3N4, which is crucial for achieving enhanced
properties and performance in various applications. Overall, the
cross-section roughness provided valuable insights into the
structural characteristics of the nanocomposite, validating its
potential for sensing applications. This analysis was equivalent
to the BET analysis,46,47 in which the results reected a signi-
cant number of active sites and a large surface area.
3.2. Optimization of the sensor compositions

In host–guest and supramolecular chemistry, molecular
recognition and inclusion complexation mechanisms are
currently important, and they offer a promising approach for
electrochemical sensing. To achieve high sensor perfor-
mance,48 an in-depth analysis of the sensing matrix composi-
tion with regard to the nature and amount of the sensing
ionophore, anionic additives, and nanomaterials was carried
out.

Themost important sensing component in the sensor matrix
is the ionophore/ion carrier. It discriminates against interfering
ions while preferentially binding the target ion. Additionally, it
must have sufficient lipophilicity to avoid leaching into the
sample solution despite being sufficiently soluble in the sensor
composition. Here, in the absence of the electroactive compo-
nent, the blank sensor displayed a sensor with a weak response
and little selectivity for Prx+. The incorporation of b-CD in the
paste up to a value of 0.5 wt% steadily enhanced the potentio-
metric performances of the suggested sensors. However, when
the ionophore percentage was above 0.5%, the paste became
turbid and the sensors' potential responsiveness suffered. In
order to offer such attributes, various sensing macrocyclic
compounds, including b-cyclodextrin, dibenzo-18-crown-6, 18-
Table 1 Optimization of the sensor composition and its potentiometric

Sensor no.

Composition (%)

Slope (mV decadeG Ionophore A LDH g-C3N4

1 50.00 — — — — 33.5 � 0.5
2 49.85 0.3 b-CD — — — 41.7 � 0.8
3 49.75 0.5 b-CD — — — 53.3 � 0.4
4 49.65 0.7 b-CD — — — 38.8 � 0.9
5 49.55 0.1 b-CD — — — 31.4 � 0.6
6 49.75 0.5Chitosan — — — 42.9 � 0.4
7 49.75 0.5DB18C6 — — — 45.3 � 0.5
8 49.75 0.5 18C6 — — — 43.4 � 0.4
9 49.45 0.5 b-CD 0.3NaTPB — — 53.4 � 0.3
10 49.25 0.5 b-CD 0.5NaTPB — — 56.1 � 0.8
11 49.05 0.5 b-CD 0.7NaTPB — — 48.2 � 0.2
12 48.75 0.5 b-CD 1.0NaTPB — — 43.6 � 0.6
13 44.25 0.5 b-CD 0.5NaTPB 5.0 — 57.6 � 0.6
14 39.25 0.5 b-CD 0.5NaTPB 10.0 — 56.0 � 0.5
15 34.25 0.5 b-CD 0.5NaTPB 15.0 — 55.5 � 0.5
16 39.25 0.5 b-CD 0.5NaTPB 5.0 5.0 59.3 � 0.7
17 34.25 0.5 b-CD 0.5NaTPB 5.0 10.0 56.0 � 0.3
18 29.25 0.5 b-CD 0.5NaTPB 5.0 15.0 55.5 � 0.2

a G: graphite, A: anionic additive, LR: linear range, DL: detection limit, Q
deviation (no. of samples = 3).
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crown-6, and chitosan were tested (Fig. 2). The data showed that
b-CD exhibited the highest sensitivity (Nernstian slope of
51.5 mV decade−1) toward Prx+ cation (Table 1), covering
a concentration range from 10−4 to 102 mol L−1.

The ionic mobility in the sensor matrix and the interfacial
ion-exchange kinetics at the sensor surface were enhanced by
the lipophilic anionic additions. Ion-selective electrodes (ISEs)
with ionic sites respond differently depending on whether the
inserted ionophore serves as a neutral or electrically charged
carrier. Cyclodextrin acts as a neutral carrier ionophore and
fullls its role when anionic sites are present. Consequently, to
reduce the ohmic resistance and improve the electrochemical
properties of the potentiometric sensors, NaTPB was used as an
anionic addition. Additionally, the exchange kinetics at the
sample sensor contact may be accelerated.48 The data listed in
Table 1 illustrated that, where it can be seen that the response of
the sensors to Prx+ was signicantly improved when NaTPB was
incorporated into the paste, whereby the slope increased from
53.3 ± 0.4 to 56.1 ± 0.8 mV decade−1 and the detection limit
decreased from 9.4 × 10−6 to 5.5 × 10−6 mol L−1 (Fig. 2). The
sensor response was unaffected by further lipophilic anionic
additive addition.

Additionally, the inclusion of nanoparticles in the compo-
sition of the carbon paste directly affects the sensor conductivity
and increases the conversion of the chemical signal to an
electrical signal. Two kinds of promising nanomaterials dis-
played a large surface area and sufficient adsorptivity32–34 were
selected with an aim to improve the sensor performance,
namely Zn–Fe LDH and graphitic carbon nitride.

The paste matrix including 0.5% b-CD ionophore, 0.5%
NaTPB lipophilic anionic additive, 49.25% graphite powder,
and 49.75% DBP plasticizer was mixed with various percentages
of Zn–Fe LDH ranging from 5% to 15% (w/w relative to carbon
responsea

−1)

Sensor characteristics

LR (mol L−1) DL (mol L−1) QL (mol L−1) r2 RSD (%)

9.5 × 10−6–1.0 × 10−2 7.9 × 10−6 2.6 × 10−5 0.979 1.49
1.0 × 10−5–1.0 × 10−2 4.7 × 10−6 1.6 × 10−5 0.989 1.91
1.0 × 10−5–1.0 × 10−2 9.4 × 10−6 3.1 × 10−5 0.986 0.56
1.0 × 10−5–1.0 × 10−2 3.9 × 10−6 1.3 × 10−5 0.985 2.32
1.0 × 10−5–1.0 × 10−2 6.1 × 10−6 2.0 × 10−5 0.999 0.93
1.0 × 10−5–1.0 × 10−2 2.9 × 10−6 9.7 × 10−6 0.986 1.09
1.0 × 10−5–1.0 × 10−2 2.5 × 10−6 8.3 × 10−6 0.986 0.27
8.8 × 10−6–1.0 × 10−2 2.5 × 10−6 8.3 × 10−6 0.985 1.12
1.1 × 10−5–1.0 × 10−2 1.7 × 10−6 5.6 × 10−6 0.979 0.65
9.5 × 10−6–1.0 × 10−2 5.5 × 10−6 1.8 × 10−6 0.999 0.42
8.8 × 10−6–1.0 × 10−2 4.7 × 10−6 1.6 × 10−5 0.987 0.17
9.9 × 10−6–1.0 × 10−2 2.5 × 10−6 8.3 × 10−6 0.991 0.25
1.0 × 10−6–1.0 × 10−2 1.0 × 10−6 3.3 × 10−6 0.999 0.22
1.0 × 10−6–1.0 × 10−2 2.8 × 10−6 9.3 × 10−5 0.999 0.40
2.3 × 10−6–1.0 × 10−2 5.5 × 10−6 1.8 × 10−5 0.999 0.41
1.0 × 10−6–1.0 × 10−2 3.0 × 10−7 9.9 × 10−7 0.999 0.12
2.9 × 10−6–1.0 × 10−2 1.3 × 10−6 4.3 × 10−6 0.999 0.61
8.9 × 10−6–1.0 × 10−2 5.1 × 10−6 1.6 × 10−5 0.999 0.25

L: quantication limit, r2: correlation coefficient, RSD: relative standard

© 2024 The Author(s). Published by the Royal Society of Chemistry
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powder). Also, 5% Zn–Fe LDH was added, and results showed
that the Nernstian slope (57.6 mV decade−1) and linear range
(1.0 × 10−6 to 1.0 × 10−2 mol L−1) were improved and the
detection limit (1.0 × 10−6 mol L−1) was decreased as well.
Nevertheless, the performance of the sensor started declining
with more Zn–Fe LDH addition. A new composite, –CD/Zn–Fe
LDH/g-C3N4, was developed by adding various compositions of
graphite carbon nitride, namely 5%, 10%, and 15% to the paste.
A novel CPS with a wider concentration range (1.0 × 10−6 to 1.0
× 10−2 mol L−1) and a lower detection limit (3.0× 10−7 mol L−1)
was presented using the paste that included 0.5% b-CD, 0.5%
Na-TPB, 39.25% graphite powder, 49.75% DBP, and 5% Zn–Fe
LDH (Fig. 2).
3.3. Sensor potential response characteristics

Recently, the dynamic response time has been well dened and
reported.49 In fact, potentiometric responses require ion
movements across nanometers at the phase boundary of the
sample and the ion-selective membrane, and routine
measurements are oen related to how rapidly the unstirrable
layer of the sample adhering to the ISE membrane may be
exchanged for a fresh layer. Varying the concentration of Prx+ in
solution from 1.0 × 10−6 to 1.0 × 10−2 mol L−1, the response
time was measured. In a short time (about 3 s), the sensor
reached its equilibrium response (Fig. 3). The inclusion of the
nanocomposite, which lowers the resistance and improves the
sensor's transduction capabilities, may be responsible for the
fast response of the sensor.

By using a similar process going in the opposite direction,
the reversibility of the sensors was thoroughly evaluated. The
measurements were carried out in the order of high to low
drug concentrations (1.0 × 10−2 to 1.0 × 10−6 mol L−1). The
results demonstrated that the sensors' response was
Fig. 3 Dynamic response time of CPS for step changes in the concentr

© 2024 The Author(s). Published by the Royal Society of Chemistry
reversible. These ndings indicate the sensor response had no
memory effect.
3.4. Effect of pH

Since the ionization constant of Prx+ (pKa) was 9.9, Prx+ was
almost completely ionized at pH 7.9, meaning Prx+ will be in the
cationic form. The SPECIES program was used to create the
concentration distribution diagram for Prx+ species (Fig. 4A).

In fact, one of the most important operational parameters in
applications involving potentiometric sensors is the working
pH range. The effect of pH on the potential values of the
examined sensor was checked for 1.0 × 10−5, 1.0 × 10−4, and
1.0 × 10−3 mol L−1 Prx+ solutions. As indicated in Fig. 4B, the
potential response was unaffected by varying the pH in the
range of pH 2.0–9.0. However, interference by the hydronium
ion resulted in a drop in mV measurements at lower pH levels.
On the other hand, the formation of non-protonated drug
molecules may be responsible for the drop in potential above
pH 9.
3.5. Water layer test

In recent years, it has been widely established that the existence
of a water layer between carbon paste and the transducer affects
the response of sensors based on these,50–52 which may cause O2

or CO2 to diffuse through the paste. While CO2 can change the
pH of the contact, O2 can encourage redox side-reactions. The
potential of the studied sensor was thus alternatively recorded
aer conditioning it in 1 × 10−3 mol L−1 Prx+ solution followed
by 1 × 10−3 mol L−1

uoxetine hydrochloride, nisoxetine
hydrochloride, or dapoxetine hydrochloride interferent solu-
tions and again in 1 × 10−3 mol L−1 Prx+ solution. No potential
dri was observed (Fig. 5), indicating that no water layer was
ations of Prx+ from low to high and vice versa.

RSC Adv., 2024, 14, 34791–34803 | 34797
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Fig. 4 (A) Representative concentration distribution diagram for Prx+ species, (B) effect of the pH of test solutions on the potential response of
CPS.

Fig. 5 Water layer test for the proposed sensor. Measurements were recorded in 1.0 × 10−3 mol L−1 Prx+ (a) and 1.0 × 10−3 mol L−1
fluoxetine

hydrochloride (b) or nisoxetine hydrochloride (c) or dapoxetine hydrochloride (d).
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detected. This behavior may be attributed to the high hydro-
phobic character of the carbon paste.
3.6. Selectivity of the sensor

The selectivity characteristic of the potentiometric sensor is
denitely one of the most signicant criteria since it reects the
sensor's ability to distinguish the analyte ion from other inter-
fering species that are present in the test solution.53 The Bakker
Protocol, which was rst presented by Bakker in 2002, is an
excellent tool to assess purportedly unbiased selectivity.54
34798 | RSC Adv., 2024, 14, 34791–34803
Calibration curves (Fig. 6A and B) were created by graphing the
sensor's potential response against the logarithm of the inter-
fering species concentrations that were examined, including for
drugs with a similar formula (uoxetine hydrochloride, nisox-
etine hydrochloride, and dapoxetine hydrochloride), biologi-
cally important blood electrolytes (Na+, NH4

+, Mg2+, Ca2+), as
well as a major urine compound (uric acid). The results
demonstrated that none of the interfering species examined
exhibited a signicant response, conrming the high selectivity
of the selected sensor.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Response to Prx+ and interfering species using the Prx+ sensor.

Fig. 8 Impedance of the Zn–Fe LDH/g-C3N4 sensor compared with
the blank sensor.
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3.7. Thermal stability and lifespan of the sensor

Next, the investigated sensor's characteristics were studied at
various temperatures ranging from 15 °C to 55 °C. The isothermal
coefficient value for the suggested sensor was 0.00017 V per °C,
and it demonstrated outstanding thermal stability.

The lifespan was checked by periodically measuring the
calibration curve of Prx+ standard solutions and the slope was
calculated within a concentration range of 1.0 × 10−7 to 1.0 ×

10−2 mol L−1. The sensors performance was stable and repro-
ducible within 10 weeks, indicating stable performance for
a long time (Fig. 7).

3.8. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance analysis of the Zn–Fe LDH/g-C3N4

sensors was conducted through Nyquist plots, which correlate the
Fig. 7 Lifetime of the Prx+ sensor.

© 2024 The Author(s). Published by the Royal Society of Chemistry
real (Z0) and imaginary (Z00) components (Fig. 8). Such a plot
provides valuable information about the charge-transfer
processes occurring at the sensor/solution interface. Here, the
values of RS and RCT, corresponding to the solution resistance and
charge-transfer resistance, respectively, were measured as 51 and
56 U for the sensor, and 48 and 80 U for the blank sample.

The Nyquist plot exhibited a well-dened semi-circular
shape, indicating efficient charge transfer between the solu-
tion and the sensor. This implies that the sensor had a high
ability to facilitate charge transfer, showcasing its strong charge
attraction characteristics. The signicant reduction in the
charge-transfer resistance for the Zn–Fe LDH/g-C3N4 sensor
compared to the blank sample further emphasizes the
improved performance of the sensor. These ndings highlight
the promising potential of the sensor for Prx+ sensing.
3.9. Analytical applications

The investigated sensor was proven to be useful for the poten-
tiometric determination of Prx+ in pure solutions,
RSC Adv., 2024, 14, 34791–34803 | 34799
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Fig. 9 First-order derivative of the potentiometric titration curves of (a) 1, (b) 3, and (c) 5 mL of 1.0 × 10−2 mol L−1 Prx+ (A) and paroxetine 20 mg
per tablet (B) and 1.0 × 1 0−2 mol L−1 NaTPB as titrants.
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pharmaceutical preparations, and different environmental
water samples (River Nile and industrial water samples)
applying the potentiometric titration (Fig. 9), standard addi-
tions, and calibration curve methods at an adjusted pH of pH
5.5. The collective results are given in Tables 2 and 3. From the
results, it is evident that the present sensor is very useful as
a potentiometric sensor for the micro-determination of Prx+ in
pure solutions, pharmaceutical preparations, and water
samples. The obtained recovery values ranged from 98.25%–

103.84% with RSD values of 0.02–1.89 (Tables 2 and 3).
To assess the intra- and inter-day precisions, RSD values were

acquired within the same day and over ve days, respectively. The
Table 2 Applications of the investigated sensor for monitoring Prx+ co
statistical parameters

Statistical parameter

Standard addition

Taken (mg) Recovery (%)

Pure solution 0.37 99.25
0.91 98.25
1.46 99.97

Mean � SD 99.2 � 0.91
n 3
P valuea 0.1118

Paroxetine 20 mg per tablet 0.37 99.83
1.46 103.84
1.83 99.99

Mean � SD 101.2 � 0.27
n 3
P valuea 0.12356

a P value > 0.05 at the 95% condence level.

34800 | RSC Adv., 2024, 14, 34791–34803
RSD values were low, indicating high precision. The % recovery
values of the quality control (LQC, MQC, and HQC) samples, on
the other hand, revealed that the data reported in Table 4
demonstrate the outstanding accuracy of the proposed technique.
3.10. Comparison with reported methods

The ndings from the present work were compared with the
previously the published data. The proposed method has
advantages over other detection techniques; for instance the
linear range (1.0 × 10−6 to 1.0 × 10−2 mol L−1) is wider than the
reported data in Table 5 and the detection limit (3.0 ×

10−7 mol L−1) is lower than the spectrophotometric,19 HPLC,20,22
ncentrations in pure and pharmaceutical formulations, as well as the

Potentiometric titration

RSD (%) Taken (mg) Recovery (%) RSD (%)

0.02 0.37 100.2 0.29
1.70 1.46 100.0 0.06
0.26 1.83 99.30 0.23

99.8 � 0.12
3

0.85 0.37 98.33 1.39
0.03 1.46 100.55 1.80
1.38 1.83 100.04 1.64

99.6 � 0.21
3

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Applications of the investigated sensor for the determination of Prx+ in different environmental water samples, and the statistical
parameters.

Statistical parameter Taken (mg)

Standard addition Calibration curve

Recovery (%) RSD (%) Recovery (%) RSD (%)

River Nile water sample 0.37 100.8 1.28 100.3 0.57
0.91 100.2 1.12 100.0 0.35
1.46 100.9 1.52 99.6 0.49

Mean � SD 100.6 � 0.38 100.0 � 0.35
n 3 3
P valuea 0.0924

Industrial water sample 0.37 100.05 1.1 99.6 0.32
0.91 101.3 1.6 100.5 1.36
1.46 100.6 0.38 100.7 1.17

Mean � SD 100.7 � 0.52 100.3 � 0.58
n 3 3
P valuea 0.289

a P value > 0.05 at 95% condence level.

Table 4 Evaluation of the accuracy and precision (intra- and inter-day) of the investigated sensor

Drug Taken (mg)

Intra-day Inter-day

Recovery (%) RSD (%)
Recovery
(%) RSD (%)

Pure solution 0.37a 100.4 1.17 99.97 0.26
1.46b 100.2 0.99 99.89 1.09
1.83c 99.48 1.05 100.2 1.82

Paroxetine 20 mg per tablet 0.37 100.2 1.82 99.62 1.03
1.46 99.71 1.22 99.92 1.13
1.83 99.88 0.97 99.71 0.89

a Low quality control (LQC). b Medium quality control (MQC). c High quality control (HQC).

Table 5 Comparison of the proposed Prx+ ion-selective electrode method with published methodsa

Method LR DL pH range Recovery (%) RSD r2 Ref.

Spectrophotometry 6.07 × 10−4–1.8 × 10−3 2.58 × 10−4 — 103.25–106.64 <2% 0.999 19
High-performance liquid
chromatography (HPLC)

3.8 × 10−4–2.3 × 10−3 5.3 × 10−7 — 100.6 1.4 — 20

Reversed-phase (RP-HPLC) 1.5 × 10−5–7.6 × 10−5 2.27 × 10−6 — — — — 22
Adsorptive differential pulse
voltammetry (AdDPV)

5.0 × 10−9–2.2 × 10−6 7.0 × 10−10 8 98.1–101.1 3.61 0.9996 10

Differential pulse voltammetry 8.0 × 10−9–1.0 × 10−6 9.0 × 10−10 7.0 97.6–101.3 2.4 0.998 12
Differential pulse voltammetry 1.0 × 10−5–2.5 × 10−6 2.6 × 10−6 6.5 87–106 4.1 0.998 14
Voltammetry (boron-doped diamond
electrode)

3.5 × 10−6–7.0 × 10−7 6.95 × 10−9 99.58 0.77 0.9994 15

Zn–Fe LDH/g-C3N4 sensor 1.0 × 10−6–1.0 × 10−2 3.0 × 10−7 2.0–9.0 99.2–101.2 0.12 0.999 [P.W]

a P.W: present work.
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and the voltammetric14 techniques. In addition, it is less
expensive, simpler, and faster than the reported techniques.
The given data in Table 5 indicate that the examined sensor is
applicable for the determination of [Prx+] ions in the pure drug
and pharmaceutical formulations with high accuracy and
precision.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.11. Eco-scale greenness assessment of the proposed
analytical method

Ideal green analysis is dened as having a value of 100
according to the analytical eco-scale (AES).44 The amount of
reagents, energy, risks, and waste can all be used to calculate
RSC Adv., 2024, 14, 34791–34803 | 34801
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Table 6 Details of the proposed technique's penalty points under AES

Risk factors Values Hazardous (pictograms × hazard) Penalty points

Reagents and solvents
Graphite powder <10 mL g−1 2 × 1 2
Dibutyl phthalate <10 mL g−1 4 × 1 4

Instruments
Energy <0.1 kW h per sample 0 0
Waste <10 mL 5 5
Heater Non 0 0
Occupational hazards Non 0 0
pH of the sample 2–12 0 0
Sample ltration Non 0 0
Total penalty points 11
AES score 100 − 11 = 89
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the greenness value. If the result deviates from the ideal green
analysis, penalty points are added. The AES technique rated the
proposed method as an excellent green analytical method, as
demonstrated by the data in Table 6.
4. Conclusions

The current study describes the construction of a novel poten-
tiometric sensor focused on bCD as a sensing ionophore for
Prx+ determination. The sensor exhibited sufficient selectivity
and high sensitivity toward Prx+ with a Nernstian slope of 59.3±
0.7 mV decade−1, fast response time (3 s), long operational
lifetime (10 weeks) and wide pH range of pH 2.0–9.0. The
modication with nanomaterials promoted electron-transfer
processes and improved the stability of the potential reading
and response time of the investigated sensor. The constructed
sensor could be implemented for Prx+ determination in pure
drug, pharmaceutical formulation, and different environmental
water samples. Despite the fact that the examined sensor
successfully determined Prx+ in all its forms, our future objec-
tive is to increase the sensor sensitivity through the use of
alternative methodologies and measurements.
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