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Original Research Abstract:

The analysis of TI(I) is essential due to its high toxicity, environmental persistence, and potential to cause

Received: . . . . . .
neurotoxic and carcinogenic effects even at trace levels. In this work, a reduced graphene oxide-magnetite

i:fir:i 2023 nanocomposite (rGO-Fe3z0,4) combined with the ionic liquid N -butyl-3-methylimidazolium tetrafluoroborate
12 May 2025 (N-B-3-MITFB) was used to modify a carbon paste electrode. The resulting rGO-Fe3;04/N-B-3-MITFB/CPE
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1. Introduction K™ in the activation of certain enzymes, such as adenosine

) ) ) ) N triphosphatase. The toxicity of TI(I) to the biosphere is even

From a blOIOgICE}I perspe?tlve, mongvalent thallium (TI™) greater than that of elements like Hg, Cd, Pb, and Cu [6, 7].
compqunds are hlghly tox1c.and rea.idlly absorpable through  The orowing concern over TI(I) contamination in the envi-
the skin [.1]' Thls element 1S relatively rare in .the Eaﬂh $  ronment, particularly in soil and water, has made reliable
crust and is typically found in small quantities in minerals  methods for its detection and quantification essential. The
such as crookesite, lorandite, and hutchinsonite [2]. Thal- importance of measuring trace amounts of TI(I) has led to
lium exhibits a distinctive set of physical and chemical development of various methods, including optical emis-
characteristics, notably its high electrical conductivity and ¢4y spectrometry (OES) [8], X-ray fluorescence (XRF) [9]
low melting point, which have historically contributed to inductively coupled plasma mass spectrometry (ICP-MS)
its utilization across a broad spectrum of industrial applica- [10, 11], chromatography [12], and electrochemical tech-
tions, including electronics, optical systems, and even pest  piques [13-16]. Since measuring very low concentrations
f:ontrol as a rodenticide [3.]. However, its extre.me.toxw- of TI(I) often requires a pre-concentration step, stripping
ity to humans and the environment has led to significant voltammetry methods can be particularly useful [13, 17].

restrictions on its use [4]. The lethal dose of thallium in  The advancement of sophisticated analytical methods con-
humans is 8 — 12 mg/kg [5]. Additionally, TIT can replace
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tinues to play a critical role in addressing the challenges
associated with TI(I) detection, thereby ensuring better pro-
tection of human health and the environment from its detri-
mental impacts.

Differential pulse anodic stripping voltammetry (DPASV) is
a highly sensitive electrochemical technique that has gained
significant attention for the detection and measurement of
trace metals and other electroactive species in various ma-
trices [18-20]. This method is especially useful in envi-
ronmental monitoring, clinical diagnostics, and industrial
quality control, where precise measuremet of low analyte
concentrations is essential [21]. DPASV operates on the
principle of concentrating the target analyte onto the elec-
trode surface through electrodeposition, followed by subse-
quent oxidative stripping. This method exhibits high sensi-
tivity as a result of the reduction in capacitive current and
the enhancement of faradaic current [22, 23]. This approach
has a detection limit in the nanomolar range, making it well
suited for quantitative analysis and the detection of metals at
low concentrations [24]. The sensitivity of this technique is
attributed to the pre-concentration step, which amplifies the
signal by accumulating the analyte on the electrode surface
[25].

The integration of DPASV as a highly sensitive electrochem-
ical technique with modified electrodes has revolutionized
the detection and quantification of trace analytes [26, 27].
The sensitivity, stability, and selectivity of electrodes have
been greatly enhanced by the introduction of materials like
ionic liquids and nanomaterials, allowing for precise mea-
surements at incredibly low concentrations [28—30]. Among
these materials, graphene has attracted significant interest
because of its outstanding ability to conduct electricity, ex-
pansive surface area, and remarkable durability [31-33].
For instance, Graphene oxide-magnetite nanocomposites,
can be made by doping graphene with iron. These nanocom-
posites have better electrocatalytic qualities and perform
better in electrochemical sensing [34-36].

Tonic liquids improve the performance of electrodes in
voltammetry method by enhancing ion transport and reduc-
ing electrical resistance [37-39]. The use of imidazolium-
based ionic liquids in combination with nanomaterials has
led to increased sensitivity and stability of electrodes in
the detection of heavy metals. It also enables the mea-
surement of electroactive compounds in various matrices
[40, 41]. In this work, a carbon paste electrode modified
with an rGO-Fe30O4 nanocomposite and the ionic liquid
N-B-3-MITFB was developed for the electrochemical de-
tection of TI(I) in aqueous samples. The simultaneous use
of Fe304 nanoparticles, reduced graphene oxide, and ionic
liquid for TI(I) recognition had not been reported previously.
This configuration enhanced catalytic activity and improved
electron transfer. Compared to earlier studies, including
those cited in [13] and [28], the proposed sensor achieved a
lower detection limit, attributed to the innovative integration
of nanomaterials and their synergistic effects. Furthermore,
it demonstrated higher precision and better reproducibility
than the method described in [42], confirming its superior
reliability for practical applications.
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2. Materials and methods

2.1 Chemical and Apparatus

Graphite powder (< 50 um), phosphoric acid, ionic liquid
N-Butyl-3-Methylimidazolium Tetrafluoroborate, and lig-
uid paraffin, which were used in this study, were procured
from Sigma-Aldrich. Reduced graphene oxide-iron oxide
nanoparticles (rGO-Fe3;O4 NPs) were synthesized following
the procedure outlined in our previously published article
[42]. The synthesis of rGO-Fe;O4 NPs involved materi-
als such as, sodium hydroxide, iron (II) chloride, iron (IIT)
chloride, potassium permanganate all of which were ob-
tained from Merck. A TI(I) standard solution (1000.0 mg/L)
was also purchased from Merck and diluted with deion-
ized water to prepare various concentrations of thallium
solutions. Buffer solutions with pH values ranging from
3.0 to 8.0 were formulated by combining phosphoric acid
with sodium hydroxide. Electrochemical experiments were
performed using a Metrohm potentiostat equipped with a
three-electrode configuration. The setup comprised a plat-
inum wire as the auxiliary electrode, an Ag/AgCl electrode
as the reference, and carbon paste electrodes (CPEs), ei-
ther modified or bare, acting as the working electrode. All
measurements were carried out under ambient temperature
conditions.

2.2 Synthesis of rGO-Fe3Oy4

To synthesize the rGO-Fe3;04 nanocomposite, 1.08 g of
FeCl3-6H,0 and 0.39 g of FeCl,-4H,0 were dissolved in
an Erlenmeyer flask containing 100 mL of distilled wa-
ter. Subsequently, 50 mL of a reduced graphene oxide
(rGO) suspension (0.4 mg/mL concentration), prepared by
ultrasonication of graphene oxide (GO) synthesized via
Hummers’ method [43], was added to the aforementioned
solution under vigorous stirring. The mixture was continu-
ously stirred for 20 minutes, after which the pH was brought
to 10 by adding 0.1 M sodium hydroxide. Stirring was con-
tinued for a further 40 minutes at room temperature. The
resulting black precipitate was collected using a magnet,
thoroughly rinsed with deionized water several times, and
subsequently dried in a controlled-temperature oven at 65
°C for 36 hours.

2.3 Preparation of rGO-Fe;04/N-B-3-MITFB/CPE

To fabricate the carbon paste electrode, 0.95 g of graphite
powder (as the main conductive material), 0.05 g of rGO-
Fe; 04 nanoparticles (to enhance electrochemical activity),
and 0.88 g of solid paraffin (as a binder) were thoroughly
mixed in a porcelain mortar. Subsequently, 0.12 g of an
ionic liquid was added to the mixture to improve ionic con-
ductivity and enhance the stability and homogeneity of the
paste. The mixture was manually ground and homogenized
for approximately 30 minutes to obtain a uniform and co-
hesive paste. The prepared paste was then transferred into
a glass tube of appropriate diameter. For establishing elec-
trical contact, a copper wire was inserted into the tube and
positioned in direct contact with the paste.
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2.4 Real sample preparation

Three different water sources were selected for analysis:
well water from Shahid Bahonar University of Kerman
(Kerman, Iran), industrial wastewater from a copper factory
in Sarcheshmeh (Kerman, Iran), and municipal drinking
water from Kerman city. To remove suspended solids, the
samples were filtered and subsequently stored at 4 °C. Be-
fore analysis, the pH of each sample was adjusted to 7.0
to facilitate the application of the proposed method for the
detection and quantification of TI(I).

2.5 General procedure

The determination of TI(I) ions was performed using differ-
ential pulse anodic stripping voltammetry (DPASV) follow-
ing this protocol: During the preconcentration phase, the
rGO-Fe304/N-B-3-MITFB/CPE electrode was immersed
in a 25.0 mL of 0.01 mol/L phosphate buffer solution (pH
7.0) containing a known concentration of TI(I) ions, under
continuous stirring for 6 minutes. In this step, TI(I) ions
were deposited onto the electrode surface by applying a
potential of —0.1 V. After accumulation, voltammograms
were recorded by sweeping the potential from —0.1 V to
+0.1 V using a scan rate of 30 mV/s, a pulse amplitude of
100 mV, and a pulse duration of 4 ms. All electrochemi-
cal measurements were conducted at ambient temperature

(23+1 °C).

2.6 Working principle

The basis of the proposed method involves the adsorption
of TI(I) ions onto the proposed electrode. When a potential
of —1.0 V is applied, TI(I) ions present in the solution
are attracted to the surface of the electrode, where they
undergo preconcentration through adsorption. The TI ions
collected on the electrode surface are immediately reduced
to T1°, forming a thin metallic layer on the electrode surface.
These steps are shown in the following equations:

(D
[TI-MCPE] s +e+H" — TI° .+ MCPE-Hgyt  (2)

In the next step, the electrode surface is stripped by potential
scanning from —1 to +1 volt through the conversion of TI°

T1, + MCPEgy¢ — [TI-MCPE] ;¢
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to TIT, which leads to an analytical voltammogram

TI°

sur’

f— TIf +e 3)

peak.

In these equations, the subscripts "aq’ and ’surf’ are used to
signify that the compound is present in the aqueous phase
or on the electrode surface, respectively.

3. Results and discussion

3.1 Characterization of rGO-Fe3;04 nanocomposite

The crystalline structure and particle size of the rGO-Fe304
nanocomposite were investigated using X-ray diffraction
(XRD) in the 20 angle range of 10° to 90° (Fig. 1). The
diffraction peak observed at 20 = 12° corresponds to the
(200) crystalline plane of graphene oxide. The low intensity
of this peak indicates a significant reduction of graphene
oxide to reduced graphene oxide (rGO) during the synthesis
process. In addition, the diffraction peaks corresponding to
the Miller indices (220), (311), (400), (422), (511), (440),
(620), and (533) are characteristic of the cubic spinel struc-
ture of magnetite (Fe30,4), which confirms the presence of
a pure and uniform magnetite phase within the nanocom-
posite. The approximate size of the magnetite nanoparticles
was calculated to be about 23 nm using the Scherrer equa-
tion (D = KA/ cos 0), based on the strongest diffraction
peak associated with the (311) crystal plane.

FT-IR spectroscopy confirmed the reduction of graphene
oxide (GO) to reduced graphene oxide (rGO) and the suc-
cessful synthesis of the rGO-Fe;04 nanocomposite through
comparative spectral analysis. The FT-IR spectrum of pris-
tine GO (Fig. 2) showed characteristic peaks of an oxi-
dized structure: A broad O—H stretch (32003500 cm™1), a
strong C=0 stretch (1720 cm™!), and peaks for C=C (1620
cm™ 1), O-H bend (1390 cm™'), C-OH (1220 cm™'), and
C-0 (1050 cm™ 1) vibrations, indicating extensive function-
alization [44]. In contrast, the rGO-Fe;O4 composite spec-
trum displayed significant changes (Fig. 3). The C=0 peak
(1720 cm™ ') and O-H band (3200 — 3500 cm~!) markedly
decreased, confirming the removal of carboxyl/carbonyl
groups and partial deoxygenation. The decrease in the inten-
sity of the C=C peak indicates that magnetite nanoparticles
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Figure 1. Powder X-ray diffraction pattern of rGO-Fe304 nanocomposite.
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Figure 2. FT-IR spectrum of GO.

have been uniformly deposited across the entire surface of
rGO. Epoxy/alkoxy peaks (1220, 1050 cm™!) were also re-
duced, though some C-O and O-H functionalities remained,
essential for nanoparticle anchoring. Distinct Fe3O4 peaks
appeared at 584 cm™!, corresponding to Fe-O vibrations
in tetrahedral and octahedral sites, respectively, confirming
successful nanoparticle incorporation [45]. In summary,
the comparative FT-IR analysis demonstrates effective GO
reduction and confirms the formation of the rGO-Fe;04
nanocomposite through the significant decrease of GO’s
oxygen-related peaks and the emergence of Fe3O4 charac-
teristic vibrations.

Field emission scanning electron microscopy (FESEM)
was utilized to investigate the surface morphology of the
nanocomposite (Fig. 4 A). The micrographs clearly revealed
the preserved layered structure of reduced graphene ox-
ide (rGO), the flat surfaces of the composite sheets, and

100

the spherical-shaped Fe3;O4 nanoparticles. The rGO lay-
ers act as a three-dimensional matrix, on which the Fe3Og4
nanoparticles are uniformly and regularly deposited. In
comparison to pristine rGO (Fig. 4 B), the FESEM images
demonstrate successful decoration of the rGO sheets with
Fe3O4 nanoparticles without significant disruption of the
underlying graphene structure.

Fig. 5 (A) presents the Energy Dispersive X-ray Spec-
troscopy (EDS) spectrum of the rGO/Fe3 04 nanocomposite,
clearly confirming the presence of carbon (C), oxygen (O),
and iron (Fe) elements. Fig. 5 (B) shows the EDS mapping,
which further reveals the spatial distribution of these key
elements with high precision. The even distribution of the
carbon element across the surface suggests a widespread
and uniform dispersion of reduced graphene oxide (rGO)
throughout the nanocomposite matrix. Signals correspond-
ing to iron and oxygen appear as dispersed and overlap-
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Figure 3. FT-IR spectrum of rGO-Fe3 04 nanocomposite.
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Figure 4. FESEM images of synthesized rGO-Fe304 nanocomposite (A) and rGO (B).

ping spots, indicating the effective formation of iron oxide
(Fe304) nanoparticles on the rGO surface. The relatively
uniform distribution of these nanoparticles, along with the
absence of significant agglomeration, suggests an effective
and well-controlled synthesis of the nanostructured compos-
ite.

The BET method is a widely used technique for determin-
ing the specific surface area of porous materials (Fig. 6 A).
BET analysis of the synthesized rGO-Fe304 nanocomposite
revealed a specific surface area of 210 m?/g, indicating of
substantial porosity and a high degree of surface accessibil-
ity, which are often associated with enhanced adsorption and
catalytic properties. The BJH method (Fig. 6 B), commonly
applied to assess pore size distribution and pore volume in
mesoporous materials, showed an average pore size of 1.86

nm and an average pore volume of 0.1704 cm?/g.

3.2 Electrochemical behavior of rGO-Fe;O4/N-B-3-
MITFB/CPE

The preconcentration capability of the modified carbon
paste electrode for T1(I) was evaluated. Differential pulse
voltammograms were recorded for various electrode mod-
ifications in the presence of 300 uM TI(I): Unmodified
carbon paste (b), modified with rGO-Fe3zO4 nanocompos-
ite (c), modified with ionic liquid (d), and modified with
both rGO-Fe30O4 nanocomposite and ionic liquid (e). A
voltammogram was also obtained for the combined rGO-
Fe304/ionic liquid modified electrode in the absence of
TI(D) (a), (Fig. 7). The highest T1(I) oxidation current was
observed with the electrode modified with both rGO-Fe;04

Element | Weight% | Atomic%

C 9.24 21.18

(o] 27.75 47.76

Fe 63.01 31.07

Total 100.00 100.00

O K FeKo
A
Aelo
Fekp
CK
0 5

Figure 5. EDS patterns (A) and EDS mapping (B) of rGO-Fe304 nanocomposite.
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Figure 6. BET (A) and BJH (B) analysis of rGO-Fe304 nanocomposite.

nanocomposite and ionic liquid, indicating superior perfor-
mance. This enhanced current is attributed to the modifiers,
which increase the electrode’s active surface area (leading
to greater TI(I) adsorption), improve conductivity, facilitate
enhanced electron transfer through the synergistic effects
of rGO ionic liquid, and Fe304, and potentially provide
catalytic sites for the TI(I) oxidation process. Therefore,
both the ionic liquid and the rGO-Fe304 nanoparticles are
crucial for effective T1(I) detection.

3.3 Electrochemical impedance study

The electro-oxidation of TI(I) was investigated using Elec-
trochemical Impedance Spectroscopy (EIS) at both modi-
fied and unmodified electrode surfaces under optimal con-
ditions. Fig. 8 shows the reduction in charge transfer re-
sistance, indicating improved surface modification of the
electrodes. A larger semicircle diameter is observed for
the CPE. However, the semicircle diameter decreased when

300

200
I(A)

150

100

-1 -0.9

-0.7
Ewm

Figure 7. Differential pulse stripping voltammograms (a) rGO-Fe3;O4/N-
B-3-MITFB/CPE without the presence of TI(I), and (b) bare CPE, (c) rGO-
Fe304/CPE, (d) N-B-3-MITFB/CPE, (e) rGO-Fe304/N-B-3-MITFB/CPE
in presence of 300 uM TI(I) at a phosphate buffer (pH 7.0), respectively.
Other conditions: accumulation-reduction time: 6 min, —1 V reduction
potential, scan rate: 30 mV/s, pulse amplitude: 100 mV, pulse period:4 ms.

using rGO-Fe304/N-B-3-MITFB/CPE. This indicates that
the charge transfer resistance at the electrode surface is
reduced, and the charge transfer rate increases with the
use of rGO-Fe304/N-B-3-MITFB/CPE. The data obtained
from the electrochemical impedance studies show good
agreement with the voltammetric data presented in Fig. 7
comparing the electrodes.

3.4 Optimization of analytical conditions
3.4.1 Effect of supporting electrolyte

The influence of the electrolyte on the performance of the
proposed electrode was studied using various 0.01 M so-
lutions (HNO3, HCI, acetate buffer, and phosphate buffer),
each containing 150 uM TI(I) ion. These solutions were
tested following the established procedure. Fig. 9 demon-
strates that phosphate buffer at pH = 7 yielded the high-
est current, making it the optimal electrolyte due to mini-
mized surface charge effects, and the buffer’s excellent ionic
strength and stability. Consequently, phosphate buffer (pH
= 7) was chosen for subsequent measurements.
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Figure 8. Nyquist plots of CPE, rGO-Fe304/CPE, N-B-3-MITFB/CPE
and rGO-Fe3;04/N-B-3-MITFB/CPE in the presence of 300 uM TI(I) at
the optimum condition.
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Figure 9. The effect of the type of electrolyte on the anodic peak current
of rGO-Fe304/N-B-3-MITFB/CPE. Other conditions were the same as in
Fig. 7 except electrolyte.

3.4.2 Effect of pH

The effect of the pH of the electrolyte solution (phosphate
buffer) containing 150 uM TI(I) ion in the range of 4.0
to 9.0 on the anodic peak current of rGO-Fe;04/N-B-3-
MITFB/CPE was investigated. Based on the results ob-
tained, which are reported in Fig. 10, the highest anodic
peak current is observed at pH = 7. Therefore, phosphate
buffer at pH = 7 was employed in the following analyses.

3.4.3 Effect of accumulation-reduction potential and
time
The effect of the reduction and accumulation potential on
the TI(I) anodic peak current was investigated in the range of
—0.1 to —1.2 V using the proposed method in the presence
of 150 uM TI(I), and the results are reported in Fig. 11 (A).
As can be seen, increasing the potential from —0.1to —1 V
increases the anodic peak current, with the highest current
observed at —1 V due to optimal TI(I) reduction and accu-
mulation kinetics. At more negative potentials, the current
decreases, likely due to interference from competing ion
migration. Therefore, a potential of —1 V was selected as
the applied potential for the reduction and accumulation
of TI(I) ions on the surface of the modified electrode. The
effect of reduction time on the anodic peak current of TI(I)
was evaluated within the range of 20 to 600 seconds at a
concentration of 150 uM TI(I) (Fig. 11 B). The peak cur-
rent showed a progressive increase up to 400 seconds, after

200

180 -

I(nA)

140

120 4

100 T
pH

Figure 10. The effect of pH on the rGO-Fe304/N-B-3-MITFB/CPE re-
sponse. Other conditions were the same as in Fig. 7 except pH.
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which it plateaued. This increase is attributed to the accu-
mulation and reduction of more TI(I) ions on the electrode
surface. By 400 seconds, nearly all adsorbed TI% ions are
converted to T1°. Further increases in reduction time do
not increase the current due to saturation of the electrode
surface. Therefore, 400 seconds was selected as the optimal
reduction time.

3.5 Performance characteristics

To establish a calibration curve and determine the linear
range of the proposed method, solutions with varying TI(I)
concentrations were prepared, and the anodic peak current
was measured according to the proposed procedure. The
calibration curve was plotted based on current versus con-
centration. The results obtained indicate a concentration
range of 0.07 to 420 uM with a detection limit of 0.9 nM
for TI(I) (Fig. 12). The relative standard deviation (R.S.D.),
which indicates the accuracy of the method, was found to be
+0.79% for seven consecutive measurements of identical
samples containing 50.0 uM TI(I). This demonstrates excel-
lent repeatability in the modified electrode structure, likely
attributed to the strong adsorption of TI(I) on the electrode
surface.

3.6 Stability and reproducibility investigation

The stability and reproducibility of the rGO-Fe3O4/N-
B-3-MITFB/CPE were evaluated under optimized labo-
ratory conditions. To assess reproducibility, the rGO-
Fe304 nanocomposite was synthesized in three independent
batches under identical conditions. For each batch, five mod-

A

200
180
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140
I(nA) 120 4
100 -
80
60
40
20

200
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160 1
140 A

I(nA)

100 -
80 |
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40
20 {

0 I(IJO 2(IJO S(I)O 4(I10 S(IJO 6(IlO 700
t(s)
Figure 11. The effect of reduction potential (A) and time (B) on the anodic

peak current of rGO-Fe304/IL/MCPE. Other conditions were the same as
in Fig. 7 except reduction potential and time.

2008-9244[https://doi.org/10.57647/jnsc.2025.1503.10]


https://doi.org/10.57647/jnsc.2025.1503.10

8/10 JNSC15 (2025) -152510

400
300 In
I(nA)

200 A

100 ~

EW

Cheraghi et al.

450 4 y=0.9641x+20.431
400 ~

R*=0.9924

1w

600
CMD

Figure 12. DPASVs of various concentrations of TI(I) in 0.01 M phosphate buffer solution (pH 7.0) (down to up: 0.07, 3.0, 50.0, 80.0, 150.0, 180.0,
260.0, 300.0, 330.0, 350.0 and 420 uM). Inset: Linear calibration curves of the anodic peak currents vs. TI(I) concentration.

ified electrodes were fabricated and tested under the same
conditions for the measurement of a 150 uM TI(I) solution.
The relative standard deviation (RSD) for the first, second,
and third batches were 2.8%, 3.1%, and 2.9%, respectively.
Moreover, the inter-batch relative standard deviation (RSD)
was calculated to be 3.5%, indicating that the synthesis of
rGO-Fe3 0y is stable and reproducible, and that the perfor-
mance of the modified electrodes across different batches
is consistent. In addition, the intra-batch reproducibility
for each batch was below 3.5%, further confirming the re-
liability of the electrode fabrication method. Furthermore,
to evaluate operational stability, the electrode was stored
under laboratory conditions and tested after 14 days. The
electrode retained more than 97% of its initial response in
the presence of 150 uM thallium solution, demonstrating
good stability for repeated use. Additionally, the stability of
the electrode in DPASV was assessed over 20 consecutive
cycles under identical conditions. A gradual decrease of
approximately 5 — 10% in the peak current was observed
after 15 — 20 cycles. This behavior can be attributed to the
porous structure of the carbon paste and the presence of
nanoparticles, which together enhance the electrode’s re-
sistance to fouling. After 20 cycles, the decrease in peak
current was likely due to the gradual accumulation of solu-
tion components on the electrode surface. The electrode’s
performance was regenerated by gentle mechanical polish-
ing and subsequent cyclic voltammetry in 0.1 M H;SO4,
which effectively removed surface deposits and restored the
electrode response.

These results confirm the reliability of the modified elec-
trode for routine electrochemical analysis of TI(I) ions in
aqueous samples.

3.7 Interferences study

The effect of interfering species on the measurement of T1(I)
using the proposed method was investigated in a solution
containing 150 uM of TI(I), with a maximum acceptable
error of 5% in current and potential. The observations
showed that no interference was observed for the analysis

of TI(I) at concentration levels of 600 times higher for AT,
Nat, F~, Mg*2, NO;, K", Cl™, 500 times higher for folic
acid, uric acid, humic acid, phenol and nitrophenol, 450
times higher for catechol, sodium dodecyl sulfate (SDS),
glucose, glutamic acid, and 300 times higher for Cr*2, Pb*2,
Ni*2, Hg*?, and Cu*?.

3.8 Real sample analysis

The validity of the proposed procedure for the determina-
tion of TI(I) in various water matrices, including drinking
water, well water, and industrial wastewater, was assessed
through the standard addition approach. As summarized in
Table 1, the obtained recovery results confirm the satisfac-
tory accuracy and applicability of the developed sensor in
real-world samples.

Table 1. Determination of TI(I) in real samples (n = 3).

TI(I) added TI(I) found Recovery (%)

Sample
(M) (M) (TID)
Drinking water® - < LOD* -
25.0 24.8+1.2 99.2
50.0 489+23 97.5
Well water? - <LOD -
25.0 245+2.1 98.0
50.0 493+1.4 98.6
Waste water® - 7.2+0.5 -
25.0 32.8+1.1 102.4
50.0 58.1+1.7 101.8

4 Kerman drinking water, Kerman, Iran
b Shahid Bahonar University of Kerman, Kerman, Iran
¢ Copper factory, Sarcheshmeh, Kerman, Iran
*< LOD: below 0.9 nM.
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4. Conclusion

Thallium (T1), recognized as one of the highly toxic heavy
metals, has attracted growing concern due to its detrimental
impacts on human health and environmental systems, even
at trace concentrations. Effective monitoring of water
sources is therefore crucial to ensure both public health
protection and ecological safety. In this study, a sensor
modified with ionic liquid and graphene was designed to
determine TI(I) in water samples. The rGO-Fe3;O4/N-B-3-
MITFB/CPE, in combination with refined differential pulse
anodic stripping voltammetry (DPASV), showed a wide
concentration range (0.07 — 420 uM), a very good detection
limit (0.9 nM), and high sensitivity and selectivity for TI(I)
measurement. Moreover, the innovative application of
the nanocatalyst for TI(I) determination in the presence
of common inorganic and organic interferents has led
to remarkable selectivity and stability of the proposed
sensor. The successful application of this sensor in various
water samples confirmed its effectiveness in monitoring
TI(I) contamination in different environmental conditions.
Overall, this study contributes to the development of
efficient tools for environmental monitoring and supports ef-
forts to reduce the risks associated with TI(I) contamination.
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