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sensor based on amine- and thiol-
modified multi-walled carbon nanotubes for
sensitive and selective determination of uranyl ions
in real water samples†

Amina A. Selim,a A. B. Abdallah, *ab Fathi S. Awad, *ab Magdi E. Khalifaa

and Ahmed Fathi Salem Molouk ab

Novel selective and sensitive electrochemical sensors based on the modification of a carbon paste

electrode (CPE) with novel amine- and thiol-functionalized multi-walled carbon nanotubes (MWCNT)

have been developed for the detection and monitoring of uranyl ions in different real water samples.

Multiwalled carbon nanotubes were grafted with 2-aminothiazole (AT/MWCNT) and melamine thiourea

(MT/MWCNT) via an amidation reaction in the presence of dicyclohexyl carbodiimide (DCC) as

a coupling agent. This modification for multiwalled carbon nanotubes has never been reported before.

The amine and thiol groups were considered to be promising functional groups due to their high affinity

toward coordination with uranyl ions. The modified multi-walled carbon nanotubes were characterized

using different analytical techniques including FTIR, SEM, XPS, and elemental analysis. Subsequently,

10 wt% MT/MWCNT was mixed with 60 wt% graphite powder in the presence of 30 wt% paraffin oil to

obtain a modified carbon paste electrode (MT/MWCNT/CPE). The electrochemical behavior and

applications of the prepared sensors were examined using cyclic voltammetry, differential pulse anodic

stripping voltammetry, and electrochemical impedance spectroscopy. The MT/MWCNT/CPE sensor

exhibited a good linearity for UO2
2+ in the concentration range of 5.0 × 10−3 to 1.0 × 10−10 mol L−1 with

low limits of detection (LOD = 2.1 × 10−11 mol L−1) and quantification (LOQ = 7 × 10−11 mol L−1). In

addition, high precision (RSD = 2.7%), good reproducibility (RSD = 2.1%), and high stability (six weeks)

were displayed. Finally, MT-MWCNT@CPE was successfully utilized to measure the uranyl ions in an

actual water sample with excellent recoveries (97.8–99.3%). These results demonstrate that MT-

MWCNT@CPE possesses appropriate accuracy and is appropriate for environmental applications.
1. Introduction

Uranium is one of the most abundant hazardous actinide
metals, and has a radioactive nature. However, it is widely
utilized as a primary source of energy and is widely applied in
various elds, including nuclear power stations, military
applications such as nuclear weapons,1 and medicine. It is
worth mentioning that long-term exposure to uranyl causes
adverse effects to human health, such as kidney failure, chem-
ical changes in bones,2,3 lung cancer, genetic diseases, and
urinary4 and digestive system ailments. Thus, there is an urgent
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need to monitor the concentration of uranyl ions using a simple
and sensitive technique.

To date, various analytical approaches, including atomic
absorption spectrometry (AAS),5,6 gas chromatography (GC),7

inductively coupled plasma mass spectroscopy (ICP-MS),8 and
X-ray uorescence spectrometry (XRF),9,10 have been employed
for the analysis of uranyl ions. These methods are time-
consuming, expensive, and require expensive instrumentation
and trained staff. Electroanalytical methods are powerful tools
that have been exploited for heavy metal ion detection over the
years owing to their fast response times, ease of use, and good
controllability. Notably, the direct electrochemical determina-
tion of uranyl ions in conventional glassy carbon and metal
electrodes still suffers from obstacles, such as weak output
signals and low sensitivity and selectivity over time, which could
be attributed to surface fouling and passivation. Synthetic
efforts have been exerted by scholars to develop the sensitivity
and selectivity of the working electrode surface. Signicant
improvements in electrode sensing have been reported using
RSC Adv., 2023, 13, 31141–31150 | 31141
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conducting polymers,11,12 metal nanoparticles,13,14 Ni/NiO
partially oxidized carbon nanomaterials,15 graphene oxide,11,16

and multi-walled carbon nanotubes (MWCNT).17 Among these,
MWCNT, a rising star on the horizon of materials science, are
excellent candidates for sensor fabrication because of their
unique physiochemical properties, large surface area, high
electrical conductivity, and fast electron transfer kinetics.18–25

Additionally, sensitivity can be enhanced dramatically by using
alternative voltammetric techniques, especially differential
pulse stripping voltammetry (DPSV).26–28 The DPSV technique is
one of themost sensitive approaches, owing to the deposition of
all target metal ions on the electrode surface at a high negative
potential. The deposited metal is stripped in the opposite
direction, and the electrochemical signals are recorded.26–28 To
date, only Zhu et al. have employed the DPSV technique for the
detection of uranyl ions using a glassy carbon electrode (GCE),
which was modied by cupferron and diphenyl guanidine.27

Although this assay has good selectivity, it also suffers from
many shortcomings, including a poor linear range (3–80 mg L−1)
and the moderate stability of the modied GCE.27

Thus, this study aims to fabricate a new electrochemical
sensor based on a carbon paste electrode modied with pristine
and modied MWCNT for uranyl ion detection depending on
the DPSV. This work reports the chemical modication of
multiwalled carbon nanotubes by functionalization with
melamine-based chelating ligands and 2-aminothiazole ligands
for the effective and selective sensing of UO2

2+ from water
sources. The melamine-thiourea-modied multiwalled carbon
nanotubes (MT/MWCNT) combine the heavier donor atom
sulfur with the amine and triazine nitrogen functional groups
attached to the carboxylated multiwalled carbon nanotubes to
effectively capture UO2

2+ from water. Additionally, introducing
ligands containing donor atoms such as sulfur will increase the
capacity of melamine toward heavy metals, since its electron
cloud can be easily polarized because it has a large size and
nearly full d-electrons.29 Additionally, the Lewis-base groups of
melamine thiourea and aminothiazole donate their lone pair
electrons to the Lewis-acid empty d orbitals of the UO2(II) ions to
form stable complexes. The MWCNT were rst oxidized and
then modied with 2-aminothiazole (AT) and/or the melamine
thiourea ligand (MT ligand). The synthesized samples were
characterized using Fourier transform infrared (FTIR) spec-
troscopy, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS). Subsequently, they were
mixed with graphene powder in the presence of paraffin oil.
Various parameters (e.g., pH, deposition potential, and depo-
sition time) affecting the efficiency of the appropriate sensor
response were investigated. Subsequently, under the optimized
conditions, the developed sensor was successfully applied for
the determination of uranyl in different real samples using the
DPSV technique.

2. Experimental section

For more details on the materials and instruments, see ESI S1
and S2,† respectively.
31142 | RSC Adv., 2023, 13, 31141–31150
2.1. Synthesis of amine- and thiol-modied multi-walled
carbon nanotubes

To increase the number of carboxylic groups on the surface of
multi-walled carbon nanotubes, MWCNT (0.5 g) were sus-
pended in 10mL of a mixture of concentrated nitric acid (68.0±
0.5% v/v) and water with a ratio of (1 : 1) under sonication for
30 min and then reuxed at 120 °C for 12 h. The nal material
(O-MWCNT) was centrifuged, washed with distilled water
several times, and dried for 12 h at 80 °C.

The prepared O-MWCNT were modied with melamine
thiourea or 2-aminothiazole via an amidation reaction between
the free amine groups in 2-aminothiazole or melamine thiourea
and the carboxyl (COOH) groups of the oxidized multi-walled
carbon nanotubes in the presence of N,N′-dicyclohex-
ylcarbodiimide (DCC) as a coupling agent. This procedure was
adapted from our previous work with slight modications.
Typically, 0.3 g of the O-MWCNT was dispersed in 20 mL of
anhydrous DMF using sonication for 30 min. Subsequently, 2-
aminothiazole (AT) or melamine thiourea (MT; prepared as
described in our previous work)29,30 was added in excess (0.5 g),
and 1.0 g of N,N′-dicyclohexylcarbodiimide (DCC) (Sigma-
Aldrich, 99.0%) was added. Aer that, the mixture was
reuxed at 90 °C for 10 h. The mixture was then centrifuged,
and the solid material was washed with DMF, ethanol, and
distilled water. The nal product was then dried for 12 h at 80 °
C. The general procedure for the synthesis of the modied
multi-walled carbon nanotubes is illustrated in Scheme 1.
2.2. Electrochemical measurements

To study the electrochemical behavior of the proposed sensors,
a bare CPE or modied CPE was connected to a calomel elec-
trode and platinum wire and then immersed in a solution
containing 5× 10−3 mol L−1 UO2

2+ buffered with acetate (pH 2).
Subsequently, the CV data were recorded. Additionally, using
the DPSV technique, the electrochemical detection of uranyl
ions was performed under the optimized conditions (scanning
voltage: −0.2–1 V; step size: 5 mV; pulse size: 100 mV). All
electrochemical measurements were performed at room
temperature aer purging the electrochemical solution with
nitrogen gas. For EIS measurements, these electrodes were
inserted in a 0.1 mol L−1 potassium chloride solution with
5 mmol L−1 Fe(CN)6

3−/4− as the redox-active probe.
2.3. Actual sample analysis

To evaluate the potential practical use and efficiency of the
developed sensor, it was important to use MT-MWCNT@CPE
for the determination of uranyl in real water samples. Water
samples were collected from the Baltim Sea (Baltim, Egypt).
Filter paper was used to lter the water samples and remove
solid contaminants. Subsequently, for electrochemical
sensing, differential pulse anodic stripping voltammetry
(DPASV) was applied to 30 mL of the water sample containing
3 mL of pH 2 buffer to measure the concentration of uranyl.
Standard solutions of uranyl were added to the resulting water
samples.
© 2023 The Author(s). Published by the Royal Society of Chemistry



Scheme 1 General procedure for the preparation of AT/MWCNT and MT/MWCNT.
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3. Results and discussion
3.1. Characterization of 2-aminothiazole-modied carbon
nanotubes (AT/MWCNT) and melamine-thiourea-modied
carbon nanotubes (MT/MWCNT)

The AT/MWCNT and MT/MWCNT composites were character-
ized using various analytical techniques. FTIR analysis was
conducted to conrm the successful incorporation of amine
and thiol groups onto the surface of the multi-walled carbon
nanotubes upon chemical functionalization with the active
ligands 2-aminothiazole or melamine thiourea (Fig. 1). The
FTIR spectra of melamine thiourea and 2-aminothiazole
exhibited peaks in the region 3087–3400 cm−1 and at 1640 cm−1

related to the N–H stretching and bending oscillations,
respectively (Fig. S1†). The peaks at 1021 cm−1 and 578 cm−1

were ascribed to the triazine ring vibrations.31,32 Additionally,
the peaks between 1433–1533 cm−1 and at 810 cm−1 can be
attributed to the stretching and bending vibrations of C–N. Two
distinguished peaks at 1620 and 2046 cm−1 were also observed,
corresponding to the bending and stretching oscillations of C]
S, respectively. As shown in Fig. S1,† two new peaks at 692 cm−1

and 1173 cm−1 corresponding to C–S bending and stretching
© 2023 The Author(s). Published by the Royal Society of Chemistry
oscillations were observed in the melamine thiourea and 2-
aminothiazole spectra.31,32 The FTIR spectra of the pristine
multi-walled carbon nanotubes (MWCNT) show peaks at 3451,
1638, and 1070 cm−1, which are related to the stretching
vibrations of O–H, C]C (in aromatic rings), and C–O, respec-
tively33,34 As shown in Fig. 1, signicant changes in the spectrum
of the multi-walled carbon nanotubes occur upon oxidation
with nitric acid to form O-MWCNT. A new peak at 1729 cm−1

corresponding to the C]O stretching vibrations of carboxylic
groups is clearly observed.35 The sharp peak observed at
1384 cm−1 was attributed to the bending vibrations of hydroxyl
group C–O–H.36 Thus, the number of carboxyl groups on the
surface of the multi-walled carbon nanotubes was enhanced
upon oxidation with nitric acid.

Comparing the spectrum of the O-MWCNT with that of the
MT/MWCNT or AT/MWCNT, the C]O stretching vibration of
the COOH group in the O-MWCNT disappears, and new peaks
are clearly observed at 1626 and 1573 cm−1, which can be
assigned to the C]O stretching vibration of the NHCO (amide)
and the bending vibrations of N–H in the NH2 group, respec-
tively.29,30,37 Furthermore, the band at 3328 cm−1 (in the AT/
MWCNT) and 3455 cm−1 (MT/MWCNT) can be assigned to
RSC Adv., 2023, 13, 31141–31150 | 31143



Fig. 1 FTIR spectra of MWCNT, O-MWCNT, AT/MWCNT, and MT/
MWCNT.
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the N–H stretching vibration of the secondary amine.29,37,38 Also,
new peaks are observed in the MT/MWCNT spectrum at 1240–
1320, 1090, and 645 cm−1, which were assigned to C–N
stretching vibrations (triazine), –C]S vibrations, and C–S
vibrations, respectively.29,35,38 These results indicate the
successful functionalization of the surface of the multiwalled
carbon nanotubes with melamine thiourea or aminothiazole
chelating ligands through amide linkage (peptide linkage).

XPS analysis was used to investigate the surface elements of
the MWCNT upon functionalization with the melamine thio-
urea active ligand. The XPS survey results for MWCNT and MT/
MWCNT are displayed in Fig. S2.† Two peaks related to C 1s and
O 1s were observed for the MWCNT and MT/MWCNT. In
addition, two new peaks corresponding to N 1s and S 2p were
present in the MT/MWCNT spectrum. Furthermore, Table S1†
demonstrates that the N content increased from 0.2% to 13.51%
and the S content increased from 0.2 to 1.2% aer the modi-
cation of MWCNT with melamine thiourea.

The C 1s XPS spectrum of MT/MWCNT (Fig. 2A) revealed
three peaks at 284.0 eV (C in C–C and C]C), 285.0 eV (C in C–N
and C–S), and 287.78 eV (C in N–C]O, C]N, C]S).39 The high-
resolution O 1s spectrum of MT/MWCNT (Fig. 2B) reveals two
peaks with binding energies of 531.18 eV (O in O–H) and
532.18 eV (O in C]O).37 Detailed N 1s and S 2p XPS
31144 | RSC Adv., 2023, 13, 31141–31150
measurements of MT/MWCNT conrmed the successful gra-
ing of melamine thiourea onto the surface of MWCNT 29–30.
The high-resolution N 1s spectrum (Fig. 2C) revealed two peaks
at 399.18 eV (N in N–C]O) and 379.98 (N in C–N–C and C]N).40

The high resolution S 2p spectrum (Fig. 2D) can be deconvo-
luted into three peaks, two at 164.16 eV (S 2p3/2) and 165.2 (S
2p1/2) attributed to the sulfur binding in –C–S or S–H bonds and
conjugated –C]S– bonds, and at 168.7 eV related to the
oxidized sulfur (C–SOX).29,30

The MWCNT, O-MWCNT, AT/MWCNT, and MT/MWCNT
morphologies were investigated using scanning electron
microscopy (SEM). As shown in Fig. 3A, the MWCNT displayed
an entangled tubular structure, which increased the surface
area. As seen in Fig. 3B, the O-MWCNT resembles a thread-like
network with slight fragmentation, which indicates that the
MWCNT are shortened aer oxidation treatment.41 Aer
chemical functionalization with 2-aminothiazole or melamine
thiourea, the O-MWCNT became coarser. Additionally, the
entangled tubes disappeared and the surface became crowded
with regular particles (Fig. 3C and D). This signicant change in
the morphology reects the successful graing of the active
ligands AT and MT onto the surface of the MWCNT, which
increases the number of active sites with a high affinity for
uranyl ions. Additionally, SEM images with EDX analysis of the
AT/MWCNT and MT/MWCNT are displayed in Fig. S3.† The
EDX analysis (Fig. S3†) clearly shows the presence of N and S in
addition to C and O in the AT/MWCNT and MT/MWCNT, which
provide evidence for the incorporation of amine and thiol
groups onto the MWCNT surface.
3.2. Electrochemical measurements

3.2.1. Cyclic voltammetry. The electrochemical perfor-
mance of the synthesized sensors (CPE, MWCNT/CPE,
oxidized MWCNT/CPE, AT/MWCNT/CPE, and MT/MWCNT/
CPE) was estimated using CV and electrochemical imped-
ance spectroscopy (EIS) in uranyl solution. Preliminary inves-
tigations revealed the appearance of a new distinct signal for
uranyl ions in acetate buffer when compared with acetate
buffer only using a bare CPE (Fig. S4†). Thus, CV was carried
out in 20 mL of uranyl acetate solution (5 × 10−3 mol L−1)
containing 3 mL of buffer (pH 2) as a supporting electrolyte, as
shown in Fig. 4. Compared to that of the bare CPE, the elec-
trochemical behavior of the modied electrode MWCNT/CPE
was enhanced, which might be attributed to its large surface
area and faster electron transfer. Notably, the electrochemical
signals increased slightly aer the oxidation of the surface of
the MWCNT. To improve the sensitivity of the modied
MWCNT@CPE, the carbon nanotubes were modied with
melamine thiourea (MT) or 2-aminothiazole (AT). The anodic
peak current of the MT/MWCNT/CPE gradually rose. These
results may be due to the presence of the different functional
groups in the melamine thiourea, which can easily react with
and capture the target uranyl ions.

3.2.2. Electrochemical impedance study. Electrochemical
impedance spectroscopy measurements were performed under
the optimized conditions (AC amplitude: 10mV, frequency: 0.1–
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 XPS high-resolution spectra of C 1s (A), O 1s (B), N 1s (C), and S 2p (D) in MT/MWCNT.
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10−5 Hz, open circuit: 0.1 V) in a solution containing 0.1mol L−1

potassium chloride solution and 5 mmol L−1 Fe(CN)6
3−/4− as

the supporting electrolyte solution. As exhibited in Fig. 5, the
charge transfer resistance (Rct) decreased aer the modication
of the bare CPE (Rct = 820 U cm2) with the MWCNT and/or
oxidized MWCNT (Rct = 730 U cm2), which may be attributed
to the high surface area and electrical conductivity of the
MWCNT aer modication of the MWCNT with the MT.

The charge transfer resistances (Rct) for both MT-MWCNT
and AT-MWCNT were estimated based on tting using the
depicted equivalent circuit.42 The Rct was measured from the
difference between the low-frequency and high-frequency
intercepts on the real axes for the tted arc.42 The resulting
values of Rct for MT-MWCNT and AT-MWCNT were 660 U cm2

and 830 U cm2, respectively. Rct decreased sharply again in MT/
MWCNT/CPE because of the presence of the different func-
tional groups of the MT ligand, which enhanced electron
transfer. It is worth mentioning that the data obtained from the
© 2023 The Author(s). Published by the Royal Society of Chemistry
electrochemical impedance measurements are similar to the CV
results.

3.2.3. Effect of pH. The hydrogen ion concentration has
a signicant effect on the electrochemical determination of
uranyl ions. Therefore, the inuence of pH in the range of 2–8
was evaluated using acetate and phosphate buffers. As shown in
Fig. S5,† a high electrochemical response was observed for MT/
MWCNT/CPE at pH 2. These results may be due to the presence
of UO2

2+ ions, which are common species that tend to be easily
reduced and deposited on the modied electrode surface. A low
peak current was observed at high pH values, which could be
attributed to the formation of UO2Ac

+, UO2(Ac)2, and UO2(Ac)3
−.

Therefore, a pH of 2 was chosen for uranyl determination.
3.2.4. Effect of scan rate. To study the electrochemical

mechanism of the reaction process at MT/MWCNT/CPE, the
electrochemical reaction was measured in 5.0 × 10−3 mol L−1

uranyl at pH 2 at different scan rates. As shown in Fig. S6A,† the
anodic currents increased linearly with the square root of the
RSC Adv., 2023, 13, 31141–31150 | 31145



Fig. 3 SEM images of MWCNT (A), O-MWCNT (B), MT/MWCNT (C), and AT/MWCNT (D).

Fig. 4 Cyclic voltammograms of CPE, MWCNT/CPE, oxidized
MWCNT/CPE, AT/MWCNT/CPE, and MT/MWCNT/CPE in 5 ×

10−3 mol L−1 UO2
2+ solution buffered with acetate (pH 2).

RSC Advances Paper
scan rate, which emphasized that the diffusion process
controlled the electrochemical reaction. In contrast, the anodic
potential gradually increased with the logarithm of the scan rate
31146 | RSC Adv., 2023, 13, 31141–31150
(Fig. S5B†). In addition, the number of electrons in the elec-
trochemical reaction was calculated using the Tafel equation,
and was equal to 2.

3.2.5. Deposition potential and deposition time. The
deposition step signicantly improved the sensitivity of the
DPASV method. The deposition potential is typically related
to the standard reduction potential, at which the uranyl ions
are reduced on the modied CPE sensor to concentrate them
at the electrode surface. Thus, different deposition potentials
in the range from −700 to 1500 mV were tested. As presented
in Fig. 6A, high peak current signals were observed at
1400 mV. Furthermore, the deposition time was examined in
the range of 20–150 s, and the anodic response increased
gradually and reached a high response at 90 s, which enables
all the ions to be pre-concentrated at the MT/MWCNT/CPE
surface (Fig. 6B).

3.2.6. Leaching process and time. To improve the sensi-
tivity of this technique, the pre-concentrated uranyl ions at the
MT/MWCNT/CPE should be leached from the electrode surface
aer each measurement. Sodium hydroxide, hydrochloric acid,
methanol, and methanol containing different ratios of acetic
acid were tested for uranyl removal aer the determination
process. Complete removal of uranyl ions was achieved using
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 EIS of CPE, MWCNT/CPE, O-MWCNT/CPE, AT/MWCNT/CPE, and MT/MWCNT/CPE in a solution of 5 mmol L−1 Fe(CN)6
3−/4− and

0.1 mol L−1 KCl.

Fig. 6 Effect of (A) deposition potential (deposition time; 90 s, scan rate: 100 mV s−1; pulse amplitude: 50 mV; pulse width: 50 ms) and (B)
deposition time on the stripping peak current of 5 × 10−3 mol L−1 UO2

2+ solution buffered with pH 2 acetate (deposition potential; 1400 mV,
scan rate; 100 mV s−1; pulse amplitude: 50 mV; pulse width: 50 ms).

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 31141–31150 | 31147
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Fig. 7 (A) Effect of leaching time of MT/MWCNT@CPE on the anodic stripping peak current. (B) Selectivity of MT/MWCNT@CPE for UO2
2+

detection in the presence of the interfering ions Cd2+, Ba2+, Pb2+, Hg2+, Ni2+, Cu2+ (10−3 mol L−1).

Fig. 8 Oxidation peak current of MT-MWCNT@CPE in different
ranges of concentrations of UO2

2+; deposition potential: 1400 mV.

RSC Advances Paper
hydrochloric acid (0.01 mol L−1). Furthermore, anodic signals
were recorded over a period of 1–8 min. As shown in Fig. 7A,
4 min was the optimal leaching time.
Table 1 Different electrochemical techniques for UO2
2+ detectiona

Method Linear range (mol L−1)
Detection limit
(mol L−1)

Quantica
limit (mo

DPAdSV 9.93 × 10−9–2.64 × 10−7 3.31 × 10−9 —
SV 7.94 × 10−9–1.59 × 10−6 9.93 × 10−10 3.31 × 10
DPACSV 3.7 × 10−10–3.7 × 10−8 9.93 × 10−11 3.31 × 10

3.7 × 10−8–3.7 × 10−5

AIEE 3.31 × 10−9 – 8.2 × 10−8 6.62 × 10−10 —
DPASV 5 × 10−3–1 × 10−10 2.1 × 10−11 7 × 10−11

a Differential pulse adsorptive stripping voltammetry: DPAdSV; strippi
voltammetry: DPACSV; aggregation-induced emission enhancement: AIEE

31148 | RSC Adv., 2023, 13, 31141–31150
3.2.7. Interference studies. For the electrochemical
sensors, the selectivity toward uranyl ions was evaluated by
introducing a series of various foreign metal ions, namely, Cd2+,
Ba2+, Pb2+, Hg2+, Ni2+, and Cu2+ (10−3 mol L−1), to a mixture
containing buffered uranyl solution (5.0× 10−3 mol L−1). Under
the optimized conditions, DPASV analysis was performed to
compare the current response values of the blank solution
before and aer the addition of interfering metal ions. As
shown in Fig. 7B, the electrochemical signals of the uranyl ions
were not affected by the addition of interfering ions. Notably,
the electrochemical DPASV signals of uranyl are not affected by
the interfering species at a concentration of 150 fold of uranyl
ions.

3.2.8. Analytical features. Under the optimized experi-
mental conditions, as shown in Fig. 8, a wide linear range from
5 × 10−3 mol L−1 to 1 × 10−10 mol L−1 was observed using
DPASV with a low limit of detection (2.1 × 10−11 mol L−1). Good
reproducibility (RSD = 2.1%) and intermediate precision (RSD
= 2.7%) were observed for the MT/MWCNT/CPE sensor. To
assess the stability of the proposed sensor, voltammetric
measurements of the same solution were recorded and repeated
for six weeks, and the data showed high stability, reaching 95%
of the original values. Compared to other electrochemical
techniques (Table 1), the proposed voltammetric sensor showed
tion
l L−1) Stability (days)

Precision
(RSD%) Application Ref.

5 5.03 Water 43
−9 15 5.4 Water 44
−10 30 5.1 Water 45

5 1.3 Water 46
42 2.7 Water This work

ng voltammetry: SV; differential pulse adsorptive cathodic stripping
; differential pulse anodic stripping voltammetry: DPASV.

© 2023 The Author(s). Published by the Royal Society of Chemistry



Table 2 Determination of UO2
2+ in environmental water samples

Sample
Amount added
(mg L−1)

Amount found by
DPASV (mg L−1)

Recovery
(%)

Sea water 0 1.7 —
5 6.6 98.5

10 11.65 99.5
Nile river water 0 4.0 —

5 8.9 98.9
10 14.0 100

Tap water 0 0.08 —
5 5.04 99.2

10 10.03 99.8

Paper RSC Advances
high sensitivity, good repeatability, excellent stability, and
superb selectivity.

3.3. Analysis of UO2
2+ in actual water samples

To verify the feasibility and applicability of MT/MWCNT@CPE
for the detection of uranyl ions in actual water samples, DPASV
signals were recorded for each sample, and the concentration of
UO2

2+ was determined based on the calibration curve; the output
data are listed in Table 2. Furthermore, to evaluate the proposed
technique, each sample was analyzed again via three parallel
determinations using inductively coupled plasma-atomic emis-
sion spectroscopy (ICP-AES). The recovery percentage of UO2

2+

fell within the range of 97.8–99.3%, and the RSD values were
lower than 4%. These results demonstrate that MT/MWCNT/CPE
possesses proper accuracy and is applicable for the evaluation of
uranyl ions in actual environmental samples.

4. Conclusions

A novel functionalized electrochemical sensor (MT/MWCNT/CPE)
was fabricated by introducing melamine-thiourea-modied mul-
tiwalled carbon nanotubes (MT/MWCNT) into CPE components.
Consequently, the selectivity and sensitivity of the proposed
sensor toward uranyl ions were enhanced. In addition, the
differential anodic stripping technique was used to detect uranyl
ions over a wide range of concentrations from 5 × 10 −3 to 1 ×

10−10 mol L−1 with a low detection limit (2.1 × 10−11 mol L−1).
Furthermore, high repeatability, good reproducibility, and long-
term stability (six weeks) were observed. Moreover, the modied
sensor exhibited satisfactory results for the detection of uranyl
ions in real water samples. Finally, the results of this study indi-
cate that the developed sensor is an effective and useful platform
for selective and rapid monitoring of UO2

2+ in the environment.
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