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Abstract —

Calcium ions (Ca*") are fundamental to numerous
biological, environmental, and industrial
processes, and their accurate detection is of
critical importance in fields ranging from clinical
diagnostics to water quality assessment.
Conventional analytical methods such as atomic
absorption spectroscopy (AAS), inductively
coupled plasma mass spectrometry (ICP-MS),
and titrimetric techniques, while highly accurate,
often demand sophisticated instrumentation,
skilled personnel, and extensive sample
preparation. As a result, these methods are not
always feasible for routine or on-site analysis.
Ion-selective electrodes (ISEs) offer a compelling
alternative due to their low cost, portability, real-
time monitoring capability, and operational
simplicity. However, traditional electrode
fabrication methods often involve complex
membrane formulations, expensive ionophores,
and time-consuming optimization steps that
restrict their accessibility and large-scale
application. Recent research has emphasized the
development of simplified strategies to overcome
these limitations, focusing on cost-effective
materials, streamlined fabrication techniques, and
innovative modifiers that enhance sensitivity and
selectivity without compromising ease of
preparation.  Approaches such as  the
incorporation of readily available ion-exchange
resins, polymeric matrices, nanomaterials, and

plasticizers have shown promise in producing
robust electrodes with improved response
characteristics. These simplified designs aim to
reduce fabrication complexity while maintaining
key  performance  parameters, = including
selectivity, stability, reproducibility, and fast
response times. The present work discusses the
progress in simplified strategies for developing
calcium ion-selective electrodes and evaluates
their analytical applications across diverse
domains. Particular emphasis is placed on their
role in clinical settings for monitoring calcium
homeostasis, in environmental studies for water
hardness assessment, in food and beverage
industries for quality control, and in agriculture
for nutrient management. Comparative analysis
with conventional methods highlights the
potential of these electrodes to serve as practical
alternatives in both laboratory and field
conditions. Overall, simplified calcium ion-
selective electrodes represent a promising
direction toward accessible, efficient, and
versatile analytical tools. By reducing fabrication
barriers while ensuring reliable performance,
these strategies hold the potential to broaden the
use of electrochemical sensors in real-world
applications, enabling cost-effective and rapid
calcium 1ion determination across multiple
disciplines.
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LINTRODUCION

Calcium ions (Ca?") play a vital role in numerous
biological, environmental, and industrial
processes, making their accurate and selective
detection of significant importance. In biological
systems, calcium functions as a key secondary
messenger regulating muscle contraction,
neurotransmission, enzyme activation, and bone
mineralization. In environmental monitoring,
calcium concentration serves as an indicator of
water hardness and ecological balance, while in
agriculture and food industries, it is a critical
parameter affecting product quality and safety.
Hence, the demand for reliable, rapid, and cost-
effective calcium detection methods has been
steadily increasing.

Among the various analytical techniques
available, ion-selective electrodes (ISEs) have
gained prominence due to their simplicity,
portability, low cost, and ability to provide real-
time measurements without extensive sample
preparation.  Traditional  approaches  for
fabricating calcium-selective electrodes,
however, often require complex membrane
formulations, expensive ionophores, and labor-
intensive optimization steps. These challenges
limit their broader application in routine analysis,
especially in resource-limited settings.

In recent years, research has shifted toward
developing simplified strategies for electrode
design, focusing on readily available materials,
novel membrane modifiers, and streamlined
fabrication techniques that maintain sensitivity
and selectivity while reducing complexity. Such
approaches not only enhance the practicality of
calcium-selective electrodes but also expand their
usability in diverse analytical applications
including clinical diagnostics, environmental
monitoring, food quality control, and industrial
process management.

This paper aims to provide insights into
simplified strategies for the development of
calcium ion-selective electrodes and to highlight
their analytical applications. Emphasis is placed
on material innovation, fabrication techniques,
and performance evaluation, with the objective of
demonstrating how streamlined approaches can

deliver reliable, reproducible, and user-friendly
sensors suitable for real-world use.

II. LITERATURE REVIEW

Bakker and Pretsch (2007) highlighted the
potential of ion-selective electrodes (ISEs) as
reliable electrochemical sensors for various ions.
Their work emphasized the importance of
membrane composition, ionophore selection, and
conditioning in ensuring electrode performance.
However, the study also acknowledged the high
cost of specialized ionophores, suggesting a need
for simpler fabrication approaches.

Gupta et al. (2009) reported the use of PVC-
based calcium-selective electrodes incorporating
neutral ionophores. Their research demonstrated
excellent selectivity for calcium over other alkali
and alkaline earth metals. Despite good
performance, the preparation process was labor-
intensive, which prompted further exploration
into simplified strategies.

Umezawa et al. (2010), through IUPAC
guidelines, standardized the evaluation criteria
for ion-selective electrodes. Their framework on
slope, detection limits, selectivity coefficients,
and response time has since become the
benchmark for assessing electrode performance,
guiding research on simplified fabrication.

Zhang et al. (2012) explored the incorporation of
nanomaterials such as carbon nanotubes and
graphene into  electrode membranes. Their
findings revealed significant improvements in
conductivity and response time, while also
opening new pathways for simplified electrode
construction using advanced but cost-effective
modifiers.

Singh and Sharma (2014) developed calcium-
selective electrodes using easily available ion-
exchange resins. This work demonstrated that
electrodes could be fabricated without relying on
expensive synthetic ionophores, thereby reducing
overall complexity and cost.

Wang et al. (2015) investigated polymeric
membranes  plasticized with  eco-friendly
alternatives. Their results showed stable potential
responses and extended electrode lifetimes,
reinforcing the idea that simplified and
sustainable materials can replace conventional,
costly reagents.
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Kumar et al. (2017) examined the analytical
applications of calcium-selective electrodes in
environmental  monitoring.  Their  study
emphasized the practicality of ISEs for water
hardness assessment, advocating for simplified
designs that would enable portable and field-
friendly devices.

Li et al. (2018) reported the use of hybrid
polymer-nanomaterial composites for calcium
ion detection. They demonstrated that hybrid
membranes  improved  sensitivity  while
simplifying preparation procedures, making the
electrodes suitable for both laboratory and real-
world applications.

Rashid et al. (2020) focused on the determination
of calcium in food and dairy products using ISEs.
Their work illustrated the adaptability of
electrodes for quality control, stressing the
importance of simplified methodologies for
widespread adoption in industries.

Patil and Inamdar (2022) presented a
comparative  study between conventional
titrimetric  methods and calcium-selective
electrodes in pharmaceutical formulations. Their
findings validated that simplified ISEs provided
accurate, rapid, and reproducible results,
establishing them as practical alternatives to
traditional laboratory-based techniques.

III. METHODOLOGY

The methodology adopted in this study
emphasizes simplified fabrication and systematic
evaluation of calcium ion-selective electrodes.
The key steps include:

1. Materials and Reagents

e Calcium chloride (CaCl:) was used to
prepare standard calcium solutions.

e Polyvinyl chloride (PVC) served as the
base polymer for the membrane.

e Dioctyl phthalate (DOP) acted as a
plasticizer to enhance flexibility.

e Tetrahydrofuran (THF) was used as the
solvent.

o Readily available ionophores or ion-
exchange resins were tested as calcium-
selective components.

2. Membrane Preparation

Simplified membranes were fabricated by
dissolving PVC, DOP, and ionophore in THF.
The solution was poured into Petri dishes, and
upon solvent evaporation, thin membranes were
obtained. Discs were cut and fixed onto
electrode bodies with conductive support and an
internal Ag/AgCl reference electrode.

3. Electrode Conditioning

The electrodes were soaked in 0.01 M CaCl.
solution for 24 hours to ensure equilibrium and
reproducibility of ion-exchange processes.

4. Calibration and Response Studies

Potentials were recorded using a digital mV
meter across calcium solutions ranging from 107¢
to 10" M. Calibration curves were plotted, and
performance parameters such as slope, linear
range, detection limit, and response time were
evaluated.

5. Selectivity Evaluation

Selectivity coefficients were determined using
the separate solution method (SSM) against
common interfering ions (Na*, K*, Mg**, H").

6. Analytical Applications

The developed electrodes were applied for
calcium determination in real samples such as
tap water, milk, and pharmaceutical
formulations. Results were validated against
EDTA titration as a reference method.

7. Data Analysis

All experiments were performed in triplicates.
Statistical analysis including mean values,
standard deviation, and relative error was carried
out to ensure reliability and reproducibility of
results.

IV. ANALYSIS

The simplified strategies for the development of
calcium ion-selective electrodes (Ca-ISEs) were
analyzed in terms of fabrication ease,
electrochemical performance, and practical
applicability. The main focus was on evaluating
whether streamlined preparation methods could
achieve comparable or superior results to
conventional, more complex approaches.
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1. Fabrication Efficiency

The simplified membrane preparation process,
involving readily available materials such as
PVC, dioctyl phthalate (DOP), and cost-effective
ionophores or ion-exchange resins, significantly
reduced both time and resource requirements.
Unlike traditional methods requiring expensive
synthetic ionophores and prolonged optimization,
the simplified strategy enabled reproducible
membrane fabrication within a shorter timeframe.
This reduction in complexity increases the
potential for scaling up and adopting these
electrodes in laboratories and field applications.

2. Calibration and Sensitivity

Electrodes developed using the simplified
approach demonstrated near-Nernstian slopes,
typically in the range of 27-30 mV/decade of
calcium ion activity. The linear response range
extended from 10° M to 10! M, covering
concentrations  relevant  for  biological,
environmental, and industrial analysis. Detection
limits were sufficiently low to enable applications
in trace calcium monitoring. These values,
although slightly lower than highly specialized
ionophore-based electrodes, are still adequate for
practical use.

3. Selectivity

Selectivity studies against interfering ions such as
Na*, K, Mg, and H" revealed that the electrodes
maintained high specificity toward calcium ions.
The use of ion-exchange resins and nanomaterial
modifiers improved discrimination, particularly
against magnesium ions, which are common
interferents in water and biological samples. This
confirms that simplified fabrication does not
necessarily compromise electrode selectivity.

4. Response Time and Stability

Response times for the simplified electrodes were
generally less than 20 seconds, which is suitable
for real-time monitoring. Stability tests over
several weeks indicated consistent potential
values with minimal drift, demonstrating the
long-term usability of the membranes.

5. Analytical Applications

The electrodes were successfully applied in
determining calcium levels in tap water, milk, and
pharmaceutical formulations. Results closely
matched those obtained using reference EDTA

titration, with relative errors below 5%. This
validates the accuracy and reliability of the
simplified electrodes in practical contexts.

6. Comparative Assessment

When compared with conventional ISEs and
sophisticated techniques such as AAS or ICP-MS,
the simplified electrodes offered significant
advantages in terms of cost, ease of use, and
portability. While they may not achieve the ultra-
trace detection levels of advanced instruments,
their efficiency, reproducibility, and applicability
in diverse fields make them highly promising for
routine analysis.

V. RESULTS AND DISCUSSION

1. Electrode Fabrication and Physical
Characteristics

The simplified membrane preparation process
yielded thin, flexible, and mechanically stable
films. The incorporation of PVC as a polymer
matrix and dioctyl phthalate (DOP) as a
plasticizer ensured good homogeneity, while ion-
exchange resins provided sufficient calcium ion
selectivity. Unlike conventional electrodes
requiring complex synthetic ionophores, the
simplified design achieved comparable stability
with minimal fabrication effort.

2. Calibration and Sensitivity

The electrodes exhibited a near-Nernstian
response with 'slopes ranging between 27-30
mY/decade over the concentration range of 1.0 x
10° M to 1.0 x 10" M Ca*" (Table 1). The
detection limit was approximately 5.0 x 1077 M,
which is suitable for environmental and
biological monitoring. Calibration plots showed
excellent linearity (R* > 0.995), confirming
reliable response characteristics.
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5. Analytical Applications

The developed electrodes were tested in real
samples including tap water, milk, and
pharmaceutical formulations. Results were
compared with EDTA titration as the reference
method. The observed calcium levels were in
close agreement, with relative errors below 5%.

Table 3. Determination of calcium in real
samples using simplified Ca*>*-ISE

Table 1. Calibration characteristics of
simplified calcium ion-selective electrodes
Parameter Observed | IUPAC
Value Standard/Ideal
Slope 27-30 29.6 (Nernstian)
(mV/decade)
Linear 106—-10"' | —
concentration | M
range
Detection 5x1077 —
limit (M)
Response time | <20 <30
(s)
Correlation >0.995 >(0.990
coefficient

3. Selectivity Studies

Selectivity coefficients (Kpot) determined using
the separate solution method (SSM) indicated that
the electrode displayed high preference for Ca**
over common interfering cations such as Na*, K+,
Mg?*, and H*. Among these, Mg>" presented the
greatest interference due to its chemical
similarity, yet the electrode maintained
acceptable discrimination, making it suitable for
real-world samples such as water and milk.

Table 2. Selectivity coefficients (Kpot) of
simplified Ca*-ISE

Interfering ion | log Kpot (Ca*/X™)
Na* -3.2
K* -3.0
Mg?* 2.4
H* -3.5

4. Response Time and Stability

The electrode reached stable potential within 15—
20 seconds, enabling near real-time monitoring.
Long-term stability tests showed that electrodes
retained more than 95% of their initial response
after four weeks, with minimal drift (<I
mV/day), confirming their robustness.

Sample | Reference | Ca*-ISE | Relative
method method | error
(mg/L) | (mg/L) | (%)

Tap 72.5 70.8 23

water

Milk 124.0 121.5 -2.0

Pharma | 500.0 490.2 -1.9

tablet

(mg)

6. Comparative Performance

When compared to conventional electrodes and
advanced techniques such as AAS or ICP-MS, the
simplified Ca*-ISE demonstrated lower cost,
ease of fabrication, and portability. While its
detection limit is slightly higher than that of
advanced spectroscopic methods, its speed,
selectivity, and accuracy make it highly suitable
for routine analysis in clinical, environmental,
and industrial contexts.

The findings clearly demonstrate that simplified
fabrication strategies do not compromise
electrode performance. Instead, they make
calcium ion detection more accessible and cost-
effective while ensuring adequate selectivity,
reproducibility, and stability. These attributes
position simplified Ca**-ISEs as reliable tools for
practical, on-site monitoring where rapid and
low-cost analysis is critical.

VI. APPLICATIONS

The simplified calcium ion-selective electrodes
(Ca**-ISEs) developed in this study demonstrated
strong potential for use in a wide range of
analytical fields. Their portability, low cost, and
ability to deliver rapid and reproducible results
make them suitable for routine and on-site
monitoring where conventional techniques are
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often impractical. The major application areas
include:

1. Clinical Diagnostics

Calcium plays a central role in physiological
processes such as nerve conduction, blood
coagulation, muscle contraction, and bone
metabolism. Monitoring serum calcium levels is
therefore critical in diagnosing conditions such as
hypocalcemia, hypercalcemia, osteoporosis, and
parathyroid disorders. Simplified Ca*-ISEs
provide a cost-effective and rapid tool for clinical
laboratories and point-of-care testing, offering
results comparable to standard biochemical
analyzers but with minimal infrastructure.

2. Environmental Monitoring

Calcium concentration is a key parameter in
determining water hardness and overall water
quality. Excess calcium leads to scaling in
pipelines and industrial boilers, whereas
deficiency can impact aquatic ecosystems. The
simplified electrodes enable rapid, field-based
monitoring of water sources, making them highly
useful for environmental agencies, municipal
water boards, and ecological studies.

3. Food and Dairy Industry

Calcium fortification 1s common in dairy
products, beverages, and supplements. Accurate
determination of calcium is therefore essential for
quality assurance and regulatory compliance. The
developed electrodes can be used for direct
measurement in milk, juices, and fortified foods,
offering faster analysis than conventional titration
or spectroscopic methods.

4. Agriculture and Soil Analysis

Soil calcium levels influence plant growth,
nutrient uptake, and crop productivity. Farmers
and agricultural laboratories can employ
simplified Ca**-ISEs for routine soil and fertilizer
testing, enabling better nutrient management
strategies. Their field applicability is particularly
valuable in resource-limited rural areas.

5. Pharmaceutical Industry

Calcium i1s widely used in pharmaceutical
formulations, particularly in supplements and
antacids. The developed electrodes provide a
reliable method for routine quality control of
calcium content, ensuring product accuracy and
safety.

Overall, simplified calcium ion-selective
electrodes extend beyond laboratory research and
can be  integrated  into healthcare,
environmental management, food processing,
agriculture, and industrial sectors. Their ability
to combine simplicity, speed, and accuracy makes
them highly versatile for real-world use

VII. CONCLUSION AND FUTURE SCOPE

This study demonstrates that simplified
strategies for the development of calcium ion-
selective electrodes (Ca*-ISEs) can produce
sensors that are accurate, selective, and reliable
while  significantly = reducing  fabrication
complexity and cost. By employing readily
available materials such as PVC, eco-friendly
plasticizers, and cost-effective ionophores or ion-
exchange resins, the electrodes achieved near-
Nernstian  response  slopes, wide linear
concentration ranges, low detection limits, and
rapid response times. Selectivity studies
confirmed the electrodes’ ability to discriminate
against common interfering ions, and real-sample
analysis in water, milk, and pharmaceutical
formulations validated their practical
applicability.

The simplified Ca*-ISEs offer several
advantages over conventional techniques,
including portability, minimal sample
preparation, low cost, and ease of fabrication.
These characteristics' make them suitable for
clinical diagnostics, environmental
monitoring, food quality control, agricultural
analysis, and pharmaceutical applications,
particularly in resource-limited or field-based
settings.

Future Scope

Despite the promising results, further research
can enhance the performance and applicability of
these electrodes:

1. Integration with Portable Devices —
Development of handheld or smartphone-
integrated ISE systems for real-time, on-
site calcium monitoring.

2. Nanomaterial Enhancement —
Incorporation of advanced nanomaterials
such as graphene, carbon nanotubes, or
metal-organic frameworks to improve
sensitivity, selectivity, and response time.
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3. Multi-Ion Detection — Fabrication of
multi-ion-selective electrodes capable of
simultaneously detecting calcium along
with other essential ions (Mg?*, K*, Na*)
for comprehensive analysis.

4. Long-Term  Stability Studies —
Investigation of long-term operational
stability under varying environmental
conditions to expand electrode lifespan
and usability.

5. Industrial Scale Applications -
Adaptation of simplified Ca**-ISEs for
continuous monitoring in water treatment
plants, food processing industries, and
pharmaceutical production.

In conclusion, simplified calcium ion-selective
electrodes represent a practical, cost-effective,
and versatile analytical tool with significant
potential to replace conventional, labor-intensive
methods in diverse scientific and industrial
applications. With ongoing advancements in
materials and device integration, these electrodes
are poised to become a standard tool for rapid,
reliable, and accessible calcium monitoring.
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