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Abstract

Sulfur and nitrogen co-doped carbon dots (NSCDs) were quickly synthesized by the microwave-assisted method from tri-
ammonium citrate and thiourea. NSCDs showed a quantum yield of 11.5% with excitation and emission bands at 355 and
432 nm, respectively. Also, a fluorescence quenching was observed in the presence of Pb(Il) ions, and the as-synthesized CDs
were used as a sensitive probe for detecting Pb(II) in water and food samples. The results showed the optimal conditions for
Pb(II) determination were CDs concentration of 0.02 mg mL ™" at pH 6.0-7.0 and an incubation time of 20 min. The relative
fluorescence intensity of NSCDs was proportional to Pb(II) concentrations in the range of 0.029—2.40 and 2.40—14.4 umol L~
with a correlation coefficient (R?) of 0.998 and 0.955, respectively, and a detection limit of 9.2 x 10~ umol L~!. Responses
were highly repeatable, with a standard deviation below 3.5%. The suggested method demonstrates the potential of a green,
fast, and low-cost approach for Pb(II) determination in water, tea, and rice samples with satisfying results.
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Abbreviations 1 Introduction

AAS Atomic absorption spectrometry

CDs Carbon dots Different industrial activities lead to the widespread release
DLS Dynamic light scattering of contaminated effluents into the environment, which poses
EtOH Ethanol a significant threat to human health [1]. Pollution of food
FL Fluorescence and water resources with heavy metals has become a signifi-
ICP-MS  Inductively coupled plasma-mass spectrometry  cant threat in today's world that has been frequently reported.
ICP-OES Inductively coupled plasma-optical emission Therefore, monitoring toxic heavy metals in different sam-

spectrometry ples has become a global issue in health organizations [2].

MeOH Methanol Owing to their non-biodegradable nature, heavy metals
QDs Quantum dots can readily be accumulated in biological systems. Lead (Pb)
QY Quantum yield is one of the most common toxic heavy metals, with wide-
SEM Scanning electron microscope spread industrial applications [3]. According to the EPA
TAC Tri-ammonium citrate specification (US Environmental Protection Agency), lead is
TEM Transmission electron microscope a probable human carcinogen that can damage human organs

and systems. Concentrations higher than 5.0 umol L™! in
the blood can cause adverse health-related problems, par-
ticularly for children. Exposure to high concentrations of
Pb(II) can severely damage the brain and kidneys and even
cause death to human beings [4]. So, tracking heavy metal
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for the determination of heavy metals [5]. They are entirely
practical methods but suffer disadvantages such as expensive
and sophisticated instruments, the need for expert operators,
long measuring periods, and limited applications for on-
site determinations. So, developing inexpensive, accurate,
rapid, and portable detection methods is highly demanded.
Recently, fluorescence-based sensors have received remark-
able attention as alternative detection strategies [6] with the
advantages of cost-effectiveness, sensitivity and specificity,
real-time monitoring, and fast responses [7]. Various sen-
sors have been reported for Pb(II) detection in water and
food samples. Modified multi-walled carbon nanotubes
were used to develop a new selective electrochemical sen-
sor for Pb(I) detection in water and standard alloy samples.
The new sensor showed a linear range of 0.9—-114.6 ug L™
[5]. A colorimetric chemosensor based on a paper test-strip
platform and smartphone detection was also proposed to
determine lead ions. The chemosensor strip was function-
alized with gold nanoparticles to enhance the colorimetric
response. Under the optimal conditions, the color intensity
of the chemosensor strip increased linearly with the Pb(Il)
concentrations in the range of 0.1-1.0 mg L™!. The paper
test strip was successfully applied for Pb(Il) analysis in meat
samples [8]. Also, an electrochemical sensing platform was
proposed based on the binary assembly of silica nanochan-
nels and polydimethylsiloxane and evaluated to detect Pb(Il)
and Cd(I). The method showed linear ranges of 4—1500 pg
L~! for Pb(II) and 30-900 pg L~ for Cd(II). Quantitative
detection of Pb(Il) and Cd(II) in real juice and beverage sam-
ples was also performed without tedious pretreatments [9].

A sensitive fluorescent probe was developed based on
functionalized molybdenum disulfide quantum dots (QDs)
and used for monitoring lead ions in an aqueous medium
[10]. QDs are highly fluorescent semiconductors with char-
acteristics of size-tunable emission and high fluorescence
quantum yield. However, high toxicity limits their use in
most cases, like biological applications. Over the past few
years, carbon dots (CDs) were introduced as a new class of
fluorescent nanoparticles. Fluorescent carbon dots usually
have a spherical structure smaller than 10 nm and exhibit
intense and stable fluorescence [11, 12]. Other promising
properties of CDs, like aqueous solubility, low toxicity, and
biocompatibility, make them suitable candidates to replace
QDs [13]. CDs can be prepared from different cheap and
available raw materials. Also, scientific reports concerning
metal ions and biological molecules detection based on CDs
are increasing, and investigating synthesis methods, func-
tionalization, and their application as fluorescent sensors are
highly required.

Fluorescent CDs can be synthesized through different
strategies such as arc discharge, laser ablation, electrochemi-
cal oxidation, acidic oxidation, combustion, hydrothermal
treatment, ultrasonic treatment, and microwave-assisted
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methods [11, 14]. The hydrothermal synthesis route is an
efficient but time-consuming procedure. Recently, micro-
wave-assisted pyrolysis has been introduced as a fast syn-
thesis method with the advantages of low energy consump-
tion, strong sustainability, short reaction time, and high yield
[15]. Also, the quantum yield improvement was taken into
consideration by hetero-atom doping in CDs.

The present study explains the synthesis of N, S co-doped
carbon dots (NSCD-1, NSCD-5, and NSCD-10) with dif-
ferent sulfur content (1, 5, and 10%wt) by a fast micro-
wave-assisted method. Tri-ammonium citrate and thiourea
(CH4N,S) were used as sources of doping elements (core
doping) to enhance fluorescence properties. The prepara-
tion method has the advantages of a simple apparatus, mild
reaction conditions, and low cost. The newly synthesized
CDs were used to establish a ratiometric fluorescence probe
for Pb(II) ions detection. A reduction of fluorescence inten-
sity was observed in the presence of Pb(II), which proves
the possibility of monitoring the amount of Pb(II) based on
fluorescence quenching. The sensing strategy was validated
in water samples and used as a sensitive sensor for Pb(II)
determination in food samples.

2 Materials and methods
2.1 Instrumentation

Fluorescence (FL) determinations were performed with
Cary Eclipse Fluorescence Spectrophotometer (Agilent,
USA) equipped with a Xenon lamp and 10.0 mm quartz
cell. Ultraviolet—visible spectra (200—800 nm) were recorded
on a DR 500 UV-Vis spectrophotometer (Hach, USA). The
surface functional groups and size distribution profiles of
the as-synthesized CDs were investigated through Fourier
transform infrared (FT-IR) and dynamic light scattering
(DLS) analysis. The infrared spectroscopic measurements
(4000-400 cm™") were performed on a thermo-Nicolet
(AVATAR 350) FT-IR spectrometer. DLS analysis was
performed using the Horiba SZ-100 particle size analyzer
(Horiba Scientific, Japan). The surface morphology of the
product was analyzed by a scanning electron microscope
(SEM model Stereoscan 360, Cambridge Scientific Instru-
ment Company, Britain) equipped with energy-dispersive
X-ray (EDX) chemical analysis. The physical morphology
and dispersity of the synthesized CDs were observed using
a transmission electron microscope (TEM, LEO, 912AB).

2.2 Chemicals and reagents
Tri-ammonium citrate (TAC), dipotassium hydrogen phos-

phate (K,HPO,), thiourea, nitric acid, sulphuric acid, sodium
hydroxide, and Pb(II) nitrate were purchased from Sigma
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(Missouri, USA). Ethanol (EtOH), methanol (MeOH),
acetone, quinine sulfate, and other chemicals were obtained
from Merck (Darmstadt, Germany). All chemicals were ana-
lytical grade and used directly without any purification. The
aqueous solutions were prepared in ultrapure water (resistiv-
ity of 18.2 MQ cm™") obtained from an Aqua Max ultrapure
water system (Young Lin, Korea).

2.3 Preparation of carbon dots

The highly fluorescent CDs were synthesized according
to earlier work using tri-ammonium citrate and thiourea
as carbon and sulfur sources, respectively [16]. Briefly,
tri-ammonium citrate (1.00 g) and dipotassium hydrogen
phosphate (0.20 g) were dissolved in 2.5 mL ultrapure
water. Afterwards, thiourea was added and the final solu-
tion was sonicated for 5 min. The solution was irradiated for
2.5 min in a domestic microwave oven (Panasonic, model
NN-GD692) at 400 W, and a brownish-yellow solid powder
was obtained. After natural cooling to room temperature,
the product was crushed and washed with anhydrous etha-
nol (20 mL % 3 times). The obtained CDs were dissolved in
water and dialyzed against ultrapure water for 24 h. Finally,
the purified solid sample was obtained by evaporating the
solvent at 40 °C. The CDs, with excellent water solubility,
were stored at 4 °C for advanced analysis. The synthesis
route was repeated with 0.01, 0.05, or 0.1 g of thiourea to
yield a final concentration of 1, 5, or 10%wt of the sulfur
source.

The fluorescence intensity of the prepared carbon dots
was evaluated in the presence of different metal ions. Here,
0.1 mL CDs solution (0.5 mg mL~") was mixed with 1.0 mL
of metal ion standard solution (10 mg L™!) and diluted to
5.0 mL with deionized water (with different pH). The sam-
ples were sonicated for 20 min, and fluorescence emission
spectra were recorded under excitation at 355 nm.

2.4 Quantum yield calculation

The quantum yield (QY) of the synthesized NSCDs was
calculated using quinine sulfate as the reference material
[17]. Quinine sulfate (literature QY =0.54) was dissolved
in 0.1 mol L™! H,SO, (refractive index (1) of 1.33), while
the CDs were dissolved in water (7= 1.33). The fluorescence
spectra of quinine sulfate and carbon dots solutions and their
absorbance were recorded at 355 nm. The quantum yield
was calculated according to Eq. (1).

_ mepy \ [ Mes
QYcp, = QYR< "y )<E> (D

where QY is the quantum yield, m is the slope of lumines-
cent intensity vs. absorbance curve, and 7 is the refractive

index of the solvent. The subscripts of CDs and R are used
for carbon dots and reference, respectively.

2.5 Fluorescence measurement of Pb(ll) ions

Into a 5.0 mL volumetric flask, 0.1 mL of CDs aqueous
solution (1.0 mg mL~!) was transferred with an appropriate
quantity of Pb(II) stock solution and diluted with deionized
water (adjusted to pH 6.0-7.0). The final concentration of
Pb(II) was in the range of 0.029-14.4 umol L™'. The result-
ing mixtures were sonicated for 20 min at room tempera-
ture (23.0-25.0 °C). The fluorescence emission spectra were
recorded using an excitation wavelength of 355 nm and an
emission range of 300-600 nm (maximum fluorescence
emission at 432 nm). The quenching of the fluorescence sig-
nal was considered with the Stern—Volmer equation (Eq. 2):

In this equation, FL and FL,, are fluorescence intensities
of NSCDs in the presence and absence of Pb(Il), Ky is the
Stern—Volmer constant, and [C] is the concentration of the
analyte [13].

2.6 Effects of coexisting ions

A series of ions (Na*, Ag*, Ca**, Mg?*, Cd**, Co**, Ni**,
Mn**, Zn**, Cu*, Hg?*, Fe’*, As>*, AI’*) were examined
for the selectivity evaluations. In a 5.0 mL volumetric flask,
0.1 mL of CDs stock solution (1 mg mL™1), 1.0 mL Pb(II)
standard solution (2.5 pmol L), and a quantity of a coex-
isting ion were mixed and diluted with deionized water
(adjusted to pH 6.0-7.0). The final concentration of each
coexisting ion was changed in the range of 0.50-50 pmol
L~!. The resulting mixtures were sonicated for 20 min, and
FL spectra were recorded at the excitation wavelength of
355 nm. The tolerance limit was defined as the concentra-
tion ratio of the coexisting ion to Pb(II) that changes the FL.
intensity of NSCDs lower than 10%.

2.7 Treatment of real samples

The mineral and potable water samples were filtered using a
0.45 pm membrane filter and then spiked with Pb(II) stand-
ard solution at different concentrations [18]. Then, 0.1 mL of
CDs stock solution (1 mg mL™") and 1.0 mL of real sample
were transferred to a volumetric flask (5.0 mL) and diluted
with deionized water (adjusted to pH 6.0-7.0). Finally, the
mixtures were sonicated and measurement was carried out
as described in Sect. 2.5. The commercially available rice
and tea samples were purchased from the local markets in
Mashhad in March 2019. Food samples were mineralized
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following usual laboratory procedures [19]. We proceeded
to spike food samples with Pb(II) at the obtained linearity
range and the applicability of the analytical assay was stud-
ied by the standard addition method.

3 Results and discussion
3.1 Synthesis and characterization of CDs

The present study explains the synthesis of water-soluble
and fluorescent CDs through a simple microwave-assisted
procedure. Tri-ammonium citrate and thiourea were used
as carbon and sulfur sources, respectively. The fluores-
cence intensity of CDs was increased with an increase in
the amount of thiourea (Supporting information Fig. S1).
However, NSCD-5 showed significant quenching in the pres-
ence of Pb(Il) ions and better selectivity to Pb(II) compared
to other investigated ions (Fig. 1a—c). Pb(Il) may simulta-
neously combine with several nitrogen and sulfur atoms of
NSCDs. This complexation process may lead to the forma-
tion of aggregates and a change in the electronic structure

of carbon dots [20]. The fluorescence quenching is caused
by the formation of a non-luminescent connection between
NSCDs and Pb(II) ions as electron donors and acceptors,
respectively [21-23].

Figure 1a—c shows the effect of different metal ions on the
emission intensity of the synthesized CDs at different ini-
tial pH values. The metal ions have the same concentrations
of 2.0 mg L™!. Only Pb(II) caused a significant decrease
in the fluorescence intensity of NSCD-5, while other ions
maintained up to more than 80% of the initial fluorescence
intensity. Also, NSCD-10 showed the lowest quenching
and similar results for different metal ions (low selectivity).
According to the results, fewer interferences are expected
with NSCD-5 for Pb(I) detection in the presence of other
ions like Fe and Hg. It reflects that NSCD-5 can be used
to develop a Pb(II) ion sensor. The results also showed a
significant influence of pH on the fluorescence quenching
effect of metal ions.

The UV-Vis spectra of CDs (Fig. 2a) showed a char-
acteristic peak at 226 nm, assigned to the n—x* electronic
transitions of C=C double bonds forming the carbon core.
An absorbance peak around 325 nm corresponds to the n—m*
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Fig. 1 The effect of different metal ions and pH on the emission intensity of CDs synthesized at the presence of 1%wt (a), 5%wt (b), and 10%wt
of thiourea (c). [Conditions: CDs, 20 g mL~!; metal ion, 2 mg L~'; Excitation and emission at 355 and 432 nm, respectively]
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Fig.2 UV-Vis absorption spectra of CDs (a), excitation-emission spectrum (b), EDX analysis result (¢), and TEM image of NSCD-5 (d)

electronic transitions of C=N and C=0 bands originating
from the surface of CDs. However, it should be noted that
variation in surface functional groups results to change in
UV-Vis absorption spectra [24, 25]. As presented in Fig. 2b,
the NSCDs-5 exhibited a strong emission at 432 nm when
excited at 355 nm, corresponding to the blue fluorescence
[26].

The emission spectra of NSCDs were also investigated at
different excitation wavelengths ranging from 330 to 360 nm
with an increment of 5 nm. The maximum fluorescent inten-
sity was first increased and followed by a decrease accom-
panied by a gradual red-shift (Supporting information Fig.
S2). Such excitation-dependent emission property has been
reported as a characteristic of CDs attributed to the distribu-
tion of different emissive sites on each nanoparticle [27]. So,
an excitation wavelength of 355 nm was fixed in the follow-
ing experiments for the most intensive fluorescence emis-
sion. The QY for the prepared NSCD-5 is found to be 11.5%.

The elemental composition of the NSCD-5 sample was
also characterized by the energy-dispersive X-ray (EDX)

analysis (Fig. 2c). The results indicated the successful dop-
ing of nitrogen and sulphur into the CDs, with an elemental
composition of 59.57, 13.99, 24.30, and 2.13%wt of C, N, O,
and S. Also, the corresponding DLS size distribution analy-
sis (Supporting information Fig. S3) showed a size distribu-
tion of 13 to 90 nm with a mean size of 27 nm (Dv50). The
TEM images showed that NSCD-5 are not in regular shape
with monodispersity, and the estimated average size of CDs
was about 20-70 nm (Fig. 2d).

The prepared carbon dots are readily water-soluble due
to the presence of hydroxyl and carboxyl groups, confirmed
by FT-IR analysis (Supporting information Fig. S4). The
broadband in the 3060-3450 cm™! region is assigned to
the stretching vibrations of the O-H and N-H groups. The
band at 2937 cm™! could be identified as the C—H stretching
vibrations [28]. The peaks around 1590 and 1715 cm™! were
attributed to the bending vibration of N—H and the stretching
vibrations of C=0, respectively [29]. The peak at 1400 cm™!
could be identified as C-N, N-H, and —COOQO groups [30].
The results confirm the presence of carboxylic acid and other
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oxygen-containing functional groups. The absorption bands
at 2060 cm™" are assigned to the vibration of N=C=S$ bonds,
indicating that S and N atoms have been doped into CDs.

The FT-IR spectra of the Pb(II)-loaded CDs showed dif-
ferences in the intensity and position of the main character-
istic bands of CDs, mainly at 2760, 2060, and 1590 cm™!
(Fig. 3). Also, the IR peak centered at 1400 cm™' showed
a shift to 1370 cm™!. All these confirm the interaction of
NSCD-5 and Pb(II) ions.

3.2 Fluorogenic detection of Pb(ll)

The results showed effective quenching of the fluorescence
intensity of NSCDs in the presence of Pb(Il) ions. It may be
attributed to the chelating of Pb(II) by the surface functional
groups of CDs and non-radiative recombinations through
the electron transfer process [31, 32]. So, the as-synthesized
CDs were evaluated as a turn-off chemosensor for Pb(II)
ions. Then, the sensor responses were examined under dif-
ferent experimental settings of CDs concentration and pH
to obtain the optimized conditions for Pb(II) determination.

Lower CDs concentrations can cause higher sensitivity,
but a broader detection range can achieve at higher concen-
trations. The concentration of CDs was examined between
0.01 and 0.08 mg mL~!. As presented in Fig. 4a, the CDs
concentration has a significant effect on the Pb(II) detection.
It is readily apparent that the value of FLj/FL was initially
increased with the increase of CDs amount followed by a
reduction beyond 0.02 mg mL~! of CDs. The loss of fluo-
rescence intensity at high concentrations results from self-
quenching. The fluorescence intensity of CDs is proportional
to the concentration. However, similar to other fluorescent
substances, CDs exhibit clear self-quenching effects. As the

concentration increases, the fluorescence intensity decreases
[33]. The synthesized CDs showed the potential to apply for
Pb(II) ions detection based on the quenching effect. Accord-
ingly, the initial intensity of CDs was optimized to the high-
est instrumentation scale, and the CDs concentration before
self-quenching (0.02 mg mL ") was used for further studies.

Figure 4b exhibited the pH effect (in the range of 2.0-9.0)
on the FL intensity of CDs. FL/FL was increased gradu-
ally and reached a maximum at pH 6.0-8.0. Reduction in
the FL/FL at pH values lower than 6.0 may result from
competition between Pb(Il) and H;O* ions for the surface
active sites of CDs. Also, the interaction of hydronium ions
and hydroxyl groups can reduce the fluorescence intensity
of CDs. Hydrolysis and precipitation of Pb(II) can occur
in basic solutions. Therefore, pH 6.0-7.0 was used as the
optimal value.

3.3 Analytical features

The fluorescence intensity of the sensor was evaluated dur-
ing the addition of different amounts of Pb(II) ions into the
CDs solution under optimal conditions. As illustrated in
Fig. 4c, a continuous decrease of FL intensity (or increase
in FL/FL ratio) occurs in the range of 0.028—14.4 umol L™!
of Pb(II). A closer look showed two linear regions between
0.028 and 2.40 umol L™! and 2.40-14.4 umol L~! with a
correlation coefficient of 0.998 and 0.955, respectively
(Fig. 4c). Based on the 3s m™" rule (s is the standard devia-
tion of the blank signals (n=25) and “m” is the slope of the
calibration curve) the limit of detection (LOD) of 9.2 and
574 nmol L™! was calculated for two separate linear regions
[34, 35].

Fig.3 FT-IR spectra of
NSCD-5 (a) and Pb(Il)-loaded
NSCD-5 (b) (b)
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Fig.4 The plot of the quenched fluorescence signal (FL,/FL) a versus
CDs concentration in the presence of Pb(Il) ions (9.6 pmol LY, b
versus pH in the presence of Pb(Il) ions (2.9 pmol L™, and ¢ the

In general, fluorescence quenching can result from
dynamic or static quenching effects; both conform to the
conventional Stern—Volmer equation [36]. As shown in
Fig. 4c, the Stern—Volmer diagram was not a straight line
but a curve, suggesting a combination of dynamic and
static quenching for the detection mechanism of Pb(II)
by NSCDs. The linear regression equation for Pb(II)
was FLy/FL =0.267 [Pb(II)] +1.178 in the range of
0.028-2.4 umol L™! (Fig. 4c). The calculated Stern—Vol-
mer dynamic quenching constant, Ksv, is 2.67 X 10°
L mol~.

A comparison between the present study and some
previous documents shows that the introduced sensor
is comparable to or even better in the linear range and
LOD for Pb(II), with a much simpler and easier operation
(Table 1). A fast and single-step method was also used
to synthesize CDs under microwave irradiation. There-
fore, the new chemosensor can be an excellent alternative
method for monitoring Pb(II) ions.

fluorescence response of NSCD-5 upon the addition of different con-
centrations of Pb(II)

Table 1 Comparison of different CDs-based sensors for the detection
of Pb(II)

Chemosensor Linear range LOD Refs.
(pmol L™ b} (nmol L1

Copper nanoclus-  0.048-12.0 15.00 [37]

ters @ NCDs

NCDs 0.0167-1 4.60 [38]

CDs 0.5-11.0 8.47 [39]

BCDs?* 0.025-250 2.00 [4]

CDs Not given 5050 [13]

NCDs 0.1-6.0 15.00 [40]

CDs 0.033-1.67 12.70 [41]

NSCDs 0.028-2.40 9.20 This work
24-14.4 574

“Boron-doped carbon dots

3.4 Interference study

High selectivity, in addition to sensitivity, is another
important advantage of a sensor. So, the sensor’s responses
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were evaluated for 0.50 pmol L™! of Pb(II) and in the pres-
ence of some interfering ions (Supporting information Fig.
S5). Metal ions of Na*, Ca?*, Mg?* up to 100 times and
Cd2+, Cr6+, Fe3+, Hg2+, AS3+, C02+, N12+’ Mn2+, Zn2+,
AIP* until to 20 times of Pb(II) ions concentration only
caused minor fluorescence changes (lower than 10%). Sig-
nificant interferences were observed for Ag* and Cu®* at
concentrations ten times more than the concentration of
Pb(II) ions. It can be explained by more affinity of surface
functional groups to coordinate Pb(II) and strong binding
with doped elements such as S and N [42].

3.5 Analysis of food samples

Considering the sensitivity and selectivity of the new sen-
sor to Pb(Il), the feasibility and reliability of the method
were evaluated in water, tea, and rice samples. As pre-
sented in Table 2, no Pb(Il) was found in the samples,
and recoveries were between 96.5 and 107.0%. Also, a
replicate analysis of a potable water sample spiked with Pb
(0.50-2.4 pmol L~!) showed RSD values of 2.21-3.52%
(n=3). The results indicated that the developed method
could be used as an alternative method to determine Pb(II)
ions in real samples.

Table 2 Determination of Pb(II) in water and food samples

Sample Spiked level Found Recoveries
(qumol L™ (umol LY (%)
Bottled water (Aqua) 0.0 - -
0.483 0.429+0.05 89.0
0.965 1.06+0.10 109
2.41 2.39+0.14  99.0
Mineral water (Damavand) 0.0 - -
0.483 0.349+0.08 73.0
0.965 1.04+0.10 107
2.41 237+0.10 98.2
Potable tap water 0.0 - -
0.483 0.511+0.05 106
0.965 0.864+0.16 89.5
2.41 229+0.16 95.2
Tea 0.0 - -
0.483 0.449+0.11 93.0
0.965 0.787+0.05 81.5
2.41 232+0.23 96.2
Rice 0.0 - -
0.483 0.415+0.04 86
0.965 1.00+£0.24 104
241 227+029 94.0

Results are presented as the mean =+ standard deviation (n=5)
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4 Conclusion

Among different analytical methods, fluorescent sensors
have been praised as notably effective protocols for deter-
mining trace metal ions with the advantages of conveni-
ence, instantaneous response, selectivity, and high sen-
sitivity. Carbon dots, one of the most efficient and stable
nanoprobes, are recently used as chemical sensors for
different types of analytes owing to their easy prepara-
tion, good water solubility, photostability, low toxicity,
and biocompatibility. In the current study, the N-S co-
doped CDs were directly prepared within 2.5 min and in
one step by microwave heating as an easy and economical
method. Also, tri-ammonium citrate and thiourea were
used as cheap and available precursors. The FT-IR analysis
confirmed the presence of oxygen-containing functional
groups in CDs. The EDX analysis also showed the elemen-
tal composition of 59.57, 13.99, 24.30, and 2.13%wt of C,
N, O, and S, respectively. From the initial evaluations, it is
evident that Pb(II) could quench the fluorescence of CDs
with higher quenching efficiency compared to other stud-
ied ions. Further, the CDs were characterized analytically
as a sensor for Pb(Il) detection in the aqueous solution.
The results showed high selectivity toward Pb(II) ions,
and the sensor was successfully used for Pb(II) analysis
in food samples.
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