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The sustainable utilization of biomass has attracted great interest worldwide. A remarkably brand-new,
environmentally friendly technique is created to prepare fluorescent carbon dots (CDs). This study used
neem resin as a hydrothermal precursor to synthesize neem resin-derived CDs (NR-CDs). Electron
microscopy- and spectroscopy-related techniques were used to characterize these NR-CDs. These NR-CDs
exhibited a fluorescence peak at 420 nm with a quantum yield of 21%, allowing them for sensitive detection
of Fe?* ions with a corresponding limit of detection as low as 14 nM. The as-synthesised NR-CD fluorescent
probe was applied to determine Fe?* in real samples of drinking, river, and tap water, highlighting its
practical applications. Additionally, these NR-CDs were utilized as a photocatalyst to degrade Rhodamine B,
Fast Green, and Naphthol Yellow dyes in industrial wastewater in the presence of NaBH,4 as a surface defect
modifier. Under exposure to visible light, NR-CDs were highly efficient for degrading Rhodamine B, Fast
Green, and Naphthol Yellow, with degradation rates of 93.13%, 93.01%, and 91.29%, respectively. The
proposed mechanism outlines a multi-step process for photocatalytic degradation of organic dyes by using
the NR-CDs; further this study demonstrates the multifaceted utility of NR-RCDs in diverse applications,
from ion detection in environmental samples to bio-imaging and efficient catalytic degradation of various dyes.
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The apprehension over emerging ground water pollution by aromatic organic dyes from industries has evoked increasing concerns for public health due to their
toxicity and carcinogenicity. Hence, it's vital to treat polluted wastewater before its discharge. Using nano-materials has emerged as a viable alternative approach
to tackle this problem. Neem resin-derived CDs (NR-CDs) were utilized as a photo-catalyst to degrade Rhodamine B, Fast Green, and Naphthol Yellow dyes in
industrial wastewater in the presence of NaBH,, serving as a promising candidate in environmental remediation because of their high catalytic efficiency. This
study aims to highlight an environmentally benign approach for degradation of organic dyes, which certainly paves a way to remediate various other emerging
pollutants from wastewater streams. The as-synthesized NR-CDs exhibit a fluorescence peak at 420 nm with a quantum yield of 21%, allowing them for the
sensitive detection of Fe*' ions with a corresponding limit of detection as low as 14 nM. Subsequently, the as-synthesized neem resin-derived CD (NR-CD)
fluorescent probe was employed to determine Fe*" in real samples of drinking, river, and tap water, highlighting its practical application.
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phenols. The presence of these components in neem makes its

Neem, scientifically known as Azadirachta indica, is a versatile
plant widely recognized for its numerous medicinal and
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related to the fluorescence intensity of the proposed probe (NR-CDs) for
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related products biocompatible and safe for use in various
applications such as biomedicine, food, and personal care
products. This is supported by the fact that neem resin is still
used for many commercial items, including toothpaste, soap,
cosmetics, and insect repellents. Additionally, neem is still used
to cure gastrointestinal ailments, leprosy, jaundice, rheuma-
tism, chickenpox, fever, and headaches. Besides its extensive
use in traditional medicine, neem has also gained significant
attention in nanotechnology. This remarkable plant is a valu-
able source for synthesizing various nanoparticles.' Nano-
particles, with 1-100 nanometer dimensions, have unique
physical and chemical properties that make them highly
desirable in various scientific and technological applications.>
Neem extracts, such as neem leaf, neem seed, and neem bark,
contain a wide array of bioactive compounds with inherent
capabilities to act as reducing agents, stabilizing agents, and
capping agents in nanoparticle synthesis.* One of the most
common nanoparticles synthesized using neem is silver nano-
particles.*® Neem extracts, particularly neem leaf extract, effec-
tively reduce silver ions to silver nanoparticles.® The
phytochemicals present in neem, such as flavonoids, terpe-
noids, and phenolic compounds, are responsible for the
reduction process and stabilizing the resulting silver nano-
particles.”® Apart from silver nanoparticles, neem has also been
utilized in synthesizing other nanoparticles, including gold,’
zinc oxide,' titanium dioxide," zero-valent iron,” magnesium
oxide," iron oxide,'* silicon oxide," and copper.'® The unique
composition of neem extracts allows successful reduction and
stabilization of these nanoparticles, making neem an attractive
and eco-friendly alternative to conventional chemicals. The
synthesis of nanoparticles using neem offers several advan-
tages. First, neem is readily available in many parts of the world,
making it a cost-effective and sustainable source for nano-
particle synthesis. Second, the bioactive compounds in neem
extracts exhibit inherent antimicrobial, antioxidant, and anti-
inflammatory properties, which can be transferred to the
synthesized nanoparticles, enhancing their potential applica-
tions in various fields, including medicine, agriculture, and
environmental remediation. Lastly, neem is a renewable
resource, and its extraction does not require toxic chemicals,
making it an attractive choice for nanoparticle synthesis.
Carbon dots (CDs) are nanoscale carbon-based materials
with unique optical and electronic properties.”” CDs have
several advantages in their optical properties, such as their
broadened optical absorption, color-tunable emission, good
fluorescence quantum yield, and good photobleaching resis-
tance.'® Owing to these remarkable features, they have garnered
immense interest for their potential applications in areas such
as bioimaging,”® sensing,”® electrochemical studies,” and
energy storage. To maintain the excellent optical properties of
CDs without reducing production costs, researchers have
explored various methods for synthesizing CDs based on
a variety of precursors, including organic compounds, agricul-
tural waste, natural polymers,* and plant extracts.”® Given the
success of neem extract in synthesizing metal and metal oxide
nanoparticles, it emerges as a promising precursor material for
the preparation of CDs.'® Organic compounds in neem extracts,
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featuring functional groups like hydroxyl (-OH), carbonyl (C=
0), and carboxyl (-COOH), offer abundant opportunities for
surface functionalization and tailoring the properties of CDs. In
response to this intriguing hypothesis, we introduced
a straightforward and simplified hydrothermal reaction process
for neem resin-derived CDs (NR-CDs). The as-synthesized NR-
CDs exhibited stable fluorescence with a maximum emission
of 420 nm and quantum yield of 21% when excited at 330 nm,
making them promising for lighting and display technology
applications. The NR-CDs demonstrate good stability over six
months, along with tolerance to ionic strength up to 50 mM and
optimal fluorescence intensity at pH 7.2. The unique optical
properties of NR-CDs, combined with their surface functional-
ization potential, make them excellent candidates for the
sensitive and selective detection of Fe*" ions. Additionally, the
NR-CDs, with their photostable nature and excellent light-
absorbing properties, are efficient photocatalysts for breaking
down harmful organic pollutants in wastewater.

2. Experimental section

2.1. Chemicals

Ferric chloride, copper sulfate, sodium chloride, potassium
chloride, zinc nitrate, magnesium chloride, lithium chloride,
monosodium dihydrogen phosphate, Rhodamine B, Fast
Green, di-sodium mono-hydrogen phosphate, Naphthol yellow,
nickel sulfate, chromium sulfate, manganese chloride, and lead
nitrate were received from Sigma-Aldrich. The dialysis tubes
(29.3 mm diameter, 3.5 kDa (MW)) were purchased from Sigma-
Aldrich. The pH buffer solution was created using monosodium
dihydrogen phosphate and di-sodium mono-hydrogen phos-
phate. The pH was balanced by using NaOH and HCI. The entire
experiment was carried out using Millipore water.

2.2. Synthesis of the NR-CDs and their characterization

Neem resin, sourced from our institute's campus, weighing 10 g,
was blended with 100 mL of Millipore water and left to stand in
a dark room. The resulting extract solution was filtered and
subsequently used as a precursor for synthesizing the NR-CDs,
which were synthesized using an eco-friendly approach.
Initially, 0.5 g of neem resin was dissolved in 20 mL of distilled
water, placed in a Teflon-coated autoclave, and heated to 180 °C
for 8 hours. Following cooling to room temperature, the resulting
solution underwent centrifugation at 4000 rpm for 10 min, fol-
lowed by filtration through a 0.2 pm cellulose filter. The solution
was then subjected to a two-day dialysis process, with changing
Millipore water every 6 hours. The purified CDs denoted as NR-
CDs were stored at 4 °C for future use. The fluorescence,
absorption, and FT-IR spectra for NR-CDs were recorded on
a JASCO FP-8200 spectrofluorometer (JASCO Corp., Tokyo, Japan)
and PerkinElmer Lambda 25 UV-vis spectrophotometer (Perki-
nElmer, Lambda XLS, USA), respectively. The crystalline structure
of NR-CDs was acquired by X-ray diffraction (XRD) (Bruker D8
Advance, Bruker, USA), followed by high-resolution transmission
electron microscopy (HR-TEM) using a JEOL-2100 instrument
(JEOL, Ltd Tokyo, Japan) operating at 200 kV.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.3. Fluorescence detection of Fe>* jons

The detection of Fe** ion concentration was conducted by
applying the standard addition method as follows: different
concentrations of Fe®" ions, ranging from 4 to 71 pM, were
individually prepared in separate 5 mL Eppendorf centrifuge
vials containing a phosphate buffer solution (2.5 mL, 100 mM of
PBS, pH 7.2). Subsequently, the centrifuge vials were incubated
with an addition of 0.2 mL of NR-CDs with gentle shaking for 30
minutes at room temperature. Afterward, the resulting mixture
was transferred to a quartz cuvette and then the emission
spectra were measured by using a fixed excitation wavelength of
330 nm. A calibration curve was constructed by plotting the
observed fluorescence changes against the concentrations of
Fe’* ions introduced into the cuvette. The limit of detection
(LOD) for Fe*" ions was determined based on a signal-to-noise
ratio of 3; generally this can be calculated by using the 3¢/m
formula, where “o” is the standard deviation, “m” is the slope of
the calibration graph and 3 is three times replication. The
selectivity of NR-CDs was examined by replacing Fe** ions with
other metal ions one at a time. In analysing real samples, river,
drinking, and tap water samples were employed as the test
subjects. To prepare these samples, the collected water under-
went filtration using Whatman No. 1 filter paper, effectively
removing dust particles. Subsequently, a known concentration
of Fe*" ions was spiked into the real sample solution. The
resultant solution was incubated with the as-proposed NR-CD
fluorescence probe at pH 7.2, followed by recording the corre-
sponding fluorescence spectra.

2.4. Photocatalytic degradation of dyes

In 5 mL Eppendorf centrifuge vials, degradation studies were
initiated by adding 2 mL of water and 100 pL of three different
dyes (Naphthalene Yellow, Rhodamine B, and Fast Green).
Subsequently, 200 pL of NR-CDs and 100 puL of sodium boro-
hydride (0.1 mM) were sequentially added to the resulting
solution, and visible light-mediated photo-catalytic degradation
was performed by irradiation with a blue-emitting LED (KESSIL-
PR160, Richmond, CA; A, of 456 nm, the optical power of 30
W) for 0 to 60 min at room temperature. We carefully observed
the spectral changes every minute by using a UV-visible spec-
trophotometer. By monitoring the minute-by-minute spectral
changes in the presence of NR-CDs, we could assess the
degradation efficiency of these dyes. The obtained data allowed
us to construct degradation kinetics profiles, providing insights
into the rate and mechanisms of dye decomposition over time.

3. Results and discussion

3.1. Optical properties of NR-CDs and their characterization

The NR-CDs were synthesized following an environmentally
friendly approach without using organic solvents. The forma-
tion mechanism of NR-CDs typically involves several stages.
Initially, the organic molecules in neem resin extracts undergo
self-assembly and condensation, forming small clusters or
nuclei under the hydrothermal treatment. After nucleation, the
nuclei grow and transform into carbon-rich structures through

© 2024 The Author(s). Published by the Royal Society of Chemistry
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carbonization. During carbonization, the as-formed NR-CDs
can develop surface defects and functional groups, such as
hydroxyl (-OH), carbonyl (C=0), and carboxyl (-COOH) groups.
These functional groups can contribute to the surface passiv-
ation and stabilization of the NR-CDs.

The as-synthesized NR-CDs were characterized through various
analytical techniques, including absorption, fluorescence, FT-IR
spectroscopy, XRD, and HR-TEM, to assess their optical and
structural properties. The UV-vis spectrum of NR-CDs shows
absorption peaks at 307 (red curve) and 410 nm (blue curve) due to
7 to w* and n to w* transitions in the carbon-oxygen, carbon-
carbon, and molecular unsaturation centers.> The emission peak
for NR-CDs was located at 420 nm under an excitation of 330 nm,
as shown in curve b in Fig. 1A. The asymmetry and broad bands of
NR-CDs reflect that their fluorescence could result from the
functional groups on the carbon backbone combining with the
localized sp® carbon subdomains.?® The core state of NR-CDs
refers to their interior structure, where carbon, nitrogen, and
oxygen atoms are arranged in specific configurations.”® In this
core state, the sp” hybridized carbon atoms contribute to gener-
ating certain energy levels that can result in fluorescence. Addi-
tionally, the carboxylic acid, amino, and hydroxyl groups on the
surface of NR-CDs introduce additional energy levels within the
NR-CD energy band structure. The interaction of excitation energy
with these surface functional groups can lead to modified emis-
sion properties. Furthermore, the NR-CDs had a relative quantum
yield of 21%, as determined by comparison with standard quinine
sulfate. This quantum yield is comparable to those reported for
similar CDs derived from plants in a previous study.*” To assess
the stability of NR-CDs, we recorded their absorbance and fluo-
rescence spectra during storage (Fig. 1B and S1, ESIT).

In Fig. 1C, the fluorescence spectra of the NR-CDs are pre-
sented for various excitation wavelengths ranging from 270 nm
to 390 nm. The fluorescence intensity of NR-CDs showed
a notable increase when excited between 270 nm and 330 nm.
However, their fluorescence intensity gradually decreased
beyond the excitation wavelength of 330 nm. When the excita-
tion wavelength was adjusted to 330 nm, the highest intensity of
emission peaks was observed at 420 nm. It's evident that the
NR-CDs exhibited excitation-dependent emission behaviour,
which is highly related to numerous functional groups on their
surface.”® This phenomenon may give rise to a collection of
surface-state emissive traps capable of capturing and subse-
quently releasing energy, resulting in a broad and adjustable
emission spectrum.” The emission color of the NR-CDs was
assessed using the Commission Internationale de I'Eclairage
(CIE) chromaticity coordinates, and emission data were recor-
ded using Osram Sylvania software. Fig. 1D illustrates that the
emission color corresponds to Fig. 1C, with CIE (X, Y) coordi-
nates of (0.193, 0.176) for a maximum excitation wavelength of
330 nm.

This outcome underscores that the NR-CDs exhibit excep-
tional characteristics as UV-visible color converter materials.
The blue emission color observed in NR-CDs aligns closely with
the chromaticity coordinate diagram, emphasizing their
potential value in applications related to color conversion and
display technologies.*® FT-IR, XRD, and TEM characterized the
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Fig. 1 Spectroscopic and photophysical properties of NR-CDs. (A) UV-vis absorption spectrum (red curve) and fluorescence spectrum (blue
curve) of NR-CDs at an emission wavelength of 420 nm. (B) Time-dependent fluorescence intensity of the NR-CD probe. (C) Excitation-
dependent emission spectra of NR-CDs with varying excitation wavelengths ranging from 270 to 390 nm. (D) Chromaticity coordinate diagram

of NR-CDs.

chemical composition and morphology of the NR-CDs. Fig. 2A
shows the FT-IR spectra of NR-CDs and neem resin extracts,
indicating that the peaks observed at 3361 and 2086 cm ™'
belong to the O-H (hydroxyl) and N-H stretching vibrations,
respectively.®* The 1643, 1064, and 662 cm ' peaks were also
identified as the -C=C, C-O-C, and C-OH in sequence.* These
results confirm the presence of hydroxyl, carbonyl, and amine
functional groups bound to the surface of NR-CDs. The XRD
analysis is performed to determine the crystalline structure of
NR-CDs. The XRD diffraction pattern of NR-CDs reveals
a distinct strong Bragg reflection at 22.9° and 43°, corre-
sponding to the (002) and (100) planes of graphitic carbon,*
respectively (Fig. 2B). The XRD diffractogram of NR-CDs closely
matched with the conventional powder diffraction reference
(JCPDS26-1076) for graphitic carbon.*

Moreover, these broad and diffuse diffraction peaks suggest
an amorphous nature of NR-CDs.** The TEM images showed
that the NR-CDs were well dispersed and spherical, with
a particle size of about 4.0 + 0.2 nm (Fig. 2C); in the high
magnification, it's clear that the as developed NR-CDs were
composed of graphitic layers' with an interlayer spacing of
0.21 nm (Fig. 2D). This comprehensive characterization
underscores the unique structural and chemical properties of
NR-CDs, making them promising candidates for various
applications.*
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3.2. Fluorescent sensing of Fe** with the NR-CDs

Determining Fe®" levels is crucial for maintaining optimal
health due to its involvement in iron absorption, hemoglobin
synthesis, oxygen transport, energy production, and enzymatic
functions.*® Regularly monitoring Fe>" levels allows healthcare
professionals to identify and address deficiencies or abnor-
malities, such as anemia and Alzheimer's. Beyond the physio-
logical role, iron concentration imbalances in soil and water can
harm the environment.*”” Therefore, the rapid and reliable
detection of Fe** ions in biological and environmental samples
is paramount.

The TEM image shows that incubation with Fe*" ions could
induce the aggregation of NR-CDs (Fig. 2E), which inspired us to
explore further, and the size of the aggregated NR-CDs was
estimated to be 28.7 & 0.2 nm. As shown in Fig. 3A and B the
prominent absorption peak of NR-CDs at 307 nm and their
fluorescence peak at 420 nm gradually reduced as the concen-
tration of Fe?" ions varied from 0 to 61 uM.* Plotting the fluo-
rescence intensity at 420 nm against the concentration of Fe**
ions resulted in a linear calibration curve (R* = 0.9934, Fig. 3C)
in the range of 4 to 71 uM.*® The limit of detection (LOD) for Fe**
ions was determined to be 14 nM (signal-to-noise ratio of 3)
using this proposed NR-CD fluorescence probe; generally this
LOD can be calculated by using the 3¢/m formula, where “¢” is
the standard deviation and “m” is the slope of the calibration

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterization and morphological analysis of NR-CDs and their interaction with Fe2* ions. (A) FT-IR spectra of neem resign extracts
(dark red line) and the NR-CDs (dark blue line). (B) XRD pattern and (C and D) TEM image of the NR-CDs. (E) TEM image of NR-CDs in the
presence of 62 uM of Fe2* ions.
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Fig. 3 Spectroscopic characterization and sensing mechanism of NR-CDs for Fe®* ions. (A) UV-vis absorption and (B) fluorescence spectra
obtained from the incubation of NR-CDs with different concentrations of Fe2* ions at pH 7.2. The arrow represents variations in absorbance and
fluorescence intensity with increasing Fe?* ion concentration. (A) The concentrations studied were as follows: (a) blank, (b) 4, (c) 9, (d) 14, (e) 19, (f)
23,(g) 28, (h) 33, (i) 38, (j) 42, (k) 47, () 51, (m) 57, (n) 61, (0) 65, and (p) 71 uM. (B) The concentrations studied were as follows: (a) blank, (b) 4, (c) 9, (d)
14, (e) 19, (f) 23, (g) 28, (h) 33, (i) 38, (j) 42, (k) 47, (1) 51, (m) 57 and (n) 61 uM. (C) The excitation wavelength was set to 330 nm, a photograph of NR-
CDs before and after adding 62 uM Fe?* ions. A calibration graph illustrating the relationship between fluorescence intensity at 420 nm and the
concentration of Fe?* ions. (D) Schematic illustration for the sensing mechanism of NR-CDs for Fe?* ions. (E) The (F, — F)/F value and
photographs obtained from the incubation of NR-CDs with Fe?* ions (62 pM) and other metal ions (4.8 mM). From left to right, the tested ions
included Ni?*, Cu*, Zn?*, K*, Cr¥*, Li*, Na*, Mg?*, Mn*, Pb*, and Fe?* ions.
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Table 1 Comparison of NR-CDs with previous reports
Quantum
S.no Probe Synthesis method yield (%) LOD (nM) Real sample Ref.
1 Cornstalk derived C-Dots Hydrothermal 7.6 180 No reaction 38
2 Polyetherimide and N,N,2-methylformamide Hydrothermal No reaction 160 Tap water 39
3 Amino trimethylene phosphonic Hydrothermal 17.74 298 River water and tap water 40
acid and trisodium citrate
4 Ascorbic acid and thioglycolic acid Hydrothermal 32.07 50 Oral ferrous gluconate 41
5 Acrylamide/chitosan Microwave-hydrothermal  12.17 160 Drinking water 42
6 Citric acid and 1,10-phenanthroline Hydrothermal 10 20 Milk 43
7 Glutathione capped GQDs Pyrolysis No reaction 100 Drinking water 44
8 M-aminobenzoic acid Hydrothermal 30.7 50 Lake water 45
9 Aspartic acid and NH,HCO; Microwave irradiation 14 260 No reaction 46
10 NR-CDs Hydrothermal 21 14 Tap water, river water This
and drinking water work

graph and 3 is three times replication. This LOD value is lower
than that from previously reported similar CDs, derived from
plants in earlier studies,***® as shown in Table 1.

These findings reflect that Fe** ions could complex with the
functional groups on the surface of NR-CDs, triggering their
aggregation.” The as-formed aggregates can scatter incident
light, reducing the absorbance and fluorescence intensity of
NR-CDs (Fig. 3D). Next, we examined the selectivity of NR-CDs
toward Fe** in the presence of possible interfering metal
ions.* The fluorescence intensity of NR-CDs in the absence and
presence of metal ions was denoted as F,, and F. Thus, the value
of (F, — F)/F can be used to evaluate the effect of metal ions on

the selectivity of NR-CDs. Fig. 3E shows that only Fe*>* ions at
a concentration of 62 uM induced a significant increase in the
(Fo — F)/F value.” In contrast, other metal ions at 4.8 mM had
a minimal impact on the (F, — F)/F value.

This result suggests that the selectivity of NR-CDs for Fe**
exceeds a 100-fold difference compared to the other metal ions.
In our study, we gathered genuine water samples of diverse
origins, encompassing river, tap, and drinking water, after
subjecting them to a straightforward filtration process. Subse-
quently, we spiked 10 pM and 20 pM of Fe*" ions into these
samples and subjected them to analysis by using NR-CDs. The
outcome of these experiments was remarkable, with recovery
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Table2 Determination of Fe?* ions in different real samples using NR-
CDs

Fe** jons Fe**ions  Recovery
S.no Sample spiked (uM) found (uM) (%) SD RSD
1 Tap water — 0 — - —
10 9.7 97 1.5 1.63
20 19.2 96 1.7 1.77
2 River water — 0 — - —
10 9.8 98 24 2.5
20 19.7 98.5 1.0 1.02
3 Drinking water — 0 — - —
10 9.7 97 0.9 0.94
20 19.7 98.5 0.7 0.78

rates falling within the range of 95% to 98.5%. These findings
underscore the robustness and reliability of the NR-CD assay for
the detection of Fe** ions in various water sources as shown in
Table 2.

3.3. Photocatalytic degradation of Rhodamine B dye

In recent years, the degradation of organic dyes has become
a crucial area of research due to the increasing concern over
water pollution and the need for effective wastewater treatment
methods.*” Nanomaterials, with their unique properties and
high surface area,” have emerged as promising candidates for
the degradation of organic dyes.*”*” In comparison to other
nanomaterials, the NR-CDs have gained significant interest in
the field of environmental remediation, particularly for the
degradation of organic dyes.*® The primary advantages of
carbon dots (CDs) over other nanomaterials stem from their
broad absorption spectrum, which spans from ultraviolet (UV)
to the visible light range. This extensive absorption capability
enables efficient energy transfer and the absorption of photons
across a wide range of wavelengths.>* Additionally, their small
size and large surface area provide more active sites for chem-
ical reactions, enhancing their catalytic efficiency.>® Leveraging
these advantages, we degraded three organic dyes in the pres-
ence of NR-CDs serving as the catalyst, with NaBH, as a surface
defect modifier and UV light as the driving energy source.** This
combined approach capitalizes on the unique properties of NR-
CDs to facilitate the efficient degradation of organic dyes,
making NR-CDs a promising system for photocatalytic appli-
cations. Fig. 4A and B show that the absorbance and fluores-
cence intensity of Rhodamine B exhibited a gradual reduction
with the extension of reaction time when exposed to NaBH,
under visible light.>®* Under an identical treatment, similar
phenomena were observed in green dye (Fig. 4C and D) and
Naphthol Yellow (Fig. 4E and F); the NR-CD mediated photo-
degradation of Rhodamine B, Fast Green, and Naphthol Yellow
was almost completed within 9, 12, and 7 min, respectively, in
the presence of NaBH,. By contrast, the short-time complete
degradation of these three organic dyes was rarely achieved
without addition of NR-CDs, NaBH,, or visible light. The
photographs of the three organic dyes before and after the
introduction of NR-CDs, NaBH, and visible light could help
visualize the success of the photocatalytic degradation,®
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showing the transformation of dyes from their pristine state to
a colourless state under the catalyst and visible light irradiation
(insets in Fig. 4A, C, and E).

Upon degrading a mixture of three organic dyes, we observed
a significant decrease in the absorption and fluorescence peaks
associated with these dyes in only 8 min (Fig. 5A and B). It has
been demonstrated that the NR-CDs, combined with NaBH,
and under the influence of visible light, can simultaneously
promote the degradation of several organic dyes. This obser-
vation is crucial for efficiently removing complex dye mixtures
in wastewater treatment and environmental remediation
processes.> The degradation efficiency of these three organic
dyes was assessed by continuously monitoring the maximum
absorbance intensity at various time intervals while maintain-
ing the concentration of the organic dyes and NaBH, constant.>*
The degradation efficiency can be determined according to the
following eqn (1):

degradation efficiency(%) = % x 100% (1)
0

where C, represents the initial concentration of the dye, and C,
stands for the concentration of the dye at a specific irradiation
time (¢).** The degradation efficiency of Rhodamine B, Fast
Green, and Naphthol Yellow dye demonstrated a notable
improvement as the reaction time was extended (Fig. 5C). This
increased degradation efficiency signifies the effectiveness of
the photocatalytic process using the NR-CDs and NaBH,,
particularly in the progressive degradation of the organic dyes
over time.* Under these conditions, the degradation efficiency
of the proposed catalytic system for Rhodamine B, Fast Green,
and Naphthol Yellow was determined to be 93.13%, 93.01%,
and 91.29%, respectively. The reaction kinetics of the three
different organic dyes can be elucidated by employing their
pseudo-first-order kinetics (eqn (2)):**

ln% =K, (2)
where F;, F, and K, are the initial absorbance intensity of the
organic dye, the time-evolved absorbance intensity of the
organic dye, and reaction time, respectively. Fig. 5D shows
a good linear relationship between the natural logarithm of F,/
F, and reaction time.”® The rate constants of the proposed
catalytic system for Rhodamine B, Fast Green, and Naphthol
Yellow dye were calculated to be 0.2707, 0.1262, and
0.2917 min~" in sequence. As shown in Fig. S2, ESI{, the band
gap energies of the NR-CD nano-catalyst, estimated by the
Kubelka-Munk function were calculated to be 2.87 eV, signi-
fying that the NR-CD nano-catalyst can enhance the visible light
absorption ability to promote the catalytic degradation of
various organic dyes such as Rhodamine B, Fast Green, and
Naphthol Yellow. To support our phenomena, we further con-
ducted electron paramagnetic resonance spectroscopy (EPR),*®
which is a powerful tool for identifying the types of radicals
present in radical-related photocatalytic reactions; because of
the short half-life of radicals, their direct detection is infeasible
by EPR.>® Luckily, radicals can be captured by reacting with spin
trapping agents, such as 2,2,6,6-tetramethylpiperidine and 5,5-
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(A) Schematic illustration for the proposed photocatalytic degradation mechanism which involves the NR-CDs, NaBH,, and organic dyes

under visible light, (B) UV-vis spectra and (C) fluorescence spectra obtained from the incubation combination of 100 mM of Rhodamine B,
100 mM of Fast Green, and 100 mM of Naphthol Yellow with 100 pl of NaBH,4 (5 mM) and 1000 pl of NR-CDs under the exposure of visible light
(456 nm). (D) The degradation efficiency of 100 mM of Rhodamine B (red line), 100 mM of Fast Green (black line), and 100 mM of Naphthol Yellow
(blue line) at various reaction times. (E) A linear relationship between the natural logarithm of F/Fo and reaction time for Rhodamine B (red line),

Fast Green (black line), and Naphthol Yellow (blue line).

dimethyl-1-pyrroline-N-oxide (DMPO), to form stable spin-
adducts.*® After mixing the NR-CD nano-catalyst with DMPO in
the presence of dissolved O, for 30 min, no EPR signal was
observed without the irradiation of visible light (curve blue line
in Fig. S2B, ESIf). Under the same reaction conditions, the
presence of visible light produced a four-line hyperfine splitting
with 1:2:2:1 intensity ratio in the EPR spectra (curve red line
in Fig. S2B, ESIf), signifying the formation of DMPO-OH
adducts. In alongside we were established conducting their
mechanism of photo-catalytic degradation for various organic
dyes were strongly believe that, the fluorescence spectroscopy
for monitoring the oxidation of terephthalic acid into 2-
hydroxyterephthalic acid in the presence of our proposed cata-
lyst of the NR-CD nano-catalyst as shown in Fig. S3, ESI{. Based
on the above studies, we concluded that the OH" could be
mainly responsible for the degradation of various organic dyes,
and recent literature studies also support our proposed mech-
anism. Next, we propose a possible mechanism for the catalytic
system under the following pathways (Fig. 5E): (1) when exposed
to visible light, the NR-CDs absorb photons, creating electron-
hole pairs within the NR-CD structure. (2) NaBH, functions as
a reducing agent to form more surface defects on the NR-CD
surface, generating more active sites.”> (3) Organic dyes,
including Rhodamine B, green dye, and Naphthol yellow, are
drawn to the surface of NR-CDs due to van der Waals interac-
tions and electrostatic forces. These dyes become adsorbed onto
the NR-CD surface. (4) Some of the electrons (e~) are captured
due to the surface defects, delaying the recombination of elec-
tron (e”) and photon (h") couples, and others are captured by

642 | RSC Sustainability, 2024, 2, 635-645

dissolved oxygen, producing superoxide radicals (O, 7). (5) The
three dyes are degraded in the presence of ("O, ") highly active
oxygen.*® The photosensitized photons (h') directly interact
with dye molecules to produce organic radicals or combine with
surface-adsorbed water molecules to produce hydroxyl radicals
(‘OH). Reactive oxygen species interact with the dye molecules
and influence the degradation of the three dye molecules
concurrently.®®

4. Conclusion

The NR-CDs were successfully synthesized through an envi-
ronmentally friendly approach, avoiding organic solvents. The
NR-CDs had a high quantum yield of 21% and exhibited stable
fluorescence over time. The comprehensive characterization of
NR-CDs demonstrates their unique structural and optical
properties, positioning them as a promising candidate for
sensing Fe®* ions and photodegradation of organic dyes. We
have successfully employed the NR-CDs as a reliable tool for
probing Fe*' ions. The NR-CD probe offered a low limit of
detection (14 nM) and exceptional selectivity, with a 100-fold
difference compared to other interfering metal ions. Further-
more, our experiments on real water samples demonstrated the
practicality of the NR-CD assay, yielding an impressive recovery
rate ranging from 95% to 98.5%. These results affirm the
effectiveness and versatility of NR-CDs for accurately detecting
Fe®" ions in diverse water sources. The photocatalytic degrada-
tion of organic dyes by using NR-CDs and NaBH, under visible
light has been demonstrated as an effective and promising
approach. The proposed mechanism suggests a multi-step

© 2024 The Author(s). Published by the Royal Society of Chemistry
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process involving electron-hole pair generation, surface defect
modification using NaBH,, adsorption of organic dyes, the
capture of electrons by surface defects and superoxide radicals,
and degradation of dye molecules through the interaction of
reactive oxygen species. It is suggested that NR-CDs have the
capacity to absorb and convert a wide range of light (visible
region), promising to be a suitable candidate for solar energy
conversion.
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