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The cadmium ion (Cd?*) is highly poisonous and nondegradable and easily bioaccumulates through the
food chain. Therefore, it is crucial to develop cost-effective chemical sensors for Cd2* with fast response
time, high selectivity, and very low detection limits. In this study, a colorimetric sensor for the
determination of Cd?* was fabricated by modifying silica sol with dodecyltrimethylammonium bromide
(DTAB) and dithizone (DZ). Cd?* formed a complex with DZ, changing the solution color immediately
from purple to orange prior to detection using ultraviolet-visible spectrophotometry and a customized
Cd analyzer for the precipitate. Under the optimum conditions, the developed Cd?* sensor had a linear
range of 0.01-0.25 mg L%, a low limit of detection of 5.0 ng L%, and outstanding repeatability. This
sensor also showed good precision, with the relative standard deviations of less than 2.59% and 3.24%
for the intra- and inter-day data, respectively. The proposed colorimetric method was successfully
applied to determine Cd?* in environmental water samples, and the results were comparable to those
obtained using standard atomic absorption spectrometry. Moreover, quantitative analysis was conducted
using the customized Cd analyzer to estimate the color intensity change, without requiring sophisticated
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1. Introduction

The cadmium ion (Cd*") is very toxic because it exhibits carci-
nogenicity and teratogenicity, severely impacting the kidneys,
liver, and reproductive organs in humans."* Moreover, it easily
accumulates in the human body through the food chain owing
to its nondegradable nature.** Common sources of Cd** in the
environment are paint factory effluents, plastics, hardware
fittings, nuclear reactor control rods, radium detection devices,
photoconductive elements in televisions, and electronic waste
(e.g., mobile phones and their batteries as well as computer
circuit boards).? The World Health Organization established the
maximum residue limit of Cd*>" in drinking water to be 0.003-
0.005 mg L™ .° Therefore, it is crucial to develop highly selective,
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on-site detection of Cd?* in environmental water samples.

rapid, and cost-effective chemical sensors with very low detec-
tion limits for Cd** in environmental water.

Reported high-performance techniques for Cd determina-
tion are based on inductively coupled plasma-mass
spectrometry,”® inductively coupled plasma-atomic emission
spectrometry,* inductively coupled plasma-optical emission
spectrometry,"” atomic absorption spectroscopy,”™** and
electrochemistry.'*'®* However, these techniques require highly
trained operators, the analysis process is time-consuming, and
the instrument is typically expensive and nonportable. In recent
years, colorimetric methods have received great attention due to
being simple, inexpensive, and effective for quantitative anal-
yses. They also allow detection by the naked eye without
specialized detectors. Colorimetric methods for detecting heavy
metals rely on the different chromogenic materials. The main
content of this work focused on the aggregation (or the reverse
dissociation process) of noble metals and nanoparticles such as
gold nanoparticles, silver nanoparticles, and silica sol.***

Silica sol (also called colloidal silica) has desirable properties
for colorimetric sensors. As a nanocolloid having a siloxane
network structure (Si-O-Si),> it is easily synthesized using the
Stober method that involves the hydrolysis and condensation of
tetraethoxysilane (TEOS) and r-arginine (t-arg).>**” This method
is popular because the sol-gel process is inexpensive, easy, and
highly efficient compared with other methods. Particles in the
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obtained silica sol are small and well dispersed, resulting in
a large specific surface area. Notably, silica sol can be directly
used as a sorbent without the energy-intensive and/or lengthy
drying or calcination steps. We have previously used silica sol as
a new sorbent for detecting trace levels of Fe*" (ref. 27) and Cd**
which use the trimethyl tetradecyl ammonium bromide (TTAB)
and murexide on silica sol as a colorimetric probe.*

Cationic surfactants can facilitate the aggregation of silica
sol and enhance its surface properties through electrostatic
interactions between the positively charged surfactant and
negatively charged silica sol particles.”**””** In addition, the
sensitivity and selectivity of nanoparticle-based colorimetric
sensors can be improved by modifying the particle surface using
specific ligands. The adsorption of metal cations on silica sol
occurs via electrostatic interactions between the hydroxyl
groups of silanol and metal cations. However, the ligands
should be carefully chosen to enhance metal adsorption.

In colorimetric detection, the derivatization of Cd*" with an
appropriate ligand produces complexes that display different
colors. It also enhances sensitivity and selectivity for Cd**
detection. The following ligands have been reported to form
complexes with Cd*>": 5,7-dibromo-8-hydroxyquinoline,*
ammonium pyrrolidinedithiocarbamate,*, (E)-N'-(2-hydroxy-5-
nitrobenzylidene)isonicotinoylhydrazone, 2-(4-fluoro (benzli-
deneamino)benzenothiol),* 1-(2-pyridylazo)-2-naphthol,** and
murexide.* To the best of our knowledge, there have been some
reports on using dithizone (DZ) as a ligand for Cd** detection,
because the sulfur and nitrogen atoms in DZ can react with
metal ions by donating free electron pairs.**** Notably, DZ binds
strongly with Cd*" with a high complex formation constant (log
Ky) under suitable conditions.***”

In this study, we developed an effective, simple, and portable
colorimetric sensor for the detection of Cd**. A probe was
prepared by modifying silica sol with DZ and dodecyl-
trimethylammonium bromide (DTAB, a cationic surfactant).
This DTAB/DZ/silica sol probe is sensitive and selective to Cd*".
Specifically, the presence of Cd*" caused a color change of the
aqueous probe solution from purple to orange, and this color
change was measured by spectrophotometry at 435 nm for
quantification and a customized Cd analyzer. The proposed
colorimetric probe was successfully applied to the determina-
tion of Cd** in environmental water samples.

2. Experimental section
2.1 Materials and chemicals

All chemicals were of analytical reagent grade except for TEOS
(gas chromatography grade, Sigma-Aldrich). Cadmium chloride
(cdcly) obtained from HIMEDIA. Cetyl-
trimethylammonium bromide (CTAB) and Dithizone (DZ) were
purchased from Fluka. Cobalt(i1) chloride hexahydrate (CoCl,-
-6H,0), copper(u) sulfate pentahydrate (CuSO,-5H,0), ammo-
nium ferrous sulfate hexahydrate (Fe(NH,),(SO,4),-6H,0), and
potassium chloride (KCI) were obtained from CARLO ERBA. 1-
Arginine (C¢H,4N,0,) was obtained from ACROS. Sodium
dihydrogen phosphate dihydrate (NaH,PO,-2H,0) and
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trimethyl tetradecyl ammonium bromide (TTAB) were obtained
from KEMAUS.

Sodium acetate and acetic acid were purchased from Merck.
Dodecyltrimethylammonium bromide (DTAB), nitric acid
(HNO;, 65%), and methanol (MeOH) were obtained from
Sigma-Aldrich. Magnesium sulfate (MgSO,), ortho-phosphoric
acid (H3PO,), and sulfuric acid (H,SO,) were acquired from
QREC. Deionized water produced from ELGA (PURELAB Ultra
Analytic) with a specific resistivity of 18.2 MQ cm was used in all
experiments.

A Cd*" stock solution (1.0 mmol L™ ') was prepared by dis-
solving an appropriate amount of Cd*>* in 0.1 mol L™ H,SO,.
Every day, Cd*>* working solutions were prepared by the stepwise
dilution of this stock solution with deionized water. Phosphate
buffers at various pH values (pH 2.0-3.0) were prepared by
mixing 0.1 mol L™ H;PO, and 0.1 mol L™ NaH,PO, in different
ratios. The acetate buffer solution at various pH values (pH 4.0-
6.0) were prepared by 0.1 mol L' acetic acid and sodium
acetate in different ratios. All glassware was stored in 10% (v/v)
HNO; for at least 24 h and washed thoroughly with deionized
water before use.

2.2 Instrumentation

Absorption spectra were recorded on an ultraviolet-visible (UV-
vis) spectrophotometer (Cary 60 Agilent, Australia) by scanning
the reaction solution in a 3.5 mL quartz cuvette from 380 to
490 nm. Fourier-transform infrared spectroscopy was per-
formed using a Bruker Tensor 27 spectrometer. The zeta
potential was measured using a Zetasizer Nano ZS (Malvern,
UK) to confirm the charge on the silica sol surface. The
morphology of silica sol was studied using focused ion beam-
scanning electron microscopy (FIB-SEM; Helios NanoLab G3
CX, FEI, USA). A customized Cd analyzer based on RGB analysis
was used to measure the change in red (R) color intensity.

2.3 Synthesis of silica sol

Silica sol was prepared using the Stober method according to
our previous reports, based on the hydrolysis and condensation
of TEOS and r-arg.>**” r-arg (0.09 g) was dissolved in deionized
water (250 mL) and stirred at 60 °C for 30 min in an oil bath.
Then, TEOS (18.66 g) was added. The mixture was stirred
continuously at 60 °C and 300 rpm for 26 h using a magnetic
stirrer, and then kept at room temperature for subsequent
experiments.

2.4 Colorimetric sensor for Cd>* detection

The mechanism of the colorimetric DTAB/DZ/silica sol probe is
illustrated in Fig. 1. To prepare this probe, silica sol (2000 pL),
DZ (0.09 mg L"), and DTAB (1000 pL) were added to a 15 mL
centrifuge tube. Next, a standard solution containing 0.09 mg
L' Cd*>" was added to the centrifuge tube, and it was then
diluted with a 0.1 mol L™ " phosphate buffer solution (pH 3.0, up
to 10 mL) through manual shaking. The obtained colloidal
solution (DTAB/[Cd**-DZ]/silica sol) was self-assembled and
precipitated to the bottom of the centrifuge tube under gravity.
Finally, the absorbance of the upper phase was measured at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Proposed colorimetric sensor for Cd*>* determination based on dodecyltrimethylammonium bromide (DTAB)/dithizone (DZ)/silica sol.

435 nm. The efficiency in the adsorption or extraction of the
formed [Cd*>*-DZ] complex was evaluated using %adsorption
defined in eqn (1):***

%Adsorption = [(4g — A/ Ag] x 100 )]

where 4, and A, are absorbances of the [Cd**-DZ] complex
before and after adsorption on the colorimetric probe, respec-
tively. The precipitate was filtered through a membrane filter
and evaluated using a customized Cd analyzer.

In this work, Cd quantification was performed by the
expression of calibration curves using a customized Cd analyzer
to evaluate the channels red (R), green (G) and blue (B). The R
channel displays a well-linear response with an acceptable
correlation coefficient (R*) when compared with others. Because
the color of cadmium complex was related to the R color. Thus,
the R value was used as an analytical signal for the experiments.

2.5 Sample analysis

The prepared colorimetric sensor was used to detect Cd*" in
four environmental water samples (W1-W4) including tap water
(W1), natural water (W2), and wastewater (W3-4). All samples
were collected from Khon Kaen Province, Thailand and first
passed through a 0.45 um membrane filter (VertiClean™
NYLON) prior to Cd** detection.

3. Results and discussion
3.1 Characterization of DTAB/DZ/silica sol probe

The morphologies of silica sol, DTAB/silica sol, and DTAB/
[Cd**-Dz]/silica sol were observed through FIB-SEM. According
to the surface morphology in Fig. 2A, the silica sol particles were
spherical and had a diameter of 100 £+ 2.35 nm (n = 20). After
adding DTAB, DTAB/silica sol (particle size: 50 £ 4.25 pm, n =
20) formed large rod-shaped particles owing to the aggregation
of DTAB and silica sol (Fig. 2B). The presence of the [Cd**-DZ]
complex promoted the aggregation of DTAB/[Cd**-DZ]/silica sol,
as shown in Fig. 2C.

To confirm the adsorption of [Cd*>*-DZ] onto DTAB/silica sol,
the surface charge of the probe particles was studied using
a zeta potential analyzer. Pure silica sol had a negative potential
(—31.23 mV), after the addition of DTAB which has a positive
charge, the potential was slightly raised to positive value (—0.11
mV). When silica sol was combined with [Cd*'-DZ], a positive
potential (2.13 mV) was observed instead. Furthermore, DTAB/
[Cd**-DZ]/silica sol had a more positive potential (5.07 mV).
These changes suggest that the [Cd*>*-DZ] complex was adsor-
bed on DTAB/silica sol.

3.2 Optimization of colorimetric probe for Cd>* detection

3.2.1 Effects of pH and time. The pH of the aqueous solu-
tion plays a key role in the speciation of chelating agents,

Fig. 2 SEM images of (A) silica sol, (B) DTAB/silica sol, and (C) DTAB/[Cd®*-DZl/silica sol.
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complex formation, and extraction efficiency. Here, complex
formation between DZ and Cd** was investigated in the pH
range of 2.0-6.0 using different buffer solutions (0.1 mol L™"
phosphate buffer and acetate buffer). As shown in Fig. S1A,T the
[Cd**-DZ] complex solution achieved maximum absorbance at
PpH 3.0 and a slightly lower absorbance at higher pH. Therefore,
the phosphate buffer at pH 3.0 was selected for further
experiments.

To study stability of the [Cd*"-DZ] complex, its absorbance
was monitored for 50 min. The absorbance increased during the
first 30 min and then decreased slightly (Fig. S1Bt). Thus, in the
subsequent experiments, the detection of Cd** was carried out
at 30 min after mixing.

3.2.2 Effect of probe volume. The effect of the amount of
sorbent on extraction efficiency was studied by varying the
volume of silica sol from 1.0 to 6.0 mL and measuring %
adsorption and red (R) intensity. The %adsorption (obtained via
UV-vis spectrophotometry) increased significantly with the
increase in the silica sol volume from 1.0 to 3.0 mL and
decreased when the volume was above 3 mL, as shown in
Fig. 3A. The R intensity (measured for the precipitate on the
membrane filter) was evaluated using a customized Cd analyzer

View Article Online
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based on the color change. The results showed a trend similar to
that of %adsorption. Thus, the of silica sol volume was fixed at
3.0 mL in the subsequent experiments.

3.2.3 Effect of surfactant. Surfactants are stabilizing agents
that induce the aggregation of [Cd**-DZ] complexes and nano-
particles (such as silica sol).***” Three cationic surfactants,
namely, CTAB, DTAB, and TTAB, were tested. The addition of
a cationic surfactant made the solution cloudy, because the
surfactant aggregated with [Cd**-DZ] and silica sol to produce
surfactant/[Cd**-DZ]/silica sol. Fig. 3B shows the %adsorption
of [Cd**-DZ] on silica sol modified with different cationic
surfactants. It was obvious that DTAB caused the highest %
adsorption. The color intensity of the precipitate on the
membrane filter was evaluated using a customized Cd analyzer,
and the results showed a trend similar to that of %adsorption.
Therefore, DTAB was selected as the surfactant in the subse-
quent experiments.

Next, the concentration of DTAB was studied in the 0.010-
0.120 mol L™" range, which is at or above the critical micellar
concentration of DTAB (0.01401 mol L™ ").** The results (Fig. 3C)
show that the %adsorption of the [Cd*"-DZ] complex increased
significantly upon increasing the DTAB concentration from 0.01
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Fig. 3 Effects of (A) volume of silica sol, (B) type of surfactant, and (C) concentration of DTAB on the colorimetric sensor (DTAB/DZ/silica sol) for

Cd?* determination.
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Fig. 4 Absorbance of the colorimetric probe in the presence of (A) one ionic species at 0.09 mg L™ and (B) Cd®* (0.09 mg L) and a coexisting

ion (0.09 mg L™Y).

to 0.1 mol L™, similar to the trend of R intensity measured for
the precipitate. The highest %adsorption and R intensity were
obtained at 0.1 mol L™! DTAB. Above this concentration, both
values decreased significantly because of the dilution effect.
Thus, 0.1 mol L' DTAB was selected for further study.

3.3 Selectivity toward Cd**

Selectivity is a key parameter of colorimetric sensors because
real environmental samples tend to contain interfering species
such as other cations and anions. Therefore, we tested the
probe's selectivity toward other common ions found in water

0.20

samples (Co>", Mg>", Fe**, Cu®*, K*, Cl7, NO; ", and SO,>"). Two
sets of experiments were carried out. (i) The DTAB/DZ/silica sol
probe was mixed with a single ionic species (Cd*" or coexisting
ions) at 0.09 mg L', The corresponding absorbance intensities
are shown in Fig. 4A. Only Cd*" produced an orange complex
with strong absorption, indicating that this ion alone substan-
tially interacted with the DTAB/DZ/silica sol probe. (ii) A solu-
tion containing Cd** and a coexisting ion (both at 0.09 mg L")
was tested. As shown in Fig. 4B, all other ions had a negligible
effect on absorbance. In summary, the proposed colorimetric
sensor exhibited excellent Cd>" selectivity.
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Fig. 5 Quantitative Cd?* detection using the colorimetric sensor. (A) Absorption spectra of DTAB/[Cd®*-DZl/silica sol at various
Cd?* concentrations (inset: photographic images). Peak wavelength: 435 nm. (B) Calibration plots for %adsorption (left y-axis) and R intensity

(right y-axis) versus Cd®" concentration.
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Table 1 Different colorimetric sensors for Cd?* detection

Method Colorimetric probe LOD Sample Reference
Colorimetric  Chitosan-dithiocarbamate-modified gold nanoparticles 7.06 pg L' (0.063 uM)  Tap water 42
Colorimetric  1-Amino-2-naphthol-4-sulfonic-acid-functionalized silver =~ 0.087 pM Milk powder, serum, and lake 43

nanoparticles water

Colorimetric  Silver nanoparticles capped with chalcone carboxylic acid 0.13 uM Drinking water and lake water 44
Colorimetric TTAB/murexide/silica sol 0.21 pM Rice 24
Colorimetric  DTAB/DZ/silica sol 5 pg L' (44.5 nM) Environmental water This work

3.4 Analytical performance

The analytical performance of the proposed DTAB/DZ/silica sol
colorimetric probe was investigated for Cd** solutions at
various concentrations under the optimized experimental
conditions through UV-vis spectroscopy and by using the
customized Cd analyzer. The obtained absorption spectra are
shown in Fig. 5A. The absorbance at 435 nm decreased as the
Cd*" concentration increased from 0.01 to 0.25 mg L. The
linear range of %adsorption was 0.01-0.25 mg L' Cd*" with
a regression equation of Y = 116.70 X + 21.30, and the deter-
mination coefficient (R*) was 0.9944 (Fig. 5B).

Moreover, the relationship between the R intensity and Cd>*
concentration was evaluated by taking a digital photograph and
measuring the color intensity using the customized Cd analyzer
(Fig. 5B). The regression equation was Y = 103.15X + 65.44, with
R = 0.9984.

The limit of detection (LOD) and limit of quantitation (LOQ)
were calculated on the basis of the ratio of the standard devia-
tion of the blank solution (s) to the slope of the calibration plot
(m) at 3 and 10, and the obtained values were 5.0 and 18 pg L™,
respectively. The precision of the DTAB/DZ/silica sol probe was

expressed as the relative standard deviation in percentage (%
RSD, n = 5) when measuring 0.09 mg L™ " Cd*" in one (intra-day)
and five consecutive days (inter-day). The results indicate that
the proposed probe has good precision with %RSD values less
than 7.67%. A comparison of the proposed sensor with other
colorimetry-based sensors for the detection of Cd*" is presented
in Table 1. The LODs of the proposed sensor are comparable to
those in the literature, thus serving as a potential alternative
medium for Cd>" detection.

3.5 Determination of Cd*" in real water samples

The proposed colorimetric sensor (DTAB/DZ/silica sol) was used
to detect Cd** contamination in environmental water samples.
However, Cd*" was not detected in any of the four as-collected
samples. To evaluate recovery, Cd®>" was spiked at three
concentrations (0.050, 0.125, and 0.250 mg L™ ') into the
samples before performing additional determination experi-
ments. The recoveries are summarized in Table 2. High recov-
eries were obtained in the acceptable range of 96.8-105.6% with
an RSD below 4.0%. These results indicated that the proposed
colorimetric sensor suffered no matrix effect. A t-test was

Table2 Performance of the colorimetric and FAAS methods for the determination of Cd®* in spiked environmental water samples including tap

water (W1), natural water (W2), and wastewater (W3-4)

Proposed colorimetric sensor FAAS method
Samples Spiked (mM) Found’ (mM) Recovery® (%) %RSD? Found’ (mM) Recovery® (%) %RSD?
W1 — nd ¢ — — nd — —
0.050 0.051 101.7 1.6 0.049 98.0 3.8
0.125 0.128 102.8 1.2 0.123 98.4 2.1
0.250 0.259 103.5 1.5 0.245 98.0 1.9
w2 — nd — — nd — —
0.050 0.048 96.8 1.3 0.045 90.0 4.2
0.125 0.130 104.1 2.6 0.122 97.6 1.6
0.250 0.251 100.3 2.4 0.252 100.8 2.3
w3 — nd — — nd — —
0.050 0.048 96.8 3.0 0.047 94.0 3.5
0.125 0.132 105.6 2.3 0.121 96.8 1.7
0.250 0.259 103.7 1.8 0.243 97.2 2.4
W4 — nd — — nd — —
0.050 0.049 98.0 2.1 0.044 88.0 3.1
0.125 0.124 99.2 3.9 0.123 98.4 2.3
0.250 0.252 100.8 2.5 0.249 99.6 2.4

“ nd: not detected. ® Detected amount.  Recovery = [(Caetected — Csample)/Cspikea] % 100. dp=3.
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conducted to compare the accuracy of the proposed colori-
metric and standard flame atomic absorption spectroscopy
(FAAS) methods, considering a p-value of 0.05 (at the 95%
confidence limit). The calculated ¢ value (t-cal = 1.35) did not
exceed the tabulated ¢ value (¢-table = 2.92), indicating that
there was no significant difference between the two methods.

4. Conclusion

A selective and sensitive colorimetric sensor was developed for
detecting Cd*>" via complexation with DZ. The colorimetric
probe was fabricated by applying self-assembled DTAB and DZ
on a silica sol surface. In the presence of Cd>*, the probe
immediately changed color from purple to orange owing to the
complexation of Cd*" with DZ, and an orange precipitate of
DTAB/[Cd**-DZ]/silica sol was formed simultaneously. Silica sol
enhanced detection sensitivity via adsorption. The quantitative
determination of Cd*>" was performed through UV-vis spectro-
photometry and a customized Cd analyzer. The proposed
method was sensitive, with an LOD of 5.0 ug L ™" that equals the
permissible level of Cd in drinking water. When the colori-
metric sensor was applied to environmental water samples, the
results were comparable to those of the standard FAAS method,
providing highly satisfactory recoveries. Therefore, this colori-
metric sensor has great potential for the portable, cost-effective,
and rapid on-site detection of Cd>".
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