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Development of an innovative optical sensor to
detect extremely low levels of chromium in real
samples using colorimetric methods

Eman R. Darwish,® Reem F. Alshehri,® Alaa S. Amin 2 *¢ and Mai Aish®

The investigation focused on a methodology for concentrating and analyzing Cr(vi) in aqueous samples.
This objective was accomplished through the creation of a cellulose triacetate (CTA) matrix-based
membrane optode. This optode was constructed by physically integrating a specific chromophore, 1,3-
benzenediamine,N,N'-bis(2-furanylmethylene) (BDBFM), known for its selectivity towards Cr(vi), alongside
the plasticizer dioctylphthalate (DOP). The effectiveness of integrating Aliquat 336, an anion exchanger,
was evaluated in the process of immobilizing both BDBFM and the Cr(v)-BDBFM complex within the
optode matrix. The progressive intensification of the violet color observed on the optodes, directly
correlating with the amount of loaded Cr(vi), highlights the potential of this method for colorimetric
screening of Cr(vi) in agueous samples. The developed optode was also employed for the determination
of the total chromium content by converting Cr(in) to Cr(vi) via oxidation using 0.1 M hydrogen peroxide.
The concentration of Cr(n) can be quantified by subtracting the amount of Cr(vi) from the total
chromium content. This optode enabled the quantitative detection of Cr(vi), even at levels as low as 2.85
ng mL™. The suggested sensor displayed a low detection limit, fast response time, cost effectiveness,
ease of preparation and also remarkable selectivity regarding some anions and cations. Regeneration of
the optode can be easily accomplished by employing 0.05 M HNOs, while demonstrating remarkable
reproducibility and reversibility in its response, with a relative standard deviation (RSD) below 1.9. The
suggested method was effectively utilized to measure chromium levels in a diverse range of samples,
such as food, water, and environmental, and biological samples.

The optode developed in this study offers a straightforward and efficient method for detecting Cr(vi) ions. Its utilization of cellulose triacetate as a matrix ensures
favorable optical and mechanical properties. Notably, the optode exhibits a reversible color change from yellow to violet upon exposure to Cr(vi) ions, and it can
be easily regenerated using a 0.05 M HNO; solution with complete reversibility. Compared to previously reported optical sensors for Cr(vi) detection, the
proposed optode demonstrates a significantly faster response time. An important aspect of this study is the novel application of BDBFM in combination with the

proposed optode for the determination of Cr(vi) ions. This approach has not been documented in the existing literature, making this study the first to employ
BDBFM in conjunction with the proposed optode. Furthermore, the versatility of the optode sensor extends to its successful implementation in monitoring
BDBFM across various sample types, including water, food, and biological, and environmental samples. This wide range of applications showcases the potential
of the optode sensor beyond its primary use in Cr(vi) determination.

1 Introduction

industrial activities such as steelworks, tanning factories, wood
preservation, and industrial electroplating. Chromium is an

Environmental pollutants such as heavy metals and organic and
inorganic compounds in recent years have received a lot of
attention.'™ Inadequate wastewater treatment facilities in
various industries lead to the discharge of heavy metals into
aquatic environments.>® Chromium, in particular, is a signifi-
cant environmental pollutant commonly associated with
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element that necessitates assessment in environmental and
pharmaceutical products, primarily due to the health risks it
poses. Additionally, it has been found to cause various types of
DNA lesions, as indicated by studies.”® Compounds of Cr(m) are
recognized for their important role in glucose and lipid
metabolism and are regarded as essential trace elements that
contribute to maintaining efficient protein metabolism in
humans.***

Chromium has the ability to enter the human body through
inhalation or ingestion via drinking water, and its presence in
water, air, and biological samples is typically at low levels.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Typically, the concentration of chromium in drinking water is
found to be below 2.0 pg mL™'.**'* According to the World
Health Organization (WHO), the guideline values of 50 pg mL ™"
for Cr(v1) are deemed excessively high given its genotoxic effects.
In line with this, the National Health and Nutrition Examina-
tion Survey (NHANES) has provided data indicating that normal
chromium levels in blood fall within the range of 0.1 to
1.7 ug mL ™', while urine samples typically exhibit chromium
concentrations ranging from 0.24 to 1.8 pug mL .Y After
entering the bloodstream, the transportation of Cr(vi)
compounds occurs through nonspecific anionic channels into
red blood cells (RBCs). Once inside the RBCs, they undergo
rapid reduction to Cr(m), which then binds to hemoglobin in
RBCs (Cr3/Cr4/Cr5/Cr6). So, the levels of chromium present in
red blood cells serve as a reliable indicator of exposure to Cr(vi),
as it undergoes conversion to Cr(in) within these cells.” In order
to promptly identify chromium exposure, it is essential to
develop suitable methodologies for determining the speciation
of chromium.

The predominant oxidation states of chromium commonly
encountered in the environment are Cr(m) and Cr(vi).*” In
comparison to Cr(m), Cr(vi) is widely recognized for its high
oxidizing capacity, high toxicity, carcinogenicity, and resistance
to biodegradation. These characteristics pose significant risks
to both the environment and human health.*® Exposure to even
low concentrations of Cr(vi) can lead to serious health issues
such as hemolysis, renal and liver failure, and various types of
cancer.”* Industries such as steel production, electroplating,
leather tanning, and the manufacturing of alloys and pigments
extensively utilize chromium, leading to the release of signifi-
cant quantities of liquid or solid waste containing chromium
into the environment.

This leads to pollution of groundwater, surface water, soil,
and plants.>*?* Wastewaters from industries like electroplating
or leather tanning typically contain chromium concentrations
ranging from 3.0 to 30 pg mL " for Cr(vi) and 5.0 to 100 ug mL "
for total chromium.*?® The development of a straightforward
and practical method for detecting Cr(vi) holds significant
importance, considering the aforementioned levels and its
potential impact.

The selective determination of Cr(vi) has been a persistent
analytical challenge and holds significant importance due to its
considerably higher toxicity compared to Cr(m).>” Historically,
various approaches have been devised to detect Cr(vi), encom-
passing methods utilizing bulky instrumentation such as
inductively coupled plasma mass spectrometry (ICP-MS),*®
atomic absorption spectroscopy (AAS),* X-ray fluorescence
(XRF), and solid phase extraction.”® While methods based on
large equipment offer superior accuracy and stability, they often
come with drawbacks such as the need for complex sample
pretreatment, specialized operation, and high costs. As a result,
they are not suitable for real-time field monitoring applications.
In the meantime, colorimetric assay based on metal optical
chemical sensors (optodes) has attracted increasing attention
recently, because of requiring no complex instrumentations
and signal recognition can be achieved by the naked eye in the
form of a color change.***

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Environmental Science: Advances

Chemical sensor technology can provide low-cost devices
that can be tuned to a wide field of applications by coating
mass-sensitive or optical transducers with a chemically sensi-
tive layer.*® Optical sensors, specifically, operate on two funda-
mental principles within the realm of optical chemical sensors:
(i) the absorption characteristics of the chromophore are
directly influenced by its interaction with the analyte, and/or (ii)
the optical properties change as a result of conformational
shifts in the sensor, which are responsive to the analyte inter-
action.’”*® Significant research has been conducted in our
laboratory to develop colorimetric sensors for detecting metal
ions.****** These sensors provide distinct advantages in terms
of sensitivity, selectivity and response time. Moreover, the
theoretical basis of such optical membranes based on plasti-
cized polyvinyl chloride (PVC) has been well established.***

To design an optical chemical sensor, a sensitive layer
comprising dye indicators such as porphyrin compounds is
applied onto a polymer matrix such as PVC and cellulose
acetate.’”*® These polymers not only serve as solid supports for
immobilizing indicator dyes, but also provide permeation
selectivity for certain species while rejecting others.*® Several
methods have been reported for chromium measurement using
optical sensors based on colorimetric techniques.**->4¢-3

The objective of this study was to create a film-based sensor
(optode), for detecting Cr(vi) by observing color changes and its
applications for real samples. The optode employed BDBFM as
the indicator, which was immobilized in a CTA matrix with DOP
as the plasticizer. While PVC is frequently chosen for membrane
sensors due to its cost-effectiveness and desirable mechanical
characteristics, it is prone to water absorption, resulting in
opacity. In contrast, CTA-based membranes offer favorable
optical properties and do not absorb water. Thus, CTA was
selected as the matrix-forming polymer over PVC. In order to
evaluate the stability of the Cr(vi)-BDBFM complex, Aliquat 336
as an anion exchanger and dinonylnaphthalene sulfonic acid as
a cation exchanger were investigated as additives in the optode
matrix. The incorporation of Aliquat 336 into the optode
membrane proved to be crucial in achieving the desired prop-
erties for an optical sensor. Extensive optimization efforts were
undertaken to ensure accurate extraction of Cr(vi) within the
optode, thereby optimizing the optical response and expanding
the working range. The proposed optode was subjected to
testing for the detection of Cr(vi) in water, food, and biological,
and environmental samples that were spiked with the analyte.

2 Materials and methods

2.1. Reagents

All chemicals utilized in this study were of analytical reagent
grade and employed without the need for further purification.
For all dilutions, double deionized water with a resistivity of
18.2 MQ cm ™' (Milli-Q Millipore) was employed. Plastic and
glassware were meticulously cleaned by immersing them in
a diluted solution of HNO; (1 + 9) and subsequently rinsing
them with distilled water prior to their usage. Analytical grade
chemicals including Na,SO,, KCl, NaNO;, KH,PO,, CH;COONa,
Na,CO;, CHCI; and K,Cr,O;, from BDH, as well as supra pure
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grade HCl from Merck (Germany), were consistently used
throughout the study. 2-Nitrophenyl octyl ether (NPOE) from
Fluka, cellulose triacetate with a M. wt 72 000-74 000 (Alfa
Biochem), bis-(2-ethylhexyl) terephthalate (DOTP) from Acros,
dioctyl phthalate (DOP) (99%, Sigma-Aldrich), di-(2-ethylhexyl)
phosphoric acid (D2EHPA) (97%, Sigma-Aldrich), dioctyl seba-
cate (DOS) from Fluka, 1,5-diphenylcarbazide (DPC) from
Merck, and trioctyltrimellitate (TOT) from Aldrich were used as
received. Dinonylnaphthalene sulfonic acid (DNNS) obtained
from Fluka and trioctylmethyl ammonium chloride (Aliquat-
336) were both utilized in their received form without further
modification.

To prepare stock solutions of Cr(vi), K,CrO, was dissolved in
water, resulting in a concentration of 1000 mg L™" for both
Cr(vi) and Cr(m). For Cr(m) stock solutions, Cr(NOs); was dis-
solved in 0.5 M HNO;. Model and standard solutions were then
prepared by diluting the stock solutions accordingly. Borate,
acetate, thiel, phosphate, and universal buffer solutions of pH
2.0 to pH 12 were prepared to create different pH conditions
using established methods.*® To generate stock solutions of
interfering ions, salts from Merck were dissolved in double-
distilled water to achieve a concentration of 20 000 ug mL ™.

The oxidation of Cr(m) to Cr(vi) was conducted utilizing
a previously described method in the literature.***” The solu-
tion's pH was adjusted to 10, and a 3.0% hydrogen peroxide
solution was added, followed by heating at 80 °C for 30 minutes.
Any excess hydrogen peroxide was eliminated by boiling the
solution for 10 minutes. The aforementioned test procedure
was subsequently employed for this solution. Subsequent to the
conversion of Cr(m) to Cr(vi) via hydrogen peroxide oxidation
under alkaline conditions, the total chromium content was
determined. The concentration of Cr(m) was then calculated by
subtracting the concentration of Cr(vi) from the total chromium
concentration.

Upon oxidizing Cr(m) to Cr(vi) via the alkaline oxidation
process using hydrogen peroxide, the method was applied to
determine the total chromium content. Subsequently, the
concentration of Cr(m) was calculated by deducting the
concentration of Cr(vi) from the overall chromium
concentration.

2.2. Apparatus

Absorbance measurements and spectral analysis were con-
ducted using the UV-vis spectrophotometer model V-670 from
JASCO (Tokyo, Japan).The acidity or alkalinity of the solutions
was measured using a pH meter (Orion research model 601 A/

H2N7©/NH2 . OHCT\O)
/ —_—

benzene-1,3-diamine  furan-2 carbaldehyde

Scheme 1 Synthesis of BDBFM.
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digital ionalyzer pH meter). Absorbance measurements were
taken by placing the samples of the sensor membrane within
a quartz cuvette relative to the surrounding air and blank
samples of the optode. The thickness of the optode was deter-
mined using a digital microscope (Ray Vision Y 103) that was
connected to a video camera (JVC TK-C 751 EG) and a digital
micrometer (Mitutoyo, Japan) with a precision of £0.001 mm.

For the analysis utilizing atomic absorption, a Shimadzu
model 670 atomic absorption spectrometer equipped with
flame atomization was utilized. The operational parameters
were established based on the recommendations of the manu-
facturer. Measurements were conducted using a flame gener-
ated by a mixture of nitrous oxide and acetylene gas.

2.3. Preparation of the ligand

To synthesize BDBFM, a reaction was carried out by combining
a solution of substituted benzene-1,3-amine (1.08 g) (10 mmol)
and furan-2-carbaldehyde (1.65 mL) (20 mmol) (density = 1.16)
in 10 mL of absolute ethanol. The mixture was refluxed for 5.0
hours, followed by cooling and dilution with ice-cold water. The
resulting solid was purified through recrystallization from
ethanol, leading to the isolation of pure BDBFM.

The chemical structure of BDBFM was confirmed using
various techniques such as FTIR, elemental analysis (C, H, and
N), and "H-NMR spectroscopy. To prepare a stock solution of
BDBFM, an accurately weighed quantity of the solid reagent is
dissolved in the minimum required volume of ethanol, and
then diluted to the desired volume in a 100 mL measuring flask
(Scheme 1).

2.4. Preparation of optodes

For the preparation of the optode, cellulose triacetate (CTA) was
dissolved in 10 mL of CHCI;. Separate solutions of chloroform
were prepared, each containing a known quantity of a plasti-
cizer, such as DOP, NPOE, T2EHP, TOT, DOS, or DOTP, and an
additive (Aliquat-336 or DNNS). A solution of BDBFM with
a known concentration was also prepared by dissolving the
compound in ethanol. The casting solution for the optode was
then created by combining appropriate volumes of the CTA
solution, plasticizer solution, and BDBFM solution. If an addi-
tive was necessary, CHCI; solution of Aliquat-336 or DNNS was
added to the casting solution. The resulting casting solution
was thoroughly mixed through ultra-sonication for 2.0 minutes
and then spread onto a flat-bottom glass Petri dish with
a diameter of 9 cm. The Petri dish was placed on a leveled

0 0

1,3-Benzenediamine, N,N'-bis (2-furanylmethylene)

HC
N
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surface to facilitate uniform film formation and solvent evapo-
ration, which typically took around 24 hours. Once the solvent
had completely evaporated, the optode film was carefully
detached from the Petri dish surface. The resulting optode
samples had dimensions of approximately 1 cm x 3 cm,
providing a suitable size for subsequent analysis and testing. To
ensure precise and accurate measurements, the thickness of the
membrane was determined using a digital microscope (Ray
Vision Y 103) in combination with a video camera (JVC TK-C 751
EG). This meticulous measurement process allowed for the
reliable determination of the optode membrane's thickness,
a critical parameter for evaluating and characterizing its
performance.

2.5. Uptake of Cr(vi) and the stability of the Cr(vi)-BDBFM
complex

A systematic examination was conducted to assess the influence
of pH on the absorption of Cr(vi), the stability of the Cr(vi)-
BDBFM complex within the optodes, and the absorbance of the
corresponding blanks. To investigate this, the optode film was
immersed in 2.5 mL of aqueous solutions with pH values
ranging from 2.0 to 8.0, each containing 125 ng mL™" of Cr(v),
for a duration of 10 min. Under acidic conditions, acetate buffer
was utilized, while borate buffer was employed under basic
conditions to achieve pH adjustments. Following color devel-
opment, the films were maintained at a temperature of 25 +
2.0 °C. Cr(vi) uptake at different pH levels was evaluated by
submerging the optode and measuring the absorbance when
maximum sorption was achieved. The absorbance changes in
the Cr(vi)-loaded optode were monitored at fixed intervals using
a wavelength of 627 nm. The optode films were placed on the
inner wall of a1 cm x 1 cm x 3 cm quartz cell. To evaluate the
impact of pH on the blank, the optodes were immersed in
2.5 mL solutions with pH values ranging from 2.0 to 8.0, without
the presence of Cr(v1), for the same duration.

2.6. The influence of plasticizers on Cr(vi) in optodes

To investigate the impact of different plasticizers on the optical
properties and the capacity of optodes to absorb Cr(vi), six
distinct optodes were prepared, each incorporating a specific
plasticizer. The plasticizers used in this study included DOP,
NPOE, T2EHP, TOT, DOTP, and DOS. The optode films were
immersed in stirred aqueous solutions (2.5 mL) with a pH of
4.25, containing 125 ng mL ™" of Cr(vi), for a duration of 10
minutes. The color development in the optode was monitored
by placing it on the inner wall of a spectrophotometric cell, and
the absorbance was measured at a specific wavelength of
627 nm. This allowed for the assessment of the progress of color
development in the optode films.

2.7. Stoichiometric determination of the Cr(vi)-BDBFM
complex

The stoichiometry of the Cr(vi)-BDBFM complex was investi-
gated using several methods, including the continuous-
variation (Job's), the molar ratio, and the conductometric
titration methods. These experiments were conducted under

© 2024 The Author(s). Published by the Royal Society of Chemistry
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specific conditions, with a pH of 4.25 and concentrations of 3 x
10~* M for both Cr(vi) and BDBFM. Absorbance measurements
were taken at a wavelength of 627 nm, which corresponds to the
maximum absorbance of the complex. These measurements
were utilized to determine the precise stoichiometric ratio
between Cr(vi) and BDBFM in the complex.

2.8. The optode tolerance to different anions in relation to
Cr(vi) sorption

The tolerance of the optode to various anions, such as NO; ™,
Cl™, PO4*", SO,>7, CH3;COO~, and CO;>~ on the sorption of
Cr(vi) was investigated. For this study, a fixed size of the optode
was used along with a concentration of 125 ng mL™" of Cr(vi).
Solutions containing known concentrations of the respective
salts with anions or cations were mixed with the Cr(vi) solution,
and the resulting solution's pH was adjusted to 4.25 using
acetate buffer. It was ensured that the contribution of CH;COO™
ions added for pH adjustment was taken into account. The
optode samples were submerged in the solutions, and the
absorption of Cr(vi) was assessed by comparing the concentra-
tion of Cr(vi) before and after the immersion of the optode
samples. The volume of the solution in contact with the optode
remained constant at 2.5 mL.

2.9. The quantification of Cr(vi) in the optode

The optode films, sized at 1 cm x 3 cm, were dried and securely
affixed to the inner wall of a quartz cell with dimensions of 1 cm
x 1 cm x 3 cm. In order to directly quantify the concentration
of Cr(vi) in the optodes, synthetic samples were prepared by
adding various concentrations of Cr(vi) (ranging from 25 to 550
ng mL~ ") to 2.5 mL of acetate buffer solution at a pH of 4.25.
Each sample was thoroughly stirred for 10 min to ensure
consistent and uniform development of a violet color on the
optode film. This procedure was repeated using fresh optode
films for each concentration. Spectrophotometric analysis of
the Cr(vi)-BDBFM complex within the optode samples was
conducted at a specific wavelength of 627 nm (Anax). The
resulting data were utilized to construct a calibration curve,
facilitating the quantitative determination of Cr(vi) concentra-
tions. The effectiveness of the method was further evaluated by
applying it to environmental samples, where the samples were
treated with known quantities of Cr(vi) ions before being
exposed to the optodes.

In addition, the developed method was utilized for the
determination of the total chromium content. This involved the
conversion of Cr(m) to Cr(vi) through the oxidation process
using hydrogen peroxide. By comparing the measured level of
Cr(vi) in the sample with the overall concentration of chro-
mium, the concentration of Cr(u) could be calculated. This
approach allowed for the quantification of both Cr(u) and Cr(vi)
in the sample, providing valuable information about the total
chromium content.

2.10. The procedure for determining Cr(vi) using GFAAS

To prepare the real sample solutions, the samples were treated
with a small amount of sulfuric acid (H,SO,) and a 0.05%
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hydrogen peroxide (H,0,) solution. The mixture was then gently
heated for 5.0 min to facilitate the oxidation of Cr(m) to Cr(vi).
After cooling, a drop of hydrochloric acid (HCI) at a concentra-
tion 2.0 M was added to eliminate any excess permanganate.
Once the oxidation process was completed, the samples were
analyzed GFAAS, with the absorbance measured at a wavelength
of 357.9 nm. The concentration of Cr(vi) in the samples was
determined by referencing a calibration plot constructed using
standard solutions of known Cr(vi) concentrations.

2.11. Statistical analysis

The experiments were conducted in six replicates, and the ob-
tained data were presented as the mean + standard deviation
(SD). Statistical analysis was performed using the Student's ¢-
test and F-value. Microsoft Excel 2007 was utilized to create
datasheets for data processing and analysis, including calcula-
tions of average values and recovery rates. This comprehensive
statistical evaluation enabled a thorough examination of the
experimental results.

3 Results and discussion

3.1. Determining the stoichiometric ratio of the Cr(vi)-
BDBFM complex

The stoichiometry of the Cr(vi)-BDBFM complex was investi-
gated using two methods: Job's method and the molar ratio
procedure. The absorption spectra of BDBFM and the Cr(vi)-
BDBFM complex were initially recorded and are illustrated in
Fig. 1. The maximum absorption wavelength for BDBFM was
found to be 493 nm, while the complex with Cr(vi) exhibited its

0.9
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Fig. 1 Absorption spectra of 3 x 10 mol L™ of BDBFM and its
complex with 125 ng per mL Cr(vi) ions at pH 4.25.
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peak absorption at 627 nm. Both methods were subsequently
carried out at 627 nm, the wavelength at which the complex
demonstrated the highest absorbance.

In Job's method, absorbance was plotted against the mole
fraction of Cr(vi), with varying concentrations of BDBFM and
Cr(v). The plot exhibited an inflection point at 0.35, indicating
the presence of two BDBFM molecules in the formed complex.
Furthermore, the molar ratio method yielded a BDBFM to Cr(vi)
ratio of 2.0, providing additional evidence for the stoichiometric
ratio of (2:1) for BDBFM to Cr(vi). To further validate these
findings, conductometric titration was employed.

log K, which is the conditional formation constant, was
determined by employing the Harvey and Manning equation
with the data obtained from the aforementioned methods. The
calculated log K value was determined to be 4.46, while the true
constant was found to be 4.30. The interaction between Cr(vi)
and BDBFM leads to the formation of a distinctive violet-colored
complex known as the cationic complex [Cr(vi)~(BDBFM),]"".
This complex formation is highly specific to Cr(vi) and is widely
utilized for the colorimetric determination of Cr(vi) in aqueous
samples.

For the specific detection of Cr(vi), a membrane optode was
developed by incorporating BDBFM into a CTA matrix that was
plasticized with DOP. Upon exposure of this optode to an
aqueous solution containing Cr(vi) at pH 4.25, a vibrant violet
color develops within both the membrane and the surrounding
solution. This color change serves as a visual indicator for the
presence of Cr(vi) and allows for its sensitive and selective
detection.

To ensure the optimal performance of the optode in
extracting Cr(vi) from aqueous solutions, it is crucial for the
membrane to possess certain characteristics such as homoge-
neity, flexibility, thinness, and mechanical strength. These
criteria served as the foundation for the optimization of the
membrane composition. Various combinations of supporting
polymers, extractants, and reagents were initially tested to
identify the most suitable combination for sensing Cr(vi) ions.
The concentrations of Aliquat 336, DOP, and CTA, which served
as the optimal carrier, plasticizer, and polymer for the chro-
mophore BDBFM, were adjusted to enhance the sensitivity,
selectivity, and stability of the optode. Among the critical
components, the base polymer and the plasticizer play
a significant role in determining the strength and flexibility of
the membrane. Thus, different concentrations of these
components were tested at three levels, while maintaining the
Aliquat 336 and BDBFM concentrations at 40% and 1.0%,
respectively, in all three setups. A combination of 6.0% DOP and
53% CTA resulted in minimal chromophore leakage, but the
membrane exhibited rigidity due to the closely packed CTA
strands caused by the low amount of plasticizer. On the other
hand, the membrane containing 16% DOP was flexible but
overly oily due to the excessive amount of plasticizer. The issue
of leaching of the chromophore was addressed during the
optimization process. It was observed that the optode compo-
sition consisting of 10% DOP and 49% CTA exhibited the best
stability and flexibility while minimizing leaching. The ratios of
DOP and CTA, along with the corresponding characteristics of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table1l Quality of the PIM as a function of DOP and PVC composition

Conditions PIM characteristic

6.0% DOP and 53% TCA
16% DOP and 43% TCA
10% DOP and 49% PVC

No leakage observed - rigid membrane
Oily membrane - leaching observed
Stable, no leaching observed - flexible

the resulting optodes, are provided in Table 1. Once the base
polymer and plasticizer concentrations were optimized, the
BDBFM concentration was adjusted between 0.5 and 1.5 wt%. It
was found that increasing the immobilized BDBFM content
beyond 1.0 wt% resulted in a darker starting membrane color,
which significantly reduced the sensitivity of the optode despite
enhancing the reaction rate with Cr(vi). Therefore, the optimal
BDBFM level was determined to be 1.0 wt%, leading to the
adjustment of CTA to 49%. By using the composition of Aliquat
336 (40%), DOP (10%), CTA (49%), and BDBFM (1.0%), a stable
and flexible membrane was obtained without any observed
leaching.

Optimizing the membrane composition, controlling room
temperature at 25 + 2.0 °C, managing humidity, and prolonging
the casting solution's evaporation time from 24 to 48 hours were
crucial for achieving an optode with high-quality. These find-
ings emphasize the significant impact of external factors such
as humidity and temperature on the membrane development
process. Notably, the optode membrane's physical appearance
remained unchanged even after two weeks of storage in a sealed
bag, indicating its stability and durability.

The average thickness of the prepared membrane was found
to be 31 + 2 mm, which is considered optimal for facilitating
effective ion mobility in the reaction involving the Cr(vi)-
BDBFM complex. This thickness falls within the desired range,
as it is neither too thick (greater than 100 mm) nor too thin (less
than 5 mm). It is considered suitable for use as a transducer in
an optical optode membrane based on the co-extraction
principle.?®

The pH value plays a crucial role in the selectivity and
sensitivity of the sensing optode for Cr(vi) ions. Various buffer
solutions spanning a pH range of 2.25 to 10, including borate,
acetate, thiel, phosphate, and universal buffers, were evaluated.
Among them, the acetate buffer solution exhibited the highest
effectiveness. Furthermore, an optimal pH value of 4.25 was
determined for the reaction, as depicted in Fig. 2. These find-
ings indicate that the presence of Aliquat 336 within the
membrane does not influence the ideal pH range for the
formation of the BDBFM and Cr(vi) complex.

The complex formation between BDBFM and Cr(vi) still
occurs within the optimal pH range of 4.0-4.5, which is known
for Cr(vi) complexation in aqueous solutions. This suggests that
the interaction between BDBFM and Aliquat 336 does not affect
the functional groups of BDBFM involved in complex formation
with Cr(vi). It was observed that the absorbance values
decreased at lower and higher pH values. The decrease at lower
pH values is attributed to the competition between H" and Cr(vi)
ions for binding with BDBFM. On the other hand, at higher pH

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Effect of the pH value on the optode response for 125 ng mL™*
of Cr(vi) under optimum conditions.

values, the formation of solid CrO,  impedes the binding of
Cr(vi) to immobilized BDBFM.

The performance of the optode is influenced not only by the
immobilization technique and pH value but also by the type and
quantity of the immobilized reagent.*® Fig. 3 illustrates the
effect of varying BDBFM concentrations on the optode prepa-
ration while keeping the Cr(vi) concentration constant at 125 ng
mL~" and maintaining a pH of 4.25. The response of the optode
increases with increasing initial BDBFM concentration, reach-
ing its peak at 1.0%. This enhanced response is achieved
because the BDBFM percentage is sufficient to react with Cr(vi)
ions in the presence of Aliquat 336, facilitating optimal
performance of the optode. The proposed mechanism for the
interaction between the BDBFM sensor and Cr(vi) ions and its
complexation is depicted in Scheme 2. The images of the
sensors in the schematic illustration are photos of the sensors.

The response time of the optode is predominantly influ-
enced by its physical parameters.®® To determine the ideal
duration for complete complexation of BDBFM-Cr(vi), an
experiment was conducted. Fig. 4 depicts the response of the
optode to two different concentrations of Cr(vi). The steady-state
response varied based on the concentration of Cr(vi) ions, with
response times of ten minutes for low concentrations and seven
minutes for high concentrations.

To overcome the issue of a long response time, a kinetic
approach was implemented. Instead of measuring the steady-
state response, the intensity difference of the optode was
measured at a fixed time. This kinetic approach proved to be
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a more favorable method for determining the concentration of
Cr(vi) ions. By measuring the absorbance after 10 min of reac-
tion time, the time required to generate a significant signal
from the initial reaction between BDBFM and Cr(vi) was
significantly reduced. The stirring of the Cr(vi) solution had
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[Crv)] — 75 ng mL™t and — 125 ng mL ™%,

a significant impact on the response of the formed optode.
Stirring the solution resulted in an eight-fold enhancement
compared to the non-stirred solution. This enhancement can be
attributed to the movement of Cr(vi) ions towards the immo-
bilized BDBFM. Stirring facilitates the diffusion of Cr(vi) ions
across the membrane, allowing them to reach BDBFM more
quickly and promoting the reaction between Cr(vi) ions and
BDBFM. In contrast, in the non-stirred process, the diffusion of
Cr(vi) ions across the membrane relies solely on the concen-
tration gradient.”

The proposed optode exhibits a notable feature of regener-
ability, allowing for multiple reuses of a single optode while
minimizing reagent consumption. Various regenerating
reagents, including EDTA, HNOj;, SCN, and thiourea, were
investigated. Regeneration with EDTA proved to be time-
consuming, while regeneration with SCN and thiourea did not
yield consistent results. However, 0.05 M nitric acid demon-
strated complete regeneration within a short duration (less than
40 seconds) and exhibited high reproducibility. The membrane
could be regenerated over 12 times without any loss of its
characteristics, leading to the selection of 0.05 M nitric acid as
the preferred regenerating reagent.

The precision and reliability of the optode are critical
considerations in the development of chemical sensors. Preci-
sion refers to the ability of the optode to produce consistent
results when used repeatedly, while reliability is related to the
consistency of results obtained from different sets of optodes.**
Precision was evaluated by independently constructing eight
optodes under similar conditions and measuring the absor-
bance at An.x 627 nm (with three repeated determinations)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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using a Cr(vi) ion solution of 125 ng mL " at pH 4.25. The
relative standard deviation (RSD) value for precision was
determined to be 1.65%, indicating good repeatability. The
reproducibility, which measures consistency across different
sets of optodes, was found to be 2.25%. The slight variation
observed can be attributed to differences in the construction
process, such as variations in the concentration of immobilized
BDBFM and the thickness of the polymeric ion membrane
(PIM).

To evaluate the reversibility of the sensor, a concentration of
125 ng mL " of Cr(vi) was introduced to the optode, followed by
treatment with 0.05 M HNO; for regeneration. The results
demonstrated that the optode exhibited complete reversibility,
with an average regeneration time of approximately three
minutes. The reproducibility of the optode after regeneration
was also investigated, and satisfactory results were obtained
with a relative standard deviation (RSD) of 2.89%. The regen-
erability of the optode can be attributed to the properties of
BDBFM, including the azomethane group in the BDBFM
molecule that minimizes leaching issues, and the lipophilic
nature of BDBFM that prevents leaching into the analyte solu-
tion. The incorporation of Aliquat 336 as a plasticizer effectively
retains BDBFM within the optode, reducing the likelihood of
leaching even after multiple regeneration cycles.

The stability of the optode was assessed by observing the
reduction in Cr(vi) ions from the optode samples in contact with
an aqueous solution over a two-week period. The decrease in
absorbance of the formed Cr(vi)-BDBFM complex indicated the
loss of Cr(vi). Additionally, the dimensions and weight of the
optode were monitored throughout the same duration to detect
any changes. The stability of the optode was assessed over
a period of three weeks in an equilibrating solution at pH 4.25.
Throughout the testing period, the optode remained stable and
consistently exhibited the highest absorbance values at pH 4.25,
with a calculated RSD value of 1.95%. These results indicate
that the sensitivity of the optode remains constant even after
exposure to the equilibrating solution and atmospheric condi-
tions. The stability can be attributed to the presence of Aliquat,

View Article Online
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which contributes to the robustness and reliability of the
optode.

3.2. Interferences

The optode’s capability to tolerate common anions and cations
typically found in aqueous systems, as well as its specific affinity
for Cr(vi) uptake and color development, was thoroughly
investigated. The summarized outcomes presented in Table 2
indicate that the optode displays a strong selectivity towards
Cr(vi) over a wide concentration range, even in the presence of
various anions and cations. These additional ions do not have
any discernible impact on the optode’s optical properties. This
was confirmed through experiments where optode samples
were added to solutions containing the same concentrations of
these salts but lacking Cr(vi). In such instances, the absorbance
of the optodes at the characteristic wavelength of 627 nm did
not show any increase. The optode’s exceptional selectivity for
Cr(vi), both in terms of uptake and color development, suggests
its potential for precise analysis of Cr(vi) in real-world samples,
even when they contain high concentrations of other ions.

3.3. Quantitative determination of Cr(vi) in the optode
sample

The membrane optode developed in this study offers practical
applications for the visual colorimetric sensing of Cr(vi) in
aqueous samples. The optode samples display a distinct violet
color that corresponds to the concentration of Cr(vi) present in
the samples. Leveraging the sensitivity of the human eye to
subtle color changes, this optode enables the determination of
Cr(vi) concentration ranges in aqueous samples through visual
observation.

Under optimal experimental conditions, the proposed
optode demonstrates a linear dynamic range for Cr(vi) concen-
trations from 10 to 220 ng mL™ ', as indicated in Table 3.
Additionally, the optode exhibits a rapid response time of five
minutes. The calculated detection limit (LOD) and quantifica-
tion limit®® show values of 2.85 and 9.50 ng mL ", respectively.

Table 2 Interferences of various ions in the proposed method for the determination of 125 ng mL™* Cr(v)

Foreign ion Tolerance limit* (ug mL ")

Foreign ion Tolerance limit* (ug mL ")

Na', Li*, and CH;COO™~ 20 000
K', PO,*", and oxalate 17 500
Glucose and fructose 16 000
Urea and ascorbic acid 15 000
Ba®', N;7, and BrO;~ 13 500
AP**, NO;™, and citrate 12 500
Ca”*, Mg**, and SO,>~ 11000
La**, Au*’, and NO,~ 10 000
Fe*', zn**, and Bi*" 8500
Cco?', cu*', and NH," 7500
cr*’, Bi**, and Ga** 6750
Zr** and Hf* 6000
ce** and Cce** 5250
Hg>", sn**, and $,0;>~ 4750

Pb**, Cd*", and tartrate 4250
Ag*, Sn**, and thiourea 4000
Ccr’** and CO,>~ 3500
Ccr®*, w®, and CI- 3000
cr®, se*’, and F~ 2750
As** 17, and Br~ 2400
As®*, Ti**, and HCO,~ 2000
Mo®" and 10, 1600
La**, Y**, and Sc** 1400
Be?' and Mn?" 1200
Th** and UO,*" 900
vorP 750
Pd>" and Pt** 600
EDTA and CN™~ 500

“ Tolerance limit was defined as the ratio that causes less than +5.0% interference. > With 100 mg per L tartrate.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Analytical characteristics of the developed optical sensor
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Parameters Proposed optode Parameters Proposed optode
pH 4.25 Quantification limit (ng mL™") 9.50

Amax (NM) 627 Reproducibility (RSD%)* 1.33

Beer's range (ng mL ") 10-220 Regression equation

Ringbom range (ng mL ") 25-200 Slope (ng mL ™) 16.4

Molar absorptivity (L mol™* ecm™) 4.36 x 107 Intercept —0.07

Detection limit (ng mL™") 2.85 Correlation coefficient (7) 0.9985

% For six replicate determination of 125 ng per mL Cr(vi).

These findings highlight the significantly improved detection
limit of the optode compared to previously reported
methods.**7*%%¢%° The observed enhancement in sensitivity can
be ascribed to the inclusion of Aliquat 336, which enhances the
extraction of Cr(vi) ions from the aqueous phase, leading to
improved sensitivity of the optode. In comparison to other
methods, the optode exhibits superior sensitivity in detecting
Cr(v1) ions.

3.4. Comparison of the proposed optode with other reported
sensors and procedures

A comprehensive comparison is made between the proposed
Cr(vi) optode and previously reported membrane-based sensors
as well as other techniques for Cr(vi) determination (Table 4).
The performance of the proposed optode surpasses that of
previous sensors in terms of its working concentration range
and limit of detection (LOD). However, it does exhibit interfer-
ence from specific ions such as Fe**, Cu®**, and Sn**. Never-
theless, the proposed optode demonstrates satisfactory
sensitivity and selectivity for the detection of trace amounts of
Cr(v1) in real samples.

In the field of Cr(vi) determination, there is a scarcity of re-
ported optodes, with only a limited number of articles available
on optodes designed for Cr(vi) and total chromium analysis. The
use of BDBFM as a chromophoric reagent in the proposed
optode sets it apart from other optodes for chromium

monitoring, displaying comparable or even superior perfor-
mance. The proposed sensor is superior to paper-based
analytical devices based on the selectivity, simplicity, rapidity,
and a wider range of detection.”*”® Moreover, the proposed
optode offers a lower limit of detection compared to optodes
incorporating alternative supporting materials. To the best of
the authors’ knowledge, this study presents the inaugural
utilization of BDBFM in an optode membrane for the purpose of
Cr(vi) ion determination.

The characteristics of the proposed Cr(vi) optode are further
compared to those of other techniques reported in the literature
for Cr(vi) analysis. The optode’s linear range and detection limit
are considered acceptable when compared to those of these
methods. Notably, there are no previous reports on optode
membranes incorporating chip reagents specifically for the
determination of Cr(vi) ions in solution. The proposed procedure
stands out for its simplicity, speed, and elimination of time-
consuming reagent and optode preparation. With a response
time of 5.0 minutes for each concentration, efficient calibration
curve generation is facilitated. The procedure involves adding
buffer and Cr(vi) to the optode in the measuring cell, followed by
measuring the absorption spectra after 5.0 min.

3.5. Speciation of chromium

The high selectivity exhibited by the developed optical sensor in
this study allows for its application in the speciation of Cr(ur)/

Table 4 Comparison of the proposed procedure with published reported methods for speciation of Cr

Method Detection LOD, ng mL™* RSD, % Range, ng mL " Sample volume Ref.
TSIL-DLLME* FAAS 5.7 1.1 25-750 10 mL 64
SPE ETAAS 0.056 2.5 2.0-160 25 mL 65
SDME” DRS-FTIR® 800 2.6 5-500 8.0 mL 66
DEME HPLC 5.4 9.8 20-500 2.1 mL 67
CP-DLLME’® ETAAS 0.005 3.8 0.02-1.75 5.0 mL 68
CcPE/ ETAAS 0.02 2.6 — 10 mL 69
SFODME? ETAAS 0.006 5.1 0.03-0.13 10 mL 70
UA-DES-ELPME" FAAS 5.5 6.0 — 10 mL 71
DSDME’ ETAAS 0.03 4.7 0.10-2.0 30 mL 72
Optode Spectra 2.85 1.9 10-220 2.5 This work

“ Task specific ionic liquid-based in situ dispersive liquid-liquid microextraction. ® Single drop microextraction. ¢ Diffuse reflectance Fourier

transform infrared spectroscopy. ¢ Dual electro-membrane extraction.

¢ Cloud point assisted dispersive ionic liquid-liquid microextraction.

/ Cloud point extraction. £ Solidified floating organic drop microextraction. " Ultrasound assisted-deep eutectic solvent based emulsification
liquid phase microextraction. ‘ Directly suspended single droplet microextraction.
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Table 5 Determination of total chromium in spiked test solutions (N = 5)

Added (pg) Found® (png) Recovery” (%)

Cr(ur) Cr(vi) Cr(m) Cr(vr) Total Cr Cr(m) Cr(vi) Total Cr Total Cr, FAAS
0.00 2.00 0.00 1.98 1.98 0.00 99.00 99.00 2.05

0.50 1.50 0.49 1.52 2.01 98.00 101.33 100.50 1.97

1.00 1.00 1.01 1.01 2.02 101.00 101.00 101.00 1.95

1.50 0.50 1.48 0.49 1.97 98.67 98.00 98.50 2.04

2.00 0.00 2.01 0.00 2.01 100.50 — 100.50 1.97

2.25 0.75 2.27 0.76 3.03 100.89 101.33 101.00 2.95

3.00 0.00 2.99 0.00 2.99 99.67 — 99.67 3.05

“ Average of six determinations.

Cr(vi). This means that, even in solutions containing both Cr(vi)
and Cr(m) ions, the optode can accurately determine the
concentration of Cr(vi). Furthermore, by oxidizing Cr(ur) to Cr(vi)
using H,0, as an oxidizing agent, the optode can also be used to
determine the total chromium concentration in the same
solution. The concentration of Cr(w) ions can then be calculated
by subtracting the amount of Cr(vi) from the total chromium
concentration.

In order to oxidize Cr(m) to Cr(vi), a mixture of Cr(vi) and
Cr(m) ions is subjected to a treatment involving 2.0 mL of 0.1 M
H,0, and 0.5 mL of 0.1 M HNO; in a beaker. The beaker is
heated at approximately 80 °C for 30 minutes, while being
covered with a watch glass during the oxidation process. After
the solution has cooled down, its pH is adjusted to pH 4.25
using acetate buffer. Subsequently, the solution is transferred to
a calibrated 10 mL flask and diluted with water up to the mark.
The recommended procedure for Cr(vi) determination using the
optode is then followed. Additionally, the total chromium
content is determined using flame atomic absorption spec-
troscopy (FAAS) for comparison purposes. The results of chro-
mium speciation at various Cr(m)/Cr(vi) ratios are summarized
in Table 5.

The data presented in Table 5 reveal satisfactory agreement
between the total chromium measurements obtained using the
proposed optode membrane and those obtained using the
GFAAS method, considering the reported experimental uncer-
tainties. Furthermore, accurate measurements of both Cr(u)
and Cr(v1) ions present in the initial solutions can be achieved
using the proposed optode for all tested Cr(vi)/Cr(m) mixtures.

3.6. Analytical applications

The developed method was successfully utilized to perform the
speciation analysis of Cr(u) and Cr(vi) in various natural water
samples, including tap water, Nile river water from Benha City,
and a sea water sample from the Mediterranean Sea at Port Said
City. To evaluate the reliability of the method, chromium
species were deliberately spiked into these samples.
Meticulous precautions were taken during the collection and
preparation of the water samples to ensure precise and reliable
analysis. Specially pre-washed polyethylene bottles were utilized
to prevent any potential contamination. To eliminate any
particulate matter, the samples underwent filtration through

© 2024 The Author(s). Published by the Royal Society of Chemistry

a Millipore cellulose membrane that had a pore size of 0.45 um.
To maintain sample integrity and minimize chemical changes,
the samples were stored in acidified polyethylene bottles at
a temperature of 4.0 °C. Nitric acid was added to achieve
a concentration of 1.0%, thereby stabilizing the samples and
preventing degradation or alteration of the analytes during
storage. The acidification step is vital for sample preservation.

For tap water samples, an additional step was incorporated
to remove chlorine. Activated charcoal was introduced into the
samples and allowed to interact for a duration of 5.0 minutes.
Subsequently, the samples were subjected to a secondary
filtration process to eliminate any residual charcoal particles.

Before conducting the analysis, the pH of the samples was
carefully adjusted to 4.25. This specific pH value was chosen to
ensure optimal conditions for the subsequent analysis of Cr(vi)
using the developed method. By precisely controlling the pH,
the accuracy and reliability of the analysis were significantly
enhanced.

The results obtained, carefully documented in Table 6,
exhibit excellent agreement between the measured amounts of
the analytes and the amounts added, thereby confirming the
accuracy and validity of the proposed optode for detecting trace
levels of chromium in both spiked and natural water samples.
The relative standard deviations for Cr(u1) and Cr(vi) in the water
samples demonstrate a commendable range of 1.15% to 2.48%
and 1.56% to 2.84%, respectively. Furthermore, the proposed
procedure was successfully extended to solid samples, which
underwent microwave digestion, yielding relative standard
deviations ranging from 3.5% to 8.0%.

To further demonstrate the practical applicability of the
proposed system, a variety of food samples were carefully
analyzed. Beverage samples, including orange juice, soda, cola,
apple juice, and Sprite drink, were carefully collected from
a local market in Port Said, Egypt. To prepare these samples for
analysis, a degassing step was performed by vortexing them for
2.0 minutes. Subsequently, the samples were diluted five times
with high purity water. After filtration using a 0.45 pm
membrane filter, the solutions were refrigerated at 5 °C to
guarantee their preservation and stability for future utilization.
Solid samples such as coffee, tea, and tobacco were obtained
from supermarkets in Benha City for analysis. Before subjecting
these solid samples to the proposed optode testing, a digestion
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Table 6 Determination of Cr(i), Cr(vi) and total chromium in some natural water samples (N = 5)
Added (ng) Found” (ug) Recovery (%)
Samples Cr(ur) Cr(vr) Cr(m) Cr(vi) Total Cr(m) Cr(v1) Total
Tap water from Benha City, Egypt — — 0.220 0.400 0.620 — — —
0.3 0.5 0.522 0.910 1.432 100.38 101.11 100.85
0.5 0.30 0.720 0.695 1.415 100.00 99.29 99.65
0.4 0.4 0.616 0.81 1.426 99.35 101.25 100.42
River water from Shobra, Egypt — — 0.430 0.880 1.310 — — —
0.5 0.75 0.925 1.627 2.552 99.46 99.82 99.69
0.75 0.50 1.170 1.370 2.540 99.15 99.28 99.22
0.60 0.60 1.020 1.480 2.500 99.03 100.00 99.60
Sea water from Port Said, Egypt — — 0.510 1.130 1.640 — — —
0.30 0.20 0.818 1.333 2.151 100.99 100.23 100.51
0.25 0.25 0.755 1.370 2.125 99.34 99.28 99.30
0.20 0.30 0.717 1.433 2.15 100.99 100.21 100.47

¢ Average of six determinations.

process was carried out utilizing a microwave system. The
digestion procedure involved specific time intervals and power
levels. The samples were microwaved for 2.0 minutes at 250 W,
followed by 2.0 minutes at 0 W, 6.0 minutes at 250 W, 5.0
minutes at 400 W, and 8.0 minutes at 550 W. Venting was then
conducted for an additional 8.0 min. During the digestion
process, 1.0 gram of the tobacco, coffee, or tea samples was
combined with 6.0 mL of 65% HNO; and 2.0 mL of 30% H,0, in
the microwave system. The resulting mixture was subsequently
diluted to a total volume of 25 mL using bi-distilled water. A
blank sample was prepared following a similar procedure,
excluding the addition of the solid sample. By adhering to these
meticulous preparation procedures, both the beverage and
solid samples were properly treated and made ready for
subsequent analysis using the proposed optode method.

Food products, particularly those of wheat, play a significant
role in the human diet. It is crucial to detect the presence of
toxic Cr in the form of Cr(vi). In this study, a total of 50
commercially available bread samples were collected from
a local market in Benha, Egypt. The extraction of Cr(vi) from
these samples was performed using a 0.01 M NaOH solution at
room temperature for a duration of 17 hours.”” Following the
extraction process, the supernatant was obtained by centrifu-
gation, and its composition was examined using the graphite
furnace atomic absorption spectrometry (GFAAS) technique.
The aforementioned procedure was applied to the resulting
solutions, with the pH carefully adjusted to 4.25, allowing for
the determination of chromium content.

For the analysis of a soil sample collected from Benha, Egypt,
a precise procedure was followed. Initially, 2.0 grams of the soil
sample were carefully transferred to a beaker. To initiate the
digestion process, 20 mL of aqua regia was added to the beaker.
The solution obtained was evaporated in a fume hood until
dryness. This evaporation process was repeated twice to ensure
thorough digestion of the sample. Next, 10 mL of bi-distilled
water was added to the remaining residue in the beaker. The
mixture was mixed well and then filtered using a high-quality
blue band filter paper from Macherey-Nagel, a reputable
company based in Diiren, Germany. To remove any remaining
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impurities, the insoluble portion was meticulously washed with
bi-distilled water.

The final solutions obtained from the filtration process were
subjected to the proposed procedure, as previously described, to
determine the chromium (Cr) content. Additionally, the Cr
content was assessed using a sensitive technique utilized for
analyzing trace elements which is GFAAS. During the analysis of
real soil samples, the total chromium content was assessed as
Cr(m) by converting any present Cr(vi) to Cr(m) utilizing the
prescribed procedure as recommended.”®”®

By utilizing the optimized parameters as described earlier,
the system provided robust results for the food samples, as
presented in Table 7. The accuracy of the method was evaluated
by comparing these results with those obtained using GFAAS.
Rigorous statistical tests, including the calculation of F-values
and ¢-tests at a 95% confidence level, were performed, revealing
no significant deviations between the two methods.*’

The analytical performance of the developed optode was
thoroughly assessed for the detection of Cr(vi) in human blood
(serum) and urine samples. Human serum and urine samples
were collected from the Benha University Hospital to perform
analytical investigations. In the case of the serum samples, the
protein components were precipitated by subjecting 5.0 mL of
the serum to centrifugation at 4000 rpm for 5.0 minutes. Tri-
chloroacetic acid was used in a small volume during the
centrifugation process to aid in protein precipitation. Following
centrifugation, the serum portion was carefully decanted, and
then diluted with deionized water at a ratio of 1:10. For cali-
bration purposes, a spiked sample was prepared by adding
precise amounts of a Cr(ui) standard solution to 0.1 mL of the
human serum sample. The samples, including the spiked
sample, were thoroughly mixed, and additional dilutions were
made as required. The chromium concentrations in these
samples were directly analyzed using the proposed optode
technique, enabling accurate determination of the chromium
levels.

The optode demonstrated effective detection of Cr(vi) in
these samples, as well as in dietary supplements and artificially
spiked human serum and urine samples. The samples were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 7 The level of total chromium in some real samples after application of the presented and GF-AAS procedures (N = 5)

Found” (ug g™")

Sample Added (pg g™ Optode GF-AAS RSD (%) t-Test’ F-Value?
Tobacco — 1.48 1.45
0.50 2.00 1.85 2.74 1.34
1.00 2.45 2.60 2.22 2.87
Coffee — 0.27 0.26
0.75 1.00 0.98 3.15 1.58
1.50 1.75 1.80 2.76 3.21
Red tea — 0.18 0.18
0.25 0.38 0.36 2.48 1.21
0.50 0.70 0.65 2.25 2.58
Green tea — 0.15 0.16
0.40 0.56 0.53 3.27 1.77
0.80 0.93 1.00 2.57 3.43
Soil from Benha City — 24.7 24.5
1.50 26.35 25.75 1.98 0.84
3.00 27.50 27.80 2.32 2.46
Orange juice® — 0.25 0.25
6.0 6.40 6.15 2.53 1.54
12.0 12.05 12.50 1.97 3.16
Soda“ — 0.65 0.70
8.0 8.75 8.60 2.16 1.37
16.0 16.90 16.40 2.44 2.95
Cola“ — 0.80 0.75
3.0 3.70 3.90 2.65 1.85
6.0 6.95 6.60 2.33 3.48
Apple juice® — 0.25 0.25
9.0 9.40 9.10 1.87 1.62
18.0 18.00 18.55 2.05 3.23
Sprite drink® — 0.45 0.50
7.0 7.30 7.70 1.77 1.73
14.0 14.70 14.25 2.11 3.37

“ Average of six determinations. ” The theoretical values of ¢- and F- at P = 0.05 are 2.57 and 5.05, respectively. © [ng mL™'].

carefully prepared following the experimental procedures out- 8, exhibited excellent recoveries ranging from 97.67% to
lined in the study and analyzed using the standard addition 102.67% and low relative standard deviations (RSDs) of less
method. The results, presented in a systematic manner in Table than 2.12%.

Table 8 Validation of chromium speciation based on the proposed and GFAAS methods with standard addition in human serum and blood
samples

Added (ng mL™) Found® (ng mL ") Recovery (%)
Sample Cr(m) Cr(vi) Cr(ur) Cr(vi) Total Cr(m) Cr(vi)
Whole blood — — 0.655 £ 0.026 0.090 £ 0.003 0.745 £ 0.028 — —

0.3 — 0.960 + 0.048 0.095 £ 0.004 1.055 £ 0.056 100.52 —

— 0.2 0.660 + 0.028 0.285 £ 0.013 0.945 + 0.045 — 98.28
Whole blood — — 0.960 + 0.055 0.205 £ 0.021 1.165 + 0.064 — —

0.4 — 1.350 £ 0.073 0.210 £+ 0.011 1.560 £ 0.078 99.26 —

— 0.3 0.975 £ 0.041 0.520 £+ 0.018 1.495 £ 0.065 — 101.96
Whole blood? — — 0.215 £ 0.009 1.075 + 0.057 1.290 + 0.069 — —

0.5 — 0.725 £ 0.031 1.060 + 0.047 1.785 £ 0.084 101.40 —

— 0.4 0.210 £ 0.011 1.485 + 0.075 1.695 £ 0.092 — 101.71
Serum — — 0.725 £ 0.033 0.130 £+ 0.006 0.855 £ 0.043 — —

0.6 — 1.310 £ 0.062 0.135 £ 0.005 1.445 £ 0.071 98.87 —

— 0.5 0.735 £ 0.036 0.645 £ 0.016 1.380 + 0.048 — 101.57
Serum — — 1.250 + 0.058 0.080 £ 0.002 1.330 + 0.064 — —

0.7 — 1.925 £ 0.077 0.075 £ 0.003 2.000 £ 0.082 98.72 —

— 0.6 1.235 £ 0.061 0.690 £ 0.012 1.925 £ 0.078 — 102.22

“ Mean of three determinations + confidence interval (P = 0.95, n = 5). > Whole blood (WB) diluted with DW (1 : 5), and the concentration is out of
linear range, final Cr conc. = found Cr conc. x 5 (dilution factor).
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The superiority of the proposed method was thoroughly
validated through a comprehensive comparison with the GFAAS
method. Statistical tests such as F-values (for precision) and ¢-
tests (for accuracy) were employed,® and the calculated values
consistently aligned with the theoretical values, as evidenced by
the results presented in Tables 7 and 8. The developed proce-
dure offers several notable advantages over other existing
approaches. It provides a broader range of determination,
reduces analysis time, improves stability, and enhances accu-
racy. Moreover, the proposed method eliminates the need for
extraction or heating steps, which further enhances its practi-
cality and appeal.

4 Conclusion

The optode developed in this study offers a straightforward and
efficient method for detecting Cr(vi) ions. Its utilization of
cellulose triacetate as a matrix ensures favorable optical and
mechanical properties. Notably, the optode exhibits a reversible
color change from yellow to violet upon exposure to Cr(vi) ions,
and it can be easily regenerated using a 0.05 M HNOj; solution
with complete reversibility. Compared to previously reported
optical sensors for Cr(vi) detection, the proposed optode
demonstrates a significantly faster response time. The results of
the present sensor has the same accuracy and precession
compared with those of the previous methods in addition to
highly selectivity and low range of determination which is
superior to those of the previously reported sensors.

An important aspect of this study is the novel application of
BDBFM in combination with the proposed optode for the
determination of Cr(vi) ions. This approach has not been
documented in the existing literature, making this study the
first to employ BDBFM in conjunction with the proposed
optode. Furthermore, the versatility of the optode sensor
extends to its successful implementation in monitoring BDBFM
across various sample types, including water, food, and bio-
logical, and environmental samples. This wide range of appli-
cations showcases the potential of the optode sensor beyond its
primary use in Cr(vi) determination.
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