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metric sensor based on ZnO
decorated polyaniline/coal nanocomposite for
diltiazem determination

G. A. El Sayed,a Mostafa R. Abukhadra, b S. M. Mostafa,a M. Rabia,c

Mohamed Ali Koranya and M. M. Khalil *a

Diltiazem (DTZ) is one of the most effective medications for treating cardiovascular diseases. It has been

widely used for the treatment of angina pectoris, hypertension and some types of arrhythmia. The

development and application of a modified carbon paste sensor with improved detection limits for the

potentiometric determination of diltiazem are the main goals of the current study. Sensitivity, long-term

stability, reproducibility and improving the electrochemical performance are among the characteristics

that have undergone careful examination. A modified carbon paste sensor based on b-cyclodextrin (b-

CD) as ionophore, a lipophilic anionic additive (NaTPB) and a ZnO-decorated polyaniline/coal

nanocomposite (ZnO@PANI/C) dissolved in dibutyl phthalate plasticizer, exhibited the best performance

and Nernstian slope. The ZnO@PANI/C based sensor succeeded in lowering the detection limit to 5.0 ×

10−7 through the linear range 1.0 × 10−6 to 1.0 × 10−2 mol L−1 with fast response time # 10.0 s. The

prepared nanomaterial was characterized using X-ray diffraction (XRD), Fourier transform infrared (FT-IR)

spectroscopy and scanning electron microscopy (SEM). The surface properties of the proposed sensor

were characterized by electrochemical impedance spectroscopy (EIS). The selectivity behavior of the

investigated sensor was tested against a drug with similar chemical structure and biologically important

blood electrolytes (Na+, K+, Mg2+, and Ca2+). The proposed analytical method was applied for DTZ

analysis in pure drug, pharmaceutical products and industrial water samples with excellent recovery data.
1. Introduction

The public health problem of hypertension is widespread
throughout the world. It is acknowledged as the main modiable
risk factor for cardiovascular diseases (CVDs), causing substantial
annual economic and health costs. It is a signicant contributor
to coronary heart disease, heart failure, potential hemorrhagic
stroke, peripheral vascular disease, renal impairment, retinal
hemorrhage, and visual impairment.1 Diltiazem, [(2S-cis)-3-(ace-
tyloxy)-5-[2-(dimethylamino)ethyl]-2,3-dihydro-2-(4-methox-
yphenyl)-1,5-benzothiazepin-4(5H)-one] (Fig. 1), is one of the
medications in the class called calcium-channel blockers and is
among the most commonly used agents for hypertension and
angina. Diltiazem (DTZ) works by preventing calcium ions from
entering the heart. Reduced intracellular calcium concentrations
result in more relaxed smooth muscles, which dilate the blood
vessels and lower blood pressure.2 As a result, it is essential to
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closely monitor the DTZ level in pharmaceutical doses and bio-
logical uids when using this medication. It has been reported
that DTZ can be detected in its solutions using a variety of
analytical techniques, including high performance liquid chro-
matography (HPLC),3 gas chromatography,4 high performance
thin layer chromatography (HPTLC),5 spectrophotometry,6

voltammetry7–9 and potentiometry.10 Most of the aforementioned
techniques have plenty of limitations, including the requirement
for expensive equipment, the need for earlier time-consuming
treatment or derivatization reactions and their inapplicability to
colored and turbid drug sample solutions. Potentiometric
sensors, on the other hand, are an innovative and successful
analytical technique known to overcome most of these de-
ciencies. Fast-stable response, low cost, ease of preparation and
application, exibility and the ability to beminiaturizedmake this
measurement technique a desirable option with additional
favorable advantages. Carbon paste sensors (CPS) play an impor-
tant role in drug detection and these kinds of sensors have many
advantages over other types including signicant potential
stability, ease of manufacturing and simplicity. These developed
sensors have the potential to be applied to provide quick analysis,
rapid responses, excellent selectivity, and inexpensive analysis.11–13

All of these merits make potentiometric approaches the most
favorable approach for DTZ assessment. Nanomaterials exhibit
RSC Adv., 2023, 13, 34715–34723 | 34715
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Table 1 Proximate and ultimate analysis of the original coal sample

Constituent Wt%

Proximate analysis
Moisture 2.41
Volatile matter 50.49
Ash 6.50
Fixed carbon 40.6

Ultimate analysis
Carbon 68.4
Nitrogen 2.53
Oxygen 10.6
Hydrogen 6.30
Sulfur 2.32

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 2
:5

2:
51

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
improved properties that are not observable in bulk materials.
When nanostructures are a part of the recognition layer, their
incredibly high surface-to-volume ratio promotes a greater inter-
action with the target ions. Additionally, when using nano-
materials as the transducing constituents of potentiometric
sensors, the exceptional electrical properties, such as the high
charge transfer and the extraordinary electrical capacities gener-
ated at the interfaces of some nanostructured materials, are of
crucial importance. Conjugated conductive polymers principally
involve polyaniline (PANI), polythiophene (PTH), polypyrrole
(PPY), and their products.14 They have a wide range of potential
applications, including microwave absorption, gas separation
membranes, chemical sensors, rechargeable battery, photovoltaic
cell, electromagnetic interference shielding, and more.15 Addi-
tionally, conductive polymers are utilized, such as conducting
llers in insulating polymer substrates to acquire conducting
polymer compounds. Thesematerials could be used as sensors for
display devices, electronic equipment, and electromagnetic
interference shields.16 ZnO is one of the most likeable materials
because of its simple synthesis, lack of toxicity, notable opto-
electronic properties, high stability and low cost. Recently, several
techniques were developed to enhance the performances and
physicochemical properties of ZnO as vital materials in several
applications involving the metallic doping of its structure, inte-
gration in composites and heterojunction structures as well as the
supporting of its particles into suitable carriers.17 However,
numerous studies have assessed the application of synthetic
carbon-based substrates (graphene and CNTs) to induce the
physicochemical performance of ZnO. These structures are still
expensive, require complicated production processes and lack
natural availability. Natural coal as a substrate can provide an
effective alternative for such structures. Coal is a highly affordable,
readily available and reactive structure composed of aromatic
polycyclic hydrocarbons that are saturated with numerous active
oxygenated chemical groups.18–20 It was expected that the func-
tionalization of coal by conducting polymers as polyaniline can
result in promising substrate of signicant enhancement impact
on the properties of the supported ZnO particles.

Polyaniline is a widely used conductive polymer that exhibits
a high surface area, signicant stability, is non-toxic and is a cost-
effective polymer.21,22 The integration of PANI with additional
semiconductors may improve the charge carrier transfer perfor-
mance at the semiconductor–PANI interfaces.23 The enhanced
separation of photogenerated charge carriers is due to the better
Fig. 1 Chemical structure of DTZ.

34716 | RSC Adv., 2023, 13, 34715–34723
charge carrier mobility of PANI. The potential enhancement of the
electrical, optical, and dielectric characteristics of polyaniline
blends can be accomplished through the synergistic interaction of
tunable functions shown by inorganic as well as organic nano-
particles of semiconductors.24,25 Therefore, it was predicted that
the combination of ZnO nanoparticles and polyaniline/coal
composites as substrates would result in considerable improve-
ment in the doping level and stability of the composite structure.

Therefore, the presented study implemented the fabrication
of new hybrid structures of ZnO-decorated polyaniline/coal
nanocomposite (ZnO@PANI/C) by facile technique as a novel,
highly effective, low-cost and accessible potentiometric sensor
to accurately determine DTZ in its pure form, dosage form,
biological uids (urine), and industrial water samples.
ZnO@PANI/C nanocomposite was characterized using XRD, FT-
IR, and SEM. The sensor showed good sensitivity, adequate
selectivity, and high thermal stability for DTZ determination.
2. Experimental
2.1 Reagents and materials

All chemicals utilized in this study were of analytical grade.
Deionized water was used throughout all experiments. Pure
DTZ was provided by EIPICO, Egypt. The pharmaceutical
formulation (ALTIAZEM®) was purchased from local drug
stores. Verapamil hydrochloride was given by Abbott, Cairo,
Fig. 2 XRD patterns of raw coal (A) and synthetic ZnO@PANI/C (B) (C:
coal; Z: ZnO; P: polyaniline).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FT-IR spectra of raw coal (A) and synthetic ZnO@PANI/C (B).
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Egypt. Spectroscopic graphite powder (1–2 mm) was purchased
from Sigma-Aldrich. Dioctyl adipate (DOA) and sodium tetra-
phenylborate (NaTPB) were obtained from Fluka (USA). Dibutyl
phthalate (DBP), dioctyl phthalate (DOP) and dioctyl sebacate
(DOS) were purchased from Merck (Germany). 18-Crown-6 and
b-cyclodextrin (b-CD) were purchased from Euromedex, France.
The metal salts were provided by BDH (UK) as nitrates or
chlorides. Low to medium-grade high volatile bituminous coal
was supplied by El-Maghara coal mine; in Sinai Egypt (Table 1).
Aniline monomers (C6H7N), ammonium persulphate
(NH4)2S2O8, sodium hydroxide pellets NaOH, hydrochloric acid
HCl, methanol, ethanol and zinc nitrate hexahydrate
Zn(NO3)2$6H2O were procured from Sigma-Aldrich Company,
Egypt. Standard solution of 1.0 × 10−2 mol L−1 DTZ was freshly
prepared by dissolving the accurately weighed amount in
deionized water. Working solutions (1.0 × 10−7 to 1.0 ×

10−2 mol L−1) of the drug were prepared. Concentrated solu-
tions of NaOH and HCl were used within the range (0.1–
1.0 mol L−1) for adjusting pH of the medium.

2.2 Synthesis of ZnO decorated polyaniline/coal
nanocomposite (ZnO@PANI/C)

Simple hydrothermal synthesis procedures allowed for the
decoration of raw coal with sub-bituminous coal. Firstly, 5.0 g of
the ground raw coals were dispersed within 100.0 mL of
Fig. 4 SEM images of the synthetic ZnO@PANI/C with declaration of th

© 2023 The Author(s). Published by the Royal Society of Chemistry
deionized water under vigorous stirring for 10.0 minutes to
obtain homogenous slurry. The obtained slurry was supple-
mented with 5.0 g of zinc nitrate salt and stirred for an addi-
tional 15.0 minutes to ensure the complete dissolving of the
zinc-bearing salt. Aerward, the obtained mixture was treated
with NaOH solution (1.0 mol L−1) under continuous stirring for
about 12.0 h. Aer that, the decorated product was extracted
from the residual solutions by centrifugation for 15.0 minutes
at 300.0 rpm. Then the sample was thermally treated in inert
conditions for 5.0 h at 350.0 °C obtaining a ZnO/coal composite
(ZnO/C).

The integration between the prepared ZnO/C particles and
the polyaniline polymer was accomplished according to the
reported method by Sayed et al.23 An aniline solution was
prepared by direct dissolving of the aniline monomer
(0.1 mol L−1) in hydrochloric acid (0.5 mol L−1) under the
impact of sonication waves. The synthetic ZnO/C particles (1.0
g) were then dispersed homogenously within the aniline solu-
tion under the impact of both the stirring and sonication irra-
diation. Aerward, the oxidation reagent (NH4)2S2O8

(0.15 mol L−1) was added suddenly to the mixture, which was
subjected to the sonication treatment for 1 h followed by
continuous stirring for 24.0 h at the room temperature (28 °C) to
ensure the polymerization reactions. Then the formed
composite was separated using a centrifuge, washed carefully,
and dried overnight at 50.0 °C. The product was labeled as
ZnO@PANI/C and was kept for further characterization and
applications.
2.3 Equipment

Metrohm 702 SM Titrino (Metrohm, Switzerland) was used for
potentiometric and pH-measurements. Based on the obtained
XRD patterns, the crystallinity, and the main crystal phases had
been determined using a PANalytical-Empyrean X-ray diffrac-
tometer across a detection range of 0.0 to 70.0 °C. A Fourier
transform infrared spectrometer (FTIR8400S; Shimadzu) was
used to discriminate between the chemical compositions of
ZnO@PANI/C within the determination frequency range of
400.0 cm−1 to 4000.0 cm−1. SEM images were captured by
a scanning electron microscope (Gemini, Zeiss Ultra 55)
immediately aer coating the ZnO@PANI/C particles with thin
e integrated polyaniline (a and b) and the decorated ZnO (c and d).

RSC Adv., 2023, 13, 34715–34723 | 34717
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Fig. 5 Calibration curves of (A) different nanomaterials, (B) DTZ-CPS at optimum paste composition.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 2
:5

2:
51

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
gold lms. The HRTEM images, which were produced using
a transmission electron microscope (JEOL-JEM2100) at an
accelerating voltage of 200 kV, have been used to study the
internal structure of ZnO@PANI/C.

2.4 Sensors construction

The proposed sensor was created utilizing techniques that have
been previously described.11 In a Petri dish, different propor-
tions of b-CD ionophore, NaTPB as a lipophilic anionic additive,
ZnO@PANI/C nanocomposite and spectroscopic graphite
powder/plasticizers (50.0/50.0%) were mixed together to create
a smoothly wet paste. This paste was packed inside the tip of
a polypropylene sensor body. On a piece of smooth paper, the
paste was polished to acquire a shiny surface. Aer soaking for
30.0 minutes in a solution containing 1.0 × 10−3 mol L−1 DTZ,
the constructed sensor is used for potentiometric
measurements.

3. Results and discussion
3.1 Characterization of the nanocomposite

The obtained X-ray diffraction patterns of raw coal as well as the
synthetic ZnO@PANI/C structure that was applied in the
production of the detection electrode are presented in Fig. 2.
Table 2 Response characterization of the proposed sensor

Parameter DTZ-CPS

Composition 0.50% b-C
Slope (mV per decade) 62.0 � 0.9
Correlation coefficient (r2) 0.994
Detection limit (mol L−1) 5.0 × 10−

Quantication limit (mol L−1) 1.6 × 10−

Concentration range (mol L−1) 1.0 × 10−

Response time (s) #10
RSD (%) 1.45
Isothermal coefficient (mV per °C) 0.0053

34718 | RSC Adv., 2023, 13, 34715–34723
The diffraction pattern of raw coal shows the characteristic
peaks of amorphous carbonaceous materials with their notice-
able broad peaks (8.0°–30.0° (002) and 40.0°–50.0° (101)).23 The
recognized diffraction pattern of ZnO@PANI/C demonstrates
signicant interaction between the integrated components,
with obvious indications about the essential components of the
composite. The decorated ZnO particles were identied by
highly reduced and shied diffraction peaks of wurtzite ZnO
(31.72° (100), 34.45° (002), 36.3° (101), 47.5° (102)). The
remarkable shiing in the ZnO diffraction peaks declares the
strong interaction with the polymeric chains of polyaniline or
its coating with the polymeric matrix.26 The integrated PANI
structure was conrmed by its identication peak around 27.5°
(200), which signify its semi-crystalline properties.27

The raw sample demonstrated the identication of the main
chemical groups of natural coal. The essential chemical groups
that were detected are carboxylic O–H groups or alcoholic O–H
that results from hydrogen bonding in coal (3000.0 cm−1 to
3600.0 cm−1), COOH groups (1716.0 cm−1), asymmetric
(2858.0 cm−1) and symmetric (2940 cm−1) vibrations of
aliphatic C–H (sp3), C–C aromatic stretching (1616.0 cm−1),
C–H vibration in the methylene group (1450.0 cm−1), C–H
vibration in the methyl group (1372.0 cm−1), C–O stretching
(1000.0–1200.0 cm−1), and aromatic C–H bending vibrations
D + 0.50% NaTPB + 3.0% ZnO@PANI/C + 46.5% graphite + 49.5% DBP

7

6

6 to 1.0 × 10−2

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) EIS of the synthesized DTZ-CPS sensor against the blank sensor and (B) equivalent circuit.
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(500.0–900.0 cm−1).23,28 Regarding the obtained FT-IR spectrum
of ZnO@PANI/C, the observed spectrum exhibits the charac-
teristic absorption bands of raw coal but at slightly deviated
positions, in addition to some new bands related to the inte-
grated polyaniline polymer and ZnO. The characteristic band of
Zn–O was identied at about 480 cm−1.29 Additionally, the
marked bands around 1590.0 and 1450.0 cm−1 at the studied
spectrum of ZnO@PANI/C were assigned to the C]C stretching
deformation of the quinoid and benzenoid rings in the poly-
aniline polymer, respectively.26,30 In addition to other identi-
cation bands of polyaniline around 2350.0 cm−1 (C^N) as well
as 1295.0 and 1130.0 cm−1 (C–N of secondary aromatic amine)
were observed in the spectrum of the composite26,27 (Fig. 3).

The SEM images of the synthetic ZnO@PANI/C display
a strong coating of the coal-layered particles with the polyani-
line polymer (Fig. 4). The polyaniline polymer was detected
clearly with its intersected nanorods, which give the surface of
the coal a porous surface of secondary pores and rugged
topography, which signicantly increases its surface area.
Moreover, the decorated ZnO nanoparticles appeared as inter-
sected bended akes in honeycomb structures, which are
common for the synthesis of ZnO in the presence of an organic
or polymeric substrate.
Fig. 7 The dynamic response time of CPS for step changes in
concentrations of DTZ from low to high and vice versa.
3.2 Optimization of the sensor matrix

A comprehensive study of the composition of the sensing
matrix, including the type and quantity of the sensing iono-
phore, anionic additives, plasticizer, and nanomaterials, was
carried out to achieve the highest performance. Ionophores are
considered to be the most important sensing components in
potentiometric sensors. They have the ability to form stable
host–guest inclusion complexes with high molecular selec-
tivity.31 The preliminary study showed that the fabricated sensor
without electroactive materials showed low potentiometric
response and barely selectivity toward the target drug cation.
Gradually, the incorporation of different amounts of b-CD as
© 2023 The Author(s). Published by the Royal Society of Chemistry
sensing ionophore showed enhancing in the sensors perfor-
mance. The addition of 0.5% (w/w) b-CD to the paste compo-
sition improve the Nernstian slope to 43.6± 0.9 mV per decade,
concentration range 1.0 × 10−5 to 1.0 × 10−2 mol L−1 and
detection limit 1.5 × 10−6 mol L−1. However, the extra increase
of the ionophore percentage above 0.5%, the paste becomes
turbid and the sensors' potential response struggles.

Lipophilic anionic additives increase ionic mobility in the
electrode matrix and the interfacial ion exchange kinetics at the
electrode surface. The response of ISEs with ionic sites can tell
whether an ionophore is acting as a neutral carrier. Whenever
anionic sites are present, cyclodextrin as a neutral carrier
ionophore performs its function. In order to decrease the ohmic
resistance and improve the electrochemical properties of the
potentiometric sensors, NaTPB is integrated as an anionic
additive. The exchange kinetics at the sample–sensor interface
RSC Adv., 2023, 13, 34715–34723 | 34719
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Fig. 8 Water layer test for the proposed sensor. Measurements were
recorded in 1.0 × 10−3 mol L−1 DTZ (a) and 1.0 × 10−3 mol L−1

verapamil hydrochloride (b).
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might also be accelerated.32 A remarkable improvement (slope
55.0 ± 0.9 mV per decade, concentration range 1.0 × 10−6 to 1.0
× 10−2 mol L−1 and detection limit 1.0 × 10−6 mol L−1) ob-
tained by incorporating of 0.5% (w/w) NaTPB into the sensor
paste. Further, lipophilic anionic additive has no impact on the
sensor response.

Additionally, the incorporation of nanomaterials in the
composition of the carbon paste directly affects the sensor's
conductivity and increases the conversion of chemical signals
into electrical signals. To enhance sensor performance, a family
of different promising nanomaterials (C/PANI, oxidized coal/
PANI, oxidized coal/activated PANI and ZnO@PANI/C) with
a large surface area and sufficient absorptivity were chosen
(Fig. 5(A)).

The results were monitored carefully in order to select the
best nano-composite. The data revealed that, ZnO@PANI/C has
a positive impact on the potentiometric behavior of the sensor
than others (Fig. 5). The resealable enhancement in the sensors
Fig. 9 Effect of pH of (a) 1.0 × 10−4 and (b) 1.0 × 10−3 mol L−1 DTZ
solutions on the potential response of DTZ-CPS.

34720 | RSC Adv., 2023, 13, 34715–34723
performance is attributed to improving the sensor conductivity
and increasing the transduction of the chemical signal to an
electrical signal. In order to nominate the best composition,
different percentages of the ZnO@PANI/C ranging from 1.0% to
10.0% (w/w relative to carbon powder) were added to the paste
matrix containing 0.50% b-CD, 0.50% NaTPB, DPB plasticizer
and graphite powder. The results in Table 2, indicated that the
addition of 3.0% ZnO@PANI/C improved the Nernstian slope
(62.0 ± 0.9 mV per decade), linear range (1.0 × 10−6 to 1.0 ×

10−2 mol L−1) and decreased the detection limit (5.0 ×

10−7 mol L−1). However, further increment in ZnO@PANI/C
concentration led to deterioration of sensors performance.
Finally, solvent mediator has a signicant impact on the sensor
performance; it plays a vital rule for solvation and distribution
of the active components in the paste. Plasticizer helps
controlling various equilibria between the ionophore and the
primary ions in the paste phase hence improving performance
of the sensor. Four synthetic plasticizers (DBP, DOS, DOP, and
DOA) and a natural plasticizer (soybean oil) with different
values of dielectric constants, lipophilicity and molecular
weight were tested to gure out the one that shows the best
response. The results showed that DBP plasticizer (3 = 6.4)
shows a high potential reading, stability, distinguished poten-
tiometric response and low detection limit compared with the
other examined plasticizers. Therefore, DBP is used as a suit-
able plasticizer for the upcoming studies.

3.3 Electrochemical impedance spectroscopy (EIS)

The electrochemical impedance spectroscopy (EIS) results, as
demonstrated in Fig. 6(A), illustrate the performance of the
synthesized CPS sensor based on ZnO@PANI/C in comparison
with a blank sensor. The EIS curves provide valuable insights
into the sensor's superiority and this is particularly evident
when examining the curve parameters. The electrical charac-
teristics of the electrode/solution interface are realized by the
equivalent circuit (Fig. 6(B)). In this circuit, the constant phase
Fig. 10 Response to DTZ and some interfering species using DTZ-
CPS.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Application of the proposed sensor for the determination of DTZ in pure and pharmaceutical preparations and the statistical parameters

Sample
Statistical
parameters

Standard addition method Potentiometric titration method

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

Recovery
(%) RSD (%)

Pure solution 0.23 101.00 0.92 13.53 102.30 1.2
2.26 101.30 1.02 27.06 101.70 1.16
22.55 100.00 0.97 40.59 101.10 1.22

Mean � SD 100.76 � 0.9 101.7 � 1.14
N 3 3
F-Ratio 1.6 (9.28)a

t-Test 1.8 (2.77)b

Altiazem® (60 mg per tablet) 0.23 97.98 0.45 100.00 0.98
2.26 98.92 0.61 98.33 0.93
22.55 98.45 0.56 98.88 0.89

Mean � SD 98.45 � 0.47 99.07 � 0.85
N 3 3
F-Ratio 3.27 (9.20)a

t-Test 1.30 (2.77)b

a Tabulated F-value at 95% condence level. b Tabulated t-value at 95% condence level and four degrees of freedom.
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element (CPE), the diffusion (Warburg) impedance (W), the
charge transfer resistance (Rct) and the solution resistance of
the electrolyte, between the working and the reference electrode
(Rs). The semi-circuit values derived from the EIS data enable
the precise calculation of Rs and Rct for both the DTZ-CPS sensor
and the blank sensor.33 For the DTZ-CPS sensor, the Rs value
stands at a low 28.0 U, while the Rct value is even lower at 18 U.
In contrast, the blank sensor exhibits slightly higher values,
with Rs 38.0 U and Rct 24.0 U. The signicance of these ndings
lies in the small values of Rs and Rct associated with the DTZ-
CPS sensor. These low values indicate a highly efficient charge
transfer process within the sensor, particularly for the detection
of DTZ. In essence, the EIS analysis, as depicted in Fig. 6(A)
serves as a compelling testament to the superior performance of
the synthesized DTZ-CPS sensor. The calculated values of Rs and
Rct, notably lower than those of the blank sensor, underscore
the sensor's excellent charge transfer capabilities, making it
highly effective for the detection of DTZ determination.
Table 4 Application of the proposed sensor for the determination of
DTZ in urine and industrial water samples

Statistical
parameter Taken mg

Urine Industrial water

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

0.023 97.65 1.16 97.96 0.86
0.226 98.35 1.22 98.68 0.88
22.55 99.50 1.19 99.45 0.78

Mean � SD 98.50 � 0.93 98.70 � 0.75
3.4 Sensor potential response characteristics and lifespan

According to the IUPAC guidelines, the response time is known
as the interval between adding the analyte to the sample solu-
tion and the time at which a limiting potential was reached. In
this study, the response time was recorded by changing the DTZ
concentrations in solution, over a concentration range 1.0 ×

10−7 to 1.0 × 10−2 mol L−1. The equilibrium response time is
reached in 10 s, which indicates fast exchange kinetics of drug
ions with ion exchanger at the surface of the paste. Repeatability
and reproducibility are referred to the degree of agreement
between the results of subsequent measurements of the same
analyte, performed under specic conditions.13

The reversibility of a sensor which is the ability of the sensor
to recover, or return to its original background/baseline
condition was checked by recording the sensor response in
the sequence high-to-low from 1.0 × 10−2 to 1.0 × 10−7 mol L−1
© 2023 The Author(s). Published by the Royal Society of Chemistry
sample concentrations of (DTZ) drug. The results showed that
the response of the sensors was reversible (Fig. 7). These
observations indicate no memory effect on the sensor response.

The repeatability of the measured potential of the sensor was
tested bymonitoring themeasurement in 1.0× 10−3 mol L−1 DTZ
solution aer measuring the rst set of solutions at 1.0 ×

10−4 mol L−1. The RSD value of ve reproducing measurements is
1.18% conrming the high precision of the sensor and demon-
strating the absence of the memory effect. On the other hand, ve
independents sensors were prepared and tested in 1.0 ×

10−5 mol L−1 DTZ solution to check the reproducibility. The
sensor showed high reproducibility with RSD less than 1.9%.

The lifespan of the sensors was monitored by measuring the
sensor performance at regular intervals. The received data
indicated that the sensor was stable within 11 weeks.
3.5 Water layer test

It is well known that the presence of a water layer between the
carbon paste and the transducer affects the sensor response,34

which may cause O2 or CO2 to diffuse through the paste. While
CO2 can affect the pH of the interface, O2 could favor redox side
reactions. Aer conditioning in 1.0 × 10−3 mol L−1 DTZ solu-
tion, 1.0 × 10−3 mol L−1 verapamil hydrochloride interferent
RSC Adv., 2023, 13, 34715–34723 | 34721
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Table 5 Comparison of the proposed DTZ ion-selective method with published methods

Method Linear range (mol L−1)
Detection limit
(mol L−1)

Response time
(s) Applications Reference

HPTLC 8.8 × 10−8 to 8.8 × 10−7 4.4 × 10−8 — Bulk drug and pharmaceuticals 5
Spectrophotometric — 1.10 × 10−4 — Commercial tablets and capsules 6
Cyclic voltammetry 2.0 × 10−6 to 8.0 × 10−5 7.0 × 10−8 — Pharmaceutical formulation (capsule)

and urine
8

PVC membrane 1.0 × 10−5 to 1.0 × 10−1 7.09 × 10−6 12 Pharmaceutical formulation and urine 10
DTZ-CPS 1.0 × 10−6 to 1.0 × 10−2 5.0 × 10−7 10 Urine and industrial water P.W.a

a P.W.: present work.
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solution was recorded and again in 1.0 × 10−3 mol L−1 DTZ
solution. Fig. 8 indicated that, no potential deection could be
noticed, which shows that no water layer was identied. The
high hydrophobicity of the carbon paste may be responsible for
this behavior.

3.6 Effect of pH

The operational pH range of the constructed sensor was
checked for 1.0 × 10−3 and 1.0 × 10−4 mol L−1 DTZ solutions
over a wide pH range (1–12). The constructed sensor showed
very slight potential uctuations in a pH range of 2.0–8.0
(Fig. 9). The interference of the hydronium ion caused a drop
in mV readings at lower pH levels (below pH 2.0). On the other
hand, the development of non-protonated drug molecules may
be the reason for the decrease in potential above pH 8.0.35 This
wide pH range provides the availability for DTZ ions detection
in various matrices and is benecial for routine work.

3.7 Effect of interference

The potentiometric sensor's selectivity behavior reects the ability
of the sensor to distinguish between analyte ions and other
interfering species present in solution.36 Therefore, the selectivity
behavior is considered one of the most critical parameters which
should be carefully checked. Traditional evaluation techniques,
like the separate solution and matched potential methods,37,38 are
biased by the effects of the ion-exchange processes at the
membrane/solution interface and transmembrane ions uxes.
Bakker protocol method is followed to check the selectivity
behavior of the constructed sensor.39 It depends on plotting cali-
bration curves of the sensor potential against the logarithm of the
interfering species concentrations. Calibration curves of different
cations species (Na+, K+, Mg2+, and Ca2+) and a similar structural
drug (verapamil) were plotted in order to investigate the ability of
the examined sensor towards the selected interfering ions. As
shown in Fig. 10, there is no signicant response for all interfering
species tested toward DTZ ion conrming the high selectivity of
the investigated sensor. According to this protocol, the sensor
potential is not distorted by either the ion exchange or the trans-
membrane ux at the membrane/solution interface.

3.8 Thermal stability

Over a temperature range of (15.0–60.0 °C), thermal stability of
the constructed sensors was examined. The isothermal stability
34722 | RSC Adv., 2023, 13, 34715–34723
coefficient value was found to be 0.00528 V per °C, indicating
that the sensor has excellent thermal stability within the
examined temperature range.
3.9 Analytical performance

Utilizing the standard addition and potentiometric titration
methods, the validity of the examined sensor for quantitative
analysis of DTZ was evaluated in pharmaceutical preparations,
biological uid (urine) and industrial water samples.

The constructed sensor was successfully applied as an indi-
cator for potentiometric determination of 3–9 mL of 1.0 ×

10−2 mol L−1 DTZ against 1.0× 10−2 mol L−1 NaTPB solution as
titrant. The obtained typical S-shaped plots and recoveries
ranges indicate the applicability of the constructed sensor.

The standard addition method was applied for DTZ deter-
mination in the pure solution, pharmaceutical preparations,
biological uids (urine) and industrial water samples (Tables 3
and 4). The results listed in Table 3 showed good recovery (100.8
to 101.7) and small RSD. In addition, t- and F-tests were
implemented and the values were less than the tabulated ones.
It is clear that the fabricated sensor displayed a high precision
and accuracy of the proposed methods.
3.10 Comparison with reported methods

The details of the comparison between the current work and
previously published data are listed in Table 5. This suggested
method has numerous benets over other detection tech-
niques, such as the linear range (1.0 × 10−6 to 1.0 ×

10−2 mol L−1) is wider than the reported data in Table 4 and the
detection limit (5.0 × 10−7 mol L−1) is lower than spectropho-
tometric6 and potentiometric10 techniques. Moreover, it is low
cost, simple preparation and fast than the reported methods.
The data listed in Table 5 illustrates that the sensor can be
accurately and precisely determine DTZ in pure medications
and pharmaceutical formulations.
4. Conclusion

In the current study, a highly sensitive, stable, and robust
modied carbon paste sensor based on a new hybrid structures
of ZnO@PANI/C nanocomposite was used for sensing DTZ. The
constructed sensor showed high sensitivity towards DTZ with
wide linear response range of 1.0 × 10−6 to 1.0 × 10−2 mol L−1,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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excellent Nernstian slope of 62.0 ± 0.9 mV per decade, fast
response time (#10 s) and wide pH range of 2.0–8.0. Attrac-
tively, the sensor has low detection limit of 5 × 10−7 mol L−1

and long lifespan of 11 weeks. The analytical application results
in the present study showed that the sensors can be successfully
applied in quality control laboratories for routine analysis of
DTZ in pure form, ALTIAZEM® tablets, urine and industrial
water samples.
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