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1Burak Aksar, >Gulsah Saydan Kanberoglu and *Fatih Coldur*

!Graduate School of Natural and Applied Sciences, Van Yuzuncu Yil University, 65080, Van, Tirkiye.
2Department of Chemistry, Faculty of Science, Van Yuzuncu Yil University, 65080, Van, TUrkiye.
3Department of Chemistry, Faculty of Arts and Sciences, Erzincan Binali Yildirim University, 24002,
Erzincan, Turkiye.
fcoldur@erzincan.edu.tr*

(Received on 24th February 2025, accepted in revised form 6th August 2025)

Summary: Accurate and dependable measurement of bismuth is vital for ensuring the safety of drugs,
managing industrial processes, and evaluating environmental pollution. In this study, a new
potentiometric sensor that uses Sudan | as the electroactive material within poly(vinyl chloride) (PVC)
membrane structure was designed. The sensor displayed a broad linear concentration range of 1.0x10
3 t0 1.0x10%° M, an ultra-low detection limit of 4.0x10* M, and a response time of 30 seconds. It
retained stable performance across a pH range of 2.0-7.0 and had an operational lifetime of about one
month. When compared to existing literature, the sensor's selectivity and detection limit were
significantly enhanced. It was successfully utilized to determine bismuth species in pharmaceutical
formulations. Potentiometric methods provide clear advantages over other analytical techniques, such
as simplicity, cost-effectiveness, quick response, and high selectivity. This developed sensor is a
valuable tool for bismuth(l11) determination, especially in quality control and pharmaceutical analysis.

Keywords: PVC membrane electrode, Potentiometric determination, Pharmaceutical analysis, Bi(lll)-selective

sensor, lon-selective electrode.

Introduction

Bismuth, a versatile element with a wide range
of applications, has garnered substantial interest in the
research community due to its distinct features and
potential uses. In the pharmaceutical industry, it is found
in bismuth subsalicylate which is used to treat stomach
ailments and as an antibacterial agent [1,2]. As for
electronics, bismuth is used in thermoelectric materials
and superconductors [3]. It is needed in the field of
metallurgy with its application through lead-free solders
[4] and low melting point alloys [5]. In cosmetics,
bismuth oxychloride is used to give a pearlescent effect
[6] while in nuclear and defense industries, it is employed
to replace lead in radiation shielding [7]. Additionally,
bismuth compounds are used as a catalyst [8], in fire
safety systems [9], and in the glass and ceramics industry
[10]. Adverse effects of bismuth compounds on human
organism have been described, including nephropathy,
osteoarthropathy, hepatitis and neurological disorders
[11]. Hence, accurate determination of bismuth levels is
essential for monitoring environmental pollution,
analyzing food and water quality, and ensuring the safety
of medical procedures.

Inthis regard, several detection methods such as
atomic absorption spectroscopy (AAS) [12-17],
inductively coupled plasma-mass spectrometry (ICP-
MS) [18,19], spectrophotometric methods [20-26],
colorimetric methods [27,28], inductively coupled

plasma-atomic emission spectroscopy (ICP-AES)
[29,30] volumetric methods [31], neutron activation
analysis method [32], voltammetric methods [33,34]
have been suggested for the quantification of bismuth in
multiple sample types. The proposed methods have
advantages and disadvantages when compared to each
other. The choice of method is usually based on factors
like the detection limit, sample complexity, simplicity,
analysis cost and the availability of the instrument for
particular analysis. Although modern methods for
bismuth determination provide high sensitivity, they
often involve complicated equipment, extensive sample
preparation, and significant costs. Conversely,
potentiometric ion-selective electrodes (ISEs) offer a
straightforward, affordable, and quick alternative for
determination of bismuth.

A potentiometric method that uses ion-selective
electrodes (ISEs) offers many benefits, making it an
effective and dependable analytical technique. This
method is well-known for its straightforward sample
preparation, which makes it suitable for a variety of
applications. Moreover, ISEs are durable, needing little
maintenance and featuring a simple operational process.
These electrodes are recognized for their quick response
time, enabling fast data collection, which is essential in
numerous real-time monitoring systems [35,36]. The
excellent selectivity of ISEs allows for precise
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measurements even in complicated matrices, and their
broad linear response range guarantees reliable ion
quantification across a wide concentration range.
Additionally, ISEs are cost-efficient, presenting an
affordable option compared to other analytical methods
without sacrificing performance or accuracy. Their
adaptability, along with the ease of integration into
different systems, underscores their considerable
potential in both research and industrial settings. Given
these notable advantages, numerous studies in the
literature have been also conducted by researchers
focusing on Bi(lll)-selective electrodes. More recently,
Sanati et al. [37] fabricated a carbon paste electrode
(CPE) tailored for Bi(lll) ion detection, formulating it
with carbon-based nanomaterials as a modifier, a binder,
graphite powder, and a synthetic imine compound
ionophore. Subsequently, a novel screen-printed ion-
selective electrode for Bi(lll) ion determination in
various authentic samples was designed by Aglan et al
[38], employing cerium zirconium phosphotungstate as
the key sensing material. Lastly, Deligonul et al [39]
introduced a polymer membrane electrode, integrating
Green Fluorescent Protein-doped elastomeric multi-
walled carbon nanotubes as a biocompatible sensing tool,
embedded within a conductive plasticized PVC matrix
for efficient Bi(lll) determination.

Although some of the proposed Bi(lll) selective
sensors exhibit some satisfactory potentiometric
performance properties when looking at the above-
mentioned studies, investigating sensors with better
performance properties is essential to fill the present gaps
in this field and to meet possible future requirements. In
this context, we described a potentiometric sensor for
sensitive and highly selective detection of Bi(Ill) in this
work. A typical azo dye Sudan | was incorporated into
the PVC membrane as electroactive sensing element and
utilized to attain selective and sensitive response to
Bi(lll). The unique host-guest coordination chemistry
between the Sudan I molecule, the active ionophore
Sudan I, and the bismuth(111) ions is responsible for the
developed sensor's potentiometric response. Two
essential electron-rich coordination sites are present in
the Sudan | molecule, which is immobilized in the
lipophilic PVC matrix: the oxygen atom of the hydroxyl
group (-OH) and the nitrogen atom of the azo group (-
N=N-). By functioning as efficient Lewis bases, these
sites enable a reversible and selective complexation with
the corresponding Lewis acid, the bismuth(lIl) cation. A
clear phase boundary potential is established by this
important interaction at the sample-membrane interface,
which results in the production of a stable [Bi(Sudan
1n]®* charge-transfer complex. According to the Nernst
equation, the activity of bismuth(lll) in the sample
solution controls the amplitude of this potential. The
main reason for the electrode's strong selectivity for
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bismuth(l11) ions over other possible interfering cations
is thought to be the distinct stereochemical and electronic
structure of the cavity formed by the Sudan I ionophore.
With advantages of easy fabrication process, low-cost,
wide linear response range, good sensitivity and
selectivity, and ultra-low detection limit, the developed
sensor will be a good choice as an effective and efficient
tool for the determination of Bi(lll).

Experimental
Chemicals and Instruments

Tetrahydrofuran  (THF),  bis(2-ethyl)hexyl
sebacate (DOS), dibutylphthalate (DBP), high-
molecular-weight polyvinyl chloride (PVC) and o-
nitrophenyloctylether (NPOE) were acquired from
Sigma-Aldrich (Germany). The hardener (Desmodur
RFE) and epoxy resin (TP3100) required to construct the
solid contact were procured from Bayer (Germany), and
Denlaks (Turkey) respectively. The pharmaceutical
Bizmopeptol (262 mg bismute subsalicylate) (Aytag
Muhittin Dinger Dingtas, Ankara-TUrkiye) employed in
analytical application was purchased from a local
pharmacy. Furthermore, all of the chemicals used to
prepare the solutions were at reagent-grade and were
acquired from Sigma-Aldrich (Germany). The deionized
water (18.3 MQ) used in the investigation was attained
from Human Corporation Zeener Power |1 (Korea) water
purification system. Potentiometric measurements were
executed using a custom-built, digitally controlled
potentiometric measurement apparatus. A Gamry (USA)
brand saturated Ag/AgCl electrode was preferred as the
reference electrode along the study.

Fabrication of the Electrode

The fabrication of the sensors commenced with
the coating of copper wires using a conductive solid-
contact material. This material was formulated by
blending tetrahydrofuran with epoxy (35% wiw),
hardener (15% w/w), and graphite (50% w/w) to achieve
a homogeneous mixture. The exposed ends of the copper
wires were then repeatedly dipped into this mixture,
ensuring uniform coverage, before being allowed to dry
in a dark environment at room temperature for 24 hours.
Following this step, sensing membranes were assembled
and subsequently mounted onto the solid-contact-coated
surfaces and left to dry under the same conditions for 24
hours. The membrane components were blended in THF
at a proportion of 100 mg/mL. As a final step, the
fabricated sensors underwent a conditioning process by
immersion in a 1.0x102 M Bi(ll) solution for 12 hours.

Potentiometric Measurements

The potentials were measured at ambient
temperature (2242 °C) implementing the electrochemical
cell configuration described below:
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Ag/AgCl Ref E. | Bi(lll) solution | PVC
membrane | solid contact | copper wire

Potentiometric measurements were collected by
immersing the fabricated sensor and reference electrode
into 25 mL of test solutions under continuous agitation.
After each measurement, both the reference electrode and
the working electrode were rinsed well with pure water
and carefully wiped with a soft absorbent tissue to
prevent contamination.

Results and Discussion
Membrane Optimization

Optimizing the PVC membrane composition in
ion-selective electrodes enhances their selectivity,
sensitivity, and stability, leading to more accurate ion
detection. Therefore, a series of membranes, the
compositions of which are given in the Table-1, were
evaluated potentiometrically in order to determine the
optimum membrane formulation by examining the
ionophore ratio, plasticizer type and ionic additive effect.
Some of the potentiometric performance features
belonging to the studied membrane formulations were
epitomized in Table-2. To demonstrate the effectiveness
of Sudan | dye as an electroactive substance, membrane
formulations without Sudan I (Sensors 11 and 12) were
also included in the evaluation. A comparative evaluation
of the potentiometric data presented in Table-2 indicates
that Sensor 1 exhibits the most favorable membrane
formulation in terms of linear range, detection limit, and
Nernstian behavior. Consequently, the subsequent
sections of this study primarily focus on Sensor 1.

Figure of Merit

A fresh PVC membran sensor was fabricated
using the optimized component ratios and was used to
construct the potentiometric response curve. Standard
Bi(l1) solutions were chosen within the concentration
range of 1.0x103-1.0x10%? M. The obtained
potentiometric responses of the electrode to these
standard Bi(lll) solutions and regarding response curve
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were demonstrated in Fig. 1. With a slope of 23.8 mV per
decade, the sensor demonstrated a linear operating range
from 1.0x107 to 1.0x10"° M (Fig 2). Following IUPAC
recommendations [40], the detection limit was calculated
as 4.0x10' 1 M.
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Fig. 1: The recorded real-time potentiometric
responses and the corresponding response
curve (inset) derived from standard Bi(lll)
solutions. (a) 1x10 (b) 1x10** (c) 1x10° (d)
1x10 (e) 1x107 (f) 1x10® (g) 1x10° (h)
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Fig. 2: The calibration plot corresponding to the

linear operating range of the proposed Bi(ll1)-
selective sensor.

Table-1: The membrane compositions (w/w %) investigated in the course of the optimization study.

Sensor PVC Plasticizer lonophore lonic Additive
0-NPOE DBP DOS Sudan | KTpCIPB
Sensor 1 32.0 64.0 - - 3.0 1.0
Sensor 2 32.0 65.0 - 3.0 -
Sensor 3 32.0 - 64.0 3.0 1.0
Sensor 4 32.0 - 65.0 - 3.0 -
Sensor 5 32.0 - 64.0 3.0 1.0
Sensor 6 32.0 - 65.0 3.0 -
Sensor 7 32.0 66.0 - 1.0 1.0
Sensor 8 32.0 67.0 1.0 -
Sensor 9 32.0 62.0 5.0 1.0
Sensor 10 32.0 63.0 5.0 -
Sensor 11 32.0 67.0 - 1.0

Sensor 12 32.0 68.0
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Table-2: Potentiometric characteristics of certain sensor compositions presented in Table-1.

Sensor Slope ( mV/decade) Detection limit (M) Linear range (M) R?
Sensor 1 23.8 4.0x101 1.0x10%0-1,0x10°° 0.9904
Sensor 2 39.0 1.0x10° 1.0x10-1.0x10°° 0.9909
Sensor 3 38.0 1.0x107 1.0x10-1.0x10°° 0.9945
Sensor 4 37.9 1.0x10° 1.0x10-1.0x10°° 0.9905
Sensor 5 39.5 5.0x107 1.0x10%-1.0x10°° 0.9978
Sensor 6 375 5.0x10°® 1.0x10-1.0x10°° 0.9985
Sensor 7 26.5 5.0x10® 1.0x105-1.0x10°° 0.9884
Sensor 8 32.7 1.0x10® 1.0x10%-1.0x10°° 0.9909
Sensor 9 28.4 1.0x10° 5.0x10°-1.0x10" 0.9923
Sensor 10 16.9 5.0x107 1.0x10-1.0x10°° 0.9911
Sensor 11 13.2 1.0x10° 1.0x105-1.0x10°° 0.9842
Sensor 12 8.4 5.0x10° 1.0x10°-1.0x10°° 0.9718
In order to evaluate the sensor's dynamic
response time, when the concentration of Bi(lll) was . 5
varied from 1.0x10° M to 1.0x10* M, the real-time 2500 . o
potentials were recorded continuously. The data . v cat
shown in Fig 3 demonstrates that the sensor achieved 2750 - U
a stable potential, fluctuating by no more than +1.0 S . . | ﬁ:
- _ge - - - 4
mV from the final equilibrium value, within 30 5.2700- " o & |eca
seconds after per tenfold increase in Bi(lll) ion - e L
concentration. 0 e | e
1\ el Mg?*
2600 - g1 < Glucose
28104 ¢ #*— Fructose
Sucrose
2800 (b) -1 -0 -9 -8 -7 -6 -5 -4 -3 -2
/—’_" log[Cx, M]

2790 4 . : i
> Fig. 4: Response profiles generated from potential
= 2780 readings of Bi(Ill) and various interferents’

@) solutions at different concentrations.
27704
— Table-3: Selectivity coefficients of the developed
Bi(lll)-selective sensor for a range of potential
; ; : , , ; , ; interferents.
2000 2020 2040 2060 2080 2100 2120 2140 Interferents Keiiye “logKsiays

Time, s Na* 1.78x10°° 2.75

K* 3.55x10°° 2.45

. . . Ca?* 7.76x10° 8.11

Fig. 3: Dynamic response time of the proposed Li* 5.75x10° 4.24
Bi(l11)-selective sensor measured in (a) 1x10- Ba® 3.23x10° 5.49

5 4 . . NH4 1.77x10 2.75

M and (b) 1x10* M Bi(lll) solutions. caz 3.63x10° 4.44

Ni2* 3.98x10°¢ 5.40

. - Co 3.89x10° 8.41

~The sensor's selectivity was assessed by Pl L 0ox10° 8.97
comparing its potentiometric response in Bi(lll) Mg 9.55x10 8.02
solutions to its response in solutions with various Glucose 155107 581
: . . g . Fructose 1.05x10°¢ 5.98
interfering species at different concentrations. As Sucrose 1.17x10° 2.93

shown in Fig 4, the sensor demonstrates significantly
greater selectivity for Bi(lll) compared to other
species. The selectivity coefficient (Kag) is an
important parameter for evaluating how well a
membrane can identify a primary ion (A) in the
existence of a competing ion (B). A lower Kag value
indicates greater selectivity. In this study, the
selectivity coefficient Kas was determined using
separate solution and mixed solution methods [41] for
charged and neutral species, respectively. The
calculated selectivity coefficients for studied
interfering substances were listed in Table-3.

Establishing the pH working range of an ion-
selective electrode is essential for achieving precise
and consistent potentiometric measurements, since
extreme pH levels can affect the electrode's response
and result in inaccurate outcomes. The impact of pH
on the potential of the sensors was evaluated by
monitoring their emf while gradually altering the
acidity through the precise addition of HCI or NaOH.
The potentiometric responses depending on solution
pH was illustrated in Fig 5. The graph in Fig. 5
confirms a linear response across the pH range of 2.0-
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7.0. The decrease in electrode potential at pH levels
above 7 can be explained by the precipitation of Bi(lll)
1ons, which occurs as the concentration of OH™ ions in
the solution rises. As a result, the -effective
concentration of Bi(lll) in the solution gradually
diminishes.
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Fig. 5: The impact of pH on the measured potential
of a 105 M Bi(ll1) solution.

In order to assess the short-time repeatability
of the Bi(lll)-selective sensor, consecutive
measurements were conducted in aqueous solutions of
Bi(ll1) at concentrations of 1x10%, 1x10°5, and 1x106
M. The potential-time graph representing these
recordings is illustrated in Fig. 6. The average
potential values recorded for 1x10#, 1x105, and 1x10"
& M Bi(lll) concentrations, along with their standard
deviations, were calculated as 2802.0+0.7 mV,
2774.4+0.5 and 2739.6+0.5 mV, respectively.
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Fig. 6: Repeatability of the Bi(lll)-selective sensor

in standard Bi(lll) solutions at concentrations
of (a) 1x10* M, (b) 1x10"° M, and (c) 1x10°6
M.

In order to evaluate the sensor's lifespan, we
closely monitored its slope variation over time. Prior
to each measurement, the sensor was conditioned in a
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1.0x10°2 M Bi(1ll) solution at room temperature for 30
minutes. Daily measurements were conducted in
Bi(111) solutions ranging from 1.0x103 to 1.0x10°° M
to ensure the sensor maintained a linear response. The
calculated slope values were then plotted against time
(Fig. 7). As shown in Fig. 7, the sensor displayed
stable slope values for the first 29 days. However, after
this initial period, a significant decline in slope values
was noted. Therefore, the effective operational
lifespan of the Bi(lll)-selective sensor is estimated to
be around one month.
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Fig. 7: Time-dependent variation in the slope of the
calibration plot over time for the Bi(lll)-
selective electrode.

Pharmaceutical Analysis

Ten Bizmopeptol (262 mg bismuth
subsalicylate) tablets were ground in a mortar and a
portion equal to the mass of a single tablet was
weighed. This weighed mass was then added to a 8 mL
mixture of concentrated HCl:deionized water (1:10
volume ratio). The obtained solution was then diluted
with deionized water to obtain a 80 mL final volume.
2 mL of the resultant solution was again diluted to 20
mL final volume with deionized water for further
analysis. The accuracy of the results obtained by the
potentiometric method was determined by comparing
them with the labeled value. Hence, the bismuth
subsalicylate content of the drug was estimated three
times using the proposed sensor based on the direct
calibration method. While the labeled content is 262.0
mg per tablet, the potentiometric method yielded an
estimated value of 264.2+6.3 mg per tablet (N=3) (Fig.
8). Accordingly, the recovery rate and relative error
(Er%) were calculated as 100.8% and +0.8,
respectively. These findings demonstrate that the
suggested sensor is a reliable tool for accurately
determining the Bi(lll) content in Bi(lll)-based
pharmaceuticals and monitoring their quality control
processes.
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Table-4:; Evaluation of the potentiometric performance of the developed Bi(lll)-selective sensor in comparison

with previously reported Bi(lll)-selective sensors.

Ref (Srlr?\efdecade) Lme.’zl,:/l;ange Detection limit (M) pH range Response time
[35] 19.2 8.0x107°-1.0x107* - 2-4 50s
[36] 56.8 1.0x108-1.0x10% 6.3x10°° 4-11 36s
[37] 20 1x1075-2x107? 1x1075 - 20-25 min
[38] 29.6 2.0x106-1.0x1072 - 2.0-7.0 20s
[39] 18.7 1.0x10%-1.0x10* 8.1x10° 0.5-2.5 20s
[40] 53.0 1.0x10°-1.0x10°3 2.0x10° 3.0-8.0 20-30's
[41] 19.8 5.0x107-1.0x10 8.3x10°8 3.0-6.0 6s
[42] 19.9 1.0x107-1.0x102 1.4x10°® 0.5-1.5 10s
[43] 19.2 4.8x107-1.0x102 1.45x107 1.8-4.6 5s
[44] 18.2 3.3x107-1.0x10! 1.0x107 3.5-8.0 7-10's
[45] 19.1 4.3x10°® 40-45's
Current Study 23.8 1.0x101%-1.0x10°3 4.0x101 2.0-7.0 30s
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Fig. 8: Real-time potentiometric response profiles
recorded for standard Bi(lll) solutions: (a)
1.0x10% M, (b) 1.0x10* M, (c) 1.0x10° M,
(d) 1.0x10°% M, (e) 1.0x107 M, (f) 1.0x10®
M, (g) 1.0x10° M, and (h) 1.0x10-1° M, along
with  pharmaceutical ~ formulation S
(Bizmopeptol, 262 mg bismute
subsalicylate).

Conclusions

In this study, we successfully designed a new
potentiometric sensor that uses Sudan | dye as the
electroactive material within a PVC membrane for the
selective and sensitive detection of bismuth. The
optimization process confirmed that the membrane
formulation consisted of 32.0% (w/w) PVC, 64.0%
(w/w) 0-NPOE, 3.0% (w/w) Sudan | and 1.0% (w/w)
KTpCIPB  delivered  superior  potentiometric
performance features. The sensor displayed a broad
linear response range, a low detection limit, and a
quick response time. It also exhibited excellent
selectivity and stability across a wide pH range,
maintaining reliable performance for about a month.
The new sensor clearly outperforms a number of well-
established techniques for determining bismuth. It
provides portability and operational simplicity in
contrast to expensive and intricate spectrometric

methods. Crucially, it has an ultra-low limit of
detection (4.0x107'" M) and a substantially larger
linear range, outperforming the majority of bismuth
potentiometric sensors that have been previously
described (Table-4). Its moderate 30-second response
time, which is a trade-off for its remarkable sensitivity,
could be a drawback even though its pH stability and
operating lifetime are on par with other electrodes. The
effective application of the sensor for bismuth
detection in a pharmaceutical sample further
emphasizes its practicality and efficiency. With its
cost-effectiveness, user-friendliness, high specificity,
broad linear range and lower detection limit, this
sensor presents a valuable alternative to traditional
methods for monitoring bismuth in a wide range of
applications.
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