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A selective and sensitive method was developed for the detection of Cr®*. This method was based on
a combination of colorimetry and liquid—liquid extraction using a new deep eutectic solvent (DES). A
DES/EDTA (ethylenediaminetetraacetic acid) colorimetric probe was prepared using tetrabutylammonium
bromide (TBABYr) as a hydrogen-bond acceptor, ascorbic acid (AA) as a hydrogen-bond donor, and EDTA
as a chelating agent. Following the reduction of Cr®* to Cr®* by AA present in the DES/EDTA probe,
a purple complex was formed with EDTA, which was immediately extracted into the DES phase. The
enriched complex was subsequently quantified by performing absorbance measurements at 550 nm
using an ultraviolet-visible spectrophotometer and a smartphone equipped with ImageJ software to
detect the color intensity. Under the optimized conditions, the limit of detection was determined to be
0.056 uM (2.08 pg L1 and the linear range was 0.5-100 uM with a correlation coefficient of 0.9962. In

Received 10th April 2025 addition, the intra- and inter-day relative standard deviations were <6%. Notably, this simple and
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affordable colorimetric sensor was successfully employed in the detection of chromium in water and soil

DOI: 10.1039/d5ra024929 samples with satisfactory outcomes. The developed approach could therefore be highly useful for the
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Introduction

Chromium is useful in a variety of applications, including steel
manufacturing, mining, tanning, and electroplating; however,
the use of this element can lead to the contamination of
underground and surface water resources. In the environment,
Cr exists in two stable oxidation states, namely trivalent chro-
mium (Cr’*) and hexavalent chromium (Cr®"). At low concen-
trations, Cr’" is involved in the digestion of proteins, fats,
carbohydrates, and nucleic acids,* while Ccr®" is harmful to
biological systems, being a suspected carcinogen and mutagen.”
In addition, Cr®" exhibits various short-term and long-term
effects, including skin burns, breathing issues, coughing, and
wheezing (short-term effects), along with skin, neurological,
and gastrointestinal problems (long-term effects).>* Thus, the
maximum permissible limit in drinking water is defined by the
World Health Organization (WHO) to be 0.05 mg L™ ".°
Conventional methods that are widely employed for chro-
mium detection include flame atomic absorption spectroscopy
(FAAS),*” voltammetry,® inductively coupled plasma atomic
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determination of chromium in other environmental and biological samples.

emission spectroscopy (ICP-AES),’ inductively coupled plasma
mass spectroscopy (ICP-MS),"® and graphite furnace atomic
absorption spectroscopy (GF-AAS)."* However, these methods
are expensive, time-consuming, unsuitable for on-site anal-
ysis, and require specialized personnel. Consequently, colori-
metric detection methods have been considered for the
analysis of heavy metals due to their simplicity, affordability,
and capability to produce visible color changes upon interac-
tion with analytes, wherein color changes take place upon
complexation of the target metal ions with their specified
ligands. Such methods allow facile visualization of the color
changes, which vary in intensity depending on the analyte
concentration."

Although colorimetric techniques are simple, combining
them with pre-concentration methods is typically necessary to
enhance detection sensitivity. To date, several techniques have
been developed for the pre-concentration and extraction of
heavy metal ions from various samples, including solid phase
extraction (SPE),"*™* liquid-liquid extraction (LLE),'*"” co-
precipitation,'* and cloud point extraction (CPE).?*** In the
context of LLE, there has recently been a shift toward
substituting environmentally harmful solvents with alternative
solvents that adhere to the principles of green chemistry,
including ionic liquids (ILs) and deep eutectic solvents (DESs).
ILs consist of organic salts with melting points lower than 100 ©
C, minimal vapor pressures, low flammability characteristics,
and customizable properties. However, their production is
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intricate and expensive, and these materials are not biode-
gradable.®* In contrast, eutectic solvents (ES) are liquid
mixtures formed by mixing solid components, wherein a liquid
phase is observed when a solid-liquid equilibrium is estab-
lished. This generates a eutectic system with a significantly
reduced melting point. The term “deep” refers to a system
wherein the melting point reduction is significantly lower than
that of the predicted eutectic temperature when the ideal
thermodynamic behavior of the liquid phase is assumed
between DES precursors.> According to green solvent princi-
ples, DESs have been examined as alternative extraction
solvents for various industrial applications.”*?” The growing
interest in DESs has arisen from their improved safety and
environmental profiles compared to ILs, in addition to their
biodegradable nature, low preparation costs, and ease of
preparing large solvent quantities for commercial use. Indeed,
DESs have been utilized for a wide range of applications
including separation processes, solvent extraction, pharma-
ceutical processing, environmental protection, and materials
synthesis.>*** Each DES consists of a hydrogen-bond acceptor
(HBA), such as a quaternary ammonium or metal salt, and
a hydrogen-bond donor (HBD), such as an amine, hydroxyl
group, alcohol, or carboxylic acid group.**** DESs can be clas-
sified into two types depending on their polarity, namely
hydrophobic and hydrophilic DESs.** Moreover, hydrophilic
DESs decompose in water due to the presence of hydrophilic
ammonium, thereby rendering them applicable for use as
extraction solvents.***® Recently, an alternative approach inte-
grating DESs with a nylon-based device was reported for Cr
detection.’” This method offered an environmentally friendly
solvent system, improved colorimetric stability, and portable
analytical capabilities. However, improvements in extraction
efficiency are still necessary to enhance its suitability for rapid
and simple analysis.

One of the most commonly employed HBA in DESs is tetra-
butylammonium bromide (TBABr) because it is low-cost,
biodegradable, and non-volatile in nature, in addition to its
low toxicity. For analytical purposes, DESs based on TBABr as
the HBA have been studied in combination with a variety of
HBDs, including formic acid®® and ascorbic acid (AA).*

With the above considerations in mind, the aim of this study
is to design a simple and green colorimetric approach for the
detection of Cr®". Thus, a liquid colorimetric sensor based on
TBABr, AA, and ethylenediaminetetraacetate acid (EDTA) is
developed. It is proposed that this sensor is indirectly detect
Cr®" via its reduction to Cr*" by the AA component present in the
DES/EDTA probe, followed by subsequent complexation with
EDTA to generate a color change from yellow/orange to purple.
The resulting complex is enriched in the DES phase, and
quantitative analysis is conducted by ultraviolet-visible (UV-vis)
spectrophotometry and visual observations using a smartphone
equipped with Image] software. The proposed technique is
applied for the detection of Cr®* in environmental water and soil
samples, and the results are compared with those obtained
using the standard flame atomic absorption spectroscopy
(FAAS) method.
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Experimental
Chemicals and reagents

All solutions were prepared in deionized water (resistivity of
18.2 MQ cm) that was prepared using a RiOs™ Type I Simplicity
185 system (Millipore, MA, USA). Deionized water was used
during all experiments. A stock solution of Cr®" was prepared by
dissolving analytical grade K,Cr,0O; (Ajax Finechem, Auckland,
New Zealand) in deionized water. Working standard solutions
were freshly prepared from the stock solution via stepwise
dilutions. Tetrabutylammonium bromide (TBABr) and r-ascor-
bic acid (AA) were purchased from Sigma-Aldrich (Missouri,
USA) and Chem Supply (South Australia, Australia), respectively.
Ethylenediaminetetraacetic acid (EDTA) was purchased from
APS (Queensland, Australia), while 65 vol% nitric acid was ob-
tained from Sigma-Aldrich (Missouri, USA). The pH values of
the solution were adjusted using 0.1 mol L' solutions of
sodium acetate and acetic acid (Carlo Erba, Val-de-Reuil,
France). Whatman no. 1 filter paper was obtained from GE
Healthcare (GE Healthcare, Bangkok, Thailand). All glassware
was submerged in 10 vol% nitric acid overnight and washed
thoroughly with deionized water prior to use.

Instrumentation

The UV-vis measurements were performed in the range of 200-
800 nm using an Aligent 8453 UV-vis spectrophotometer
(Victoria Australia). The Fourier transformed infrared (FT-IR)
spectra were recorded using a Bruker Tensor 27 spectrometer.
Nuclear magnetic resonance (NMR) spectroscopy was per-
formed for the DESs using a Bruker NMR 400 MHz spectrom-
eter. The zeta potentials of the samples were measured using
a Zetasizer nano ZS (Malvern, UK) to confirm the charge on the
colorimetric probe. Cyclic voltammetry (CV) was carried out on
an AutoLab PGSTAT302N (Utrecht, Switzerland). A three-
electrode system was used, which incorporated a 3 mm boron
doped diamond electrode (BDD; Windsor Scientific Limited,
Berkshire, United Kingdom) as the working electrode, a plat-
inum electrode as the counter electrode (CorrTest, Hebeli,
China), and Ag/AgCl (3 M KCI) as the reference electrode
(CorrTest, Hebei, China).

Synthesis of the DESs

The DESs were synthesized using TBABr (HBA) and AA (HBD).
TBABr and AA were weighed in molar ratios of 1.5:1, 2: 1, and
3:1 and heated under magnetic stirring at 300 rpm and 30-40 °©
C until a homogenous and transparent liquid was formed. The
prepared DESs were stored at room temperature until required
for use.

Liquid colorimetric sensor for chromium detection

Fig. 1 outlines the concept of the colorimetric sensor developed
herein for the detection of Cr®". To prepare the liquid colori-
metric probe (DES/EDTA), a solution of EDTA (500 pL) in acetate
buffer (pH 4.0) and THF (500 pL) were added to a centrifuge
tube containing DES (500 uL) followed by a Cr®" standard or

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02492g

Open Access Article. Published on 02 July 2025. Downloaded on 11/9/2025 12:41:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Pa per
'UV-vis spectrophotometry
™" seeeases
ik
cail
€ v i &
> e
v
Naked-eye detection
¢ [
TBAB  AA DES
o
%cu
N~
adn*
]
e - o,
D/\oﬂ\vo( . o (0 Ho\/:/)?f“
- % ' HO' oM HO  OH
\ﬁirf 8" 8

DES/EDTA

DES/Cr-EDTA

Fig.1 Schematic diagram of the liquid colorimetric probe used for the
detection of chromium.

solution. The solution was then mixed thoroughly by manual
shaking. The resulting purple color immediately transferred
into the upper layer. The aqueous phase was then removed by
syringe, and the enriched phase (DES/Cr-EDTA) was collected
for UV-vis absorbance measurements at 550 nm. A photo-
graphic image of the enriched phase was recorded using
smartphone, and the color intensity (without editing) was
evaluated using Image] software. Calibration curves were
prepared using Cr®" at various concentrations, and the red (R),
green (G), and blue (B) channels were evaluated. An initial
statistical analysis demonstrated that the B channel exhibited
a clear linear response with a satisfactory correlation coefficient.
The blue (B) channel was therefore selected for the detection of
Cr®" via a smartphone.

Sample analysis

The proposed colorimetric sensor was employed for the detec-
tion of chromium in environmental water and soil samples,
which were collected from Khon Kaen, Thailand. Prior to
spiking with Cr®*, the water samples were treated with a 1-vol%
HNO; solution and passed through filter paper. Extraction of
the soil samples (3 mg) was performed using a 1 M HCl solution
(20 mL) on a hot plate over 2 h; this procedure was performed in
a fume hood. After cooling to room temperature, the solution
was filtered through filter paper (Whatman no. 1 filter paper),
and the filtrate was collected for analysis.

Results and discussion
Characterization of the DES/EDTA probe

The prepared DES was confirmed using a range of techniques,
including FT-IR and NMR spectroscopy. The FT-IR spectra
recorded for the TBABr, AA, and DES systems are shown in
Fig. 2, wherein it can be seen that the DES spectrum contained
characteristic peaks corresponding to TBABr (Fig. 2A) and AA
(Fig. 2B). Although the FT-IR bands of O-H stretching vibrations
are generally observed in the region of 3200-2600 cm™*,** it has
been reported that the peaks corresponding to O-H stretching

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FT-IR spectra of (A) TBABr, (B) AA, and (C) the DES (TBABr-AA)
probe.

vibrations of DESs are related to their structures and can be
used to evaluate the presence of hydrogen bonds.** Thus, the
presence of hydrogen bonding in the prepared DES was
confirmed indirectly by comparing the changes in the absorp-
tion peak of C=0 in the DES and its components because the
C=0 is closely attached to the O-H group. As shown in Fig. 2C,
the absorption peak at 1682 cm™ ' assigned as C=0 stretching
vibration of AA, was shifted to 1700 cm™ ' in the DES.* In
addition, a signal corresponding to the C-O-C stretching
vibration of AA can be observed (1314 cm '), while peaks cor-
responding to the C-N stretching vibrations of TBABr are
present at 1058 and 883 cm™ .

The chemical structure of the DES was then examined using
"H NMR spectroscopy (Fig. S17). All visible peaks were derived
from the individual components (TBABr and AA), thereby con-
firming the purity of the prepared DES. In terms of the physi-
cochemical properties, the melting points of the various DESs
were measured (Table S17), and it was found that the DESs
exhibited lower melting points than their components, ulti-
mately confirming their successful synthesis. Furthermore, zeta
potential measurements were performed for the fabricated
colorimetric probe (DES/EDTA), as listed in Table S2.f The
negative zeta potential of the DES (—5.05 mV) became more
negative after the addition of EDTA (—9.86 mV), and also after
the formation of a complex between Cr*" and the EDTA present
in the probe (—12.7 mV).

Fabrication of the colorimetric sensor

The liquid colorimetric sensor was fabricated using the
synthesized DES and a ligand. A universal hexadentate ligand,
namely EDTA, was chosen because of its low cost, good stability,
and high solubility. In addition, the purple complex formed by
the combination of Cr’*" with EDTA in metal-to-ligand ratio of
1:1 is known to be stable over a wide pH range,*® with a high
log K¢ value of 23.40.** Notably, the Cr**/EDTA complex gener-
ated in the DES has more negative zeta potential (—12.7 mV)

RSC Adv, 2025, 15, 22641-22648 | 22643
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than the DES itself and compared to the DES/EDTA probe (Table
S27). The experimental parameters affecting the performance of
the fabricated probe were investigated and optimized. All
experiments were performed in triplicate using a 20 uM Cr®*
solution, and the absorbance at 550 nm was used to evaluate the
efficiency of colorimetric sensor. Moreover, the color intensity
attributed to the generated complex was evaluated using
a smartphone equipped with Image] software.

For comparison, the detection of Cr®* was performed both in
the presence and absence of EDTA. Following absorbance
measurements and detection of the blue intensity, it was found
that both the absorbance and the blue intensity were signifi-
cantly higher in the presence of EDTA (Fig. 3A). It was therefore
envisaged that Cr®" was reduced to Cr** by the AA present in the
DES/EDTA probe, and that it subsequently formed a stable
purple-colored complex with EDTA.

The EDTA (0.1 mol L") volume (100-700 pL) was also
examined, and the obtained results indicated that the absor-
bance increased significantly with an increase in the EDTA
volume from 100 to 500 pL, prior to subsequently decreasing at
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Fig. 3 Effects of EDTA on Cr detection: (A) Cr detection in the pres-
ence and absence of EDTA, and (B) effect of the EDTA (0.1 mol L™)
volume. Extraction conditions: 20 uM Cr®*, 0.1 mol L~* acetate buffer
(pH 4.0), TBABr/AA ratio = 2: 1, and DES volume = 500 pL.
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higher volumes (Fig. 3B). The trend in the blue intensity was
similar to that of the absorbance, indicating that the optimal
EDTA volume for Cr®" detection was 500 pL; this volume was
employed in subsequent experiments.

Optimization of the DES composition

Using TBABr as an ionic HBA due to its abundance and cost-
effective nature, a range of HBDs were investigated, including
citric acid (CA), malonic acid (MA), and AA. Following preparation
of the liquid probes using the obtained DESs, it was found that
the highest absorbance intensity was achieved using the TBABr/
AA system (Fig. 4A), thus, AA was selected as the HBD.

Cyclic voltammetry was performed to investigate the reaction
of Cr®", and the corresponding results are shown in Fig. S2.1 The
anodic (E,,) peak potential was observed at +1.35 V,* corre-
sponding to the oxidation reaction of Cr®" (Fig. S2bt). After the
addition of AA (0.01 mol) to the Ct®* solution, the peak current of
Cr’" in the presence of AA decreased compared with that of Cr®*
in the absence of a reductant and obtained a peak potential at
+1.26 V as Cr’" ** (Fig. S2d+t). In addition, the oxidation peak of AA
showed at +0.70 V* (Fig. S2ct). These results indicated that Cr®*
was completely reduced to Cr** by AA.

The influence of the DES composition on the Cr®* detection
efficiency was also examined using different TBABr/AA molar
ratios (i.e., 1.5:1 to 3:1), as presented in Fig. 4B. At a ratio of
1.5: 1, the solvent was slightly viscous, rendering it unsuitable
for use. Based on the absorbance values and blue intensities,
a molar ratio of 2: 1 was selected as optimal for the DES/EDTA
probe.

Quantitative analysis using UV-vis spectrophotometry
requires a sufficient volume of the extraction solvent. Conse-
quently, the effect of the DES volume was examined between
300 and 1000 pL. As illustrated in Fig. 4C, the absorbance signal
and blue color intensities increased as the DES volume was
increased to 500 pL, but slightly decreased upon increasing the
volume to 700 and 1000 pL, likely due to the dilution effect.
These results were confirmed by examination of the photo-
graphic images. Consequently, a DES volume of 500 pL was
selected for subsequent experiments. Considering that aprotic
solvents are miscible in both organic and aqueous phases,*®
a selection of solvents were investigated to enhance the phase
separation performance. Evaluations using acetone, acetoni-
trile, and tetrahydrofuran (THF) showed that phase separation
of the purple Cr-enriched phase was rapid achieved upon the
addition of THF (Fig. S3A, S3B and Table S37).

Effect of pH

In such systems, the pH of the aqueous solution plays a key role
in defining the forms adopted by the chelating agent, the extent
of complex formation, and the resulting extraction efficiency.
The effect of pH on complex formation between Cr and EDTA
was therefore investigated in a 0.1 mol L ™" acetic acid/acetate
buffer at pH values between 3.0 and 6.0. As illustrated in
Fig. 4D, low absorbance and blue intensities were observed at
PH 3.0 due to the generation of an unstable complex with a low
formation constant.*” The highest absorbance and blue

© 2025 The Author(s). Published by the Royal Society of Chemistry
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intensity were obtained at pH 4.0; beyond this point, no
improvements were observed, thus acetate buffer at pH 4.0 was
selected as optimal for the current system.

Selectivity of the colorimetric sensor for chromium detection

Generally, the colorimetric analysis of metal ions is based on
a high selectivity between the metal ions and specific ligands. To
evaluate the selectivity of the proposed system, the effects of other
potentially interfering ions present in environmental water and
soil samples were also investigated. More specifically, these
investigations were performed using individual ions at a concen-
tration of 20 uM, and binary mixtures containing 20 pM of Cr®*
and 20 pM of the interfering ion. As illustrated in Fig. 54, the
purple color was only observed in the presence of Cr®", thereby
confirming the selectivity of the probe. Although it can be seen
from Fig. 5B that purple solutions were formed in the presence of
all interfering ions, no significant differences in absorbance were
observed between the various solutions. Although a slightly lower
absorbance was observed in the presence of Pb*', this difference
was <10%, which is considered acceptable due to the hard and
soft acids and bases (HSAB) principle.*® These results therefore
confirm the excellent selectivity of the proposed colorimetric
sensor for the detection of Cr®".

Sensitivity of the proposed colorimetric sensor

Subsequently, the performance parameters, including the
linear range, limit of detection (LOD), limit of quantification

© 2025 The Author(s). Published by the Royal Society of Chemistry

(LOQ), and precision (intra-day and inter-day), were evaluated
under the optimized experimental conditions using UV-vis and
a smartphone. The sensitivity of the proposed liquid colori-
metric probe was investigated in the presence of various
concentrations of Cr®", as shown in Fig. 6 (Apnax = 550 nm). An
excellent linearity was observed in the concentration range of
0.5-100 uM, giving a regression equation of y = 0.0090x + 0.0507
(Fig. 6A), and a correlation coefficient (R*) of 0.9926. Moreover,
the effect of the Cr concentration and the blue intensity was
estimated using photographic imaging combined with ImageJ
software (Fig. 6B and C). A curve was plotted between the
change in blue intensity (I, — I/I) and the Cr concentration,
where I and I, are the blue intensity of the resulting complex
and blue intensity of the blank solution, respectively, giving y =
0.0096x + 0.0507 and R*> = 0.9962. The limit of detection (LOD)
and limit of quantitation (LOQ) were calculated based on 34/S
and 100/S, respectively, where ¢ is the standard deviation of the
response and S is the slope of the calibration curve. Conse-
quently, the LOD and LOQ values were calculated to be 2.08 and
7.07 pg L', respectively. The precision of the colorimetric
probe was expressed as the relative standard deviation in
percentage (% RSD, n = 5) when measuring 20 pM Cr®* 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 6.0%. Additionally, the performance of the
proposed colorimetre probe for the determination of chromium
was compared with previously reported probes based on
colorimetric sensors, as summarized in Table 1. The obtained

RSC Adv, 2025, 15, 22641-22648 | 22645
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Fig. 5 Selectivity of the colorimetric sensor: (A) relative changes in the
absorption intensity of the DES/EDTA system in the presence of
different individual ions (20 puM). (B) Relative changes in the absorption
intensity of the DES/EDTA system in the presence of a mixture con-
taining Cr®* (20 uM) and individual interfering ions (40 uM). Photo-
graphic images of the corresponding solutions are also shown.

results clearly indicate that this newly developed colorimetric
sensor is more sensitive than previously reported systems.
Moreover, the proposed colorimetric method is superior to
alternative techniques due to its simplicity and environmental
friendliness. Notably, this is the first study to employ the DES/
EDTA combination as a liquid colorimetric sensor for Cr®*
detection.
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Fig. 6 Quantitative study of the colorimetric sensor for Cr®" detec-
tion: (A) effect of the Cr concentration on the absorbance intensity
(control = DES). (B) Photographic images for the corresponding
solutions of panel (A). (C) Calibration plots obtained by plotting the
absorbance intensity and the blue intensity (/o — ///) against the Cr®*
concentration.

Detection of chromium in real sample

To verify the applicability of the proposed sensor, it was applied
for the detection of Cr®" in environmental water and soil
samples. To compensate for the matrix effect, matrix-matched
calibration curves plotted using seven different Cr concentra-
tions were employed. Notably, Cr®" was not detected in all the
studied samples. The accuracy of the proposed methodology
was then studied in terms of the percentage recovery, where in
known amounts of Cr®" (20, 50, and 70 uM) were spiked into the
sample before analysis. As presented in Table 2, acceptable
recoveries in the range of 90.8-109.2% were obtained, indi-
cating the potential of this approach for detecting Cr®" in real
samples. Furthermore, the ¢-test was performed to evaluate any
significant differences between the results obtained using the
proposed methodology and the FAAS approach (Table S47),
based on a p-value of 0.05 (at the 95% confidence limit). The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of the proposed colorimetric sensor for the determination of chromium

Probe Ligand LOD (ug L) Sample Detection method Ref.
ChCl/Phenol DDTC 5.5 Water FAAS 49
Acetone/[CsMIM] [PF] IICDET 5.4 Blood ETAAS 50
1-Undecanol/ethanol DDTC 3.1 Drinking water LIBS 51

DES (TBABI/AA) EDTA 2.08 Water and soil UV-vis and smartphone This work

Table 2 Determination of chromium in environmental water and soil
samples

Proposed method

Sample Spiked (uM) Found (uM) Recovery (%) RSD (%)
Water 1 0.0 — — —
20.0 20.3 101.8 6.2
50.0 48.5 97.1 9.9
70.0 70.3 100.4 6.1
Water 2 0.0 — — —
20.0 21.7 108.7 3.6
50.0 45.7 91.9 5.3
70.0 72.7 103.9 6.4
Water 3 0.0 — — —
20.0 20.0 99.9 6.0
50.0 49.3 98.6 5.9
70.0 69.7 99.5 4.0
Water 4 0.0 — — —
20.0 20.2 101.0 9.0
50.0 49.1 98.3 3.0
70.0 70.1 100.2 5.6
Soil 1 0.0 — — —
20.0 21.8 109.2 6.3
50.0 45.4 90.8 9.6
70.0 72.8 104.0 3.6
Soil 2 0.0 — — —
20.0 21.2 106.1 8.4
50.0 47.6 95.1 2.5
70.0 72.1 103.0 3.1
Soil 3 0.0 — — —
20.0 21.2 105.9 5.8
50.0 47.3 94.6 2.1
70.0 71.9 102.7 5.0

calculated ¢ value (t-cal, 1.725) was found to be lower than the
tabulated ¢ value (t-table, 2.086), indicating that there was no
significant difference between the proposed system and the
FAAS method.

Conclusions

This is the first study on the simultaneous colorimetry and LLE
for the indirect detection of Cr®" using DES. A new DES of TBABr
and AA was prepared and used in combination with EDTA,
provided DES/EDTA probe which is a simple and green method.
The liquid colorimetric (DES/EDTA) probe plays an important
role for both detection and preconcentration of Cr®*. Cr®* was
firstly reduced to Cr’* by AA, then formed complex with EDTA
and instantaneously solvent extracted by DES. Advantages of the

© 2025 The Author(s). Published by the Royal Society of Chemistry

proposed method are simple, highly selective and sensitive.
Moreover, the purple-colored complex can be visual detected
and quantified using a smartphone equipped with Image]
software. Consequently, the color change taking place could be
easily evaluated for the selective determination of Cr®", even in
the presence of potentially interfering metal ions. Furthermore,
this sensor was considered to be user-friendly, rapid, and low-
cost, in addition to meeting the requirements of green chem-
istry. It is expected that the described approach will be appli-
cable in indirect method for the determination of Ct®* in other
environmental and biological samples.

Abbreviations

ChCl choline chloride

[CsMIM] 1-octyl-3-methylimidazolium

[PFe] hexafluorophosphate

TBABr/AA tetrabutylammonium bromide/ascorbic acid
FAAS flame atomic absorption spectrometry

ETAAS electro thermal atomic absorption spectrometry
LIBS laser-induced breakdown spectrometry
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