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Abstract: For the detection of Cd(Il) in aquatic media, a novel dicyanomethylene dihydrofuran
hydrazone(DCDHFH)-based colorimetric chemosensor was developed. DCDHFH was prepared by
an azo-coupling process involving the diazonium chloride of 2, 4-dichloroaniline and a dicyanomethy-
lene dihydrofuran heterocyclic moiety bearing an active methyl group. The DCDHFH chromophore
showed strong solvatochromism depending on solvent polarity due to electronic delocalization. The
pH sensory effects of the DCDHFH chromophore were also explored. DCDHFH could be used
to identify Cd(II) in the presence of other competitive metals, as indicated by variations in color
and absorbance spectra. In the presence of cadmium ions, the synthesized DCDHFH probe with
hydrazone recognition moiety exhibited a significant sensitivity and selectivity to cadmium ions
at the ppm concentration level (10-250 ppm). A DCDHFH-immobilized paper test strip was also
prepared and effectively used for the detection of cadmium in aqueous media at various concen-
trations. According to CIE Lab’s criteria, colorimetric strength (K/S), and the UV-Vis absorbance
spectra, the cadmium detection abilities of the DCDHFH-immobilized paper strips were evaluated.
The optimal pH range for the determination of Cd(II) was monitored in the area of 5.5-6.3, with a
fast chromogenic change from yellow to red relying on the Cd(II) concentration. The deposition of
dicyanomethylene dihydrofuran hydrazone onto the paper strip’s surface was studied by scanning
electron microscopy (SEM).

Keywords: hydrazone chemosensor; solvatochromic; halochromic; cadmium ions; colorimetric

paper strip

1. Introduction

Heavy metal pollution has been a worldwide concern, as these metals are extremely
poisonous and hazardous to both human beings and the environment [1,2]. Cadmium is one
of the main heavy metal contaminants. Cadmium can be found in electric batteries, plastic
pigments, and electroplated steel [3-5]. There are many sources of cadmium pollution,
such as fertilizers, industrial waste, and mine drainage. Thus, drinking water can be easily
contaminated with cadmium from industrial operations. Cadmium has been reported as
an extremely toxic metal. The ingestion of cadmium leads to its accumulation in the human
body and harmful effects on the liver, kidneys, bones and blood [6-8]. It can also cause
mortality from cancer and cardiovascular diseases. Thus, pure drinking water is crucial
to human life; however, it is highly susceptible to be polluted with heavy metals. The
US Environmental Protection Agency (EPA) has determined the upper limit of cadmium
contamination at 5 ng/mL in water [9]. This limit should lead to no health concerns. Thus,
the regular identification of cadmium in water is essential to protecting both humans’
health and the environment. It has been critical to develop convenient detection methods
for cadmium ions in aqueous media and soil [10].
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Currently, there are various methods that are used for cadmium analysis, such as
atomic absorption spectroscopy and inductive-coupled plasma-atomic emission spectrom-
etry [10-12]. Even though these detection approaches are highly specific, accurate, and
sensitive, they are costly, complicated, necessitate electric and electronic parts, require
trained personnel, and not suitable for onsite screening. The identification of cadmium
ions, especially at the ppm level, using a solid-state surface with a high sensitivity has
been an interesting technique [13]. The higher porosity and large surface area results in the
accumulation of analytes onto the surface of the solid-state detector, leading to a higher
sensitivity. Rapid-response sensor materials with a better sensitivity can be developed
using paper strips due to their high porosity and large surface area [14]. The adsorption
and diffusion of analytes onto a paper surface occurs quickly because of its large surface
area. This means that paper-based colorimetric sensors are promising detection tools since
they require less effort for the preparation and operation procedures. Additionally, they
are highly sensitive, less expensive, and easier to use [15]. Colorimetric sensors have been
reported recently as an important and effective technology for the detection of several
dangerous analytes [16].

There are several applications in which the sensing of diverse chemical analytes, such
as heavy metals, is required. As a result, a variety of detection methods have been cre-
ated. Because traditional detection methods are costly and complicated, they can only
be used in specialized labs. Thus, it is critical to develop more efficient analytical tools
for the real-time detection of trace analytes [17]. For the determination of heavy metals,
chemical sensors have shown to be cost-effective and have an easy-to-use process. There
are several advantages to the use of optical chemosensors, including their ease of use and
real-time detection, as well as high selectivity and sensitivity [18]. Metal cations are among
the analytes that have been monitored using a broad range of colorimetric chemosensors.
Colorimetric changes can be generated by chemosensors with the appropriate functional
substituents that interact with metal cations effectively [19-22]. Wang et al. reported the
preparation of a novel Schiff’s base probe by the reaction of imidazole-2-carboxaldehyde
with 2,3-naphthalene diamine. This chemosensor was utilized to determine cadmium
ions in a liver cancer cell [23]. Zhang et al. presented a novel diarylethene probe for the
colorimetric detection of cadmium ions, demonstrating a change in color from colorless
to light yellow [24]. The Liu research group reported the synthesis of diarylethene-based
colorimetric chemosensors for cadmium ions in real samples, displaying a detection limit
of 1.8 x 1077 mol/L [25]. Colorimetric and fluorescent sensing applications have been
recently explored for the optically active dicyanomethylene dihydrofuran hydrazone-based
chemosensors, such as the sensing of heat, solvent polarity, pH, hazardous gases, and
biological entities. This could be ascribed to their tunable and simple molecular framework
with an active hydrazone detection group [26,27]. Dicyanomethylene dihydrofuran hydra-
zones have shown modest cytotoxicity and antibacterial activity. In addition, they have
been able to generate different colors at different pH values. The presence of a hydrazone
recognition moiety in the dihydrofuran hydrazone-based chemosensors has been beneficial
to generate a coordination bonding with some metal ions [28-30]. Consequently, colorimet-
ric probes based on dicyanomethylene dihydrofuran hydrazones can be effectively used to
detect metal cations in water and semi-water environments.

In this context, a novel colorimetric DCDHFH chemical sensor bearing a 2,4-dichlorophenyl-
substituted hydrazone moiety was synthesized and immobilized onto a paper surface for
the highly selective identification of Cd(II) in water. Infrared spectroscopy, an elemental
analysis, and NMR were all used to inspect the chemical structure of DCDHFH. The optical
characteristics, as well as the solvatochromic, halochromic, and metallochromic properties
of the chromophore chemosensor were studied. The hydrazone group has the capacity
to modulate electronic delocalization, which results in a color change when coordinating
with cadmium ions at room temperature. The absorption spectroscopy was applied to
determine the binding ability of cadmium ions to the dicyanomethylene dihydrofuran
hydrazone ligand. Paper sheets integrated with various concentrations of DCDHFH were
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designed and effectively deployed for the real-time identification of cadmium with the
naked eye. CIE Lab values, K/S, and absorbance spectra were used to evaluate the optimal
colorimetric detection efficiency of the DCDHFH-immobilized paper strips. The inclusion
of dicyanomethylene dihydrofuran hydrazone into the paper’s surface was characterized
using SEM microscopy.

2. Experimental
2.1. Chemicals and Reagents

Different aqueous solutions of metallic salts were obtained by dissolution in de-ionized
water. All metal salts, including AICl3, NaCl, MgCl,, CoCls, FeCls, CaCly, PbCl,, BaCly,
CrCl3, CdClp, and CuCl; were purchased from Sigma-Aldrich (Cairo, Egypt). Standard
solution of dicyanomethylene dihydrofuran hydrazone (DCDHFH) was developed in
CH3CN (1.5 x 1073 M). Organic solvents (spectroscopic grade) were obtained from Aldrich
and Fluka (Cairo, Egypt). 2,4-Dichloroaniline, 3-methylacetoin, and propanedinitrile were
obtained from Aldrich (Cairo, Egypt). DCDHF was prepared using previously reported
procedures [31]. The reaction progress was monitored by TLC aluminium strips (Merck;
PF;54) coated with silica gel 60. The TLC strips were visually monitored under UV lamp
(254 and 365 nm). Whatman sheets with base weight of 87 g/m?, diameter of 240 mm, pore
size of 11 um, off-white color, and thickness of 180 um were obtained from Sigma-Aldrich
(Cairo, Egypt).

2.2. Synthesis of DCDHF

As illustrated in Scheme 1, the dispersal of sodium metal (150 mg; 6.5 mmol) in
ethanol (absolute; 15 mL) was accomplished in a water bath at room temperature. 3-
methylacetoin (4.5 g, 44 mmol) and propanedinitrile (6 g, 90.5 mmol) were poured into
the above-generated CH3CH;ONa solution. The solution was stirred for 1 h, and 25 mL
of ethanol (absolute) was then added to the mixture. To obtain the first batch of DCDHF
(off-white crystals; 10.72 g), the solution was heated for a further hour, chilled in the fridge,
filtered, and then rinsed with a little amount of cold ethanol (absolute; 5 mL). The first
batch of DCDHEF (2.55 g) was obtained after concentrating the filtrate, giving a total yield
of 58%; melting point 201-203 °C; 'H NMR (400 MHz, CDCl3): 2.37 (s, 3H), 1.65 (s, 6H).

NH CN
Q NC H;C CN

NaOFEt / EtOH NC_-CN =\__
CN

> oO|———»
N 0 CN

Scheme 1. Synthesis of dicyanomethylene dihydrofuran (DCDHEF).

2.3. Preparation of Hydrazone Chromophore

As depicted in Scheme 2, an ice bath was used to chill a solution of 2,4-dichloroaniline
(1;0.81 g, 5 mmol) in hydrochloric acid (3 mL) down to 0-5 °C. NaNO,(,q) (0.35 g, 5 mmol)
in de-ionized water was poured slowly to the above solution at 0-5 °C to provide the
corresponding diazonium chloride adduct. A solution of DCDHEF (2; 1 g, 5 mmol) and
CH3COONa (1.5 g) in CH3CN (5 mL) was chilled to 0-5 °C in an ice bath, and then the
diazonium salt was added. The provided precipitate was filtered, rinsed with distilled
water (10 mL), crystallized from absolute ethyl alcohol, and then air-dried to give an orange
powder (5; 86%); mp 229-231 °C; 'H NMR (400 MHz, Acetone-dg): 11.12 (s, 1H), 8.23 (s,
1H), 7.57 (d, 1H), 7.44 (d, 1H), 7.33 (dd, 1H), 1.81 (s, 6H); IR (cm~1): 3224 (N-H), 3065
(aromatic C-H), 2937 (aliphatic C-H), 2223 (CN), 1613 (C=C), 1583 (C=N) 1083 (N-N), 860
(C-Cl). Elemental analysis: calculated for C17H11Cl,N50 (372.21): C 54.86, H 2.98, C119.05,
N 18.82; Found: C 54.71, H 3.07, C118.91, N 18.79.
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Scheme 2. Synthesis of dichlorophenyl-bearing dicyanomethylene dihydrofuran hydrazone chromophore.

2.4. Preparation of Strip Sensor

The synthesized hydrazone chemosensor can be described as a disperse dyestuff
owing to its weak solubility in water and small molecular size [30]. To produce DCDHFH-
immobilized colorimetric paper, Whatman sheet (2.5 cm x 8.0 cm) was immersed in a
solution of DCDHFH in CH3CN (1.5 x 1073 M) followed by air drying.

2.5. Quantitative and Qualitative Determination of Cd(II)

The provided DCDHFH-immobilized paper strip was then immersed in an aqueous
solution of Cd(II) in distilled water for 10-20 s, and then air-dried. Different solutions with
different concentrations of Cd(II) (10-250 ppm) were studied. DCDHFH-immobilized paper
strip displayed various colors ranging between yellow, orange, and red, dependent on
cadmium concentration. Additionally, aqueous solutions of various metal salts (250 ppm),
including Pb(II), Na(I), AI(III), Mg(II), Ca(Il), Cr(III), Cu(Il), Cd(II), Fe(IlI), Ba(Il), and Co(IlI),
were prepared and examined by the chemosensor-immobilized strip at room temperature.
The pH of the prepared aqueous solutions was adjusted to 7.0 by a buffer system [32].
Photographic images of paper strips after immersion in solutions of various metal ions,
and after impregnation in aqueous solutions with different concentrations of Cd(II) were
taken with Canon A710IS.

2.6. Methods

Melting points of both DCDHF and hydrazone chemosensor were collected by differ-
ential scanning calorimetry (TA-2920). The UV-Vis absorption spectra of the dicyanomethy-
lene dihydrofuran hydrazone in various solvents were studied by USB4000 Ocean Optics
and JASCO V630 spectrophotometers. The elemental analysis of the hydrazone chemosen-
sor was analyzed by Norwalk Perkin Elmer 2400 spectrometer (Norwalk, CT, United States).
Shimadzu FT-IR 8400 spectrophotometer was used to investigate the functional groups on
the DCDHF chemosensor. The NMR spectra of dicyanomethylene dihydrofuran hydrazone
were studied using Brucker 400 MHz at room temperature. Using Quanta SEM FEG 250
(Prague, Czech Republic), the morphologies of the hydrazone-treated strips were investi-
gated. The colorimetric features of the provided hydrazone-loaded strips were examined
by absorption spectra, K/S, and CIE Lab parameters using UltraScan Pro (HunterLab,
Reston, VA, United States). L* demonstrates lightness, a* demonstrates color ratio between
green (—) and red (+), and b* demonstrates color ratio between blue (—) and yellow (+).

2.7. pH Measurements of DCDHFH Solution

In other to study the sensory effects of DCDHFH at different pH values, a methanolic
solution of trifluoroacetic acid (1 M) was added into a solution of the hydrazone chemosen-
sor in acetonitrile (conc. ca. 1.5 x 1073 M) to decrease the pH value. In order to increase
the pH value, the hydrazone anion form was generated by adding a methanolic solution
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of N, N, N-Tributylbutan-1-aminium hydroxide (1 M) to the same solution of DCDHFH
in CHgCN

2.8. pH Effect of Cadmium Solution on Strip Detection

In order to identify the typical pH magnitude for the detected medium, an aquatic
solution of cadmium chloride (250 ppm) was tuned at various pH levels by a buffer
system [33]. The pH of the aqueous solution was monitored by Beckman Coulter pH-1340.

3. Results and Discussion
3.1. Chemistry of Chemosensor

Dichlorophenyl-based DCDHFH (dicyanomethylene dihydrofuran hydrazone) is a
colorimetric chemosensor produced by utilizing a simple and effective synthesis approach
(Schemes 1 and 2). The FT-IR, NMR, and elemental analyses confirmed the molecular
structure of the produced colorimetric DCDHFH probe. The simple azo-coupling reaction
of 2,4-dichloroaniline diazonium salt with the DCDHF heterocyclic molecule produced a
high yield (86%) of DCDHFH. The existence of an active methyl in the DCDHF molecule fa-
cilitates this azo-coupling reaction [30]. The singlet N-H signal at 11.12 ppm in the 'H NMR
spectrum of DCDHFH proved the formation of hydrazone moiety. The hydrazone =C-H
proton showed up in the 'H NMR spectra as another peak at 8.23 ppm. The substantial
electron-withdrawing action of the cyano groups on the DCDHF moiety was ascribed to
the downfield displacement of this =C-H singlet signal. The absorption band at 3224 cm ™!
in the FTIR spectrum of DCDHFH was assigned to the hydrazone N-H, whereas the cyano
stretch vibration was attributed to the absorption peak at 2223 cm~!. The Knoevenagel
reaction of 3-methylacetoin with propanedinitrile in the presence of a strong catalytic base
(i.e., sodium ethoxide) afforded an excellent yield (58%) of DCDHF heterocycle [31]. A
weak basic solution, such as sodium acetate, was used to remove a proton from the active
methyl substituent on the strongly electron-withdrawing DCDHF molecule 2, which aids
in the stability of the produced DCDHEF carbanion 3 as part of the azo-coupling process.
The azo-coupling reaction of the 2, 4-dichloroaniline 1 diazonium chloride with DCDHF
carbanion produces an unstable azo-isomer 4, which changes immediately into the sta-
ble hydrazone-isomer 5 [28]. The prepared chemsensor showed a high sensitivity and
selectivity for cadmium ions associated with a noticeable color change.

3.2. Solvatochromic Behavior

In various solvents, the highest UV-Visible absorbance wavelengths of the hydrazone
chemosensor were explored. The DCDHFH chromophore appeared in various colors rang-
ing between light orange, orange, and red in various pure solvents. Figure 1 and Table 1
show the absorption spectra of the hydrazone chemosensor in various solvents. Different
solvatochromisms were detected in protic and non-protic solvents. The N-H group in
the hydrazone fragment of the hydrazone chemosensor (H-bond donor) partially depro-
tonated using protic solvents (H-bond acceptor) [30]. The charge decrease caused by this
partial deprotonation of the N-H group on the hydrazone moiety caused a bathochromic
shift to a longer wavelength. This H-bond-donor effect, on the other hand, should be
insignificant in a non-protic solvent [34]. It is clear from Scheme 3 that the lone pair of
electrons on the N-atom of the hydrazone N-H could be also responsible for the DCDHFH
solvatochromism detected at different polarities of different solvents. The lone pair of
electrons could partly bridge the dichlorophenyl-hydrazone fragment and the strongly
electron-withdrawing DCDHF fragment, generating a partial push—pull molecular skeleton
with a partially extended conjugation which results in a favorable solvatochromic activ-
ity [35]. Hence, the polarizability of the dichlorophenyl group definitely plays a significant
role in inducing solvatochromism.
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Figure 1. Absorption spectra of the hydrazone chemosensor in a range of different solvents.

Table 1. Maximum absorbance wavelength of the hydrazone chemosensor in various solvents.

Solvent Amax (nm)
Methanol 466
Cyclohexanone 473
Ethyl acetate 455
n-Propanol 500
iso-Propanol 466
Dimethylformamide 508
Chloroform 468
Acetonitrile 460
1,4-Dioxane 457
Dimethyl sulfoxide 471
H,
H_ CQ
a oy 0" CH;
| CN =
N, Cl a
N/ CN Il] CN
— - Ny
Cl J N L CN
CN Cl
(0] CN

Scheme 3. Proposed mechanism demonstrating partial deprotonation of DCDHFH (H-bond acceptor)
in the presence of protic solvents (H-bond acceptor).

3.3. pH-Sensory of DCDHFH Solution

The reversibility of the dichlorophenyl-substituted DCDHFH to undergo molecular
switching under acid /base conditions was achieved by adding a methanolic solution of
trifluoroacetic acid (1 M) or a methanolic solution of N, N, N-tributylbutan-1-aminium
hydroxide (1 M) into a solution of DCDHFH in CH3CN (conc. ca. 1.5 x 1073 M) to decrease
or increase the pH value, respectively. The reversible absorbance spectra and color changes
in DCDHFH in acetonitrile are displayed in Figure 2. The color of the DCDHFH solution
was found to gradually change between light orange, orange, and red at pHs of <5.8,
6.1-6.7, and >7.0, respectively. When increasing the pH value, the maximum absorption
wavelength at 471 nm was found to gradually shift to a longer wavelength (bathochromic
shift) at 512 nm. The absorption peak at 471 nm appeared again upon decreasing the pH
value and the absorption peak at 512 nm disappeared.
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Figure 2. pH-dependent absorbance wavelength of DCDHFH in CH3CN (conc. 3.0 x 107¢ mol L~1)
at various pH levels (top), demonstrating color change between light orange ((a); pH 5.5), orange ((b);
pH 6.7), and red ((c); pH 7.9) (bottom).

The stepwise addition of an alkali results in the formation of a hydrazone anion form at
512 nm from the hydrazone form detected at 471 nm, suggesting a proton abstraction from
the hydrazone N-H group driven by the electron-withdrawing inductive effect of the 2, 4-
dichlorophenyl fragment. Thus, an extended resonance is generated in the hydrazone anion.
Furthermore, a push—pull hydrazone anion molecular system was generated presumably
because the negative charge created on the hydrazone N-H interacts with the strong
electron-withdrawing DCDHF fragment (Scheme 4).
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Scheme 4. Suggested mechanism for the pH sensory of DCDHFH.

3.4. Solution-Based Determination of Cd(Il)

The ability of DCDHFH to detect cadmium ions was proved by UV-Visible spec-
trophotometric techniques. As depicted in Figure 3 and Table 2, the DCDHFH chromophore
displayed different absorption wavelengths for different metal ions, indicating a high se-
lectivity. Cadmium ions demonstrated an absorption band at 507 nm, indicating a high
bathochromic shift to a longer wavelength as compared to the absorbance maxima of the
hydrazone standard (metal-free) solution in CH3CN/water (1:10). On the other hand,
all other metal ions exhibited absorption wavelengths (464-484 nm) very close to that of
the blank sample. DCDHFH can be used as a colorimetric probe to detect cadmium ions
in water using the designed chemosensor (DCDHFH). As demonstrated in Figure 4, the
hydrazone solution showed an apparent color change via cadmium in an aqueous medium.
However, the hydrazone solution had no obvious colorimetric changes for cadmium con-
centrations less than 10 uM. The DCDHFH chromophore displayed no absorption spectra
in distilled water as a solvent, which confirmed that water molecules do not interfere with
the sensing activity of DCDHFH. Therefore, the hydrazone chromophore can be used as
a new chemical sensor for the detection of cadmium in a real water sample. To prove
the practical use of the current strategy for possible commercialization, a paper dipstick
integrated with DCDHFH was prepared and applied to detect various concentrations of
cadmium (10-100 uM) in aqueous media.

Table 2. Absorbance maxima of the hydrazone dye in CH3CN/aqueous (1:10) media of different
metal salts.

Metal Amax (nm)
Free 482
CrCl; 464
CuClz 464
FeCl3 464
AlCl3 464
PbCl, 480
CaCl, 484
CdCl, 507
NaCl 484
CoClg 464
BaCl, 478

MgCl, 480
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e Standard
= Mg(ll)
e Cr(111)
Co(lll)
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Figure 3. Absorbance spectra of hydrazone dye in CH3CN/aqueous (1:10) media of different metal
ions (top), demonstrating color change between red (cadmium salt) and light orange (metal-free
solution and other metal salt-containing solutions) (bottom).

0.40+ + Cd(ll)
T (@) —_—
0.35 1 | == (b)
] (c)
. 0301 éd;
c  0.25- e
g "% —p
S 0204 (9)
(73]
2 ]
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0.00 K
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Wavelength (nm)

Figure 4. Absorbance spectra at various concentrations of cadmium salt; 10 (a), 25 (b), 50 (c), 100 (d),
150 (e), 200 (f), and 250 (g) ppm.
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3.5. Preparation of Colorimetric Dipstick

Owing to its limited solubility in aqueous solutions and tiny molecular size, the
current hydrazone chemosensor can be regarded as a disperse dye [36]. As a result, it
can be incorporated into a paper surface as dispersed particles between the voids of the
cellulosic polymer threads. Whatman paper was soaked in the acetonitrile solution of
the hydrazone chemosensor and air-dried to produce yellowish colorimetric test strips.
Different concentrations of cadmium salt in water ranging from 10 to 250 ppm were
prepared. Figure 5 shows photographs of the strips taken before and after the exposure
to cadmium ions in aqueous fluids of varying concentrations. After a few seconds of
exposure in an aqueous solution of cadmium chloride, the paper test strip changed color
from yellow to orange and red as the cadmium concentration increased from 10 to 250 ppm.
In the absence of cadmium, the paper dipstick showed no colorimetric transition and
remained yellow. The blank DCDHFH-free paper strip uncoated with the hydrazone
chemosensor showed no changes in color when immersed in cadmium ion solutions of
various concentrations. Hydrazone coordination bonds with cadmium ions should produce
colorful complexes that can be detected by absorption spectra.

(@) (b) ()

Figure 5. Photographs of test strips after exposure to different concentrations of cadmium ions in an
aqueous medium, illustrating color change between yellow ((a); 0 ppm), orange ((b); 10 ppm), and
red ((c); 250 ppm).

The maximum absorption intensity at 500 nm was used to build a calibration curve for
sensing cadmium ions in aqueous media with concentrations ranging from 10 to 250 ppm.
Using the current invented paper dipstick, an unknown quantity of aqueous cadmium
ions was accurately estimated. Cadmium concentrations from 10 to 250 ppm were shown
to have a linear correlation. Additionally, increasing the concentration of cadmium ions
was shown to bathochromically shift the absorbance intensity from 471 to 512 nm. Due
to the complex formation between cadmium ions and nitrogen atoms on the hydrazone
fragment, variations in colorimetry were detected as the Cd(II) concentration increased.
Concentrations of cadmium lower than 10 ppm were not detected. On the other hand,
cadmium concentrations over 250 ppm had a negligible effect on the absorption intensity at
512 nm. Hence, the detection limit was detected in the area of 10-250 ppm by monitoring
the changes in the absorption spectrum. When evaluating the sensor efficiency, both
interference and selectivity play a vital role. Thus, a variety of metal ions, including
Pb(II), Na(I), AI(III), Mg(II), Ca(Il), Cr(III), Cu(Il), Cd(II), Fe(IlI), Ba(Il), and Co(IIl), were
analyzed to determine the paper strip’s selectivity for cadmium. The absorption intensity
of cadmium was dramatically improved by the paper strip, whereas the other competitive
metals exhibited only minor changes in their absorption intensities (Figure 6). Because of
their various capabilities to produce complexes with the hydrazone chemosensor, these
metal ions demonstrated varying sensitivities. A sensor strip based on the present technique
can be easily implemented for the naked-eye selective identification of cadmium in the
presence of other competitive ions, thereby making the current strategy very effective.
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Figure 6. Color change in DCDHFH-immobilized strip for different metal ions (250 ppm) in aqueous
medium.

Additionally, a variety of solvents, including tetrahydrofuran, toluene, dimethylfor-
mamide, iso-propanol, dimethyl sulfoxide, ethyl acetate, benzene, aniline, ethanol, and
acetonitrile, were tested to further examine the interferences of the paper sensor. No con-
siderable colorimetric changes were detected when the DCDHFH-immobilized dipstick
was immersed in those solvents. Cadmium ions can be detected using the current test
strip, which is easy to prepare, fast, and non-destructive. The present sensor strip provides
real-time qualitative and quantitative naked-eye sensing data for cadmium without requir-
ing difficult-to-use or expensive instruments. After storage for a few weeks, the current
dipstick paper strip displayed the same detection results for the cadmium ions, indicating
its good stability upon storage.

3.6. Morphological Properties

The high surface area of the microfibrous cellulosic sheets makes them ideal for the
production of highly sensitive sensors [37-39]. Figure 7 depicts the evaluation of the
DCDHFH-coated paper strip’s morphology. The deposition of DCDHFH dye on the
paper’s surface was proven via SEM images. When applied on a microfibrous cellulose
paper sheet, the thin DCDHFH film displayed an efficient sensitivity to cadmium because
the paper’s high surface area made it possible for improved DCDHFH probe diffusion to
serve as active detection sites for cadmium.

40 gm

Figure 7. SEM images of hydrazone-immobilized strips before (a—c) and after (d—f) exposure to
cadmium solution.

3.7. Effect of pH

Cadmium ions and DCDHFH chromophores are known for their sensitivity to acid /base
conditions. Cadmium salt (250 ppm) was used to make an aqueous solution to investigate
this claim. NaOH,q) (1 N) and HCl,q) (1 N) were used to modify the pH of the produced
solution in the range of 5.5 to 6.3. Each solution’s absorbance spectrum was then measured
as illustrated in Figure 8. The absorbance intensity of DCDHFH was not affected by pH
values higher than 6.3 and lower than 5.5, indicating that no DCDHFH /Cd(II) complex has
been formed. This could be attributed to the coagulation of cadmium ions in environments
with pH values higher than 6.3, which prevents the absorption and diffusion of those
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coagulated cadmium ions throughout the microfibrous strip [40]. For pH values less than
5.5, the hydrazone chemosensor has a low capability to lose the N-H proton, making it
hard to coordinate with cadmium and indicating that no DCDHFH /Cd(II) complex has
been formed. The absorption intensity increased for the pH values ranging between 5.5 and
6.0, suggesting a possible binding interaction of the hydrazone chemosensor with cadmium
to indicate that a DCDHFH /Cd(II) complex has been formed. This can be attributed to the
nitrogen atoms in DCDHFH. These nitrogen atoms can act as coordination sites as long as
the pH value is less than the pKa value of the hydrazone chemosensor [30]. Thus, paper
sensors can be efficiently used to detect cadmium in the pH range of 5.5-6.3.
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Figure 8. Absorbance intensities at 512 nm for paper strips immersed in aqueous cadmium ions
(250 ppm) at different pH values.

3.8. Colorimetric Properties of Dipstick

The present color assay was successfully used to identify cadmium in an aqueous
sample on a quantitative and qualitative level. In order to detect the presence of cadmium
in aqueous solutions, the hydrazone-immobilized strips were used. A chromogenic reaction
produced a stable hydrazone—cadmium complex (Figure 9). Cadmium ions demonstrated a
colorful change from yellow to red. Different colorimetric changes were detected between
yellow, orange, and red, dependent on the cadmium concentration. At low concentrations,
the cadmium ions coordinate with a partial quantity of the hydrazone chemosensor on the
paper’s surface, leading to a partial colorimetric interaction. Such a partial coordination
increases with the increasing cadmium concentration to introduce a range of various colors.

[
Nc>’<i C
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Figure 9. Proposed mechanism for the formation of hydrazone-cadmium complex.
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The sensor capacity to detect cadmium ions in aqueous environments was studied
by K/S and CIE Lab (Tables 3 and 4). Before and after cadmium ion exposure, the sensor
maximum absorbance wavelength was measured. In the low concentrations of Cd(Il), the
maximum absorption wavelength was 471 nm, whereas 512 nm was detected in the high
concentrations. When the cadmium salt concentration was raised, significant increases in
K/S were observed. The DCDHFH-free blank strip had an off-white color with high L*
(91.02), low a* (—0.07), and low b* values (1.16). The sensor strip’s CIE Lab readings varied
widely to indicate darkening colors when the cadmium salt concentration was raised. An
increase in the value of a*, switching from —a* to +a*, and a decrease in the value of the
positive b* were detected, which signifies the transition from yellow to red.

Table 3. Colorimetric screening of test dipstick at various cadmium concentration levels.

Cd(D (ppm)  Paper Color L* a* b* KIS
Zero Yellow 68.60 —4.88 15.94 1.86
1 Yellow 67.10 —-291 14.03 2.02
10 Orange 65.86 —1.96 11.48 2.46
25 Orange 63.27 5.21 10.29 2.82
50 Orange 59.38 5.97 10.40 3.32
100 Orange 55.02 6.91 9.19 3.76
150 Red 50.09 8.33 7.97 5.45
200 Red 47.21 10.65 6.71 7.53
250 Red 45.95 13.24 5.88 7.99
300 Red 4490 16.01 5.24 8.14
350 Red 44.63 17.51 497 8.58

Table 4. Colorimetric parameters of paper test sensor for various metal ions (250 ppm).

Metals Paper Color L* a* b* K/S
CrCl3 Yellow 68.73 —4.88 15.32 2.69
CuCl, Yellow 66.29 —3.35 13.99 2.80
FeCls Yellow 66.86 -3.25 13.17 2.54
AlCl3 Yellow 68.02 —4.89 14.46 2.62
PbCl, Yellow 68.71 —4.74 15.04 1.98
CaCl, Yellow 65.32 —2.22 12.83 1.93
CoCl3 Yellow 59.29 —0.58 9.44 2.12
NaCl Yellow 62.41 —1.02 10.96 227
Cdcl, Red 45.95 13.24 5.88 7.99
BaCl, Yellow 63.45 -1.92 12.21 2.81
MgCl, Yellow 61.33 -1.11 11.49 2.66

4. Conclusions

A dichlorophenyl-substituted dicyanomethylene dihydrofuran hydrazone (DCDHFH)
colorimetric chemosensor was prepared for sensing Cd(Il) ions in water. The diazonium
chloride of 2, 4-dichloroaniline was utilized in an azo-couple reaction with the DCDHF
heterocycle to produce DCDHFH. The prepared sensor showed an exceptional selectivity
and sensitivity for cadmium ions. Various aspects of cadmium-sensing performance,
including sensitivity, selectivity, stability, and suitability for colorimetric identification
in aqueous media, were thoroughly examined. Cadmium ions can be determined in
tap water using the current hydrazone chemosensor. Solvatochromic, halochromic, and
metallochromic properties were detected for DCDHFH, which showed a wide spectrum
of colors in organic solvents of various polarities, including light orange, orange, and
red. Additionally, these different colors were detected in varying metal ions and when
using different concentrations of cadmium ions. Thus, DCDHFH displayed a good ability
to detect solvent polarity and metal ions. Additionally, cadmium ions were detected in
aqueous solutions using paper test strips immobilized with DCDHFH, demonstrating
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a change in color from yellow to orange and red with the increasing concentration of
cadmium ions. The detection limit of the hydrazone-coated strip was in the range of
10-250 ppm. The optimum detection pH of cadmium by the hydrazone-coated strip was
monitored in the range of 5.5-6.3. The detection procedure is dependent on the paper strip
forming a colored DCDHFH/Cd(II) complex. The current colorimetric sensor that does
not need electronic and electrical components can be used in place of previously reported
complicated techniques that require difficult equipment and trained personnel, making
them easier to use. Cadmium can be easily detected in drinking water and industrial
samples using the current detection method.
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