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Abstract

A graphite electrode coated with a PVC-based membrane was developed for the potentiometric detection of Fe** ions,
incorporating the Schiff base ligand N, N'-bis(2,4-dimethoxybenzilidene) ethylenediamine (L). The optimized
membrane composition included 4% L, 2.5% NaTPB, 51% NPOE, and 42.5% PVC. This sensor effectively detected
Fe*" ions across a concentration range of 2.5 X 1077 to 1.0 x 107! M, with a detection limit as low as 7.8 x 107 mol L™
and a response time of just 12 seconds. Stability tests revealed that the electrode maintained consistent performance
for over 90 days, without significant degradation. The sensor also showed high selectivity towards Fe*" ions, remaining
effective in the presence of potential interfering species. Additionally, it functioned reliably within a pH range of 3.0
to 7.0 and was compatible with non-aqueous solvents (up to 20% v/v). The electrode was effectively utilized as an
indicator for potentiometric titration of Fe** with EDTA and for accurate determination of Fe** ions in various sample
matrices.
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1. Introduction

Iron is a crucial trace mineral in the body, playing a key role in essential biological processes such as electron transport,
storage, and oxygen movement [1,2]. It forms the foundation of critical molecules, including hemoglobin, myoglobin,
and various haemenzymes, which are vital for enzyme functions. A deficiency in iron is a well-known cause of anemia
[3-7], while elevated iron levels can contribute to an increased risk of heart disease, cancer, and conditions like
hemochromatosis. Therefore, determining iron concentrations is important across industrial, pharmaceutical, clinical,
and environmental settings [8,9]. Several methods, including atomic absorption spectroscopy (AAS), inductively
coupled plasma (ICP), and emission absorption spectrometry, can detect iron ions. While these techniques provide
accurate results, they are expensive and not ideal for routine, real time analysis. On the other hand, potentiometric
analysis using ion-selective electrodes offers a more practical, cost-effective, and efficient alternative for on-site
analysis of materials.

lon-selective electrodes (ISEs) with polymer-based membranes incorporating ionophores are essential tools for
analytical applications in clinical, chemical, and environmental fields. They provide fast response, high selectivity,
ease of operation, and cost efficiency, allowing precise detection of target ions across a wide concentration spectrum.
Potentiometric sensors for cations and anions can be developed using specific metal-ligand interactions, which are
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significant recognition mechanisms [10-17]. Numerous ionophores with great selectivity for Fe3* ions have been
produced to date for their selective determination in various samples. Numerous PVC membrane electrodes for various
ions, including iron, have been documented [18-30].

In this article, we have made attempts to construct PVC based coated graphite electrodes of Schiff bases N, N’-bis
(2,4dimethoxybenzilidene) ethylenediamine (L) as ionophore. Membrane having different compositions of PVC, a
plasticizer and anionic additive with ionophore L was coated on the graphite surface and investigated it as Fe (I11)
selective electrodes.

2. Experimental

Chemicals and reagents

The chemicals used in this study were of reagent grade and included oleic acid (OA), sodium tetraphenylborate
(NaTPB), dibutyl phthalate (DBP), benzyl acetate (BA), o-nitrophenyloctyl ether (0-NPOE), dioctyl phthalate (DOP),
dioctyl sebacate (DOS), dibutyl sebacate (DBS), tributyl phosphate (TBP), tetrahydrofuran (THF), and potassium
tetrakis(4-chlorophenyl) borate (KTpCIPB). High molecular weight polyvinyl chloride (PVC) was also utilized. These
materials were procured from E. Merck (Germany) and used directly without further purification. Additionally, o-
phenylenediamine, ethylenediamine, and salicylaldehyde, all of reagent grade, were obtained from Loba Chemie
(Mumbai, Maharashtra, India). A 0.1 M stock solution of metal ions was prepared using double-distilled water, and
subsequent dilutions were made to achieve the desired concentrations. Where necessary, solution standardization was
performed to ensure accuracy.

Apparatus

Potentiometric measurements were carried out at a controlled temperature of 25 £ 0.1°C using a digital pH/mV meter
(ESICO International Digital Potentiometer, Model-118) in combination with a double-junction Ag/AgCI reference
electrode. The pH values of the solutions were measured using a digital pH meter (ESICO International Digital pH
Meter, Model-101), which utilized a glass electrode for pH detection and a calomel electrode as the reference.

3. Synthesis of Chelating Compound

Schiff bases L was synthesized according to the previously reported methods [31] as discussed here and the reaction
schemes are shown in Figures 1.

Synthesis of N, N’-bis(2,4dimethoxybenzilidene) ethylenediamine (L)

A reaction solution was prepared by dissolving 0.2 mL (3 mmol) of ethylenediamine and 1 g (6 mmol) of 2,4-
dimethoxybenzaldehyde in 20 mL of absolute ethanol. The mixture was then heated under reflux at 80°C for a duration
of 3 hours. After completion of the reaction, the resulting solid product was collected by vacuum filtration and
subsequently dried under vacuum overnight. The synthetic scheme for the ligand (L) is illustrated in Figure 1.
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JOGRET o Q J@
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Figure 1: Scheme of synthesis of Schiff — base N, N’-bis (2,4dimethoxybenzilidene) ethylenediamine (L) as
ionophore.

Preparation of coated graphite electrode

Coated graphite electrodes employed in this study were prepared as described before [32]. A solution was prepared
by dissolving the membrane components (ionophore, anion additives, PVC, and plasticizers) in 5 mL of
tetrahydrofuran, which was then concentrated by evaporation. A copper wire was attached to one end of a polished
graphite electrode (5 mm in diameter and 15 mm in length), and the opposite end was dipped into the concentrated
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membrane solution. The electrode was left overnight to allow the solvent to evaporate, resulting in the formation of a
thin PVC film on the electrode surface. Finally, the graphite electrode was placed inside a glass tube and sealed with
epoxy resin to make it portable.
Conditioning of membranes and potential measurements
Prior to conducting potential measurements, all prepared electrodes were equilibrated to achieve stable and consistent
potential readings. The graphite electrodes coated with the solution of 1 mM Fe (NO3)s were allowed to equilibrate
for four days before commencing the measurements. The potentials were then recorded across a broad concentration
range (1.0 x 10° — 1.0 x 10 M) of metal salt solution using the coated graphite electrode (CGE) in conjunction with
an Ag/AgCl reference electrode on a digital potentiometer (Electronic India) at room temperature, following this cell
setup:
Coated graphite electrode || Test solution || Hg/Hg2Cl2 | KCI (saturated)
The activity coefficients were computed using the Debye-Hiickel equation, given as:

‘ul/z
1+ 1.5u1/2
In this formula, y stands for the activity coefficient, p represents the ionic strength, and z indicates the ion's valency.

logy = —0.511 z2 —0.2u

4. Results and Discussion

Determination of stability constants

Studies show that the Schiff base N, N'-bis(2,4-dimethoxybenzylidene) ethylenediamine (L) can interact with metal
ions to form complexes. These complexes are with varied metals. Certain metal complexes of (L) have stability
constants. Constants were identified by sandwich membrane method [33, 34]. These are detailed in Table 1. Formation
constants values (Table 1.0) were obtained. They are for ion-ionophore complexes. The obtained values were collected
using the sandwich membrane method. These values reveal an interesting pattern. The value of formation constant is
the highest for Fe3* complex. The ligand in this complex is L. The value is 5.94. None of the other metal ions matched
this high value. We make an inference from these results. The ligand creates stable complexes with Fe (111). Conversely
the stability with other metal ions is significantly lower. The high affinity of the ligand towards Fe®* ion is evident.
This prompted us to consider it for an important role in specific preparation. The preparation of a selective electrode.
The electrode is specifically for Fe3*.

Table 1: Formation constants of ion-ionophore complex of (L) ionophore with different metal ions.
Cations Formation constante

(logpin) £ S.D.
Ba?* 2.21+£0.12
Ca? 2.12+£0.02
NiZ* 2.96+£0.15
Cu? 2.23+£0.13
Co? 2.22+0.04
Cd?* 239+0.14
Zn** 2.21+£0.09
Pb% 2.61+£0.13
Fe3* 594 +£0.12
Ce?* 244 £0.02
Cr¥* 2.63 £ 0.07
Na* 1.45+0.05

Optimization of the Membrane Composition
Numerous investigations have demonstrated that ISE’s performance characteristics are greatly impacted by the
membrane's composition [35,36]. In order to determine which composition produced the greatest results across all
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potentiometric properties, various membrane compositions were tested. Several electrodes were fabricated by
adjusting the amounts of membrane materials, and their potentiometric properties were evaluated using a Fe3* ion
solution within a concentration range of 1.0x10-° to 1.0x10* molL1.This study examines the performance of an
electrode based on Schiff base L in combination with various plasticizers, such as 0-NPOE, DOP, DBP, TBP, BA,
DOS, and DBS, as shown in Table 2. It is well-documented that plasticizers enhance membrane sensor performance
by altering the polarity of the membrane phase [37]. The findings of this investigation reveal that plasticized electrodes
offer improved working concentration ranges and slopes. Among the different plasticizers tested, the coated graphite
electrode C2 with 0-NPOE exhibited the best results, including a slope of 19.8 mV/decade, a linear operating range
of 2.5x107to 1.0x10" M, and a lower detection limit of 7.8x10® M, as summarized in Table 2.

In neutral carrier-based cation selective electrodes, it is well known that an anion additive gives the electrode perm-
selectivity by removing anion interference [38, 39]. Thus, two distinct anion additions (NaTPB and KTpCIPB) were
added to the membrane composition in order to further examine the impact on these electrodes' performance. The
findings showed that the electrodes based on L performed better when the lipophilic additive NaTPB was present,
whereas the coated membrane electrode's performance characteristics significantly declined when KTpCIPB was
present. Additionally, the electrode made without NaTPB (C13) had a non-Nernstian slope, a high detection limit, and
a comparatively small working concentration range. These electrodes' altered performance could be the result of
interacting ions in the test solution. Prior research has demonstrated that the highest electrode performance is achieved
when a specific concentration of the lipophilic anion additive is used in the membrane phase. According to L, this
investigation shows that 2.5% (w/w) NaTPB works well for all electrodes.

Additionally, the impact of ionophore concentration on these electrodes’ performance was noted. Their potentiometric
response was highly impacted by altering the ideal concentration of ionophore L (4%, w/w) in the corresponding
electrode. The results make it evident that while electrodes C10 and C12 with lower ionophore concentrations provide
inferior potentiometric responses, electrode C11 with higher ionophore concentrations than the ideal exhibits no
improvement in performance.

Table 2: Membrane formulations of CGEs utilizing L and their potentiometric behavior as electrodes selective for

Fe(ll1) ions
CGE Composition of membrane (wt %) Slope Linear working Detection
No. lonophore Plasticizer Additive PVvVC (mV/decade) range limit
(M) (M)

Cl 4 2.5,NaTPB 935 33.0 5.8x10°-1.0x10? 3.2x10°
C2 4 51,NPOE 2.5,NaTPB 425 198 2.5x107-1.0x10" 7.8x10°®
C3 4 51,DOP 2.5,NaTPB 425 325 1.7x10°%-5.0x102 9.6x107
C4 4 51,TBP 2.5,NaTPB 425 320 3.5x10°-1.0x10" 1.8x10°®
C5 4 51,DBP 2.5,NaTPB 425 28.0 5.0x106-1.0x102 7.8x10®
C6 4 51,BA 2.5,NaTPB 425 250 7.3x106-5.0x102 4.6x10®
c7 4 51,0A 2.5,NaTPB 425 230 4.8x10°-5,0x102 2.1x10°
c8 4 51,DOS 2.5,NaTPB 425 1.3x10°-1.0x10" 8.4x10°®
C9 4 51,NPOE  25KTpCIPB 425 24.0 1.4x10%-1.0x10* 8.2x107
C10 3 51,NPOE  2.5,NaTPB 435 220 8.9x10%-1.0x102 6.1x10°
Cl1 5 51,NPOE  2.5,NaTPB 415 26.0 7.8x107-1.0x10?  6.7x107
C12 - 51,NPOE  2.5,NaTPB 46,5 33.0 6.9x104-1.0x102% 4.4x10*
C13 4 51,NPOE - 450 20.2 5.0x106-1.0x102 2.5x10°

Potentiometric Characteristics of Fe3* Selective Electrode

The calibration curves of the Fe (l11) selective electrode was presented in Figure 3., which showed that the electrode
no. C2 based on L displays Nernstian slope (19.8 + 0.07 mV/decade) in the range of 2.5x1077 - 1.0x10"* M with a
lower detection limit of 7.8x108 M.
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Figure 2: Calibration curves of the Fe (l1) selective electrode CGE-C2.

Effect of pH Change

The effects of pH on the electrode's potential response at 1.0x10* mol L Fe®* ion solutions across a pH range of 1.0
to 10.0 were examined, and the findings are displayed in Figure 3. The pH of the test solution was adjusted using 0.1
M HNO3/NaOH in order to investigate the operating pH range. For the electrode B2 based on L, the pH-potential
curve showed that the potential stays constant as the pH changes between 3.0 and 7.0. Potential changes beyond this
electrode pH range could be caused by ionophore protonation and iron hydrolysis.

380

% 390 - .

400

pH

Figure 3: Effect of pH on the potential response of the electrode (C2) at 1.0x10-4 mol L-1 Fe®* ion solution.

Potentiometric Selectivity of the Electrodes

Potentiometric selectivity is a critical parameter for ion-selective sensors, as it governs the sensor’s ability to measure
a specific ion accurately while minimizing interference from other ions. In this study, the potentiometric selectivity
coefficient (K1 g")of the proposed coated graphite electrode (C2) was determined for various cations (Mn+) using the
Fixed Interference Method. This method evaluates the selectivity coefficients based on the following expression [40].

KFI,JOt — Ape3+ (3)

e3tB ap’Fe3+/ZB
The selectivity coefficients determined by FIM are presented in Table 3. As shown in Table 3, the selectivity
coefficients for the electrode are in the range of 10 M or lower, suggesting that the electrode is highly selective for
Fe* ions compared to a variety of alkali, alkaline earth, transition, and rare earth elements (Na*, K*, AP*, Ag*, Cr3+,
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Ni?*, Cu?*, Cd?*, Zn?*, Hg?*, Pb?*, Sr¥*, Ca?*, Co?*). The stability of the ion-ionophore complex is also responsible
high selectivity of these CGEs to Fe®* ions over other secondary ions.

Table 3: Selectivity coefficients of Fe3* selective electrode based on L
Selectivity Coefficients (Ko )

Interferent ion (B)

(L)

CGE-C2

Cr¥ 1.4 x 103
Cu?* 1.1 x 10*
Cd? 8.3 x 103
Co? 3.0 x 10*
Ni2* 1.0 x 10
Na* 6.0 x 103
Pb2 6.9 x 103
Hg?* 1.4 x 10
Sr2* 5.7 x 107
Ca?* 6.9 x 105
A\ 6.9 x 10
Ag* 1.7 x 10"
Zn%* 2.3 x10%
K* 1.2 x 10*

Response Time of the Proposed Coated Graphite Electrodes

The usefulness of an ion-sensitive electrode in a measurement is largely determined by its response time. To predict
the likelihood of success for novel ISEs, a thorough assessment of response time is necessary. In our study, we
determined the average time it took for the electrode to stabilize at its final equilibrium potential after being immersed
in Fe** solutions with concentrations between 1.0x1072 M and 1.0x1077 M, each differing by a factor of ten. This was
done using the dipping method [40]. The concentration range for the potential measurement series was 1.0x102 M to
1.0x107 M. Figure 4. makes it clear that the electrodes' approximate response time to provide a steady potential 14
seconds is the duration of the full concentration range.
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Figure 4: Dynamic response time of the Fe(l11) electrode CGE-C2 based on L for ten-fold step changes in
concentration.
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Effect of non-Aqueous Media on the Performance of the Electrodes

In partially non-aqueous media, the electrode's performance has also been examined using mixtures of acetonitrile and
water, methanol and water, and ethanol at varying concentrations (10%, 15%, 20%, 25%, and 30%, v/v). The potential
response data is summarized in Table 4. It was observed that up to 20% (v/v) non-aqueous content did not significantly
affect the electrode's (C2) performance. However, their performance began to decline at 20% non-aqueous content, as
seen by a constant shift in their potential response. This was mostly because the membrane elements were lost to the
organic phase at high non-aqueous content. The electrodes can therefore only be used in non-aqueous solvents up to
a 20% (v/v) maximum limit.

Table 4: Influence of partially non-aqueous medium on the performance of Fe3* electrode based on L

Non-agueous content CGE-A2
(vol %0) Slope Detection Limit
(mV/decade) (M)
0 19.8 7.8x108
Acetonitrile
10 19.8 7.8x108
15 19.5 8.3x108
20 19.4 8.9x108
25 18.1 5.6x107
30 16.7 8.8x10
Methanol
10 19.8 7.8x108
15 19.8 8.9x108
20 195 8.2x108
25 17.3 4.5x107
30 16.8 3.9x106
Ethanol
10 19.8 8.9x108
15 19.8 8.8x108
20 19.6 8.6x108
25 18.2 3.9x107
30 16.2 6.4x106
0 19.8 7.8x108

5. Analytical Applications

The electrode proved to be effective for the direct measurement of iron levels in water samples. Before conducting
the potentiometric analysis, the samples were treated with 0.1 N HNO:s to set the pH at 6.0 and to ensure the conversion
of iron into its Fe (I11) state. Triplicate measurements were conducted, and the results were compared with those from
atomic absorption spectrometry (AAS). As presented in Table 5.0, there is a strong correlation between the results
from both methods, validating the electrode’s capability for direct Fe (111) determination in real-world samples.

Table 5: Analysis of iron in water samples using AAS and proposed Fe3* selective electrode.
Sample AAS(ng/mL) CGE C2 (pg/mL)

Tap water 3.9 4.1
Mineral waterl 1.7 1.9
Mineral water 2 0.9 1.1
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The potentiometric performance of the electrode was evaluated in the laboratory, where it was utilized as an indicator
electrode for the volumetric determination of Fe*" ions using EDTA. The end point of the titration was identified to
assess the electrode’s applicability. In this experiment, 25 mL of 1.0 x 10 mol L™ Fe** ion solution was titrated with
a 1.0 x 102 mol L' EDTA solution at pH 5.5. The resulting titration curve, presented in Figure 5.0, exhibited a
sigmoidal shape, indicating that the electrode demonstrates high selectivity for Fe*" ions. The inflection point observed
on the curve correlates with a 1:1 stoichiometric ratio in the Fe**-EDTA complex, thereby confirming that the electrode
is suitable for use as an indicator electrode in potentiometric determinations of Fe** ions.

270

280
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~ 320
:E: 330
340
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Yolume EDTA(mL)
Figure 5: Potentiometric titration curves of CGE-C2 for 25 mL of 1.0x10~° M Fe®* ion solution was titrated against
1.0 x 102 M EDTA solution at pH 5.5

6. Conclusion

A coated graphite electrode was developed using various membrane compositions, and it was found that electrode C2,
based on composition L, which had a membrane ingredient ratio of L:NaTBP: PVC: NPOE as 4:2.5:42.5:51 (%, w/w),
demonstrated the best overall performance. It exhibited a Nernstian response across a broad linear concentration range
from 2.5x1077 to 1.0x107* M, with a detection limit of 7.8x10~® M and an optimal pH range of 3.0 to 7.0. Additionally,
it displayed a rapid response time of 12 seconds and maintained stability in solutions containing up to 20% (v/v) non-
aqueous solvents. The electrode functioned effectively as an indicator electrode in the potentiometric titration of Fe
(111) with EDTA and was successfully utilized for Fe (111) quantification in water samples.
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