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and sensitive detection of persulfate†
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Persulfate, a powerful oxidizing agent, is extensively employed in numerous industries. Accurate and rapid

detection of persulfate (S2O8
2−) is essential. This study reports the development of a fluorescent sensor

based on Am-CDs. It is synthesized from ascorbic acid (AA) and m-phenylenediamine (m-PD) through

a one-step hydrothermal method. The fluorescence of Am-CDs demonstrated selective sensitivity to

S2O8
2− via static quenching. A sensitive fluorescent sensor was constructed for S2O8

2−, exhibiting

a linear detection range of 1.96 to 15.59 mM with a limit of detection (LOD) of 0.94 mM. This fluorescence

method was successfully applied to detect S2O8
2− in water samples, achieving recoveries of 98.07% to

102.33%. The fluorescent sensor developed in this study offers a simple and effective method for

quantifying S2O8
2− in aquatic environments.
1 Introduction

Persulfate is an effective oxidizing agent extensively used in
industries such as water and soil detergents,1 circuit board
manufacturing,2 cosmetics,3 and polymerization processes.4

Evidence suggests that exposure to persulfate may exacerbate
conditions like asthma,5 underscoring the need for its detec-
tion. Conventional methods for persulfate determination
include iodometric titration, reduction techniques, polaro-
graphic spectrophotometry, chemiluminescence, and ion
chromatography.6 However, these approaches present chal-
lenges, such as procedural complexity and slower response
times, which restrict broader application. Fluorescence sensing
methods offer notable advantages, including high sensitivity,
good selectivity, and operational simplicity, making the devel-
opment of uorescence-based detection strategies for persul-
fates essential.

Carbon dots (CDs) are zero-dimensional carbon-based
nanomaterials recognized for their light-emitting properties.
These materials offer numerous advantages, including superior
optical stability,7 biocompatibility,8 low toxicity,9 and ease of
synthesis.10 As a result, CDs are employed in diverse applica-
tions such as catalysis,11 printing inks,12 biological imaging,13,14

and electronic devices.15 Due to their remarkable attributes,
CDs have gained prominence as uorescent probes for detect-
ing and analyzing various targets.16 Increasing research high-
lights the utility of CDs in detecting metal ions,17 anions,18 and
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57
organic compounds19 across environments, including biomed-
ical and food systems. However, limited studies focus on the
detection of persulfate anions using CDs. For instance, a nano-
composite comprising dual emission CQDs-Zn2+ was designed
to detect S2O8

2− but exhibited low sensitivity and required
a non-pure water system, limiting practical applications.20

Similarly, a four-channel detection platform for S2O8
2− was

developed; however, its purication process proved complex
and time-intensive.21

In this study, carbon dots (Am-CDs) were synthesized from
ascorbic acid (AA) andm-phenylenediamine (m-PD) via a simple
one-step hydrothermal process. The designation ‘Am-CDs’ was
derived from the precursor's name as a prex.22 The prepared
Am-CDs did not require complex purication methods and
could be obtained through a simple two-step ltration, thereby
reducing the material preparation time. Furthermore, there was
no need to dope with metal elements, avoiding potential envi-
ronmental hazards. The resulting Am-CDs exhibit excellent
water solubility, photostability, and uorescence properties.
Notably, the uorescence of Am-CDs is efficiently quenched by
S2O8

2− through a static quenching mechanism. On the basis of
this property, a uorescence probe for S2O8

2− detection was
developed and successfully applied to analyze S2O8

2− in real-
world samples. The development of this uorescence probe
based on Am-CDs represents a novel approach within the eld
of detection methods, which are critical for effective monitoring
and analysis.
2 Experimental
2.1 Materials

Ascorbic acid and m-phenylenediamine were procured from
Aladdin Reagents Company (Shanghai, China). All reagents
© 2025 The Author(s). Published by the Royal Society of Chemistry
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used were of analytical grade. The water utilized in the experi-
ments was ultrapure deionized water. No further purication
was performed on any of the chemicals.
2.2 Preparation of Am-CDs

Am-CDs were prepared using a one-step hydrothermal method.
Specically, 0.20 g of ascorbic acid and 0.30 g of m-phenyl-
enediamine were dissolved in 10 mL of ultrapure water, fol-
lowed by ultrasonic dispersion for 20 min. The mixture was
transferred into a 50 mL Teon-lined autoclave and heated at
200 °C for 8 h. Upon cooling to room temperature, the product
was initially ltered using lter paper to remove large particles
and then passed through a 0.22 mmmicroporous membrane for
further purication. The resulting solution was lyophilized to
yield solid Am-CDs, which were stored at 4 °C for subsequent
experimental use.
2.3 Measurement of uorescence quantum yield

The uorescence quantum yield (QY) of Am-CDs was deter-
mined using the following formula:
Fig. 1 (a) TEM image of Am-CDs. (b) Full survey XPS spectra. High-resolu

© 2025 The Author(s). Published by the Royal Society of Chemistry
FS = FR(GradS/GradR)$(hS
2/hR

2)

where Grad and h represent the slope of absorbance versus the
integrated uorescence spectrum area and the refractive index,
respectively. The subscripts “S” and “R” denote the sample and
the standard, respectively. Quinine sulfate dissolved in 0.1 M
H2SO4 was used as the standard with a QY of 0.54.
2.4 Detection of S2O8
2−

The detection of S2O8
2− was carried out at room temperature.

For a typical measurement, a homogeneous solution was
prepared by adding 2 mL of Am-CDs aqueous solution (10 mg
mL−1) into a uorescence cuvette. Fluorescence titration was
conducted to determine the linear range and detection limit for
S2O8

2−. All measurements were performed at an excitation
wavelength (lex) of 410 nm.
2.5 Detection of S2O8
2− in actual samples

Water samples were collected from tap water and Daming Lake
water in Lyvliang University. These samples were ltered using
tion spectra of (c) C 1s, (d) N 1s, and (e) O 1s. (f) FTIR spectra of Am-CDs.
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a 0.22 mmmicroporous membrane. The concentration of S2O8
2−

in these water samples was determined, and the recovery rate of
spiked samples was calculated.
3 Results and discussion
3.1 Characterization of the Am-CDs

The morphology and size of Am-CDs were characterized using
transmission electron microscopy (TEM). The TEM image in
Fig. 1a demonstrates that the Am-CDs were spherical with
notable dispersity and a lattice spacing of about 0.23 nm. The
average particle size was determined to be 7.69 ± 0.41 nm
(Fig. S1†). To identify the functional groups present on the
surfaces of Am-CDs, X-ray photoelectron spectroscopy (XPS) and
Fourier-transform infrared (FTIR) spectroscopy were utilized.
The full XPS spectrum (Fig. 1b) revealed three distinct bands at
531.53, 398.92, and 284.25 eV, corresponding to O 1s, N 1s, and
C 1s, respectively. Deconvolution of the C 1s spectrum identi-
ed three peaks at 284.8, 286.1, and 288.2 eV, attributed to C]
C/C–O, C–C, and C]O groups, respectively (Fig. 1c). In the N 1s
spectrum, three peaks at 398.2, 399.2, and 400.3 eV indicated
the presence of pyridine N, pyrrolic N, and graphitic N, with
pyrrolic N being the predominant form (Fig. 2d). The O 1s
spectrum displayed two peaks at 531.5 and 532.7 eV, corre-
sponding to C]O and C–O, respectively (Fig. 1e). The FTIR
spectrum of Am-CDs showed a broad peak around 3340 cm−1,
indicative of hydroxyl (–OH) groups on the surface. A double
peak near 2350 cm−1 (2341 and 2360 cm−1) was assigned to CO2

gas absorbed from the air.23 Additional absorption peaks at
1629, 1497, 1325, 1198, and 772 cm−1 were associated with the
stretching vibrations of C]O/C]N, C]C, C–N, C–O, and C–H
groups, respectively.24,25 These observations conrm that the
Fig. 2 (a) UV absorption, excitation, and emission spectra of Am-CDs. (

4954 | RSC Adv., 2025, 15, 4952–4957
synthesis of Am-CDs led to the incorporation of numerous
hydrophilic and oxygenated reactive functional groups.
3.2 Optical properties of the Am-CDs

The ultraviolet-visible (UV-vis) absorption spectrum of the
aqueous Am-CDs solution (purple line) exhibited a distinct peak
at 223 nm, corresponding to the p–p* and n–p* transitions of
C]C and sub-uorescent groups, respectively (Fig. 2a).26 A weak
absorption peak observed at 288 nm was attributed to the n–p*
transition of C]O/C]N groups.27 The optimal excitation and
emission wavelengths (green and red lines) were identied at
410 and 514 nm, respectively, with a Stokes shi of 96 nm. The
three-dimensional (3D) uorescence spectra of Am-CDs under
varying excitation wavelengths (Fig. 2b) revealed a slight red
shi of the emission peak as the excitation wavelength
increased from 310 nm to 460 nm. This excitation-dependent
emission behavior, commonly observed in carbon dots, is
associated with the p* / n transition of surface-attached
functional groups.28

The stability of Am-CDs was assessed to determine their
suitability for practical applications (Fig. 2c). The uorescence
intensity of Am-CDs showed negligible variation across NaCl
concentrations ranging from 0.5 to 3.0 M and H2O2 concen-
trations between 0.1 and 1.0 M. However, uorescence intensity
decreased signicantly in strong acidic and alkaline conditions.
The addition of acid leads to the protonation of CDs surface
functional groups, such as amino groups, generating lumines-
cent quencher sites and resulting in a decrease in emission
intensity.29 When the pH exceeded 10, a signicant reduction in
uorescence intensity was observed. This change is primarily
attributed to the varying ionization degrees of the functional
groups within the CDs framework as a result of pH variation,
which directly affects the deprotonation levels and
b) 3D fluorescence emission spectra. (c) Stability of Am-CDs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Fluorescence quenching of Am-CDs in the presence of S2O8
2− (0–27.91 mM). (b) Linear relationship between F0/F and S2O8

2−

concentration (1.96–15.59 mM). (c) Reaction time of the system. (d and e) Selectivity and anti-interference patterns of the system, respectively.
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consequently alters the uorescence properties.30 A pronounced
reduction in uorescence was also observed when the temper-
ature exceeded 40 °C. This phenomenon can be attributed to
the thermally activated population of non-radiative channels
associated with surface trap or defect states.31,32 As the
temperature increases, a greater number of non-radiative
channels become activated, resulting in more excited elec-
trons transitioning back to the ground state via non-radiative
processes.33 Consequently, the uorescence intensity
decreases. This result limits its application in high-temperature
environments. Notably, the uorescence intensity remained
stable aer 180 minutes of continuous exposure to UV light and
xenon lamp irradiation. The QY of Am-CDs, calculated using
quinine sulfate as a reference, was determined to be 18.4%.
Table 1 Comparison of detection methods

Material Method Ling

RF/GQDs/GC Electrochemistry 1
DCSB-MoNCs Fluorescence
NBIM Fluorescence
CQDs Fluorescence 2
Am-CDs Fluorescence 1.96–

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.3 Detection of S2O8
2−

As depicted in Fig. 3a, the uorescence intensity of the Am-CDs
aqueous solution reduced as the concentration of S2O8

2−

increased from 0 to 27.91 mM. The titration curve of Am-CDs
with varying concentrations of S2O8

2− is presented in the
Fig. S2.† At higher concentrations, a signicant increase in the
F0/F ratio was observed. This phenomenon may be attributed to
the formation of more non-uorescent ground state complexes,
which suppress the uorescence of the remaining carbon dots.
A strong linear correlation was observed between 1.96–15.59 mM
(Fig. 3b). The linear equation is F0/F = 0.2794c(S2O8

2−) + 0.4977
(R2 = 0.9944). The LOD was calculated to be 0.94 mM, which was
based on three times the standard deviation rule.

LOD = 3s/S
er range (mM) LOD (mM) Ref.

–1000 0.2 34
25–55 3.43 35

0–7 0.0052 36
0–300 8.3 21
15.59 0.94 This work

RSC Adv., 2025, 15, 4952–4957 | 4955
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Fig. 4 (a) Fluorescence decay curve of Am-CDs without and with S2O8
2−. (b) UV-vis absorption spectra of Am-CDs without and with S2O8

2−.

Table 2 Analytical results for the detection of S2O8
2− in real samples

Sample Add (mM) Detected (mM) RSD (%, n = 6) Recovery (%)

Tap water 5 5.12 2.36 102.33
10 9.81 3.74 98.07

Lake water 5 5.08 3.87 101.67
10 10.08 2.98 100.77
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Here, s represents the standard deviation of six blank
measurements, and S represents the slope of the calibration
curve. The system showed a reaction time of 6 min (Fig. 3c).

Selectivity and anti-interference capabilities are essential for
effective detection systems. The selectivity of the Am-CDs
system was evaluated using various metal ions (orange bars),
anions (green bars), and amino acids (yellow bars) (Fig. 3d).
Except for S2O8

2−, none of the tested interfering substances
caused quenching of the uorescence intensity, indicating
strong specicity for S2O8

2 detection. In our comparison, we
utilized m-PD as the sole carbon source to synthesize carbon
dots under identical conditions, which exhibited no response to
S2O8

2−. This nding suggests that AA is crucial for the detection
of S2O8

2−. The AA molecules possess their own conjugated
double bonds and have a low molecular weight, which may
inuence the selectivity of the Am-CDs. Furthermore, the Am-
CDs system exhibited robust anti-interference performance in
the presence of other substances, as shown in Fig. 3e.

Compared with the reported methods (Table 1), the linear
range for Am-CDs was 1.96–15.59 mM, which was narrower than
that of RF/GQDs/GC (1–1000 mM) and CQDs (20–300 mM). This
indicated that Am-CDs exhibit higher sensitivity and selectivity
within a specic concentration range. The LOD was lower than
that of most materials listed in the table, although it was not as
favorable as the electrochemistry method. However, compared
with the uorescence detection of carbon dots, the performance
was notably excellent. This nding is signicant for exploring
the potential applications of carbon dots.
3.4 Quenching mechanism

To investigate the mechanism for the detection of S2O8
2−, the

uorescence lifetime was measured. As shown in Fig. 4a, the
average uorescence lifetime of the Am-CDs was found to be
3.24 ns. Upon the addition of S2O8

2−, the average lifetime
increased to 3.31 ns. The uorescence lifetime of Am-CDs
remained almost constant with the addition of S2O8

2, suggest-
ing the occurrence of a static quenching process. Static
quenching occurs when a non-uorescent ground-state
complex is formed through the interaction between the CDs
and the quencher. The complex immediately returns to the
ground state without emission of a photon when the complex
4956 | RSC Adv., 2025, 15, 4952–4957
absorbs light.37 The formation of the ground-state complex can
change the absorption spectrum of the CDs. A notable change
in the UV-vis absorption of Am-CDs was observed aer the
addition of S2O8

2− (Fig. 4b). The absorption peak at 223 nm
disappeared, whereas a new absorption peak emerged at
400 nm, further indicating the formation of non-uorescent
ground state complexes. As shown in Fig. S3,† the UV-vis
absorption spectrum of S2O8

2− did not overlap with the uo-
rescence excitation and emission spectra of Am-CDs, which
further supports the static quenching mechanism.
3.5 Application in actual samples

Water samples from both a tap and Daming Lake were collected
and analyzed. As presented in Table 2, the sample recoveries
varied from 98.07% to 102.33%, with relative standard devia-
tions (RSDs) ranging from 2.36% to 3.87% (n = 6) for the water
samples. These ndings suggest that the Am-CDs-based sensor
can reliably and efficiently measure theS2O8

2− concentration in
real samples.
4 Conclusion

In conclusion, a sensor for the selective and accurate determi-
nation of S2O8

2− content in water samples was successfully
developed using Am-CDs. The Am-CDs were synthesized
through a simple one-step hydrothermal process involving
ascorbic acid (AA) and m-phenylenediamine (m-PD). The uo-
rescence of the Am-CDs was effectively quenched by S2O8

2−,
attributed to the mechanism of static quenching. Additionally,
the applicability of the constructed sensor was demonstrated by
determining S2O8

2− content in water samples.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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