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Abstract

2-benzamido-4-methylthiazol-5-yl acetate (BTA) were synthesized via an innovative synthetic
route and were used for the first time, as highly selective ionophores for the development of novel
potentiometric Ni?* selective carbon paste electrode (CPE). First, the molecular mechanic-based
MMFF94 technique was used to determine the most stable ligand BTA’s conformer and its isosteric
complexes with some cations. The reaction’s Gibbs free energy results indicated the acceptable
thermodynamic complexation reactivity of the ligand and Ni?*. These results were obtained by
calculating the B3LYP/6-31G(d,p), 6-31G(d,p) basis set for heavy metals substituted by LanL2DZ.
The best sensor response in the case of Ni?* selective CPE was obtained by 7% ionophore, 72%
graphite powder, and 21% paraffin oil. The Ni?* selective CPE showed a Nernstian slope of 28.4
mV/decade within the concentration range of 1.0 x 108- 1.0 x 10 mol L. The electrode has short
response time of 4 s and can be applied as indicator electrodes in the potentiometric titration of Ni?*
with ethylenediaminetetraacetic acid (EDTA).
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1. Introduction

Nickel, a transition metal, is a lustrous, silver-white metal
known for its valuable properties, including high ductility,
melting point (1455 °C), and remarkable resistance to
corrosion and oxidation [1]. It is ferromagnetic at room
temperature and serves as a fundamental component in a

vast array of industrial applications, most notably in the
production of stainless steel, which accounts for
approximately 65-68% of its global consumption [1,2].
Beyond metallurgy, its applications extend to
rechargeable batteries, electroplating, catalysts, and
aerospace superalloys, underscoring its critical role in
modern industry and the burgeoning green energy
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transition [3]. However, the increasing extraction and
utilization of nickel have led to significant environmental
and health concerns. The environmental impact of nickel
begins at the source, with mining and processing
operations causing deforestation, siltation of rivers, and
dust pollution that harms local ecosystems, fisheries, and
agricultural land [4].

From a toxicological perspective, nickel and its
compounds, particularly in dust and fume forms, are
hazardous. Inhalation can cause respiratory problems,
chronic bronchitis, and lung fibrosis, while certain nickel
compounds are classified as human carcinogens. Dermal
contact can also lead to allergic reactions known as
"nickel itch”. The contamination of water bodies with
nickel ions from industrial effluent is particularly
concerning, as it can be harmful to aquatic life and enter
the food chain [1,5].

Analytical methods such as atomic absorption
spectroscopy (AAS) [6], X -ray fluorescence (XRF) [7],
inductively coupled plasma-optical emission
spectroscopy (ICP-OES) [8,9] and UV-Vis. spectroscopy
[10,11] are performed to determine the trace level of
metals like nickel. Nevertheless, these procedures have
some disadvantages based on the cost and time of routine
analysis and the tedious sample preparation process [5,
12-13]. Hence, the search for new simple and rapid
methods for heavy metal measurement is a challenging
goal.

In this regard, potentiometric ion selective electrode
(ISE) can be a leading alternative for the stated
complicated approaches. Several types of potentiometric
ion-selective electrodes exit, such as ion-selective
electrodes with internal liquid electrolyte, coated wire ion
selective electrodes, carbon paste ion selective electrodes,
solid-state ion selective electrodes, and field-effect
transistors (FET) [14-17]. On this matter, potentiometric
carbon paste electrodes (CPE) are extensively used as
simple instruments for detecting different analytes
regarding their facile construction, higher signal-to-noise
ratio, easy renewability of the surface, stability of
response, low-cost methods, lower ohmic resistance, and
not requiring the internal solution [18-20].

More prominently, carbon paste electrodes can be
simply modified with different kinds of inorganic or
organic modifiers by only mixing the modifier with binder
and carbon in the paste preparing stage. The electrode’s
surface state can be improved by modification, which
significantly increases the target signals [21]. The
potentiometric CPEs’ ion-sensing features are primarily
based on the utilized sensing materials’ nature [22].

Over the last decades, several inorganic and organic
compounds have been used in the literature as ionophores
for preparing selective nickel electrodes.
Dimethylglyoxime and Ethylenediamine [23], N, N'-
bis(4-dimethylamino-benzylidene)-benzene-1,2-
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diamineand [24], 2-((5-(2-hydroxy-3-
methoxybenzylideneamino)-2H-1,2,4-triazol-3-ylimino)
methyl)-6-methoxyphenol  [25], 1,10-Phenanthroline
[26], Asparagine and L-Methionine [27], Macrocyclic /
heterocyclic [28] have all been used as ionophores for
designing nickel selective electrodes. However, many of
these electrodes have some defects like short life span,
long response time, high limit of detection, serious
interference from other cations, and a narrow working pH
range. Therefore, more studies are required in this field to
reach more effective electrodes with better features and
enhance the position of ISE in routine analysis.

In this research, we synthesized 2-benzamido-4-
methylthiazol-5-yl acetate (BTA) in two steps for the first
time and used it as new ionophore to fabricate modified
carbon paste electrodes for measurement of the Ni%* ions
potentiometrically. To the best of our knowledge, this is
the first ion selective CPE, prepared with this ionophore
as the recognition element of the electrode.

Considering to chemical computational methods can
greatly help evaluate thermodynamic parameters and
reaction mechanism exploration [29], before fabrication
of the electrode, the molecular mechanics force field
(MMFF94) technique was used to determine the most
stable conformer of the 2-benzamido-4-methylthiazol-5-
yl acetate (BTA) and its isosteric complexes with some of
the cations.

The theoretical thermodynamics of the reactions
between some cations with the most stable conformer
BTA was investigated in gas phases through the
B3LYP/6-31G (d, p) computational level [30]. Next, for
all cations, except Hg*, Ag*, and Pb%, the
DFT/B3LYP/6-31G(d,p) computational levels were used
for applying the B3LYP/LANL2DZ level [31].

2. Experimental
2.1. Apparatus

A Bruker Tensor 27 tool was used to record Fourier
transform infrared spectra utilizing KBr disks. Also, an
ultra-shield Bruker 400 instrument was used to record ‘H
and *3C nuclear magnetic resonance (NMR) spectra via
DMSO as the deuterated solvent. LG microwave MP-
9484WCR model for synthesis of lonophore was used. A
Bransetead Electro Thermal Bl tool was used to
determine the melting point.

Also, the constructed ion-selective CPE, as the
working electrode, was placed in a glass cell along with a
double junction Ag/AgCI as the reference electrode for
potentiometric measurement. The two electrodes were
linked to a digital milli-voltmeter (HIOKI 3256.50) with
+ 0.1 mV precision. The pH controlling was performed
using a Metrohm pH-meter with a combined glass
electrod
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2.2. Reagents and materials

Benzoyl chloride, Potassium thiocyanate, acetonitrile,
Anhydride acetic, alanine and high-purity paraffin oil
were purchased from Sigma-Aldrich. The used nitrate
salts of the cations (from Merck and Sigma-Aldrich)
had the highest available purity. All experiments were
performed using double distilled deionized water.
Detections were performed by applying iodine vapor in
the thin layer chromatography (TLC).

2.3. Synthesis of lonophore
The ionophore was synthesized in two steps:
A: Synthesis of benzoylcarbamothioyl alanine

Benzoyl chloride and potassium thiocyanate were
reacted in acetonitrile at room temperature for 20
minutes. After filtration to remove the precipitated
KCI, alanine (1 mmol) was added and reacted with
the in situ generated benzoyl isothiocyanate (1 mmol)
in 10 mL of acetonitrile under reflux at 80 °C for 24

NH,

cl + KSCN +

H COOH

hours. The reaction completion was monitored by thin-
layer chromatography (TLC). Then, after evaporation
of the solvent, the benzoylcarbamothioyl alanine
product was used in the next step without further
purification (Scheme 1).

B: Synthesis of 2-benzamido-4-methylthiazol-5-yI
acetate (BTA)

In a typical procedure, benzoylcarbamothioyl alanine
(2 mmol) was dissolved in acetic anhydride (2 mL) and
irradiated with microwaves at 100 °C for 15 minutes.
Upon completion of the reaction, the mixture was
quenched with water. The resulting yellowish crude
residue was purified by dry-flash chromatography
using a 1:3 mixture of n-hexane/ethyl acetate as the
eluent, vyielding the corresponding product, 2-

benzamido-4-methylthiazol-5-yl acetate. This
compound, after purification
and structural confirmation by melting point

determination, FT-IR, ®C-NMR, and !H-NMR
spectroscopy, was used in the preparation of composite
carbon paste electrodes (CPES) (see Scheme 2).

Reﬂux )J\ )\COOH
CH3CN

Scheme 1. Synthesis of benzoylcarbamothioyl alanine

White powder, m.p. 180-182 °C; yield: 0.24 g (97%). IR (KBr): 3300, 1683, 1620, 1200, 1120 cm™.*H NMR: 6 =1.49 (3 H, d, 3J = 7.5, Me), 4.85 (1L H,
quintet, 33 = 7.5, CH), 7.48 (2 H, t, 31 = 7.2, 2 CH), 7.60 (1 H, t, 3] = 7.2, CH), 7.92 (2 H, d, 3] = 7.2, 2 CH), 11.30 (L H, d, 3J = 7.5, NH), 11.36 (1 H, s,
NH) ppm. 3C NMR: 6 = 17.2 (Me), 53.2 (CH), 128.3 (2 CH), 128.5 (2 CH), 132.1 (C), 132.9 (C), 168.0 (C=0), 172.9 (C=0), 179.8 (C=S) ppm
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Scheme 2. Synthesis of 2-benzamido-4-methylthiazol-5-y| acetate (BTA)

White powder, m.p. 186-187 "C; yield: 0.23 g (84%). IR (KBr): 3373, 3001, 1731, 1675, 1518, 1172, 1141 cm™.'H NMR (300 MHz, DMSO): 6 =1.93
(3H,s, Me),235(3H,s, Me), 7.50 (2 H, t,%=7.0,2CH), 7.59 (1 H, t,=7.0,CH), 7.93 2 H, t, 33 = 7.0, 2 CH), 11.28 (1 H, br s, NH) ppm. ¥*C
NMR (75 MHz, DMSO): § = 13.2 (Me), 20.8 (Me), 127.6 (2 CH), 128.2 (2 CH), 129.3 (CH), 132.5 (C), 133.2 (C), 137.3 (C), 152.8 (C=N), 165.5
(C=0), 167.8 (C=0) ppm. Anal. Calcd for C13H1,N,05S (276.06): C, 56.51; H, 4.38; N, 10.14; Found: C, 59.40; H, 5.08; N, 9.89
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2.4. Computational Evaluation

The ligand (BTA) was built and searched for the initial
conformational by adopting the Spartan’10 software
[32] with MMFF94. Next, its isosteric complexes with
cations were defined using the MMFF94 technique.
From many guess structures, the conformer with the
lowest Gibb’s free energy was obtained by applying the
Maxwell-Boltzmann equation [33]. The Gauss view 5.0
software [34] was used to clarify output files from the
Spartan program. Using Density Functional Theory
(DFT), binding energies of BTA with the different
cations were computationally evaluated, and the
mechanism of the sensor toward nickel was
demonstrated. The calculations were made using DFT
performed using the exchange-correlation potential
made. To this end, we used Becke’s three-parameter
functional for exchange (B3) [35, 36] along with the
Lee-Yang-Parr (LYP) correlation parametrization as
implemented B3LYP technique [37] with 6-31G(d,p)
combined with LANL2DZ basis set using Gaussian 09
software [38] in the gaseous.

For all cations except Hg?, Ag*, and Pb?
calculations were performed by applying the Los
Alamos National Laboratory of Double Zeta (LanL2DZ)
basis set using the 6-31G(d,p) basis set. The
thermodynamic quantities of all components were
evaluated by calculating the second derivatives of the
energy with respect to the structural variables (harmonic
frequencies) at the same theoretical level for confirming
the kind of stationary point (local minima) [39]. No
imaginary frequency was observed for the considered
structures (Table 1).

Accordingly, the lowest frequency is obtained for the
complex of the mercury ion with ligand (16.058 cm™).
No symmetry constraints were imposed during geometry
optimization. Full geometry optimizations were carried
out in both gas and aqueous phases. Solvent effects were
included using the IEFPCM model [40] with water as
solvent. The binding energy was calculated according to
Eq. (1).

AE = AE complex — (AE Ligand + AE cation) (1)
2.5. Electrode preparation

For fabricating the modified CPE, the pastes were
prepared by hand-mixing different amounts of the
synthesized ionophore powder and various amounts of
graphite, and paraffin oil for 20 min. When each mixture
was homogenized, a portion of the prepared paste was
carefully packed into the tube tip to prevent possible air
gaps. It regularly improves the electrode resistance.
Electrical contact was established by inserting a copper
wire into the CPE opposite end. Before usage, a piece of
soft paper was used to smooth the carbon paste’s

< 10.57647/ijic.2026.1701.04

external surface. The old surface was scraped out, and
the new carbon paste was replaced to make a new
surface. The electrode was ultimately conditioned for 24
h by soaking in a 1.0 x 10~ mol L™ of analyte solution.

2.6. Emf Measurements

The potential difference is proportional to the ion
activity logarithm based on the Nernst equation [41].
Also, potentiometric measurements were performed by
determining the potential difference between CPE and
reference electrode using a multi-meter with a volt-
meter with £0.1 mV precision at room temperature. The
electrochemical cells used are represented as follows:
Developed carbon paste electrode | sample solution ||
Ag—AgCl, KC1 (satd.)

3. Results and Discussion

In the present work, 2-benzamido-4-methylthiazol-5-yI
acetate was synthesized via an innovative synthetic
route and was used, for the first time, as highly selective
ionophore for the development of novel potentiometric
Ni?*-selective carbon paste electrode. To this end, the
theoretical thermodynamics of the reactions between
some ions with BTA was investigated.

3.1. Theoretical study

The computations were performed for each reactant
(Ligands and Cations) and products (Complexes) in the
reaction: Ligand + Cations — Complex.

Conformational analysis revealed that the free BTA
ligand adopts five distinct conformers. Upon
complexation, six low-energy conformers (A-F) are
accessible for Ni**, Fe?", and Zn?". In contrast, for Hg*",
Pb*', and Ag", the D and E conformers are not minima
on the potential energy surface; instead, two new
conformers (G and H) emerge as the most stable
alternatives, effectively replacing D and E. Thus, while
the initial search space includes A—F for all metals, the
final conformational ensemble differs: A-F for
Ni/Fe/zZn, and A, B, C, F, G, H for Hg/Pb/Ag.

In the first step, the reaction in the gas phase was
investigated. Next, the reaction was studied in the
solution (liquid) phase. In the liquid phase, ligand and
complexes are studied in water solvent. The
thermochemistry outputs in the best stable structure
complex (with the lowest total energy) in the gas (the
first line in each row) and solvent phase (the second line
in each row) are represented in Table 1.

In this table, ASw, AHwm, and AG are the changes of
thermal corrections to the entropy, enthalpy, and Gibbs
free energy, respectively, and AG® shows Gibbs free
energy at standard state (298 K and 1 atm).
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Figure 1. Optimized geometries of the six possible conformers (A-F) of the BTA-Ni?* complex obtained at the B3LYP/6-31G(d,p)/LANL2DZ level of
theory in the gas phase. These conformers serve as the reference set for all six metal ions. For Ni?, Fe**, and Zn?', they constitute the full conformational
ensemble. For Hg?", Pb**, and Ag*, conformers D and E are not stable and are replaced by two new structures (G and H)

Color code: Ni (purple), C (gray), H (white), N (blue), O (red), and S (yellow)

The Gibbs free energy thermal was corrected by
adding the entropy term to the thermal correction of
enthalpy (AGw = AHu-TASw) [42].

Eventually, Gibbs free energy is obtained as the sum
of the total electronic energy variation in the reaction as
well as thermal correction of the Gibbs free energy (AG®
= Agot+ AGu) [43]. The changes in the thermal correction
to the entropy of complexes formation from all cations
with the ligand are negative, except for Hg?* and Ag*in
solvent phase. Therefore, the mentioned complexation
reaction’s entropy caused by aggregation in the complex

€ 10.57647/ijic.2026.1701.04

is not proper in liquid phase. However, the reaction’s
enthalpy at the standard state (AH® = Ago, + AHuw) is
proper to react between ligand and cations and create the
complex. The explanation is that the enthalpy of the
formation of reaction complexes from all ion metals with
the ligand is negative at the standard state.

Overall, the reaction Gibbs free energy order of the
thermodynamic reactivity of cations complexation with
stable ligand in the gas phase (with the lowest total
energy) is as follows: Ni?* > Fe?* > Zn?* > Hg?* > Pb?*
> Ag?* respectively. (Table 1).
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Table 1. Calculated thermochemical parameters for the complexation reaction Ligand + Cation — Complex evaluated for the first local minimum
complex (lowest total energy) using DFT calculations. For each complex, three sets of values are reported: (i) gas-phase calculations in which the ligand,
cation, and complex are all considered in the gas phase (first line), (ii) solution-phase calculations in which the ligand, cation, and complex are all
considered in the aqueous phase (second line), and (iii) mixed-phase calculations in which the ligand is considered in the gas phase while the cation and
complex are considered in the aqueous phase (third line). Calculated values include Ag®, AH®, ASw, AG®, the lowest vibrational frequency of the
optimized complex, and the corresponding conformer label.

Complexes Agg AH® ASt AG® lowest freq. of
(kcal/mol)  (kcal/mol) (cal/mol.K) (kcal/mol) complex (Cm™)
-344.214  -343.840  -38.953 -332.227  30.564

NiZ* -90.576 -88.741 -88.741 -76.708 35.157
-107.924  -106.312  -40.851 -94.133 35.157
-331.262  -331.183  -42.831 -318.414  31.778

Fe2* -78.599 -76.895 -44.188 -63.720 29.469
-95.946 -94.466 -44.681 -81.145 29.469
-281.172  -280.658  -35.718 -270.009  35.007

Zn?* -41.251 -40.140 -34.657 -29.808 31.387
-58.599 -57.712 -35.150 -47.232 31.387
-202.367  -202.840  -32.857 -193.044  30.952

Hg?* 18.350 18.975 -28.434 27.452 16.058
1.003 0.401 158.181 10.028 16.058
-180.706  -180.317  -35.195 -169.824  31.150

Pb? -42.472 -41.309 -34.594 -30.995 30.629
-59.820 -58.880 -35.087 -48.420 30.629
-56.681 -56.032 -30.613 -46.906 28.506

Ag* 6.051 6.819 -28.922 15.442 23.160
-11.297 -10.752 -29.415 -1.983 23.160

Table 2. Boltzmann-averaged thermochemical parameters for the complexation reaction Ligand + Cation — Complex calculated over all accessible
conformers of each BTA-metal complex using the Maxwell-Boltzmann distribution. For each complex, three sets of values are reported: (i) gas-phase
calculations in which the ligand, cation, and complex are all considered in the gas phase (first set), (ii) aqueous-phase calculations in which the ligand,
cation, and complex are all considered in the aqueous phase (second set), and (iii) mixed-phase calculations in which the ligand is considered in the gas
phase while the cation and complex are considered in the aqueous phase (third set). Reported values include Ag®, AH®, AS, and AG®

Complexes Ao AR A AG*
(kcal/mol) (kcal/mol) (cal/mol.K) (kcal/mol)
-344.210 -343.835 -38.954 -332.221
Ni2* -90.560 -88.716 -40.755 -76.565
-107.908 -106.287 -41.248 -93.989
-331.262 -331.183  -42.830 -318.414
Fe?* -78.599 -76.895 -44.191 -63.719
-95.946 -94.466 -44.683 -81.144
-281.172  -280.658 -35.717 -270.009
Zn?* -41.272 -40.134 -34.826 -29.751
-58.619 -57.705 -35.318 -47.175
-202.362  -202.832  -33.296 -192.905
Hg?* 18.461 19.048 -15.679 23.722
1.114 1.476 -28.719 10.039
-180.706  -180.317 -35.193 -169.824
Pb? -62.873 -41.303 -35.071 -30.846
-59.835 -58.874 -35.563 -48.271
-56.668 -56.012 -30.612 -46.885
Ag* 5.998 6.759 -29.231 15.474
-11.350 -10.813 -29.723 -1.951

Also, the reaction Gibbs free energy order of the
thermodynamic reactivity of complexation of cations
with stable ligand in solvent phase (with the lowest total

< 10.57647/ijic.2026.1701.04

energy) was obtained as follows: Ni?* > Fe?* > Pp?* >
Zn** > Ag* > Hg?* (Table 1). For the mixed-phase
calculations (ligand in gas phase, cation and complex in
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aqueous phase), the same ordering is observed.

Notably, when Boltzmann-averaged over all
accessible conformers (Table 2), the ordering remains
identical to Table 1 in both aqueous and mixed phases,
while the gas-phase ordering persists unchanged —
confirming the robustness of the aqueous-phase trend.

Table 3 lists the metal-donor distances in the lowest-
energy conformer, as identified by the global minimum
in Table 1, for both gas and aqueous phases, with
heteroatom numbering defined in Fig. 2. The
coordination mode clearly depends on the metal ion and
preferred conformer. For Ni** and Zn?* (Conf. A in Fig.
1), the shortest distances correspond to M—O1 and M-
N2, indicating bidentate coordination through O1
(carbonyl oxygen) and N2 (thiazole nitrogen).

In contrast, the most stable Fe* complex adopts
Conf. C in Fig. 1, in which the metal ion primarily
interacts with the thiazole nitrogen (M-N1 =~ 1.83 A),
while the distances to oxygen and sulfur atoms remain
significantly longer. This suggests a different
coordination mode dominated by nitrogen donation and
possible m-interaction with the aromatic system. This
structural  distinction is  consistent with the
thermodynamic data, where Fe?* still exhibits highly
negative AG® values despite the absence of strong

Hs
' H6
.
Ho_ H1

el ‘( X

N2

metal-oxygen interactions. For Hg?", the global
minimum in aqueous phase corresponds to Conf. G (not
A), as confirmed by the energy ordering in Table 1 and
the structural data in Table 3. Notably, this
conformational switch results in significantly longer M—
donor distances (e.g., M—O1 = 3.380 A), leading to
weaker coordination and ultimately rendering the
complex thermodynamically unstable in water (AG® =
+10.028 kcal/mol), making it the least stable complex in
aqueous medium.

3.2. Sensing Element Composition

The Nernstian response of an ion-selective electrode is a
function of its composition [44]. Therefore, the effect of
the paste composition on the modified CPE potential
responses was investigated. To this end, several
electrodes were fabricated with various compositions
(Table 4). Unmodified CPE was made by combining
75% of graphite powder with 25% of paraffin. Based on
the obtained results, the electrode without the ionophore
represented poor sensitivity to Nickel. Also, the graphite
powder was combined with a favored weight of ligand,
as given in Table 4.

4
H3 TH4

Figure 2. The most stable equilibrium geometry of 2-benzamido-4-methylthiazol-5-yl acetate(ligand) with (Ni?*)

Table 3. Metal-donor distances (A) for the lowest-energy conformer of each complex, determined as the global minimum in Table 1, in gas phase
(values in parentheses: aqueous phase). Heteroatom numbering follows Fig. 2

Complex M-S  M-NI M-N2 M-O1 M-02 M-03 Conf.
Nz 4284 3134 1754 1752 5017 6374 A
(4.335) (3.104) (1.814) (1.770) (5.196) (6.573) A
- 4409 1834 3346 5093 4237 652 C
(4.488) (1.929) (3.358) (5.292) (4.262) (6.710) C
s 4310 2933 1871 1827 5355 6548 A
(4.449) (3.139) (1.961) (1.934) (5.398) (6.741) A
Ha 5008 3.680 2512 2356 5749 7.193 A
(3.683) (5.070) (5.924) (3.380) (5.481) (3.927) G
op2+ 4824 3551 2280 2117 5629 6994 A
(4.871) (3596) (2.334) (2.174) (5.669) (7.109) A
Ag® 4796 3499 2268 2293 5656 7.053 A
(4.904) (3.649) (2.349) (2.393) (5.686) (7.171) A

< 10.57647/ijic.2026.1701.04
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As can be seen, an increase in ligand level in the CPE
(no.1-3) from 2 to 7 percent led to an increased slope of
the calibration curve for nickel selective electrode from
5.3 mV/decade to 28.44 mV/decade. It was revealed that
the quantity of the ionophore is the key factor in the
suggested carbon paste electrodes with the main role in
the potential response of the sensors. Improving the
response of electrodes by increasing the ionophores
amounts shows the affinity of the ligand to nickel ions
[44]. But more increase in the ligand (no. 4) lowered the
calibration curve slope for nickel selective electrode,
which can be due to heterogeneity in the carbon paste.
Accordingly, a composition of 7% of ligand, 72%
graphite powder and 21% paraffin oil were found to have
the best performance and was chosen as the optimal
composition for Ni?* electrode.

3.3. Calibration curve of nickel-selective CPE

To improve the linear range of the CPE, we immobilized
the best composition of the carbon paste. The Nernstian
slope is a very interesting factor in discovering whether ion-
selective electrodes are conveniently employed in analytical
applications. This value is estimated using the slope curve of
the potential measured in (EMF/mV) against the log activity of
the standard solution (M) (Fig. 3). The optimal value of 59.10/n
(mV/decade) was obtained for the Nernstian slope [45], where
(n) is the valency of nickel.The potential response of
electrode showed a linear concentration range of 1x10!
to 1x10°® mol/L for Ni?* ion in the calibration solutions
with Nernstian slop of 28.4 mV/decade (Fig. 3). The
LOD values were calculated by substituting the potential
value, which is the projection of the cut-off point in the

correct equation [46]. The electrode displays a low LOD
of 8.1x10°° mol/L for proposed CPE.

3.4. The response time of nickel-selective CPE

Response time is used to characterize each sensor based
on the time required by the potential response to obtain
values within £1 mV of the final equilibrium potential
[47]. These values are obtained by recording the
potential alterations of the nickel electrodes to obtain a
potential within £1 mV of the ultimate equilibrium
value, followed by the successive immersion in a series
of Ni*? solutions, each with 10-fold different
concentrations. The sensor could quickly reach it
equilibrium response in the complete concentration
range. In the whole concentration range, the average
response time was 4 s for CPE (Fig. 4). The quick
exchange kinetics of complexation-decomplexation of
Ni?* ijon with the ionophore at the boundary of
membrane-solution can be created at this duration.

3.5. The pH dependence of Nickel selective CPE

The effect of pH on the electrode response was examined
by determining the potential at the nickel solution (0.1
mM) specific concentration from the pH of 2.0 to 11.0.
To this end, pH was adjusted by concentrated NaOH or
HCI solutions. According to the results, the potential is
constant at pH = 5.0-7.5 (Fig. 5), representing the
performance of the CPE in this pH range. The changes
above and below this range may be caused by the
creation of Ni(OH), and the response to proton ions
respectively.

Table 4. The optimization of the membrane ingredients

NO. % % % Slope, Working
lonophore  Graphite  Paraffin oil mV/decade Range, M
1 2 73 25 5.3 1x10?%- 1x10°8
2 5 70 25 12.2 1x10?%- 1x108
3 7 72 21 28.4 1x101- 1x108
4 10 65 25 14.6 1x1071- 1x108
250
e?®
v =-28.44x + 260.32 -
200 o R2=0.998 _ o ’..'
— - g
150 o
2 ~
E 100 +
- ’.(
50 - - ’_!, -*
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Figure 3. Calibration curve and LOD of nickel CPE
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Figure 5. pH effect on electrodes responses

3.6. Selectivity and interference

Response to the target ion is among the most remarkable
features of any ion selective electrode. This feature,
which is determined over other species and ions existing
in the solution, is known as the potentiometric-
selectivity coefficient. We used the matched potential
method (MPM) for assessing the developed sensor’s
selectivity coefficients [48, 49] (Table 5). A Kvem value
of 1.0 indicates the sensor with similar responses to both
the interfering and primary ions, while smaller values
denote higher selectivity. All the results are less than 10
3, representing the developed sensors’ higher selectivity
for the target ion.

3.7. Life Time of the Electrode

The lifetime of the proposed CPE was assessed by
recalibration in standard solutions periodically and
calculation of the optimized electrode’s slope within
some weeks in the linear concentration range of each of
the electrode. During this period, the CPE were used

< 10.57647/ijic.2026.1701.04

weekly. The suggested electrode was washed gently
with distilled water, dried, and kept at room
temperature.The obtained results revealed that the Ni?*
selective CPE could be used for 12 weeks with no
considerable changes in its slope. By the end of this time,
there was a slight gradual reduction in the slopes,
indicating that the lifetime of the presented nickel
selective CPEs were 3 months, at least.

3.8. Analytical Applications

The analytical utility of nickel-selective CPE was
established using it as an indicator electrode for
potentiometric titration of 25 mL 1.0 x 104 mol/L Ni%*
solution with 1.0 102 mol/L
ethylenediaminetetraacetic acid (EDTA). According to
Fig. 6, increasing the quantity of EDTA reduces the
potential values because of forming complexation
between nickel ions with EDTA and decreasing the free
nickel ions concentration in solution. This nickel CPE
could act as indicator electrodes regarding the sharp
endpoint in the titration curve.

X
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Table 5. The selectivity coefficients of various interfering cations for Ni?* selective CPE
lon Kmem lon Kmem
Co?* 1.3x10% zZn?* 1.4 x10°
Cu?* 3.0x10° Ag* 1.2x10%
Fe2* 1.6 x 10° Pb% 6.3 x10°
Cca** 83x10° Mg* 1.2x10°
Cd? 9.2 x10* Hg?* 7.1x10*
Cré* 14x10% Mn?* 1.3x10°
150
145 4
140 4
=
g 135 4
p—
K 130 o
125 v T T v
0 100 200 300 400
V epra (HL)
Figure 6. Potential titration curve of 25 mL 1.0 x 10 mol/L Ni?* solution with 1.0 x 10?2 mol/L of EDTA by using CPE
Table 7. Comparison between some characteristics of the proposed CPE and previously reported Nickel electrodes
Slope (mV/ Working R.T.
lonophore W.R. (M D.L.(M S.I. Ref.
P decade) (M) (M) pH range (s)
(2E,3E)-2H-1,4- 6 2+ 2+ 2+
benzothiazine- 282 o0 k0 2065 <0 (ST s
2,3(4H)-dione ' o
NN- 1.0 x 10 to )
bis(salicylidene)-2- 29 10 x 10 6.3x107 2.0-98 >10 Hg?", Cu*, Pb**  [51]
aminobenzylamine '
N-(2- 8.51 x 10 to Co*, Cu?", Zn?*
Hydroxybenzylidene) 29 1 0 x 101 8.51x10°¢ 3.5-75 7-12 Fe-”*’ ’ > [52]
-N'-(2-picolyl)eth '
1,2,4-Triazole bis 1.0 x 1077 to Cu?*, Co*, Zn**
1&= —8 . b b b
Schiff base" 29.3 10 % 10-! 3.0x10 3.0-8.0 11 Cca [53]
2-benzamido-4-
. 1.0x10%to0 9 This
methylthiazol-5-yl 28.4 10 % 101 8.1x10 5.0-7.5 3 —  Work

acetate

R.T.: Response Time, D.L.: Detect Limit, W.R.: Working Range, S.I.: Significant Interference

3.9. Comparison with Previous Studies

A comparison was made between the efficiency of several
of ion selective electrodes using various ionophores and
the analytical performance of nickel selective CPE
developed in this study (Table 7) [50-53]. Proposed CPE
offers better features than mentioned electrodes in the
response time, working range, and LOD. Also, this CPE
has shown superior selectivity toward Ni?* over most
interfering cations studied. The good selectivity of
developed CPE may be due to the 2-benzamido-4-
methylthiazol-5-yl acetate as an ionophore. 2-benzamido-

< 10.57647/ijic.2026.1701.04

4-methylthiazol-5-yl acetate molecule serves as a
selective ligand for Ni?* ions. The only disadvantage of
proposed CPE is narrow working pH range in comparison
with other electrodes.

4. Conclusion

For the first time, 2-benzamido-4-methylthiazol-5-yl
acetate was synthesized and used as a neutral carrier to
design carbon paste potentiometric electrode for Ni%*
determination. The interaction between BTA and Ni?* ions
was studied theoretical and experimental. The theoretical
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results showed that the ligand is highly inclined to react
with Ni%*. The coordination mode clearly depends on the
metal ion and preferred conformer. For Ni**, indicating
bidentate coordination through carbonyl oxygen and
thiazole nitrogen. In experimental study, Graphite,
Paraffin oil, and ionophore were applied in Ni?* selective
carbon paste electrode with an optimal ratio of 72:21:7,
which led to a Nernstian slope of 28.4 mV/decade. Limit
of detection method was 8.1x10° M. Also, response time
and lifetime of CPE was approximately 4 s and 12 weeks,
respectively. Eventually, the designed electrodes were
successfully applied in determination of nickel ions as
indicator electrode in potentiometric titration of Ni>*with
EDTA.
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