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-plasticized polymer inclusion
membrane for highly selective colorimetric sensor
detection of zirconium in environmental samples

Salah M. El-Bahy,a Alaa S. Amin, *b Refat El-Sayed,bc Khaled F. Debbabi,cd

Nader Hassane and Mai Aishe

A pioneering colorimetric optical sensing system utilizing polymer inclusion membranes (PIM) devoid of

plasticizers has been innovated for the discerning identification of zirconium(IV) within environmental

specimens, characterized by its simplicity, speed, selectivity, and sensitivity. The assembly of this optical

sensor relies on a physical immobilization technique, specifically the encapsulation method, which leads

to the creation of the sensor membrane. The key components of the PIM sensor include 5-(2-

benzothiazolylazo)-8-hydroxyquinolene (BTAHQ) as the reagent, polyvinyl chloride (PVC) serving as the

base polymer, and Aliquat 336 functioning as an extractant. Empirical studies reveal that the

responsiveness of the optical sensor is significantly affected by diverse parameters including the

presence of PVC as the base polymer, thickness of the film, concentrations of BTAHQ and Aliquat 336,

temperature, stirring conditions, and the pH level of the aqueous solution. Optimization endeavors have

resulted in characterizing the sensor, establishing a linear dynamic range from 4.0 to 110 ng mL−1 for

Zr(IV), showcasing quantification and detection limits of 3.95 and 1.20 ng mL−1, respectively. The sensor

demonstrates a swift response time of absorbance for the PIM-based sensor which is observed at lmax

622 nm. Furthermore, the advanced PIM formulation exhibits stability, and retains its sensitivity,

selectivity, and reusability. The method has been successfully applied to determine zirconium in real

environmental samples, encompassing soil, water, plant materials, and ore samples.
Introduction

In the Earth's crust, the distribution of zirconium is 162 ppm.1

In 1992, zirconium(IV) minerals production was 808 000 tons in
the world. It offers numerous advantageous features, notably its
capacity to enhance corrosion resistance, a property highly
prized in light of its expanding utilization across various
industrial sectors. Zirconium serves as a crucial alloying agent
in steels utilized in various applications exposed to corrosive
agents. These applications include photoash bulbs, surgical
appliances, lamp laments, and explosive primers.2 At reduced
temperatures, zirconium demonstrates superconductivity.
Consequently, it nds application in producing superconduc-
tive magnets, offering potential for widespread electricity
sity College, Taif University, Taif, Saudi

Benha University, Benha, Egypt. E-mail:

e in Al-Jamoum, Umm Al-Qura University,

e of Applied Sciences & Technology of

Port Said University, Port Said, Egypt

75
generation through direct means.3 Zirconium alloys have found
widespread application as sheathing for nuclear fuel and as
core components in water-cooled nuclear reactors. This incli-
nation arises from their low thermal neutron capture cross-
section, outstanding corrosion resistance in high-temperature
water, and dependable mechanical strength.4

The impact of zirconium on biological systems remains
a puzzle. While some research proposes a biological impact of
zirconium, contrasting studies fail to support this assertion.
The low toxicity and high biological inertness of zirconium and
its compounds account for their application in the production
of medical instruments and implants.5–8

Zirconium is broadly used in prostheses, implants and
orthodontic applications such as zirconia (ZrO2). However,
according to the previous study, metallic implants degradations
result from electrochemical dissolution, frictional wear, or
a synergistic combination of the two,9 which will lead to Zr
particles or ions release. The released Zr can migrate systemi-
cally,10 which may lead to cytotoxicity,11 and bring effects on
DNA damage.12 Although a number of researches have evalu-
ated and proven the availability of Zr implants, the researchers
also stressed the urgent need for well-conducted, long-term,
randomized controlled trials to establish an evidence-based
use of Zr as the reserved promising implant alternative.13,14
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Additionally, sodium zirconium cyclosilicate is useful in
treating high levels of potassium in the blood (hyperkalemia).15

Moreover, chemicals containing zirconium are used in many
industrial activities, including refractories that are resistant to
heat, ceramics, nuclear reactors, electronic gadgets, and
foundry sands.16 However, chronic exposure to the soluble
compounds of zirconium such as zirconium tetrachloride may
cause skin and lung granulomas.17,18 Industrial wastewater can
increase the amount of zirconium in the environment.
Contaminated soil and water can expose humans to this metal.

Various techniques have been proposed for evaluating
zirconium ions, including inductively coupled plasma atomic
emission spectrometry (ICP-AES),19,20 inductively coupled
plasma mass spectrometry,21 X-ray uorescence spectros-
copy,22,23 inductively coupled plasma-optical emission spec-
trometry,24 ultraviolet-visible spectrophotometric methods,25–30

and laser sampling inductively coupled plasma-optical emis-
sion spectrometry.31 Additional approaches comprise polar-
ography,32 X-ray uorescence,33 ion-selective electrode,34

neutron activation,35 high-performance liquid chromatog-
raphy,36 voltammetry,37 chronoamperometry,38 liquid chroma-
tography,39 and chelating ion exchange followed by
spectrophotometric detection.40 However, some of these
methods require expensive equipment and complex sample
preparation steps, which are not suitable for online or eld
monitoring. Moreover, many of these techniques are costly and
demand specialized expertise. Consequently, proposing optical
sensors presents an attractive alternative for assessing both
inorganic and organic species due to their inherent advantages
of simplicity, reliability, speed, cost-effectiveness, and non-
destructive nature.

In recent times, there has been a surge in the need for the
creation of chemical sensors capable of facilitating easy, simple,
rapid, and cost-effective analysis of environmental samples in
real-time. In this context, chemical sensors leveraging optical
absorption measurements stand out as one of the advancing
techniques in the eld of analytical chemistry. They have been
recognized for their advantageous features, including low-cost
manufacturing and the potential for miniaturization, making
them highly appealing in the eld of analytical chemistry.

Optochemical sensors oen rely on immobilizing the
reagent through either chemical (covalent bond) or physical
(sol–gel, encapsulation, adsorption, etc.) techniques, incorpo-
rating this sensor design. Immobilization can be accomplished
Scheme 1 Representative chemical structures of Aliquat 336 and BTAH

© 2025 The Author(s). Published by the Royal Society of Chemistry
either directly on a suitable material acting as an interface
between the sample and the ber optic system, termed as
extrinsic sensors, or on the surface of optical bers, known as
intrinsic sensors.41–43

The sensing phase involves immobilizing the reagent within
either inorganic or organic materials. The reaction of the analyte
alters the absorbance performance of the sensitive layer. In
colorimetric determination, metal chromic indicators and organic
reagents play a crucial role in designing established sensors.44

Immobilizing dyes into or onto a solid support is the underlying
principle in optical sensing for their application.45 The ideal
immobilization procedures typically involve assembling stable
molecules that remain accessible to the dissolving reagent. Two
commonly employed methods are physical entrapment46 and
covalent attachment to a functionalized support.47 Entrapment is
technically simpler, but it oen results in a longer response time.

For precise analytical applications, membrane-based pre-
concentration techniques can be customized. To convert
a selective membrane of the analyte into an optical chemical
sensor (optode), the reagent needs immobilization in a manner
responsive to the analyte concentration.48 The optical sensor
membrane is fabricated by embedding the reagent (ionophores,
chromoionophores) within a solid matrix, with or without
extractant, utilizing highly specialized methodologies.49–51

These optodes depend on accumulating the analyte on a solid
substrate as a chromogenic species, then assessing the absor-
bance of the solid phase without extracting the chromogenic
species. Incorporating extractant improves both the sensitivity
and selectivity of optodes compared to solution colorimetry
utilizing analogous chromophores.

The main aim of this research was to formulate a specic
optical sensor setup for zirconium detection by incorporating 5-
(2-benzothiazolylazo)-8-hydroxyquinolene (BTAHQ) within
polyvinyl chloride (PVC) as the primary polymer, supplemented
with Aliquat 336 as an extractant. The objective was to evaluate
their efficiency in spectrophotometric detection of zirconium
ions. Scheme 1 represented the chemical structures of Aliquat
336 and BTAHQ as:
Experimental
Instrumentation

A 10 mL microsyringe from Hamilton was employed for
dispensing minute reagent volumes into the cell. Spectral
Q.
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absorption measurements were carried out using a UV-vis
spectrophotometer model V 530 by JASCO (Tokyo, Japan).
Absorbance readings were acquired by inserting the optical
membrane sensor samples (3.0 cm × 1.0 cm) into a quartz
cuvette. The obtained absorbance of the optical sensor samples
was compared with air and blank sensor samples. To ascertain
the solution's pH, a pH meter, specically the Orion research
model 601 A/digital ion analyzer, was utilized. Acceleration of
the phase separation process was facilitated by a water bath
with precise temperature control and a centrifuge tted with
10 mL calibrated centrifuge tubes (Superior, Germany). The
polymer inclusion membrane (PIM) was prepared as outlined
previously,52 and its characteristics were examined. The thick-
ness of the PIM was evaluated using a digital microscope (Ray
Vision Y 103) equipped with a video camera (JVC TK-C 751 EG)
and a digital micrometer (Mitutoy, Japan) with an accuracy of
±0.001 mm. Zirconium measurement was conducted using
a PerkinElmer (Waltham, MA) model 8300 optima ICP-AES. The
operational parameters were adjusted based on the manufac-
turer's guidelines.
Reagents

All solutions were created using high-purity substances and
double-distilled water. Sodium chloride (NaCl), sodium uoride
(NaF), hydrochloric acid (HCl), sodium hydroxide (NaOH), and
sulfuric acid (H2SO4) solutions (procured from Merck) were
prepared by diluting their concentrated solutions accordingly.
Triisooctylamine, dinonylnaphtenic sulfonic acid (DNNS), tri-
caprylylmethyl ammonium chloride (Aliquat-336), 2-nitro-
phenyloctyl ether (NPOE), dioctyl phthalate (DOP), tris(2-
ethylhexyl) phosphate (TEHP), tributyl phosphate (TBP),
sodium tetraphenyl borate (NaTPB), and poly(vinyl chloride)
[MW 200,000] (PVC) were sourced from Sigma-Aldrich (Stein-
heim, Switzerland). Tetrahydrofuran (THF), acetic acid (CH3-
COOH), nitric acid (HNO3), ethanol (EtOH), and
dichloromethane (DCM) were acquired from BDH. Additionally,
other chemicals utilized were high-purity products.

Standard zirconium solutions (100 mg mL−1 and synthetic
samples) were created by dissolving ZrO(NO3)2$2H2O sourced
from Loba Chemie Pvt Ltd, Mumbai, India, in distilled water
and standardized following established protocols.53 Working
solutions were derived by a suitable dilution of the stock solu-
tion with double-distilled water. Acetate, borate, phosphate,
thiel, and universal buffer solutions spanning various pH values
of 2.0–12 were prepared according to previously described
methods.54 Stock solutions of interfering ions at 20 000 mg mL−1

were prepared by dissolving appropriate amounts of suitable
salts in double-distilled water. 5-(2-Benzothiazolylazo)-8-
hydroxy-quinolene (BTAHQ) was synthesized following the
procedure described earlier.55,56 The purity was checked by
elemental analysis (C, H, N), and spectral studies (IR, and 1H-
NMR spectra). In the FTIR spectral band appeared of nstretch at
3290 cm−1 was corresponded to o-OH group and that of nstretch
1403 cm−1 was corresponded to the –N]N– group. A stock
solution of 5.0 × 10−4 M BTAHQ was prepared by dissolving an
appropriate amount of pure reagent in a minimal volume of
5464 | RSC Adv., 2025, 15, 5462–5475
ethanol (15 mL) and then diluted to the desired volume in
a 100 mL calibrated ask with ethanol.
Membrane preparation

A unique mixture containing 200 milligrams of Aliquat 336 was
concocted in 5.0 milliliters of tetrahydrofuran (THF). A PVC
solution was created by dissolving 600 mg of PVC in 10 mL of
THF. Following this, both solutions were combined and vigor-
ously stirred to achieve a uniform casting solution for a period
of 2.0 hours. The casting solution was then spread onto a at-
bottom Petri dish with a diameter of 9 centimeters, which was
subsequently placed on a leveled surface to ensure consistent
formation of the polymer inclusion membrane (PIM).

For the purpose of gradual removal of THF from the casting
solution, the cover of the Petri dish was shielded with lter
paper. Aer a 48 hours interval to allow for THF evaporation, the
clear PIM was cautiously detached from the Petri dish. The PIM
was subjected to four washes with double-distilled water.
Subsequently, the PIM was submerged and agitated in 25
milliliters of BTAHQ (5 × 10−4 M) for 2.0 hours to achieve
uniform coloration. Following this, the PIM underwent an
additional pair of rinses with double-distilled water to eliminate
any unbound reagents and soluble components, and was then
dried using tissue paper folds.

The desiccated PIM was preserved in a sealed airtight plastic
bag until further required. Subsequently, the PIM was trimmed
to dimensions of 3 centimeters × 1 centimeter, as stipulated for
the experiment. Furthermore, the thickness of the PIM was
assessed using a digital microscope (Ray Vision Y 103) paired
with a video camera (JVC TK-C 751EG). The optical sensor was
fabricated by dissolving 600 milligrams of PVC and 200 milli-
grams of Aliquat 336 in 10 milliliters of THF, employing the
identical procedure as that for the control optical sensor
comprising PVC and Aliquat 336. The casting solution was then
spread onto a at-bottom Petri dish with a diameter of 9
centimeters and allowed to evaporate for 48 hours, followed by
stirring for 2.0 hours.
Absorbance measurement

To evaluate the sensitivity of the Zr(IV)-BTAHQ-Aliquat 336
complex, the absorbance of aqueous Zr(IV) samples was
assessed. The sensitivity of the complex relies on the Zr(IV)
concentration. Thus, samples containing known quantities of
Zr(IV) (volume 25 mL) were created using ZrO(NO3)2$2H2O. The
pH of these sample solutions was regulated to pH 5.25 utilizing
the thiel buffering system. At rst, a PIM sized at 3 cm × 1 cm
was immersed in the Zr(IV) solution spanning concentrations
from 0.10–2.75 mg mL−1. Following this, the PIM underwent an
additional rinse aer being agitated with double-distilled water
for 3.0 minutes and was dried using tissue paper folds. The
dried PIM was then introduced into the quartz cuvette, and its
absorption spectrum was documented. This process was iter-
ated for the remaining Zr(IV) samples. A freshly prepared PIM
was employed for each measurement. The absorbance of these
samples was registered at 622 nm.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Stoichiometric analysis of the Zr(IV)–BTAHQ complex

The stoichiometry of the resultant complex formed between
Zr(IV) and BTAHQ was determined through a comprehensive
approach encompassing the molar ratio and the continuous-
variation methods (commonly known as Job's method). These
methodologies were conducted under the specic conditions of
a pH value of 5.25, with both Zr(IV) and BTAHQ concentrations
set at 5.0 × 10−3 M. The analysis was executed at the absorption
maximum wavelength of 622 nm.
Interferences

To investigate the interferences, the metal cations that were
examined consisted of their nitrate and chloride salts. The
glassware utilized for manipulating solutions underwent
a cleaning process involving the use of a detergent solution,
followed by immersion in an aqueous solution of nitric acid
(10% v/v), and aerwards rinsed extensively with deionized
water on many occasions.
Accuracy and precision assessment

To evaluate the accuracy and precision of the proposed method,
six solutions containing varying levels of Zr(IV) ions were
analyzed. Repeatability (intra-assay precision) and intermediate
precision (inter-assay precision) were determined over six non-
consecutive days. These metrics were assessed based on the
relative standard deviation (RSD) percentage calculated within
the same day and using six replicate measurements obtained
through the assay procedure.
Zirconium detection in water

A 5.0 mL water sample underwent treatment with 0.5 mL of
a 1.0 M NaOH solution and 0.5 mL of a 0.2 M EDTA solution, if
necessary, to eliminate the expected interferences from other
metal ions. Aer thorough mixing, the solution was centrifuged
to eliminate any resulting precipitate. Post-centrifugation, each
sample of 5.0 mL was adjusted to pH 5.25 using Thiel buffer
solutions. Subsequently, these samples were augmented with
an appropriate quantity of Zr(IV) and subjected to the
membrane procedure as previously outlined.
Zirconium detection in soil

A precisely weighed soil sludge sample was transferred to
a 50 mL beaker and subjected to extraction with concentrated
HCl (4 × 5.0 mL). Following neutralization of the extract with
dilute NaOH solution, EDTA (5.0%, 5.0 mL) was introduced, if
necessary, to avoid the expected interferences from other metal
ions. Subsequently, thiel buffer solution of pH 5.25 was added,
and the mixture was diluted to 25 mL with water. This resultant
solution was then directly employed for Zr detection and color
development following the absorbance measurement.
Zirconium detection in plant material

A plant material sample weighing 5.0 g underwent digestion for
a duration of 20 minutes with 10 mL of HNO3. Upon cooling,
© 2025 The Author(s). Published by the Royal Society of Chemistry
0.5 mL of HClO4 was introduced, followed by continued heating
for an additional 10 minutes. Subsequent to this step, 10 mL of
water and 5.0 mL of HCl were incorporated into the cooled
residue. EDTA (5.0%, 5.0 mL) was then added to the solution, if
necessary, to complex with other metal ions interfere, which
was neutralized with 0.05 M NaOH and diluted to 25 mL.
Following that, the solution was adjusted to pH 5.25 in accor-
dance with the absorbance measurement, and it was subse-
quently subjected to Zr(IV) analysis.
Zirconium detection of in ores

An accurately measured 1.0 gram portion of nely pulverized
substance was amalgamated with 5.0 grams of Na2CO3 in
a porcelain crucible. The mixtures underwent fusion at 1000 °C
for a duration of 30 minutes and were dissolved in 5.0 mL of
HCl (1 + 1) post-fusion residues. If the solutions displayed
cloudiness, ltration was carried out, and the residues on the
lters underwent thorough washing. The ltrates and rinses
were transferred to a 25 milliliter beaker, with the pH of the
nal solutions adjusted to 5.25. These combinations were then
moved to 100 milliliter measuring asks and diluted with
distilled water to the ll line. Subsequently, these samples were
enriched with a suitable quantity of Zr(IV) and subjected to the
membrane process as previously outlined.

Zirconium detection using ICP-AES.19 A portion of the
zirconium solution, containing between 0.25 and 45 micro-
grams of zirconium, was transferred into a 50 milliliter
container. The total volume of the metal ion solution was
around 30 milliliters. This solution was then passed through
a column comprising 1.0 gram of PAN-modied zeolite, aer
adjusting the solution's pH to 3.5, with a ow rate of 2.0 milli-
liters per minute. Subsequently, the column was rinsed with 10
milliliters of puried water. The metal ions adsorbed on the
column were then eluted with 5.0 milliliters of 2.0 M HCl
solution at a ow rate of 1.0 milliliter per minute. The eluate
was transferred into a 5.0 milliliter measuring ask. The
resultant solution was directly aspirated into the ICP-AES
against a blank prepared in the same manner, but devoid of
zirconium ions.
Results and discussion
PIM characterization

BTAHQ is oen used as a chromgenic reagent for the determi-
nation of a number of metals.55–61 The addition of surfactant-
active substances improves the selectivity and sensitivity of
the metal determinations due to the batho- and hyperchromic
effects that can be observed. In solution; BTAHQ react slowly
with Zr(IV) at pH 5.25 using toxic solvent (1,4 dioxane) with long
time (60 min) with low absorbance values and at lower wave-
length in addition to lack selectivity and interference of a large
number of metal ions. In the present work, a colorimetric
method for the simultaneous pre-concentration and measure-
ment of Zr(IV) from aqueous samples has been developed using
an optical sensor membrane made by a physical incapacitation
method, specically the encapsulation technique, which results
RSC Adv., 2025, 15, 5462–5475 | 5465
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Fig. 1 Absorption spectra of 1- BTAHQ membrane and PIM based
sensor upon contact with (2–6), 15, 30, 45, 60, and 75 ng per mL Zr(IV)
at pH 5.25.
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in an optical sensor membrane. The components of the sensi-
tive PIM sensor are Aliquat 336 as an extractant, PVC as the base
polymer, and BTAHQ as the colorimetric complexing reagent
(sensor). Within a few minutes, the reaction takes place,
changing the hue from yellow to violet, which is colorimetrically
seen or automatically measured in the absorbance mode.

Initially, the formulated PIM displayed wrinkling, irregu-
larity, and a lack of consistency. However, through revisions to
the PIM preparation techniques, a pliable, exible, consistent,
translucent, and self-supporting membrane was attained.
Substantial modications, including adjustments to the
membrane composition, maintenance of room temperature at
25 ± 2 degrees Celsius, regulation of room humidity, and
extension of the casting solution's evaporation period to 48
hours instead of 24 hours, were identied as crucial for gener-
ating superior PIMs. These ndings underscore the notable
impact of external variables such as temperature and humidity
on the PIM fabrication process. Additionally, it was observed
that the appearance of the resulting PIM remained unaltered
even aer storage in a sealed container for one month.

The mean thickness of the fabricated PIM measured
approximately 25 ± 5 millimeters. This dimension proves
conducive to facilitating the intricate reaction between the
reagent and metal ions, while also permitting ion mobility. The
membrane's thickness falls within an ideal spectrum, neither
excessively thick (>100 mm) nor overly thin (<5 mm), rendering
it ideally suited for deployment as a transducer in an optical
sensor founded on the co-extraction principle.62
Table 1 PIM quality in relation to Aliquat 336 and PVC composition

Conditions PIM Characteristic

75% Aliquat 336, 25% PVC - No leakage detected
- Rigid membrane

50% Aliquat 336, 50% PVC - Leaching observed
- Oily membrane

25% Aliquat 336, 75% PVC - Stable, no observed leaching
- Flexible
Optimization of the PIM-based sensor

In the preliminary stages, multiple permutations of extractants,
supportive polymers, and reagents were experimented with to
pinpoint the most effective PIM blend for detecting Zr(IV) ions.
It was noted that a PIM comprising 75% PVC and 25% Aliquat
336 yielded the most prominent alteration in color and the
highest absorbance reading. Therefore, this composition was
consistently used in subsequent procedures. The use of DNNS
and TiOA resulted in lower absorbance values and longer
reaction times. This suggests that the inclusion of Aliquat 336 in
the PIM plays a crucial role in generating a novel ternary
complex involving Zr(IV)–BTAHQ–Aliquat 336 upon interaction
with Zr(IV) ions. The emergence of this ternary complex was
substantiated by the bathochromic shi witnessed from 522 to
622 nm in the lmax of the PIM-based sensor, in contrast to the
blank sensor prepared under similar conditions but lacking
Zr(IV) ions (Fig. 1). The bathochromic shi detected in the lmax

spectrum of the Zr(IV)-reagent complex was affected by both the
extractant type and the hydrophilicity of the reagent employed.
In this investigation, the primary cause of the bathochromic
shi was attributed predominantly to the inherent character-
istics of BTAHQ and Aliquat 336. BTAHQ comprises negatively
charged hydroxyl ions, whereas Aliquat 336 carries positive
charges, both of which play pivotal roles in this occurrence. The
ion-pairing interaction between these compounds, facilitated
by the hydroxyl group's capacity to augment the absorbance of
the Zr(IV)–BTAHQ complex, triggers the expulsion of an electron
5466 | RSC Adv., 2025, 15, 5462–5475
from the hydroxyl group. This mechanism leads to the depro-
tonation of the hydroxyl group within the BTAHQ molecule,
ultimately contributing to the observed bathochromic shi in
the Zr(IV)–BTAHQ–Aliquat 336 ternary complex.

The extractant and polymer's base are the most crucial
parameters of PIMs due to their roles in the material's strength
and malleability, respectively. Therefore, the concentrations of
the extractant and polymer base were altered at three distinct
levels, with PIMs containing 75% Aliquat 336 and 25% PVC,
essentially no leakage was detected and a rigid membrane was
obtained. Because of the minimal quantity of extractant, the
PVC laments are tightly arranged, leading to a strong
membrane. The membrane containing 50% Aliquat 336 was
exible, but excessively greasy because of excessive amount of
extractant. Additionally, leaching of the reagent was detected.
PIMs containing 25% Aliquat 336 and 75% PVC were the most
stable and exible. Table 1 outlines the proportions of Aliquat
336 and PVC and the resultant PIM features for each ratio.

It was established that the peak absorbance was attained
when the proportion of Aliquat 336 in the PIM was kept at
25 wt% (m/m). This ratio proved to be ideal for promoting the
co-extraction of Zr(IV) ions from the aqueous solution into the
PIM, consequently amplifying sensor sensitivity. Nevertheless,
incremental increments in the concentration of Aliquat 336 up
to 40 wt% (m/m) did not yield any further enhancement in
absorbance value (Fig. 2a).

The effect of temperature and room humidity on the sensing
performance is studied. The absorption spectra were recorded
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Effect of (a) Aliquat 336 and (b) temperature on the PIM based sensor immersed in 60 ng mL−1 of Zr(IV) at the optimum conditions.
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at various temperatures 20 to 50 °C at 622 nm. As the temper-
ature of the Zr(IV) sample increases, the absorbance at 622 nm
decreases due to thermal quenching related to the increase of
the ions lattice vibrations63 and the decreasing formation of the
complex with the membrane (Fig. 2b). Increasing temperature
to $ 60 °C; there is no variation in absorbance indicating no
complex formation between Zr(IV) and BTAHQ. The optimum
temperature to achieve highly sensitive and selective results was
25 ± 2.0 °C.

External stirring of the Zr(IV) solution has a large effect on the
response of the formed sensor. About eight fold enhancement
was obtained when the Zr(IV) solution was stirred compared
with the non-stirred ones. This observation can be explained by
the movement of Zr(IV) ions towards the immobilized BTAHQ.
The stirring process has accelerated the diffusion of Zr(IV) ions
across the membrane to the BTAHQ and consequently expe-
dited the reaction between Zr(IV) ions and BTAHQ. As for the
non-stirring process, the diffusion of Zr(IV) ions across the
membrane only depends on the concentration gradient.64

The selectivity and sensitivity of the Zr(IV) sensor were
assessed across various pH values. Different buffer solutions
spanning pH 2.5 to 12, including borate, acetate, thiel, phos-
phate, and universal buffers, were examined, with thiel buffer
Fig. 3 Effect of (a) pH value, (b) BTAHQ concentration and (c) steady s
conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
demonstrating superior effectiveness. Additionally, an optimal
pH of 5.25 for the reaction was pinpointed (Fig. 3a). The nd-
ings indicated that the inclusion of Aliquat 336 in the PIM did
not impact the optimal pH for the formation of the BTAHQ-
Zr(IV) complex. The formation of the complex between BTAHQ
and Zr(IV) remained achievable within the optimal pH range of
5.0–5.5 in aqueous solution. The ndings suggested that the
interaction between BTAHQ and Aliquat 336 did not impact the
functional groups of BTAHQ crucial for complex formation with
Zr(IV). The system's selectivity can be enhanced by varying the
pH of the primary phase.65 Prior to utilizing the membrane, pH
studies were conducted using spot tests. Findings indicated
that between pH values of 5.0 and 5.5, the complex produced
more rapidly than higher pH values. It was noted that absor-
bance values decreased at both lower and higher pH values. The
decline at lower pH values was attributed to the competition
between H and Zr(IV) ions for binding with BTAHQ. Conversely,
at higher pH values, the formation of Zr(OH)4 in solid form
impeded Zr(IV) binding to immobilized BTAHQ.

The efficacy of the optical sensor is impacted not only by the
pH value and the method of immobilization for the reaction but
also by the type and quantity of the immobilized reagent.66 In
Fig. 3b, the inuence of BTAHQ concentration in sensor
tate response time on the sensor response for Zr(IV) at the optimum

RSC Adv., 2025, 15, 5462–5475 | 5467
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Scheme 2 Schematic representation for the preparation and
complexation of Zr(IV) ions on the formed optical sensor.

Fig. 4 Molar ratio method for the complexation of Zr4+ and BTAHQ
ant the optimum conditions.
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preparation is illustrated, with a xed concentration of Zr(IV) (60
ng mL−1) and pH 5.25 for 25 mL. As the initial concentration of
BTAHQ rises, the sensor response similarly increases, reaching
its peak at a concentration of 5 × 10−4 M. This heightened
response can be attributed to the adequacy of this concentra-
tion of BTAHQ to react effectively with Zr(IV) ions in the presence
of Aliquat 336. However, absorbance exhibited a direct decrease
at higher levels due to membrane leakages. The proposed
procedure for the complexation between the BTAHQ and Zr(IV)
ions is depicted in Scheme 2.

The response time of an optical sensor is primarily dictated
by the physical parameters of the sensor setup.67 The response
time of sensors is characterized by the duration it takes for
metal ions to diffuse from the solution into the membrane,
representing the slowest step in the complexation process.
Response time is affected by various factors, including the
concentration of Zr(IV) ions controlling their diffusion into the
membrane, the reagent loading technique, and membrane
thickness. An investigation was carried out to ascertain the
optimal response time necessary for the complexation of
BTAHQ–Zr(IV). In Fig. 3c, the sensor's response to varying
concentrations of Zr(IV) is unveiled. The graph vividly illustrates
that the sensor's stable state is intimately tied to the concen-
tration of Zr(IV) ions. Remarkably, the sensor reaches its stable
state within three minutes for low Zr(IV) concentrations, while it
takes ve minutes for higher concentrations. To overcome the
challenge of extended response times, a dynamic approach was
embraced. Here, the sensor's intensity difference was meticu-
lously noted at a predetermined time, offering a renedmethod
to assess Zr(IV) ion concentration compared to conventional
steady-state methods. Following a brief three-minute reaction
period, absorbance measurements revealed a substantial
signal, underscoring the swi response between BTAHQ and
Zr(IV). The reason that the proposed sensor has non rst-order
kinetics is represented though taking different time to reach
the optimum response time. Although reaction that follow rst-
order kinetics has rate constants that are affected by the
concentration of the reactants, the zero-order kinetics have
a rate constant and half-life that is independent of the reactants'
concentrations. This phenomena is shown and represented in
Fig. 3c.
5468 | RSC Adv., 2025, 15, 5462–5475
The stoichiometry of the Zr(IV)–BTANQ complex was studied
using Job's and the molar ratio procedures. The absorption
spectra of BTAHQ and the Zr(IV)–BTAHQ complex were initially
recorded and are represented in Fig. 1. The maximum absorp-
tion wavelength for BTAHQ was found to be 522 nm, while its
complex with Zr(IV) exhibited its peak absorption at 622 nm.
Other metal ions has not any absorption band at this wave-
length conrming the selectivity of the proposed PIM sensor for
Zr(IV) ions. Both methods were subsequently carried out at
622 nm, the wavelength at which the complex demonstrated the
highest absorbance. In Job's method, absorbance was plotted
against the mole fraction of Zr(IV), with varying concentrations
of BTAHQ and Zr(IV) [5 × 10−4 M] keeping the total molar
concentration constanted at 1 × 10−4 M. The plot exhibited an
inection point at 0.33, indicating the presence of two BTAHQ
molecules in the formed complex. Furthermore, the molar ratio
method, the absorbance was plotted against the molar ratio
[Zr]/[BTAHQ], yielded a BTAHQ to Zr(IV) ratio of 2.0 (Fig. 4),
providing additional evidence for the stoichiometric ratio of (2 :
1) for BTAHQ to Zr(IV). Log K, which is the conditional formation
constant, was determined by employing the Harvey and
Manning equation with the data obtained from the aforemen-
tioned methods. The calculated log K value was detected to be
5.38, while the true constant was found to be 5.20. The inter-
action between Zr(IV) and BTAHQ leads to the formation of
a distinctive violet-colored complex known as the non-ionic
complex [Zr(IV)–(BTAHQ)2]. This complex formation is highly
specic to Zr(IV) and is widely utilized for the colorimetric
determination of Zr(IV) in aqueous samples. This result is
conrmed from studying the Fourier-transform infrared spectra
(FTIR) for BTAHQ and [Zr(IV)–(BTANQ)2]

2+ complex which rep-
resented the disappearing of nstretch at 3290 cm−1 corresponded
to o-OH group and shiing of nstretch 1403 cm

−1 corresponded to
the –N]N– group to nstretch 1394 cm−1 aer the complexation
process. In addition to a new stretching band at 492 corre-
sponding to Zr–O bond formation. The proposed mechanism
for the interaction between the BTAHQ sensor and its
complexation with Zr(IV) ions is depicted in Scheme 2.

Furthermore, the determination of the stoichiometry of the
[Zr(IV)–(BTAHQ)2]: Aliquat 366 ternary complex was conducted
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Representation for the stoichiometric ratio of the formed
Zr(IV)–BTAHQ–Aliquat 366 ternary sensor complex.
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through Job's and molar ratio methods. It was represented that
the maximum absorbance in the molar ratio method is 1 : 2
{[Zr(IV)–(BTAHQ)2]: (Aliquat 366)2} while the result from the Job's
method is at the mole ratio of 0.35. Both results indicated that
the stoichiometric ratio of 1 : 2 {[Zr(IV)–(BTAHQ)2](Aliquat 366)2}
is formed. These ndings, combined with the infrared (FTIR)
spectra of [Zr(IV)–(BTAHQ)2]

2+ and the {[Zr(IV)–(BTAHQ)2](Aliquat
366)2} complex, provided the basis for proposing the structural
representation of the complex as depicted in Scheme 3. Notably,
the conditional formation constant (logK), calculated using
Harvey and Manning equation applying the data obtained from
the above two methods, was found to be 5.95, whereas the true
constant was 5.80. The suggested structure of the complex was
postulated as represented in Scheme 3.

The agitation of the Zr(IV) solution exerts a signicant
inuence on the sensor's response. A remarkable eight-fold
improvement was noted when the Zr(IV) solution underwent
stirring compared to when it remained unstirred. This
augmentation can be attributed to the mobilization of Zr(IV)
ions toward the immobilized BTAHQ. The stirring process
expedites the diffusion of Zr(IV) ions through the PIM,
Table 2 Inter and intra days precision of the zirconium sensor in pure a

Sample Taken, ng mL−1

Found, ng mL−1

Inter day Intr

Pure 30 29.65 30.2
60 60.40 59.6
90 90.75 90.9

River water 1 25 25.50 25.6
50 49.30 50.7
75 76.00 74.2

Industrial waste water 20 20.40 20.3
40 39.50 40.6
80 81.00 79.2

Plant material 35 35.75 35.5
70 69.55 70.7

105 106.25 106

© 2025 The Author(s). Published by the Royal Society of Chemistry
facilitating their interaction with BTAHQ. Conversely, in the
absence of stirring, the diffusion of Zr(IV) ions through the PIM
relies solely on the concentration gradient.64

Assessing the reproducibility and repeatability of the sensor
is pivotal in the advancement of chemical sensing technology.68

These metrics gauge the sensor's consistency and its capability
to deliver precise and dependable results, even across diverse
batches of manufactured sensors. Reproducibility and repeat-
ability assessments were conducted through four independent
trials at varying concentrations of Zr(IV), both in its pure form
and in spiked real samples, to validate the reliability and utility
of the proposed methodology. Table 2 presents the inter- and
intra-day ndings across different sample concentrations. The
minimal relative standard deviations underscore the depend-
able repeatability of the optical sensors, proving effective in
discerning zirconium ions in both pure and aqueous samples.
The observed variance could be attributed to discrepancies in
construction variables, including the concentration of immo-
bilized BTAHQ and the thickness of the PIM.

To ensure the membrane sensor's readiness for subsequent
measurements, regeneration with an appropriate solution is
imperative. Various compounds, including H2SO4, HNO3,
H3PO4, NaCl, NaF, and EDTA, each at a concentration of 0.5 M,
were evaluated for this purpose. The optical sensor was
immersed in a Zr(IV) ion solution with a concentration of 60 ng
mL−1 to establish equilibrium during this assessment. Subse-
quently, the membrane was immersed in the regenerating
solution until the membrane's absorption stabilized. Among
the tested reagents, sodium uoride acid emerged as the most
effective. The optimal regeneration time for a 0.5 M NaF solu-
tion was determined to be 2.0 minutes as shown in Scheme 2.
Consequently, we opted for this specic concentration of NaF
and a regeneration time of 2.0 minutes for subsequent proce-
dures. The outcomes revealed complete reversibility of the
sensor, with an average regeneration time of about two minutes
(Fig. 5). Furthermore, the reproducibility of the sensor post-
regeneration was conrmed. At higher concentrations of uo-
ride, the formation of ZrF4, is mainly responsible for the
interference in pH 5.25 medium, as recorded in the following
equation:
nd spiked water samples, n = 4 at 95% confidence level

Recovery % RSD%

a day Inter day Intra day Inter day Intra day

5 98.83 100.83 0.85 0.76
0 100.67 99.33 0.92 1.05
0 100.83 101.00 1.11 1.27
0 102.00 102.40 1.45 1.32
5 98.60 101.50 1.17 1.25
5 101.33 99.00 1.35 1.47
0 102.00 101.50 1.22 1.08
5 98.75 101.63 1.50 1.39
0 101.25 99.00 1.27 1.44
5 102.14 101.57 1.33 1.55
5 99.36 101.07 1.45 1.63
.50 101.19 101.43 1.60 1.75

RSC Adv., 2025, 15, 5462–5475 | 5469

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05674d


Fig. 5 Reversibility of the sensor treated with 60 ng per mL Zr(IV) and
0.5 M NaF.

Table 3 Tolerance limits of several ions for the recovery of 60 ng
per mL Zr(IV) [results giving #5.0% error]

Species
Tolerance limit
mass ratio

Na+, K+, Cl−, C2O4
2−, PO4

3+ 12 000
Ca2+, Mg2+, Mn2+, succinate 8000
V4+, Cr3+, Cr6+, NH4

+, NO3
− 6000

Fe3+, Cu2+, Zn2+, Br−, SO4
2− 4500

Tl+, Be2+, Hg2+, Zn2+, UO2
2+ 3000

Cr3+, Pb2+, Al3+, Ni2+ 2250
Cs+, Ag+, Li+, CH3COO

− 1500
Co2+, Mo6+, IO3

− 1000
La3+, Sc3+, Y3+ 750
Ti4+, Hf4+, Th4+ 500
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Zr(BTAHQ)2 + 4NaF− % ZrF4 + 2BTAHQ

Reproducibility was assessed through three regeneration
cycles, resulting in consistent outcomes with a relative standard
deviation (RSD) of 3.15%. The sensor's regenerative capacity is
primarily ascribed to BTAHQ. The hydroxyl groups present in
the BTAHQ molecule are anticipated to mitigate leaching
concerns. Moreover, as a lipophilic compound, BTAHQ can
impede its own release into the aqueous analyte solution.
Additionally, the presence of Aliquat 336, functioning as an
extractant, effectively connes BTAHQ within the PIM, mini-
mizing the risk of leaching even aer multiple regeneration
cycles.

The sensor's stability was evaluated by submerging it in an
equilibrating solution with a pH of 5.25 for 10 days. Throughout
this period, the sensor maintained its stability and demon-
strated optimal absorbance at pH 5.25, with a relative standard
deviation (RSD) estimated at 1.73%. These ndings suggest that
the sensor's sensitivity remained unchanged despite exposure
to the air atmosphere and equilibrating solution. This stability
can be credited to the presence of Aliquat 336 in the sensor,
which serves to bind the sensor's components, ensuring both
chemical and physical stability.
Interferences

An extensive examination was undertaken to evaluate the
impact of foreign ions on the selectivity of Zr(IV) detection, with
the objective of identifying the maximum concentration at
which interference occurs. Natural water, renowned for its
complexity, harbors a diverse array of cations and anions that
could potentially disrupt the detection process. Table 3 displays
the results for 13 common species typically present in water
samples. In this investigation, a tolerance threshold for inter-
fering species was established, ensuring that concentrations
causing no more than a 5.0% alteration in the absorbance of
a 60 ng per mL Zr solution were deemed acceptable. The table
also outlines the boundaries of interfering ions assessed for
Zr(IV) detection. The methodology exhibited outstanding selec-
tivity, showcasing superior tolerance for these chemical species
with no noteworthy interference observed. Considering that the
5470 | RSC Adv., 2025, 15, 5462–5475
maximum permissible concentration of these species in water
fell below the identied tolerance threshold, the methodology
proves to be advantageous for Zr detection in water samples.
Although lanthanide ions have the similar physicochemical
properties as zirconium, there were no reaction between the
studied BTAHQ PIM sensor with them at the optimum reaction
conditions reported for Zr(IV) ions.

The discriminatory capacity of the colorimetric-based sensor
is governed by various factors, encompassing the pH level of the
reaction, wavelength choice, the chemical composition of the
reagent, and the impact of immobilization. Each interaction
between metal and reagent attains its peak efficacy at a distinct
pH value. Through this investigation, the sensing reaction dis-
played its utmost efficiency at pH 5.25, yielding maximal
absorbance values. Conversely, disparate metal ions showcased
their peak intensities at varying pH levels. This underscores the
signicance of ne-tuning reaction parameters to attain selec-
tive and precise detection of the desired analyte.

Analytical characteristics

The developed sensor exhibits a linear dynamic range for Zr(IV)
ion concentration spanning from 4.0 to 110 ng mL−1 (refer to
Table 4). The corresponding correlation equation is encapsu-
lated by the elegant expression Y = 7.95X − 0.11 (R2 = 0.9988, R
= 0.9994), where Y represents absorbance, and X signies the
Zr(IV) ion concentration (M). These quantication and detection
limits are dened as LOQ = 10SB/m and LOD = 3SB/m, where
LOQ, LOD, SB, and m represent the quantication limit,
detection limit, standard deviation of the blank, and slope of
the calibration graph, respectively.69 The calculated LOQ and
LOD limits estimated as 3.95 and 1.2 ng mL−1, respectively
(Table 4). Remarkably, the achieved LOD69 is notably lower than
those documented in prior studies11,70–84 (Table 5). This
enhancement can be attributed to the inclusion of Aliquat 336
in the PIM, which bolsters the extraction of Zr(IV) ions from the
aqueous phase, thereby augmenting sensor sensitivity. The
linear range (Fig. 6) and detection limit of the developed sensor
are deemed satisfactory compared to existing methods.
However, an examination of the literature revealed a scarcity of
reports on optical sensors employing chip reagents for Zr(IV) ion
assessment. Nevertheless, the sensor exhibits commendable
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparative analysis of various reagents for spectrophotometric determination of zirconium with published methods

Reagents lmax (nm) 3 (L mol−1 cm−1) LOD (mg L−1) Remarks Ref.

Aresnazo III 665 1.50 × 104 Uranium is interfere 70
Arsenazo III — — 0.48 SPE required 71
Arsenazo III 665 1.54 × 104 50 Al3+, Th4+, Fe3+ interfere 72
Janus green dye 606 — 80 Catalytic oxidation by BrO3

− 73
Xylenol orange 429 6.90 × 105 120 Extraction with hexane 74
4-(2-Pyridylazo)-resorcinol 530 6.60 × 104 200 Uranium is interfere 65 and 76
Alizarin res S 520 7.04 × 103 100 Heating required 77
Chrome azurol S 598 3.93 ×103 242 Extraction is not required,

uranium is not interfere
78

Xylenol orange 551 3.5 ×103 700 F−, Fe3+ interfere 79
Xylenol orange, and cetyltri-methylammonium bromide 592 — 10 Fe3+ interfere 80
2-(6-Bromo-2-benzothiazo- lylazo)-5-diethylaminophenol 420 4.40 × 105 30 Extraction required 25
2-(5-Bromo-2-pyridylazo) -5-diethylaminophenol 585 1.54 × 105 60 Methanol–water mixture 81
5,7-Dibromo-8-hydroxy quinoline 416 1.05 ×104 600 Extracted with CHCl3 82
2-(2-Benzothiazolylazo)-3-hydroxyphenol 569 6.38 × 106 1.25 Solid phase spectra 83
2-Amino-4-(3-chlorophenyl-azo) pyridine-3-ol 569 — 7.2 Optical sensor 84
BTAHQ 656 7.33 × 106 0.20 Optical sensor PMa

a PM: the proposed method.

Table 4 Analytical features of the proposed method

Parameters PIM method Parameters PIM method

pH 5.25 Regression equation
Beer's range (ng mL−1) 4.0–110 Slope (mg mL−1) 7.75
Ringbom range (ng mL−1) 10–105 Intercept −0.11
Molar absorptivity (L mol−1 cm−1) 7.33 × 106 Correlation coefficient (r) 0.9994
Sandell sensitivity (ng cm−2) 0.007 RSD (%) 1.75
Detection limit (ng mL−1) 1.20 Quantication limit (ng mL−1) 3.95
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sensitivity relative to alternative techniques for Zr(IV) ion
detection.

The absorbance values were measured at various concentra-
tions of Zr(IV) in order to identify the concentration range in
which Beer's law is valid. The range of 4.0–110 ng mL−1 was
Fig. 6 Calibration curve for Zr(IV) using the proposed PIM sensor at the
optimum conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
followed when following the Beer's plot as described in the above
absorbancemeasurement section. As a result, the Ringbomplot85

between logC of Zr(IV) and (1/T) where ‘T’ is the transmittance
was estimated. The plot has a sigmoid shape with a linear
segment at concentration values between 10 and 105 ng mL−1;
hence, it is considered the ideal operating range. Additionally,
the lowest concentration in (mg mL−1), according to molar
absorptivity calculated as the slope of calibration curve when the
[Zr(IV)] in molarity, and Sandell's sensitivity (or index),86 yields an
absorbance of 0.001 across a 1.0 cm path length.

The suggested sensor outperforms various analytical methods,
as indicated in Table 6. It showcases remarkable selectivity
alongside lower detection and quantication limits. Additionally,
it boasts several advantages regarding sensitivity and tolerance to
interference. To our knowledge, this marks the inaugural appli-
cation of BTAHQ as a chromophoric reagent for preconcentration
in a PIM sensor designed for Zr(IV) ion detection.

Optode precision, accuracy, and durability

To assess reproducibility, six membranes were individually
fabricated under identical conditions, and their absorbance
responses were measured in a 60 mg per mL Zr(IV) ion solution.
The relative standard deviation (RSD) for the responses among
the optodes was found to be 1.95%. Precision was further
RSC Adv., 2025, 15, 5462–5475 | 5471
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Table 6 Comparative data from previously reported techniques for zirconium determination

Ligand/adsorbent
Measurement
technique

Sample
(mL)

Enrichment
factor

LOD
(ng mL−1)

RSD
(%) Ref.

Dibenzoylmethane (DBM)-Triton X-114 ICP-OES 50 37.0–43.6 15 6.1 24
Quinalizarine – triton X-114 ICP-OES 100 38.9 0.26 2.9 19
8-Hydroxyquinoline/vinyl polymer resin ICP-MS 250 50 0.15 2–4 88
Surface imprinted amino-functionalized
silica gel

ICP-AES 400 200 0.14 1.49 89

Arsenazo-III ICP-AES 100 250 1.0 1.0–2.5 90
Quinalizarin/octadecyl silica-polyethylene ICP-AES 25 330 40 1.6 20
2-(2-Benzothiazolylazo)-3-hydroxyphenol
5-Br-PADAP UV-vis 150 100 0.2 4.3 91
2-(5-Bromo-2-pyridylazo)-5-diethylamino-
phenol
(5-Br-PADAP)

RP-LC 100 — 0.2 4.3 39

PAN/HDTMA-Br coated clinoptilolite ICP-AES 50 130 0.1 0.9–2.3 20
2-(2-Benzothiazolylazo)-3-hydroxyphenol UV-vis 100 — 1.25 1.34 83
BTAHQ — 0.2 1.25 PM
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evaluated by exposing the optodes to 60 and 100 ng per mL
Zr(IV) ion solutions under optimal conditions, with measure-
ments taken on the same day (intra-day precision, n = 6) and
over three consecutive days (inter-day precision, n = 6). The
precision results were reported as % RSD, with intra-day values
of 2.25% and 1.80%, and inter-day values of 2.05% and 1.90%,
respectively. Accuracy was tested by recovering known
concentrations of Zr(IV) ions (30, 60, 100 ng mL−1) in six
replicates. The recovery percentages obtained were 97.25%,
102.67%, and 98.20%, respectively, demonstrating a close
Table 7 Zirconium recovery experiments in real Zr-free water samples

Sample Added (mg L−1)

Founda (mg L

PM

Tap water — —
25 24.80
50 50.75

River water 1 — —
40 40.50
80 81.00

River water 2 — —
50 50.50
100 98.20

Industrial waste water — —
30 29.70
60 60.75

Polluted water — —
35 35.50
70 69.15

Red sea water — —
45 44.40
90 91.00

Mediterranean sea water — —
20 20.30
40 39.50

a Themeasured amounts are the average of six determinations. b Tabulated
for ve degrees of freedom at P (0.95) is 5.05.

5472 | RSC Adv., 2025, 15, 5462–5475
match between the actual and measured values. Additionally,
the optodes operational lifespan was evaluated using two
different methods.

In the rst approach, the sensor's lifespan was evaluated by
repeatedly immersing a single membrane in a 60 ng per mL Zr(IV)
solution under optimal conditions. Aer 35 measurements,
a slight decrease of approximately 4.2% in absorbance intensity
was noted. Additionally, a separate membrane was submerged in
water for a maximum duration of one month. Aer this period,
the absorbance at 622 nm decreased by 4.8%. These ndings
spiked with known amounts of zirconium

−1)

Recovery (%) t-Testb F-ValuecICP-AES

—
25.40 99.20 1.11
51.10 101.50 2.57
—
39.40 101.25 1.27
79.20 101.25 2.61
—
49.20 101.00 1.65
102.30 98.20 3.38
—
30.40 99.00 1.42
61.00 101.25 2.88
—
29.60 101.43 1.33
71.00 98.79 2.76
—
45.75 98.67 1.72
88.80 101.11 3.55
—
19.60 101.50 1.54
40.90 98.75 3.28

t-value for ve degrees of freedom at P (0.95) is 2.57. c Tabulated F-value

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Typical zirconium recovery experiments in real Zr-free plant, soil and stone samples spiked with known amounts of zirconium

Sample Added (mg L−1)

Founda (mg L−1)

Recovery (%) t-Testb F-ValuecPM ICP-AES

Plant material (5.0 g cabbage) 20 20.15 19.75 100.75 1.52
40 40.25 39.60 100.63 3.19
60 59.50 60.90 99.17 1.82
80 79.10 81.20 98.88 2.32

Soil sludge (1.0 g) 25 24.80 25.50 99.20 1.08
50 50.75 49.10 101.50 2.87
75 74.25 76.20 99.00 1.56
100 98.80 102.20 98.80 3.05

Clay stone (mg g−1) 30 30.60 30.50 102.00 1.47
60 61.00 61.30 101.67 3.23
90 88.80 91.50 98.67 1.67
110 111.00 107.80 100.91 2.89

Iron stone (mg g−1) 17.5 17.60 17.35 100.57 1.43
35 35.50 34.25 101.43 2.77
70 69.30 71.00 99.00 1.84
105 103.75 107.00 98.81 3.46

a Themeasured amounts are the average of six determinations. b Tabulated t-value for ve degrees of freedom at P (0.95) is 2.57. c Tabulated F-value
for ve degrees of freedom at P (0.95) is 5.05.
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indicate that the sensor exhibits excellent stability, maintaining
its performance even with extended use and storage, conrming
its reliability for multiple applications and a minimum storage
period of one month.
Analytical applications

The practical utility of the developed sensor was evaluated by
testing various spiked samples. These samples comprised river
water, tap water, sea water, polluted water, and industrial waste
water, into which small aliquots (a few microliters) of a Zr(IV)
solution were added. This assessment aimed to determine the
impact of the sample matrix and interfering ions on the
response of the optical sensor. The results presented in Table 7
demonstrate a satisfactory agreement between the added and
measured zirconium concentrations, underscoring the sensor's
efficacy for routine measurements.

To gauge the analytical applicability of the developed optical
sensor, zirconium levels in plant, soil, and stone samples were
examined. Three types of samples, namely cabbage, sludge, and
iron and clay stones, were chosen for this purpose. The results
obtained from this procedure are summarized in Table 8. It is
observed that the mean recoveries for different concentrations
of added Zr(IV) in the samples fall within the range of 98.67% to
102.00%. Hence, the proposed sensor showcases successful
applicability for determining Zr(IV) levels in real samples.

The efficacy of the proposed sensor was assessed by calcu-
lating the t-value for accuracy and conducting an F-test for
precision, comparing it with the ICP-AES method. Mean values
were obtained and subjected to Student's t-test and F-test at
a 95% condence level with ve degrees of freedom.87 The
results revealed that the obtained values (Tables 7 and 8) did not
exceed the theoretical ones. The broader range of determina-
tion, enhanced accuracy, increased stability, and reduced time
© 2025 The Author(s). Published by the Royal Society of Chemistry
consumption underscore the advantages of the proposed tech-
nique over alternative methods.

Conclusion

A pioneering optical sensor was engineered for the detection of
zirconium ions. In this innovative approach, a PVC sensing
lm, boasting enhanced optical and mechanical attributes,
acted as a base for immobilizing BTAHQ. The membrane
showcased a reversible shi in color, transitioning from orange
to violet upon exposure to Zr(IV) ions. The operational scope was
broadened to encompass concentrations ranging from 4.0 to
110 ng mL−1 of Zr(IV) ions, with a detection limit as low as 1.20
ng mL−1. Notably, the sensor exhibited a rapid response time of
under 3.0 minutes for 60 ng per mL Zr(IV) ions. Comparison
with previously described methods for Zr(IV) detection reveals
that the developed sensor, besides its rapidity and simplicity,
offers a detection limit comparable to many other techniques.
The sensor could be easily regenerated using 0.5 M of F− and
exhibited full reversibility. Ultimately, the fabricated optical
sensor proved successful for monitoring Zr(IV) in real water and
biological samples.
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