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Abstract: Plant-derived carbon dots (P-CDs) are gaining attention in environmental remediation due
to their cost-effectiveness, availability, and lower toxicity compared with chemically synthesized
carbon dots. This review comprehensively examines the recent advancements in the synthesis
and application of P-CDs, with a particular emphasis on their efficacy in the sensing of heavy
metals, which are among the most pervasive environmental contaminants. A detailed comparative
analysis is presented by evaluating the performance of P-CDs against their chemically synthesized
counterparts based on key parameters, such as optimal operating conditions and detection limits.
Furthermore, sensing the potential of P-CDs towards every heavy metal ion has been discussed with
in-depth mechanistic insights. Additionally, this review explores the industrial applications and
future directions of P-CDs. This review provides a comprehensive analysis of -P-CDs for heavy metal
sensing, aiming to enhance their sensitivity and selectivity toward heavy metal ions.

Keywords: carbon dots; environment; heavy metal; natural precursors; toxicity; quenching

1. Introduction

In today’s world, there is an increasing demand for addressing environmental con-
cerns, making sustainable development a crucial area of research [1]. One of the major
issues faced by today’s society is the sudden increase in heavy metals contamination, and
the reasons include industrialization, urbanization, pharmaceutical waste, and the use of
harmful pesticides. Heavy metal ions are receiving much attention owing to their increas-
ing adverse effects on mankind and the environment [2]. Due to the intensive growth of
crops, a large number of pesticides and insecticides are used in agriculture that contain
heavy metals in their formulations. Additionally, industrial discharges of heavy sludge
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each year contain traces of the aforementioned contaminants. Among the various metals,
lead, mercury, and aluminum are considered the most harmful elements and pose severe
health issues even at low concentrations. Lead is extensively used in the preparation of
pipes, batteries, and electronic devices [3–5]. On the other hand, cadmium is utilized in a
range of construction materials, while chromium is used for the production of steel, which
is commonly used in kitchen appliances. Mercury is a hazardous metal used in fluorescent
lamps and switches, and cadmium is employed in rechargeable batteries [6,7]. The employ-
ment of metal ions is a viable approach towards economic development; however, despite
its numerous benefits in enhancing the standard of life, it damages the environment [8]. For
instance, heavy metals like copper, mercury, cadmium, lead, zinc, and chromium are used
in industries for making several materials used in our daily lives. When industry waste is
disposed of into the environment, it pollutes the water and air, which further affects human
health [9,10]. While metals are crucial for various industries, the negative environmental
impacts outweigh their economic benefits. To mitigate their negative impacts, it is essential
to control its usage and maintain proper disposal practices. Additionally, exploring alter-
native materials and technologies that reduce reliance on heavy metals can help promote
sustainable economic development. Detecting these toxic metals is essential for curbing
their harmful environmental impact. Over the past few decades, CDs have gained consid-
erable attention for their substantial potential in the detection of metal analytes. CDs, with
their distinctive chemical, optical, and physical properties, present a promising alternative
for metal ion sensing [11]. While traditional synthesis methods for CDs have primarily
relied on chemical processes, these approaches often involve harsh chemicals that form
complex byproducts and pose additional environmental concerns. Consequently, there is
an urgent need to develop straightforward methods for synthesizing cost-effective and
biocompatible nanomaterials [12]. Compared with the conventional synthesis techniques
of P-CDs, green methods are an economical way to synthesize P-CDs that possess strong
luminescence properties and small size and are non-toxic, environmentally friendly, and
highly biocompatible. These eco-friendly approaches often utilize natural resources, such
as plant extracts and agricultural byproducts, which reduces the cost of toxic chemicals
and minimizes energy consumption, significantly reducing reliance on costly and toxic
chemicals. By minimizing energy consumption and waste generation, green synthesis not
only enhances the environmental profile of carbon dot production but also lowers overall
production costs, making it an attractive alternative for large-scale applications. The unique
characteristics of P-CDs make it an attractive alternative to broaden their application in
several fields. On the other hand, the usage of highly toxic chemicals can be avoided by
applying the green chemistry principles for the synthesis of P-CDs. This review aims to
provide a straightforward and clear understanding of how plant-derived carbon dots are
used to detect heavy metal ions. The study demonstrates the molecular mechanisms by
which green synthesized P-CDs interact with various heavy metal ions, focusing on the
principles that form the basis for their detection. This review puts stress on the importance
of environmentally friendly synthesis methods and the potential of plant-derived P-CDs in
achieving efficient detection of toxic metals. To emphasize the importance of our review, we
compared it with recent studies in the field of heavy metal detection. Recent comprehensive
reviews, including one by Zhang et al. in the year 2024, demonstrated the numerous green
synthesis methods for P-CDs, explaining various techniques for the synthesis of P-CDs
that have already been explained in various studies. The study of Bo Zhang et al. mainly
focused on the development of selective electrochemical detection techniques [13]. In the
same year, Khan et al. developed P-CDs and enhanced their efficiency by several modifi-
cations for sustainable development. The main focus of this review is on optimizing the
different precursors and synthetic mechanisms to explore the distinct characteristics [14]. In
the year 2023, Singh et al. investigated the P-CDs as highly sensitive and selective sensors
for sensing. The study only focuses on the different mechanisms utilized for sensing [15]. In
the same year, Saah et al. analyzed the enhancement of sensing techniques by incorporating
foreign materials. The study mainly focuses on composite materials, which are generally
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an incorporation of organic molecules or metals with P-CDs [16]. Recent comprehensive
reviews shed light on many aspects of P-CDs and their applications in heavy metal detec-
tion. However, our evaluation stands out by focusing on plant-derived P-CDs, which have
gained popularity due to their environmentally friendly techniques and unique features.
The current review focuses on the formation of P-CDs using natural precursors and their
usefulness in detecting different heavy metal ions present in the environment, as opposed
to other reviews that may include a larger range of synthesis methods or applications.
Furthermore, we highlight heavy metal ions with the molecular mechanisms underlying
metal ion sensing with plant-derived P-CDs, a topic that has received little attention in
the existing literature. This specialized focus provides new insights and a full perspective,
bridging a gap created by previous reviews.

To demonstrate the high level of activity and continuous research interest in this area,
we included a graph of extracted data from Scopus (Figure 1). The data were extracted
from Scopus specifically for the green synthesis of P-CDs, illustrating the number of publi-
cations and patents produced annually on heavy metals detection and P-CDs. These data
demonstrate the growing interest and rapid advances in this field. Such trends highlight
the importance of conducting a thorough and up-to-date review to stay current with the
latest advancements and provide a consolidated source of information for researchers and
practitioners in the field.
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2. Synthesis and Structural Properties of P-CDs

Raw materials, including fruits, vegetable peels, seeds, nuts, leaves, and agricultural
wastes, are utilized for the preparation of P-CDs. The P-CDs derived from raw materials
offer biocompatibility, cost-effectiveness, unique optical properties, and a wide range of
applications. Conventionally, P-CDs are prepared using laser ablation and chemical ox-
idation approaches, which include harsh chemical and toxic precursors. In the modern
era, P-P-CDs are prepared using green precursors, which are more sustainable for the
environment. The current synthesis techniques include hydrothermal, microwave, and
green synthesis methods. The plant extracts contain various phytoconstituents, which act
as natural reducing and stabilizing agents. The P-CDs prepared from natural precursors
typically consist of spherical-shaped nanostructures that are primarily made of C-atoms,
with minor additions from other elements. In these 3D clusters, carbon atoms are mostly
grouped in sp3-hybridized configurations, with some in sp2-hybridized forms [17]. This
hybridization provides a large number of surface functional groups to the P-CDs, which
frequently have both crystalline and amorphous areas. Although sp2 carbon regions con-
tribute to crystalline structure, C-dots often have low total crystallinity. One notable feature
of P-P-CDs is their quantum size, which is more pronounced; P-CDs have small particle
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sizes, typically less than 10 nm [18]. The particle size increases, surface area decreases,
and notable red-shift in their fluorescence emission wavelengths is observed. The surface
properties of P-CDs are modified by incorporating other materials to enhance the perfor-
mance. The diverse properties of P-CDs have gained significant interest from researchers.
In this review, we utilized natural resources for the formation of P-CDs for the detection of
numerous heavy metals present in the environment. P-CDs s have different fluorescence
characteristics, which can be greatly affected by a variety of mechanistic processes [19].
These variations are principally caused by interactions among metal ions and the surface
functional groups of CQDs, which may diminish or enhance their fluorescence. This contact
can initiate the recombination of electron–holes paths, altering the fluorescence properties
of P-CDs. Several processes include static quenching, Forster resonance energy transfer
(FRET), dynamic quenching, the inner filter effect (IFE), photoinduced electron transfer
(PET), and charge transfer. Static quenching occurs when metal ions form non-fluorescent
complexes with P-CDs, whereas dynamic quenching involves collisions between excited
P-CDs and metal ions, resulting in non-radiative energy loss. FRET involves the transfer of
energy from P-CDs to metal ions, which influences emission intensity. The IFE can absorb
excitation or emission light, which reduces fluorescence [15]. PET involves the movement
of electrons between CQDs and metal ions, which can reduce fluorescence, and charge
transfer can change the electronic states of CQDs, affecting fluorescence emission. Under-
standing these mechanisms is critical for optimizing CQDs for a number of applications,
such as imaging, sensing, and environmental monitoring, because they determine how
CQDs react to diverse stimuli and situations.

3. Application of P-CDs for the Detection of Heavy Metal Ions

P-CDs are gaining the attention of researchers due to their unique fluorescence char-
acteristics that can be easily tailored according to specific sensing applications. P-CDs
allowed for sensitive and selective detection. In the subsections, we explore the application
of P-CDs for detecting individual metal ions and highlighting their interaction mechanisms.

3.1. Iron (Fe3+, Fe2+)

Iron is one of the most abundant metals iron present in the earth’s crust and poses
significant health hazards and environmental concerns when present in high concentra-
tion [20,21]. Iron is the most important metal ion for human health, although high levels
of iron can be hazardous to the environment, as well as to human beings [22]. It is critical
to observe Fe3+ levels in the surroundings and biological systems. The high or low con-
centration of iron causes several disorders and certain kinds of cancers. Iron exists in two
possible oxidation states, including Fe2+ and Fe3+, which are ferrous and ferric, respectively.
Out of the two, ferrous is more toxic in nature compared with ferrite. Ferric ions have high
reactivity and become easily soluble in water, which allows them to easily enter the water
bodies and further contaminate the water sources. Moreover, iron contamination can have
a long-term impact on soil quality and crop yields. To mitigate the adverse effects of iron
ions, various attempts have been made, of which green synthesis of P-CDs is one of the best
alternatives. Since Fe3+ detection requires specific, economical, and sensitive technological
advances, the introduction of inexpensive and portable fluorescent P-CDs that can detect
Fe3+ has received lots of interest from researchers. The various green precursors involved
in the formation of P-CDs for the detection of iron metal ions are tabulated below. Various
studies have been conducted on the detection of iron ions using green precursor-developed
P-CDs. For instance, Ge et al. developed N-doped P-CDs using fresh tea leaves for sensing
Fe3+ ions. The study observed that the surface of N-P-CDs contains hydroxyl, carboxyl, and
amino functional groups, which caused quenching by effective chelation/coordination with
Fe3+ ions. The Fe3+ ions exhibit stronger binding affinity with P-CDs as the fluorescence
emission intensity decreases with increasing concentration of Fe3+ ions. The presence of
numerous groups on P-CDs acts as electron donors, and Fe3+ ions act as electron acceptors,
resulting in the interaction between the Fe3+ and P-CDs [23]. Further, Singh et al. inves-
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tigated P-CDs using the hydrothermal approach for the selective sensing of Fe2+ ions. In
the study, luminescence quenching occurs as a result of metal ions absorbing the energy
of excited electrons. The fluorescence intensity of CQDs depends on the concentration of
Fe2+ ions, which means that Fe2+ acts as a quencher of luminescence in P-CDs. The groups
of functional molecules above the surface of P-CDs have a significant binding affinity for
Fe2+ ions. Amine, hydroxyl, and carboxyl-like groups on the surface of P-CDs contribute
to a decrease in fluorescence intensity due to interactions with Fe2+. The sensing mech-
anism primarily involves electron–hole recombination involving a non-radiative process
and photoluminescence quenching. As electrons are excited to higher energy levels, they
interact with the metal ions, leading to non-radiative processes [24]. Further, Diao et al.
synthesized P-CDs from the natural precursor Syringa oblata using a hydrothermal ap-
proach to sense Fe3+ ions. The findings state that fluorescence quenching of the P-CDs
occurred due to strong binding interactions between the P-CDs’ functional groups and Fe3+

ions, with photoelectron transfer leading to reduced fluorescence intensity. The decrease
in photoluminescence with increasing Fe3+ concentrations indicated high selectivity of the
P-CDs for Fe3+ ions [25]. Moreover, Nair et al. developed P-CDs from snake gourd peel
to detect Fe3+ ions using household waste as the precursor in a hydrothermal synthesis
process. The study demonstrated that hydroxyl, carboxyl, and amino groups on the surface
of the P-CDs interact selectively with Fe3+ ions, leading to a significant decrease in fluores-
cence intensity compared with other metal ions, thus highlighting the P-CDs’ specificity for
Fe3+ [26]. In another investigation, Atchudan et al. synthesized N-doped P-CDs using fruit
extract from Chionanthus retusus for Fe3+ ion detection utilizing a hydrothermal technique in
the formation of P-CDs. The study observed the quenching mechanism in the presence of
Fe3+ ions due to the strong binding affinity of nitrogen and oxygen-containing functional
groups on the N-P-CDs’ surface. The non-radiative electron transfer process between Fe3+

and the N-P-CDs, driven by the strong interaction between hydroxyl and carboxyl groups
with Fe3+, underscores the high selectivity of the N-P-CDs for Fe3+ ions [27]. Kalanidhi et al.
developed fluorescent P-CDs from betel leaves, which were nitrogen-doped to enhance the
selectivity towards Fe3+ ions. The study followed a quenching mechanism where strong
binding interactions between the P-CDs and functional groups on the surface and Fe3+ ions
led to coordination interactions. The excited electrons interact with vacant orbitals of Fe3+,
promoting electron–hole recombination and resulting in fluorescence quenching [28]. In
another study, Liu et al. utilized natural precursors like rose-heart radish to synthesize
P-CDs via a hydrothermal method for Fe3+ sensing. Their findings showed that fluorescence
quenching occurred due to strong binding interactions between hydroxyl and phenolic
groups on the P-CDs’ surface and Fe3+ ions. The coordination interactions facilitated non-
radiative electron/hole recombination, with electrons in the excited state transferring to the
unfilled orbitals of Fe3+, leading to decreased fluorescence intensity with increasing Fe3+

concentrations [29]. Lastly, Senol et al. developed P-CDs derived from Seville orange using
a hydrothermal method for Fe3+ ion detection. The study reported fluorescence quenching
upon the addition of Fe3+ ions, which exhibited a strong affinity for nitrogen and oxygen
atoms on the P-CDs’ surface. The coordination between P-CDs and Fe3+ ions was more
pronounced compared with other metal ions, and the quenching efficiency, assessed using
the Stern–Volmer equation, further confirmed the high sensitivity of the P-CDs towards Fe3+

ions [30]. Further, Achadu et al. synthesized P-CDs using expired potato dextrose agar and
oxalate for the detection of Fe3+. In the study, the authors utilize oxalate on the surface of
P-CDs to enhance the fluorescence intensity. The study follows the doping of oxalate on the
surface of P-CDs forming ag-oxP-CDs to an electronic and molecular interaction with Fe3+

ions as it makes a complex between the ag-oxP-CDs and Fe3+. The synergistic interaction
between the Fe3+ and surface oxalate results in fluorescence enhancement. Also, the study
reveals that the interaction results in the inter and intra-induced aggregation that binds the
target analytes, resulting in an enhanced fluorescence signal [31]. In another study, Sachdev
et al. synthesized P-CDs utilizing the hydrothermal method from coriander leaves for the
sensing of Fe3+ ions. The as-prepared P-CDs show selectivity towards Fe3+ ions due to
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coordination between the hydroxyl group present on the surface of P-CDs and Fe3+ ions.
In the study, fluorescence quenching was investigated based on Stern–Volmer graphs. The
study reveals that P-CDs are pH-dependent, as the quenching efficiency was found to be
low under acidic conditions, resulting in weaker interaction between Fe3+ and P-CDs. In
the pH range of 7–9, quenching efficiency is high, resulting in stronger interactions between
the Fe3+ and P-CDs. Thus, the study shows the high selectivity of P-CDs attributed to the
detection of Fe3+ ions [32]. Yang et al. developed P-CDs from natural precursor honey
for the efficient sensing of Fe3+ ions. The study follows the binding mechanism in which
fluorescence quenching occurs. The authors and his coworkers reveal that the fluorescence
quenching of P-CDs occurs due to the binding sites available on the surface because of
various functional groups that interact with the Fe3+ ions. The coordination interaction
between P-CDs and the Fe3+ led to the aggregation of particles, which further quenched
the P-CDs fluorescence [33]. Sun et al. synthesized carbon dots (P-CDs) from the natural
precursor Lycii fructus using a hydrothermal method for Fe3+ ion detection. In their study,
fluorescence quenching of the P-CDs was attributed to the formation of complexes between
the P-CDs’ functional groups and Fe3+ ions via coordination interactions. This complex
formation enhanced non-radiative electron–hole recombination as electrons transferred
from an excited state to the unfilled orbitals of Fe3+, resulting in fluorescence quenching.
The selectivity of P-CDs for the Fe3+ ions was further demonstrated by their incredible
interaction affinity with the hydroxyl groups on their surfaces [34]. Similarly, Polatoğlu et al.
developed P-CDs from Kumquat for Fe3+ ion sensing. The study observed a decrease in the
fluorescent intensity of P-CDs with increasing Fe3+ ion concentrations. It was revealed that
the P-CDs exhibited high absorption spectra due to π−π* transitions in the aromatic sp2

domains. Gradual fluorescence quenching occurred as the excitation wavelength shifted,
further indicating sensitivity to Fe3+ ions [35]. Prasasti et al. investigated P-CDs from
agricultural waste corncobs via a microwave-assisted method for Fe3+ ion detection. The
study explored the effect of varying corncob concentrations on metal ion sensing. Results
showed that higher corncob concentrations led to a blue shift in the peak wavelength and
increased fluorescence intensity. However, a decrease in intensity with increasing Fe3+

concentrations indicated the P-CDs’ selectivity for Fe3+ ions [17]. Likewise, Devi et al. syn-
thesized P-CDs using aloe vera as a natural precursor for Fe3+ ion sensing. The P-CDs were
characterized by oxygen-containing functional groups such as –COOH and –OH, which
contributed to fluorescence quenching. These functional groups exhibited a strong binding
affinity towards Fe3+ ions. The quenching mechanism was explained using the Stern–Volmer
equation, which demonstrated that fluorescence intensity decreased with increasing Fe3+

concentrations, confirming the P-CDs’ selectivity for Fe3+ ions [36]. Further, Latief et al.
demonstrated P-CDs from gelatin as a green material for Fe3+ ion detection. The study
found that fluorescence quenching of the P-CDs occurred upon the addition of Fe3+ owing
to electron transfer between the P-CDs’ surface functional groups and Fe3+ ions. Oxygen-
containing groups, particularly –OH and –COOH, demonstrated strong binding affinity
to Fe3+, leading to coordination interactions that facilitated electron transfer between the
unfilled orbitals of Fe3+ and the P-CDs, resulting in fluorescence quenching. Compared with
the other metal ions like Ni2+ and Cu2+, Fe3+ ions have stronger affinity because other metal
ions have weaker electrophilic ability, and they bind to the electron-donating groups [37].
The schematic representation of the detection of Fe3+ ions is shown in Figure 2. Furthermore,
Ran et al. synthesized P-CDs using natural precursor chloroplast via hydrothermal method
for the effective detection of Fe3+ ions. The study depicts the cost-effective, eco-friendly
approach for Fe3+ ions, which follows the static quenching mechanism in which electron
transfer takes place [38]. In 2023, George et al. synthesized P-CDs derived from papaya
seeds for the efficient detection of Fe3+ ions in aqueous solution. The study shows that there
is a complex formation, and the energy transfer takes place between the d-orbital of Fe3+

metal ions and functional groups present on the surface of P-CDs. Due to the formation of
the complex, the electrons are excited from the lower energy state of P-CDs to the d-orbital
of metal ions, which further shows the quenching phenomenon. The quenching behavior of
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Fe3+ ions indicates the strong absorption affinity of Fe3+ ions towards P-CDs [39]. In Table 1,
we present a summary of various natural precursors used for the synthesis of carbon dots
(P-CDs), including their particle sizes and their impact on the detection limits for Fe2+ and
Fe3+ ions. Table 1 below shows how various precursors affect the size of the P-CDs and their
sensitivity in detecting iron ions.
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Table 1. Detection of Iron (Fe2+, Fe3+) ion greener P-CDs.

Sr. No. Method Natural
Precursor

Detection
Limit

Size of
P-CDs

Linear
Concentration
Range

Quantum
Yield (%)

Metal
Ions Reference

1. Pyrolysis Mangifera
indica 0.62 ppm 1–5 nm 18.2% Fe2+ [24]

2. Hydrothermal Betel leaves 0.135 µM 3.7 nm 0.3–3.3 µM 4.21% Fe3+ [28]

3. Hydrothermal Honey 1.7 × 10−9

mol/L
2 nm 5.0 × 10−9–1.0 ×

10−4 mol/L
19.8% Fe3+ [33]

4. Hydrothermal Lycii Fructus 21 nM 3.3 nm 0 to 30 µM 17.2% Fe3+ [34]

5. Hydrothermal-
carbonization

Chionanthus
retusus 70 µM 5 ± 2 nm 0–2 µM 9% Fe3+ [27]

6. Hydrothermal gelatin 0.2 µM 0.5–5 nm 0–50 µM 22.7% Fe3+ [37]

7. Hydrothermal Kumquat 0.70 µM 3 nm 0–40 µM 8% Fe3+ [35]

8. Pyrolysis Aloe-Vera
extract, 33 ppb 6–8 nm 70 ppb to

100 ppm 12.37% Fe3+ [40]

9. Hydrothermal papaya
powder 0.48 µmol L−1 3.4 nm 1–10 µmol L−1 18.98% Fe3+ [41]

10. Hydrothermal coriander
leaves 0.4 µM 2.387 nm 0–60 µM 6.48% Fe3+ [32]

11. Hydrothermal Jinhua
bergamot

5.5 nM (Hg2+)
and 0.075 µM
(Fe3+)

50 nm

Hg2+ =
0.01–100 µM
0.025–100 µM
for Fe3+

50.78%
Hg2+

and
Fe3+

[12]

12. Hydrothermal wintersweet
Cr = 0.07 µM
and
Fe = 0.15 µM

9.38 nm

Cr (VI) = 0.1 to
60 µM
And Fe3+ = 0.05
to 100 µM

14.8%
Cr6+

and
Fe3+

[42]

13. Hydrothermal Poa Pratensis Fe2+ = 1.4 and
Mn2+ = 1.2 µM

2 nm 5.0 to 25 µM 7%
Fe3+

and
Mn2+

[43]

14. Hydrothermal Borreria
hispida 1.2 × 10−6 M 2 nm - 40.8% Fe3+ [44]
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Xia et al. demonstrated waste-derived P-CDs using the hydrothermal technique for
Fe3+ and Cr6+ ions detection. The study reveals that the ground state complex formed
between the Fe3+ and oxygen-containing functional groups of P-CDs facilitates fluorescence
inhibition. The quenching occurs due to interaction between the hydrophilic carboxyl,
hydroxyl, and amine groups and Fe3+ ions. The stronger binding affinity of Fe3+ towards
the P-CDs shows the selective recognition of Fe3+ ions [42].

3.2. Mercury (Hg2+)

Mercury is a prominent heavy metal with catastrophic consequences on both the
surroundings and human health [45,46]. It comes in a variety of forms and can cause
significant harm when released into the environment. Mercury in our environment exists
in three oxidation states: elemental (Hg0), mercuric (Hg2+), and mercurous (Hg+). Mercuric
mercury (Hg2+) is generally considered to be the most hazardous for the environment and
human health. It can easily interact with biological systems and impair the functioning of
cells, particularly in the neurological system. Mercury exposure is known to cause severe
neurological damage, renal dysfunction, respiratory complications, and, in extreme cases,
death. According to WHO, the permissible concentration of mercury in drinking water is
1 mg/L [47]. Given trace levels of metal ions like mercury in the environment, there has
been significant research and development of materials for their detection. Among these,
green synthesized P-CDs have proven particularly effective owing to their ability to form
complex structures with metal ions. In a study conducted by Yu et al., a fluorescent, water-
soluble carbon dot-based sensor was synthesized using a green, cost-effective hydrothermal
approach, with Jinhua bergamot serving as the natural carbon precursor. These carbon dots
(P-CDs) demonstrated the capability to detect Hg2+ and Fe2+ ions, attributed to the presence
of amino and carboxyl functional groups on their surface. These groups exhibited strong
binding affinity and rapid chelation kinetics with heavy metal ions like Hg2+ and Fe3+,
enhancing the sensor’s selectivity [12]. Similarly, Lu et al. synthesized P-CDs from pomelo
peels using a hydrothermal method specifically for Hg2+ ion detection. The quenching
mechanism was investigated using the Stern–Volmer equation, which confirmed that Hg2+

ions could efficiently quench the fluorescence of P-CDs due to their high binding affinity to
the carboxyl groups present on the P-CDs’ surfaces compared with other metal ions [48].
Further research by Gaddam et al. utilized camphor as a carbon source to produce P-
CDs for Hg2+ detection in water samples. A marked reduction in fluorescence intensity
was observed upon Hg2+ addition, with the quenching explained through non-radiative
electron–hole recombination. The Stern–Volmer analysis further supported the direct
relationship between Hg2+ concentration and the quenching effect [49]. In another study,
Huang et al. developed nitrogen-doped carbon dots (N-P-CDs) using strawberry juice as a
precursor through a hydrothermal synthesis method, which demonstrated high sensitivity
and selectivity toward Hg2+ detection [50]. Moreover, Kasinathan et al. synthesized carbon
quantum dots (CQDs) from sugarcane waste using a hydrothermal process, showing that
Hg2+ ions caused significant quenching of the CQDs’ fluorescence (Figure 3). This effect was
attributed to electrostatic interactions between the functional groups on the CQD surface,
such as hydroxyl and amine groups, and Hg2+ ions, leading to excellent selectivity and
sensitivity for Hg2+ detection [51]. In a similar manner, Qin et al. employed a microwave-
assisted method to produce P-CDs from flour for Hg2+ detection, with the quenching effect
being linked to non-radiative electron transfer between Hg2+ ions and the P-CDs. The study
highlighted the pH-dependency of the interaction, where the binding affinity between Hg2+

and P-CDs increased at higher pH, enhancing the stability of the formed complex [52].
Furthermore, Xie et al. synthesized nitrogen-doped P-CDs using peas as a carbon source
and ethanediamine as a nitrogen source via hydrothermal synthesis. The introduction of
nitrogenous auxochromes, including C-NH2, OC-NH2, and C–N–C, improved fluorescence
intensity. However, the addition of Hg2+ ions resulted in fluorescence quenching, attributed
to non-radiative electron transfer between the vacant d-orbitals of Hg2+ and the N-P-CDs, as
supported by complex formation between N-P-CDs and Hg2+ (Figure 3). The non-radiative
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electron transfer occurs between the vacant d-orbital of Hg2+ and N-P-CDs, resulting in the
quenching of N-P-CDs fluorescence intensity [53]. Similarly, Askari et al. investigated the
“turn-on” fluorescence P-CDs for the efficient detection of Hg2+ ions [54]. In another study,
Li et al. developed P-CDs using bovine serum albumin for the efficient detection of Hg2+

ion. The study shows the appearance of no new peak after the addition of Hg2+ in silicon-
doped P-CDs, which indicates the static quenching effect. The fluorescence quenching of
Si-P-CDs was observed upon the addition of Hg2+, resulting from the internal filtering
effect associated with the excitation spectrum. The transmission electron spectroscopy
(TEM) indicates that the aggregation of Si-P-CDs leads to fluorescence quenching [55]. In
Table 2, we provide a summary of various natural precursors used for the synthesis of
P-CDs, highlighting their particle sizes and their influence on detection limits for Hg2+ ions.
This table illustrates how different precursors affect both the size of the P-CDs and their
sensitivity in detecting iron ions.
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Table 2. Recognition of Mercury (Hg2+) ion via P-CDs.

Sr. No. Method Natural
Precursor

Detection
Limit

Size of
P-CDs

Linear Concentration
Range

Quantum
Yield

Metal
Ion Reference

1. Microwave flour 0.5 nM 1–4 nm 0.0005–0.01 µM Hg2+ [52]

2. Hydrothermal Pea 0.96 µM 20 nm 0–200 µM 12.09% Hg2+ [53]

3. Hydrothermal Jinhua
bergamot

5.5 nM (Hg2+)
and 0.075 µM
(Fe3+)

50 nm Hg2+ = 0.01–100 µM
0.025–100 µM for Fe3+,

50.78%
Hg2+

and
Fe3+

[12]

3.3. Copper (Cu2+, Cu+)

Copper is an essential trace element that is vastly employed for the normal functioning
of several biological processes in humans and animals as well [56,57]. However, excessive
exposure to these harmful ions can cause disorders, including kidney failure, Parkinson’s
disease, liver damage, and Alzheimer’s [58]. It is crucial to manage its usage for the safety
of the ecosystem and human health. Copper exists in two oxidation states, +1 and +2, of
which Cu2+ is the toxic and highly stable metal ion present in our surroundings. Although
copper toxicity is very low because the human body regulates copper levels, its exposure
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to high concentrations causes several hazards, including nausea, kidney damage, vomiting,
diarrhea, and gastrointestinal diseases. To manage copper levels, it is essential to detect it
and mitigate its presence in the environment. In line with this, Tan et al. developed P-CDs
using a thermal pyrolysis method with sago waste as a natural precursor for the detection
of Cu2+ and Pb2+ ions. The study revealed that the fluorescence intensity of the P-CDs
was significantly quenched in the presence of Cu2+ and Pb2+ compared with other metal
ions. The researchers also evaluated the fluorescence quenching effects of other metal ions
such as Hg2+, Zn2+, and Ca2+; however, due to the diamagnetic properties of these ions,
the quenching effect was notably less pronounced; it eliminates the quenching mechanism
with P-CDs. The Pb2+ and Cu2+ showed the highest absorption affinity with C-dots due to
the non-radiative pathway [59]. Liu et al. investigated P-CDs using bamboo waste leaves
for Cu2+ recognition ions. The study analyses the inhibition mechanism under controlled
pH conditions. The quenching is observed under the pH 4–6. Thus, only at pH 4 is the
highest fluorescence emission observed, and the Cu2+ ion results in significant inhibition of
BPEI-CQDs compared with other metal ions that show negligible responses, which is due
to the chelation of both the sensors and toxic elements [60]. Further, Sanni et al. developed
fluorescent P-CDs for Cu2+ recognition via microwave-assisted pyrolysis. In the study,
pinecone is employed in P-CD synthesis. The study demonstrates a significant interaction
between the carboxyl, hydroxyl, and amino groups on P-CDs’ surface. This leads to the
formation of a stable complex that facilitates effective electron transfer and enhances non-
radiative electron–hole recombination. As a result, there is a pronounced fluorescence
quenching of the P-CDs [61]. Gedda et al. synthesized environmentally friendly carbon
dots for the selective detection of Cu2+ ions using a green synthesis approach. In the study,
prawn shells were employed as the natural precursor for the production of P-CDs, which
demonstrated effective sensing of Cu2+ ions. The quenching mechanism was attributed to
the inner filter effect, where Cu2+ ions interact with amine groups on the P-CDs, forming a
cupric amine complex. To confirm this mechanism, the authors compared the fluorescence
of CD solutions with and without Cu2+ ions. The observed reduction in fluorescence
intensity confirmed the role of the cupric amine complex in the selective sensing of Cu2+

ions [62]. To highlight the significance of different precursors, Table 3 below provides a
clear context for the sensing of Cu2+ ions using P-CDs. This table illustrates the significant
variations in detection efficiency based on selected precursors.

Table 3. Cu2+ ion recognition using greener P-CDs.

Sr. No. Method Natural
Precursor

Detection
Limit

Size of
P-CDs

Linear
Concentration
Range

Quantum
Yield Metal Ion Reference

1. Pyrolysis Eleusine
coracana 10 nM 3–8 nm 0 to 100 µM - Cu2+ [63]

2. Green Prawn
shells 5 nM 4 nm 0 to 5 µM 9% Cu2+ [64]

3. Microwave
pyrolysis Pinecone 0.005

µg/mL
15.2 nm and
42.1 nm

2.5–22.5
µg/mL 17% Cu2+ [61]

4. Hydrothermal Bamboo
leaves 115 nM 3.6 nm 0.333 to

66.6 µM 7.1%. Cu2+ [60]

3.4. Chromium

Chromium is a transition metal with an assortment of industrial applications, in-
cluding manufacturing, colorants, and alloys. However, the element’s presence in the
environment, especially when it occurs in the form of chromium ions, can have serious
consequences for the environment and the wellness of humans. Chromium exists in nu-
merous oxidation states, the most frequent and environmentally relevant of which are
hexavalent chromium Cr6+ and trivalent chromium Cr3+. However, hexavalent chromium
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Cr6+ has been identified for its potentially hazardous and carcinogenic aspects, resulting
in an important concern in a variety of industries [65,66]. Chromium is highly hazardous
and still used in various industries, including industrial, domestic, agricultural, medicinal,
electronics, and optical coatings. Chromium plays a significant role in the manufacturing of
kitchenware, as industries heavily utilize it in stainless steel to enhance corrosion resistance
and durability. Various knives and cutlery items use chromium to increase sharpness
and prevent rust [67,68]. The hexavalent chromium Cr6+ oxidation state is considered
more toxic, as it is highly reactive and undergoes redox reactions with body cells, causing
carcinogenic diseases. The International Agency for Research on Cancer (IARC) declares
the Cr6+ ions as carcinogenic compounds [69]. Moreover, it is highly soluble and mobile
in an aqueous environment, leaching into the river water and contaminating the aqueous
environment. Many attempts have been made to detect even a trace amount of Cr6+. In
another study, Liu et al. synthesized P-CDs using the hydrothermal method from chocolate
as a carbon source for the detection of Pb2+ ions. In this work, it was observed that the
fluorescence intensity of P-CDs is decreased after the addition of Pb2+ ions into the P-CDs
solution. The chelation occurs between the oxygen-containing groups present on the surface
of P-CDs and Pb2+ ions, which enhances the non-radiative recombination of charge transfer
of electrons. Also, the study confirms that the fluorescence intensity of P-CDs is inversely
proportional to the concentration of Pb2+ by the Stern–Volmer equation. The selectivity
of P-CDs towards Pb2+ ions was also observed using other metal ions, but the quenching
effect was negligible with other metal ions [70]. Further, Kumar et al. investigated the
synthesis of P-CDs from tulsi leaves as a carbon source. The authors and their coworkers
utilize a one-step hydrothermal method for the synthesis of highly specific and selective
detection of Pb2+ ions. The study highlights that the significant selectivity is due to a
high affinity for binding among the empty d-orbital of Pb2+ ions and the functional group
amine present on the P-CDs surface. In comparison with other metal ions, the nitrogen
atom of the amine group gives an electron pair to the unoccupied d-orbital of lead ions via
nonradiative electron transfer, which is simple and allows for surface complexation [71].
Moving forward, Boobalan et al. synthesized P-CDs from natural source mushrooms via
the hydrothermal technique for the selective sensing of Pb2+ ions. The carbon dot contains
amino acids and polysaccharides on the surface, because the carbon source mushroom
is rich in a variety of nutrients that contain essential amino acids and polysaccharides.
When the addition of Pb2+ ions takes place in the C-dot, the complex formed with the
hydroxyl and carboxyl group, which formed a complex like lead hydroxide and carboxylate,
quenched the C-dots. The various metal ions added in the solution of P-CDs to check the
selectivity reveal that C-dots show selective binding towards the Pb2+ ions, forming the
strong coordination bond between the functional group P-CDs and Pb2+ ions [72]. Further,
Wee et al. synthesized P-CDs using the acid hydrolysis method from bovine serum albumin
for the detection of Pb2+ ions. The study follows the fluorescence quenching mechanism in
which non-radiative recombination of electron transfer takes place from the valance band
to the conduction band. The study reveals that there is no shift observed on the emission
peak, resulting in the mechanism attributed to electron transfer [73]. In similar work, Xu
et al. developed P-CDs using a hydrothermal method derived from ginkgo biloba leaf
extract as a carbon source for the sensing of Pb2+ ion. In the study, the detection efficacy is
enhanced by introducing the flavonoid-like moieties into P-CDs. The high sensitivity and
selectivity of P-CDs towards Pb2+ metal ions is due to the doping of an agarose hydrogel.
The results were confirmed using river water samples by targeting the metal ion [74].

For instance, Bandi et al. developed a fluorescent-N-doped P-CDs sensor for sensing
Pb2+ ions. The author and his coworkers utilize a simple one-step green synthesis method
using Lantana camara berries as a natural precursor for synthesizing fluorescent P-CDs.
The synthesized N-P-CDs exhibit strong fluorescence that is stable in various optimal
conditions; also, it is highly selective and sensitive to the effective detection of Pb2+. In
the study, kinetic experiments indicate that interaction between the Pb2+ and functional
group present on NP-CDs is very fast as the addition of Pb2+ ions in P-CDs shows a stable
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decrease in emission intensity of NP-CDs. The study investigates the mechanism followed
by fluorescence quenching, and the dynamic and static quenching using Stern–Volmer
(SV) plots at different conditions reveals the varying quenching according to the variable
temperature. The high selectivity obtained is due to the binding affinity of the surface
functional groups with Pb2+, which facilitates the non-radiative electron transfer from
the excited state of NP-CDs to the vacant d-orbital of Pb2+ and results in quenching of
fluorescence. The schematic representation of fluorescence quenching is demonstrated in
Figure 4. Likewise, real water and biological sample analyses have been conducted [75].
The comparative analysis of the detection of Pb2+ ion is presented in Table 4, listed below,
mentioning the different parameters of various studies.
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Table 4. Sensing of Lead (Pb2+) ion using green-precursor-derived P-CDs.

Sr. No. Method Precursor Detection
Limit Size

Linear
Concentration
Range

Quantum
Yield Metal Ion Reference

1. Microwave Potato
dextrose agar 106–110 pM 4.3 nm 0–20 µM 9.0% Pb2+ [76]

2. Hydrothermal Ginkgo
biloba leaves 0.1–20.0 nM 4.18 nm 0.1–20 × 10−3 16.1% Pb2+ [77]

3. Acid
hydrolysis

Bovine serum
albumin 5.05 µM 1–2 nm 0–6 × 10−3 µM - Pb2+ [73]

4. Hydrothermal Chocolate 12.7 nM 6.41 nm 0.033 to 10 µM - Pb2+ [70]

5. Hydrothermal Ocimum
sanctum 0.59 nM 3 nm 0.01−1.0 µM 9.3% Pb2+ [71]

6. Hydrothermal
Lantana
camara
berries

9.64 nM 20 nm 0–200 nM 33.15% Pb2+ [75]

3.5. Co(II)

Cobalt is a well-known transition metal used in various industries for making high-
strength alloys and batteries [78]. Cobalt is present in the environment in several different
oxidation states, including Co2+ and Co3+. Co2+ is the most stable oxidation state, resistant
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in water bodies interacting with biological systems. It is an essential element for human
health, but its intake at high concentrations poses several respiratory diseases, neurological
disorders, and cardiovascular diseases. Various sensing techniques, including chromatog-
raphy, electrochemistry, and spectroscopy, have been introduced to detect the presence of
Co2+. Since all these techniques are time-consuming and expensive, green synthesized P-
CDs are one of the best alternatives to detect heavy metal ions, as they are inexpensive and
selective towards particular metal ions. For instance, Hu et al. synthesized P-CDs derived
from flax straw as a carbon source using hydrothermal methods for the detection of Co2+

and Cr6+ ions. The study follows the inner filter effect-induced fluorescence quenching,
which is due to static quenching. The decrease in fluorescence intensity of P-CDs after
the addition of metal ions shows the formation of the complex between the functional
groups present on P-CDs and metal ions. The Co2+ and Cr6+ show stronger binding affinity
towards the functional group of P-CDs, resulting in fluorescence quenching. The high
concentration of Co2+ in P-CDs chelates and yields the inner filter effect, which further
results in the quenching of fluorescence [79]. In another study, Sullam et al. synthesized
P-CDs doped with silicon for the detection of Co2+ ions using the hydrothermal method.
As per studies, there must be no overlap between the P-CDs and quencher for the occur-
rence of the inner filter effect and fluorescence energy transfer. The study reveals that the
static quenching effect plays a vital role in the fluorescence quenching to form a stable
compound [80]. The schematic representation of the detection of Co2+ ions is shown in
Figure 5. In another study, Wu et al. investigated amine-doped P-CDs for the efficient
detection of Co2+ ions. The mechanism of fluorescence emission was explained through the
FRET effect, where light excitation causes emissions from both energy bandgap transitions.
The presence of carboxyl groups maintains conjugation, which primarily contributes to
the increase in photoluminescence. The sensing of Co2+ occurs via quenching due to the
binding between the surface amine groups, involving the inner filter effect (IFE). The
mechanism of study involving energy bandgap transitions, surface defects, and sensing of
Co2+ ions is illustrated in Figure 5b [81]. Zhao et al. derived C-dot from natural precursor
kelp for the detection of Cobalt (II). The authors utilize a microwave-assisted method
for the formation of CDs using ethylenediamine as a nitrogen dopant. The synthesized
CDs exhibit good water solubility and sensitivity toward the detection of Co2+ ions. The
research demonstrates that the quenching takes place in CDs with the addition of Co2+. The
quenching process complied with the inner filter effect since there was evident overlapping
of the UV absorption spectra of Co2+ and the emission spectrum of CDs [82]. In this regard
Table 5, listed below, presents the difference in various parameters in preparation of CDs
using natural precursors for the detection of Co2+ ions.
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Figure 5. (a) Schematic representation of fluorescent Si-P-CDs for the detection of Co2+ ions [80].
(b) Mechanistic representation of photoluminescence of carbon dots (P-CDs) illustrating HOMO-
LUMO transitions and fluorescence sensing of Co2+ [81].
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Table 5. Selective sensing of Cobalt (Co2+) ion using green precursor derived P-CDs.

Sr. No. Method Natural
Precursor

Detection
Limit

Size of
P-CDs

Linear
Concentration
Range

Quantum
Yield

Metal
Ion Reference

1. Microwave Kelp 0.39 µmol/L 3.7 nm 1–200 µmol/L 23.5%. Co2+ [82]

2. Hydrothermal
Nerium
Oleander L.
petals

6.45 nM 5–6 nm. 0–40 µM 3.5% Co2+ [83]

3. Hydrothermal
method Flax straw Co2+ = 0.38,

Cr6+ = 0.19 µM
2.2 nm Co2+ = 0–500,

Cr6+ = 0.5–80 µM
20.7% Co2+ or

Cr6+ [79]

4. Microwave Orange 1.63 µM 8.82 nm 0–200 µM 49.42% Co2+ [84]

3.6. Cd(II)

Cadmium is a very toxic heavy metal that poses tremendous hazards to both individ-
uals and the environment [85]. It is widely utilized in an array of industrial applications,
including battery manufacturing, electroplating, the textile sector, and plastic production.
A large amount of industrial discharge is released into the rivers, which pollutes the air
and water. In recent years, numerous phosphate fertilizers have been used in agricul-
ture, which causes cadmium to enter the soil and contaminate crops. Cadmium exists in
several different oxidation states, of which Cd2+ is the most common one, as it is highly
water-soluble and readily interacts with biological systems. Cadmium is one of the most
toxic metal ions, causing various kinds of health problems, including respiratory issues,
kidney damage, and reproductive disorders. The exposure to cadmium causes several risks
to human health and the environment. Various analytical processes, including ICP-AES,
ICP-MS, and other spectrometric techniques, have been utilized, but these techniques have
high costs due to expensive instruments. To address these kinds of issues, fluorescence
sensors are developed using natural precursors-derived P-CDs. For instance, Pandey et al.
investigated the green P-CDs from Murraya koenigii leaves for the detection of Cd2+ ions.
In the study, the fluorescence of P-CDs is quenched due to ligand–metal charge transfer.
The P-CDs surface contains amino and carboxyl groups that bind with Cd2+ ions. P-CDs
can contribute electron pairs from the excited state to the empty d-orbital of the Cd2+ ion,
further quenching the fluorescence intensity of P-CDs. The study reveals that dynamic
quenching occurred due to a decrease in the average lifetime of P-CDs. The decrease in
absorption intensity confirms that dynamic quenching followed. The high binding affinity
between the Cd2+ ions and functional groups present on P-CDs indicates the selectivity of
P-CDs towards Cd2+ ions [86]. In another study, Keerthana et al. investigated the P-CDs
derived from amaranth leaves as a ratiometric sensor for the efficient detection of Cd2+. The
study found that after adding Cd2+, a decrease in fluorescence was observed, indicating
that the study follows the inner filter effect. The predominant FRET mechanism occurred
between the electron-rich nitrogen group in pyrene carboxaldehyde-carbon quantum dots
(PC-P-CDs) and the electron-deficient group of Cd2+ metal ions (Figure 6) [87]. In another
study, Yan et al. developed a fluorescent probe “on–off” sensor for the detection of Cd2+

ions. The study follows the internal charge transfer, due to which emission spectra improve
and the transfer of electrons occurs [88].

Table 6 provides a comparison of results using various precursors. It details the
detection limits, sizes of carbon dots (P-CDs), concentration ranges, and quantum yields.
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Table 6. Detection of Cadmium (Cd2+) ions using plant-derived P-CDs.

Sr. No. Method Precursor Detection
Limit Size

Linear
Concentration
Range

Quantum
Yield

Metal
Ion Reference

1. Hydrothermal Murraya
koenigii 0.29 nM 2–8 nm 0.01–8 µM 5.4% Cd2+ [86]

2. Hydrothermal L-arginine 0.20 µM 2.68 ± 0.67 nm 0–26.8 µM 71.6% Cd2+ [89]

3.7. Ag(I)

Silver has three oxidation states: Ag(I), Ag(II), and Ag(III). Among all three, Ag(I)
is the most stable oxidation state of silver and is highly soluble in water, functioning
directly with biological processes. According to the World Health Organization, Ag is a
worldwide pollutant that causes a variety of problems to human health and the aquatic
environment [58]. Silver ions inhibit enzyme processes, resulting in cytotoxicity and
genotoxicity, which can damage cellular function. Silver contamination in the environment
occurs from a variety of causes, including wastewater discharge and extraction activities.
To address these issues, various sensing techniques, including Surface-enhanced Raman
spectroscopy (SERS), ICP-AES, and ICP-MS, have been utilized, but the instrumentation
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is expensive and does not produce accurate results. To overcome these limitations, P-
CDs have been utilized and synthesized using green precursor, and it is effective and
selective to detect the Ag+ ions. For instance, Arumugam et al. synthesized P-CDs from
broccoli as natural precursors using hydrothermal methods for the detection of Ag+ ions.
The surface of P-CDs is occupied with functional groups like carboxyl, hydroxyl, and
amine, which interact with the Ag+ ion. The study reveals that the energy transfer takes
place between the oxygen-containing functional groups on the surface of P-CDs and
Ag+, which forms a complex resulting in the luminescence quenching of P-CDs [90].
Similarly, Akhgari et al. developed nitrogen-doped P-CDs using pomegranate juice and
ammonium hydroxide as natural precursors via hydrothermal method. The study follows
the mechanism based on the inner filter effect in which fluorescence quenching of P-CDs
takes place. Electrostatic attraction occurs among the functional groups present on the
surface of P-CDs and Ag+ ions. The fluorescence intensity of P-CDs is sensitive to Ag+

ions as the increase in concentration of Ag+ ions shows the decrease in intensity of P-CDs
shown by the Stern–Volmer equation [91]. Further, Suryawanshi et al. synthesized P-CDs
using hydrothermal and pyrolysis methods from the waste biomass as a natural precursor
for the detection of Ag+ ions. The study shows the selectivity towards Ag+ ions by an
on–off–on mechanism. The surface of graphene quantum dots (GQDs) is occupied with
carboxyl and epoxy groups, which follow the non-radiative recombination of electron
transfer. However, after the functionalization of P-CDs with an amine group, the groups
present on the surface get replaced by CONH2 and CNH2, which changes the path and
shows fluorescence quenching only for Ag+ ions [92].

Li et al. developed P-CDs from guanine natural precursors via a microwave-assisted
approach for the sensing of Ag+ ions. In the study, the G-CD surface exhibits multiple
recognition sites for the detection of metal ions. The guanosine 50-monophosphate group
present on the surface provides binding sites to Ag+ due to strong coordination interactions
between them. To confirm whether guanine provides active sites for binding, the authors
synthesized nucleotide-derived P-CDs, which have high coordination ability with groups
like phosphate and base. The study calculates the density functional theory to check the
binding ability of the base with Ag+. The data indicate that G-P-CDs have strong binding
affinity because of the non-radiative electron migration from the excited to empty orbitals
of Ag+ [93]. A large number of case studies were analyzed, and Table 7 presents the
differences in various parameters using natural precursors for the detection of Ag+ ions.

Table 7. Detection of Silver (Ag+) ions using plant-derived P-CDs.

Sr. No. Method Precursor Detection
Limit Size

Linear
Concentration
Range

Quantum
Yield

Metal
Ion Reference

1. Hydrothermal Broccoli 0.5 µM 2–6 nm 0 to 600 µM - Ag+ [90]

2. Hydrothermal Pomegranate
juice 3.8 × 10−10 M 2–5 nm 8.3 × 10−10–

3.3 × 10−8 M
- Ag+ [91]

3. Microwave Guanine 90 nM 3.75 nm 0–80 µM 54% Ag+ [93]

3.8. Zn2+, Al3+, Au3+, V5+, and Ru3+

Zinc is an essential trace element for biological systems, but its high presence makes
it toxic [94]. Due to several industrial activities, including smelting, mining, and metal
plating, zinc is released in large amounts into the environment. Chronic exposure to zinc
causes neurological problems and respiratory issues, and high intake causes diarrhea,
vomiting, and nausea. To mitigate its adverse effects, various studies have been carried
out to detect its presence in the environment. For instance, Jayan et al. developed P-CDs
using coconut water as a natural precursor for the detection of Zn2+. In the study, the
authors follow the “on–off” mechanism for the detection of Zn2+ ions. This strategy works
well to enhance the selectivity of P-CDs towards Zn2+ ions. The fluorescence of P-CDs
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is active at first, or we can say fluorescence is “on”. After the addition of Zn2+ ions in
the P-CDs solution, the quenching of the fluorescence of P-CDs occurs. The decrease in
photoluminescence intensity and quenching of fluorescence of P-CDs after the addition of
Zn2+ ions indicate the selectivity of P-CDs towards Zn2+ ions [95]. Aluminum is among
the most abundant elements in the Earth’s crust and exists in the environment in three
oxidation states (Al0, Al+3, Al+1). The most stable oxidation state of aluminum is Al3+,
which affects the environment and human health. Al3+ causes health-hazardous diseases
like respiratory issues, Breast cancer, and bone softening. The safe intake limit of Al3+ is
3–10 mg per day based on body weight. The use of aluminum in several industrial activities
causes environmental damage and affects human health. To control the release of harmful
metal ions, numerous studies have been conducted to identify their existence. For instance,
Bhamore et al. developed carbon dots derived from the natural precursor Pyrus pyrifolia
(pear) fruit utilizing the hydrothermal method for the detection of Al3+ ions. The enhanced
sensing of fluorescent P-CDs is due to the various functional groups present in P-CDs.
The functional group present in P-CDs forms a complex with Al3+ ions, which makes
P-CDs selective for the detection of Al3+. The studies reveal that compared with other
heavy metal ions, the intensity of P-CDs increases with the addition of Al3+ ions, showing
significant selectivity and sensitivity toward detection [96]. Moreover, Arumugham et al.
synthesized P-CDs from Catharanthus roseus leaves using a hydrothermal method for the
detection of Al3+ and Fe3+ ions. The study observed that the fluorescence mechanism,
governed by chelation, could either be enhanced or quenched depending on the metal ion
interaction. Kinetic analysis indicated that the reduced fluorescence lifetime in the CD-Fe3+

complex was due to electron transfer from the excited P-CDs to the vacant orbitals of Fe3+.
This process led to non-radiative electron–hole recombination, resulting in aggregation-
induced emission quenching in the CD-Fe3+ system. In contrast to Al3+, fluorescence
duration increases due to electrostatic interaction, and coordination of Al3+ ions with
CQD produces CQD-Al3+ aggregates from conjugated amorphous masses, which leads
to aggregation-induced high FL emission. This shows P-CDs’ effective selectivity for Fe3+

and Al3+ ions [97]. Further, Zou et al. synthesized highly fluorescent C-dots for the sensing
of Al3+ using hydrothermal methods involving citric acid and diethylenetriamine. In the
study, a ratiometric fluorescence sensor is developed in the process, where P-CDs act as
donors and Al3+ acts as acceptors based on fluorescence energy transfer. In the study,
the sensitive and selective binding towards Al3+ is due to effective coordination and a
high extent of overlapping between the acceptor and donor atoms. The presence of gold
(Au3+) exhibits more toxicity to human health compared with metallic gold due to its
high reactivity and the capability of gold to produce reactive oxidation species, which
damage the cellular redox balance. To detect the presence of Au3+ in the environment,
green synthesized P-CDs have been utilized [98]. For instance, Liao et al. developed
N-doped P-CDs using natural precursor peach gum for the effective and efficient detection
of Au3+ ions utilizing the hydrothermal carbonization method. The study follows the
synergetic interaction between the Au3+ and N-P-CDs and FRET, which cause electron
transfer to each other after the addition of Au3+ ions. The resulting fluorescence quenching
is due to the FRET quenching effect. The results reveal that the enhancement in the
absorption band results in the formation of Au particles, which work as acceptors to absorb
the fluorescence of N-P-CDs. Moreover, multi-ion detection has been performed using a
quenching mechanism [99]. Mohandoss et al. investigated P-CDs produced from naturally
available source Hibiscus tea waste for the detection of Ag+, Cd2+, and Cr3+ ions using a
hydrothermal approach. In the study, the highly selective and sensitive detection takes
place due to nitrogen and boron-doped P-CDs. The fluorescence enhancement of NB-P-CDs
after the addition of metal ions like Ag+, Cd2+, and Cr3+ is due to the stronger binding
affinity of metal ions towards the surface functionalized P-CDs. The study reveals that the
presence of nitrogen and oxygen groups on the surface of P-CDs provides active binding
sites for the heavy metal ions, which results in the enhancement in detection [100]. Further,
Hoan et al. demonstrated green-developed P-CDs from lemon for the detection of V5+ ions.
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In the study, the authors observed a decrease in the luminescence intensity of Fe2+, Fe3+,

and V5+ ions. The presence of these ions affects the luminescence intensity of P-CDs acting
as chelators. Out of the three, V5+ shows a remarkable decrease in intensity compared with
other metal ions. The coordination interaction between the presence of functional hydroxyl
and carboxyl groups on the surface of P-CDs and V5+ ions changes the electronic structure
of P-CDs. The non-radiative recombination of charge transfer takes place. The stronger
binding affinity and stability of V5+ ions towards P-CDs shows the selectivity towards
P-CDs [101]. Moreover, Hashemi et al. investigated green P-CDs from the red beetroot for
the detection of Pd2+ ions. The study shows that quenching of fluorescence occurs due to
coordination interaction between the functional groups present on the surface of P-CDs and
Pd2+ ions. In the study, the mechanism of static quenching is followed in which chelation
occurs due to the stronger binding affinity of Pd2+ ions with P-CDs and the formation of a
complex in the ground state, which is due to the interaction between groups on P-CDs and
Pd2+ [102]. Likewise, Menglin Chen et al. investigated P-CDs for the selective detection
of Ru3+ ions by hydrothermal approach. The study follows the two mechanisms of the
photoluminescence phenomenon, including (i) the transition between the band gap based
on conjugate structure and (ii) the presence of surface defects in P-CDs. The surface of
P-CDs is occupied by functional groups that coordinate with Ru3+ ions [103].

Furthermore, other precious metals such as platinum (Pt), iridium (Ir), osmium (Os),
rhodium (Rh), and rhenium (Re) are considered less toxic, with minimal human exposure.
The adverse impacts of these metals are not well documented. However, some forms of
these metals and their complexes can be toxic, such as cisplatin, a toxic form of platinum
(II) complexes, and rhodium chloride, among others. A few studies have been conducted
on the detection of these metals and their complexes [104,105].

Unfortunately, no studies have been found on P-CDs for the detection of these metal
ions and their complexes. Therefore, future research should focus on the detection of these
metals and their complexes using P-CDs.

The different metal ion detections using P-CDs are compiled in Table 8, along with
their synthesis method, detection limit, size, and other experimental parameters.

Table 8. Multi-metal-ion detection using green-precursor-derived P-CDs.

Sr. No. Method Precursor Detection Limit
(µM)

Size of
P-CDs

Linear Con-
centration
(µM)

Quantum
Yield (%)

Metal
Ions Reference

1. Hydrothermal Lemon
juice 32 µM 4–5 nm 21% V5+ [101]

2. Hydrothermal Pyrus
pyrifolia 0.0025 µM 2.0 ± 1.0 nm 0.005–50 µM 10.8% Al3+ [96]

3. Robust
method Camphor - 1–4 nm 21.16%

Cd2+

and
Hg2+

[49]

4. Hydrothermal Red
beetroot 0.033 µM 5–7 nm 3 to 43 µM 27.6% Pd2+ [102]

5. Hydrothermal
carbonization Peach gum 0.64 µM 2–5 nm 0–50 µM 28.46% Au3+ [99]

6. Hydrothermal

Citric acid
and
diethylene-
triamine

- 2.51 nm 0.558 µM 86% Al3+ [98]

7. Hydrothermal Poa
Pratensis

Fe3+ = 1.4 and
Mn2+ = 1.2 µM

9 nm 5.0 to 25 µM 7%
Fe3+

and
Mn2+

[43]
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Table 8. Cont.

Sr. No. Method Precursor Detection Limit
(µM)

Size of
P-CDs

Linear Con-
centration
(µM)

Quantum
Yield (%)

Metal
Ions Reference

8. Hydrothermal Hibiscus
Tea Waste

Ag+ = 0.0445 µM,
Cd2+ = 0.1644 µM,
and
Cr3+ = 0.0546 µM

6.2 ± 0.5 nm 0–10 µM 9.2%

Ag+,
Cd2+,
and
Cr3+

ions

[100]

9. Hydrothermal
carbonization

Catharanthus
roseus

Al3+ = 0.5 µM;
Fe3+ = 0.3 µM

5 nm Al3+ = 0–6 µM 28.2%
Al3+

and
Fe3+

[97]

10. Microwave
Formamide
and L-
glutathione

Co2+ = 0.0968 µM,
Fe3+ = 0.0617 µM,
Hg2+ = 0.0395 µM,
Pb2+ = 0.0371 µM

7.2 ± 1.2 nm 0.961 µM 6.49%

Co2+,
Fe3+,
Hg2+,
and
Pb2+

[106]

4. Industrial Applications of Plant-Derived Carbon Dots for Heavy Metal Ion Detection

The increasing interest in plant-derived carbon dots (P-CDs) stems from academic
research into several kinds of industrial applications. Green synthesized P-CDs possess
distinctive characteristics, including biocompatibility, strong luminescence, and sustain-
ability, which renders them ideal for tackling the problem of the contamination of heavy
metals in an array of domains. The industrial applications of green-derived P-CDs are im-
pactful and broad because P-CDs offer a non-toxic and cost-effective alternative approach
to real-time analysis. P-CDs can be incorporated into contemporary filtering systems for
wastewater treatment and sludge analysis, assisting industries in managing heavy metal
discharges while adhering to environmental requirements. Furthermore, in industries like
battery manufacture and metal plating, P-CDs can be used in wearable sensors to monitor
worker exposure to heavy metals and ensure occupational safety, as well as in product
quality control to ensure that consumer goods satisfy safety standards. P-CDs also show
potential for enhancing food safety by detecting metal contamination in food products, as
well as promising better agricultural techniques through assessing herbicides and fertiliz-
ers. CD-based assessment kits can also help authorities execute the on-site verification of
compliance more efficiently. Overall, the use of plant-derived P-CDs in various industrial
contexts not only improves detection capabilities but also corresponds with sustainable
practices by lowering reliance on hazardous chemicals and aiding regulatory compliance,
contributing to a safer and more sustainable future.

5. Conclusions and Future Perspectives

This review highlights the study of the green synthesis of P-CDs using plant-based
natural precursors that are non-toxic and have various physical and chemical properties
used for the sensing of contaminants, like several heavy metal ions from the environment.
Nowadays, P-CDs are fascinating materials, acting as sensing probes for various heavy
metal ions. The green method to synthesize P-CDs is less toxic, environmentally friendly,
cost-effective, and has excellent photoluminescence properties, which is useful for the
selective detection of metal analytes. This study shows the various natural precursors used
to synthesize P-CDs vary with different properties and functional groups present on their
surface. The properties can be easily customized according to the selective detection of
particular metal ions. The stability and functionality of P-CDs also vary according to the
different approaches utilized for their fabrication. Researchers are still searching for the
exact mechanism of synthesis of P-CDs with varying functional groups with the usage
of different natural resources. Nevertheless, the quenching mechanism of the detection
of metal ions is not yet clear. The green synthesis method has various advantages, but
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there is still an urgent need to improve the quantum yield of P-CDs, which is very low
compared with the chemical synthesis methods. P-CDs show different photo-luminescence
properties using different precursors, as the functional groups present on the surface
vary with different sources. The major drawback of green synthesized P-CDs is their
potential to detect multiple ions at a time. To improve the selectivity of P-CDs towards
particular metal ions, doping with different dopants(heteroatoms) can be performed to
detect particular analytes. This study reveals that different functional groups present
on the surface of P-CDs interact with different metal ions by forming a complex and
detecting the particular metal ion. Also, the overall efficiency of the synthesis of P-CDs
can be improved using different biomass (agricultural biomass, forest, and food-based
biomass wastes) with different compositions of functional groups and carbon. Further,
the quantum yield of P-CDs can be easily enhanced using hetero-atom-rich biowaste with
some specific metal ions. In addition, the utilization of biomass-based precursors for
the fabrication of P-CDs proposes a greater interest in environmental remediation and
the development of sustainable technology. As we look forward, various possibilities
emerge in the realm of plant-derived carbon dots (P-CDs) for heavy metal ion detection. A
significant development in this field is the emergence of synthesis methods focusing on
sustainability and efficiency. Researchers are looking towards novel, greener techniques for
CD manufacture, which might decrease costs and environmental impacts while improving
the functionality of these nanostructures. The development of multifunctional P-CDs
is gaining progress day by day. These innovative techniques can incorporate sensing
capabilities with additional significant qualities, including energy storage, expanding their
potential uses in a variety of disciplines. Another promising trend is the incorporation
of nanotechnology and smart materials. This could lead to the development of P-CDs
with dynamic, real-time responses to environmental changes, delivering more precise and
actionable data on heavy metal concentrations. Advanced data analytics and machine
learning are becoming increasingly utilized to understand sensor outputs. The technique
enhances the reliability and accuracy of the detection of heavy metal devices by enabling
more complex data processing. Furthermore, this development of compact and field-
deployable detection equipment is anticipated to improve accessibility and usefulness,
particularly in distant or underserved areas. Finally, continued research into novel natural
precursors and sustainable procedures will be critical in reducing the environmental impact
of CD manufacture while increasing its effectiveness. These growing tendencies point
to a future in which plant-based P-CDs play an increasingly vital role in environmental
monitoring and safety.
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35. Polatoğlu, B.; Bozkurt, E. Green synthesis of fluorescent carbon dots from Kumquat (Fortunella margarita) for detection of Fe3+

ions in aqueous solution. Res. Chem. Intermed. 2021, 47, 1865–1881. [CrossRef]
36. Devi, P.; Rajput, P.; Thakur, A.; Kim, K.H.; Kumar, P. Recent advances in carbon quantum dot-based sensing of heavy metals in

water. TrAC Trends Anal. Chem. 2019, 114, 171–195. [CrossRef]
37. Latief, U.; ul Islam, S.; Khan, Z.M.S.H.; Khan, M.S. A facile green synthesis of functionalized carbon quantum dots as fluorescent

probes for a highly selective and sensitive detection of Fe3+ ions. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2021, 262, 120132.
[CrossRef]

38. Ran, Y.; Wang, S.; Yin, Q.; Wen, A.; Peng, X.; Long, Y.; Chen, S. Green synthesis of fluorescent carbon dots using chloroplast
dispersions as precursors and application for Fe3+ ion sensing. Luminescence 2020, 35, 870–876. [CrossRef]

39. Sindhuja, H.; Selvaraj, H.; Ilangovan, A.; Chandrasekaran, K.; Rajesh, V.; Parthipan, P. Green synthesis of biomass derived carbon
dots via microwave-assisted method for selective detection of Fe3+ ions in an aqueous medium. Inorg. Chem. Commun. 2023,
157, 111348. [CrossRef]

40. Devi, P.; Thakur, A.; Bhardwaj, S.K.; Saini, S.; Rajput, P.; Kumar, P. Metal ion sensing and light activated antimicrobial activity of
aloe-vera derived carbon dots. J. Mater. Sci. Mater. Electron. 2018, 29, 17254–17261. [CrossRef]

41. Wang, N.; Wang, Y.; Guo, T.; Yang, T.; Chen, M.; Wang, J. Green preparation of carbon dots with papaya as carbon source for
effective fluorescent sensing of Iron (III) and Escherichia coli. Biosens. Bioelectron. 2016, 85, 68–75. [CrossRef]

42. Xia, L.; Li, X.; Zhang, Y.; Zhou, K.; Yuan, L.; Shi, R.; Zhang, K.; Fu, Q. Sustainable and green synthesis of waste-biomass-derived
carbon dots for parallel and semi-quantitative visual detection of Cr (VI) and Fe3+. Molecules 2022, 27, 1258. [CrossRef]

43. Krishnaiah, P.; Atchudan, R.; Perumal, S.; Salama, E.S.; Lee, Y.R.; Jeon, B.H. Utilization of waste biomass of Poa pratensis for green
synthesis of n-doped carbon dots and its application in detection of Mn2+ and Fe3+. Chemosphere 2022, 286, 131764. [CrossRef]
[PubMed]

44. Shanmuga Priya, S.; Suseem, S. Sustainable carbon dots from Borreria hispida: Enhanced colorimetric sensing of Fe3+ ions and
biological applications in live cell imaging. RSC Adv. 2024, 14, 17471–17479. [CrossRef]

45. Kim, K.-H.; Kabir, E.; Jahan, S.A. A review on the distribution of Hg in the environment and its human health impacts. J. Hazard.
Mater. 2016, 306, 376–385. [CrossRef] [PubMed]

46. Järup, L. Hazards of heavy metal contamination. Br. Med. Bull. 2003, 68, 167–182. [CrossRef]
47. Liu, H.; Ding, L.; Chen, L.; Chen, Y.; Zhou, T.; Li, H.; Xu, Y.; Zhao, L.; Huang, N. A facile, green synthesis of biomass carbon

dots coupled with molecularly imprinted polymers for highly selective detection of oxytetracycline. J. Ind. Eng. Chem. 2019, 69,
455–463. [CrossRef]

48. Lu, W.; Qin, X.; Liu, S.; Chang, G.; Zhang, Y.; Luo, Y.; Asiri, A.M.; Al-Youbi, A.O.; Sun, X. Economical, green synthesis of
fluorescent carbon nanoparticles and their use as probes for sensitive and selective detection of mercury(II) ions. Anal. Chem.
2012, 84, 5351–5357. [CrossRef]

49. Gaddam, R.R.; Vasudevan, D.; Narayan, R.; Raju, K.V.S.N. Controllable synthesis of biosourced blue-green fluorescent carbon
dots from camphor for the detection of heavy metal ions in water. RSC Adv. 2014, 4, 57137–57143. [CrossRef]

50. Huang, H.; Lv, J.J.; Zhou, D.L.; Bao, N.; Xu, Y.; Wang, A.J.; Feng, J.J. One-pot green synthesis of nitrogen-doped carbon
nanoparticles as fluorescent probes for mercury ions. RSC Adv. 2013, 3, 21691–21696. [CrossRef]

51. Kasinathan, K.; Samayanan, S.; Marimuthu, K.; Yim, J.H. Green synthesis of multicolour fluorescence carbon quantum dots from
sugarcane waste: Investigation of mercury (II) ion sensing, and bio-imaging applications. Appl. Surf. Sci. 2022, 601, 154266.
[CrossRef]

52. Qin, X.; Lu, W.; Asiri, A.M.; Al-Youbi, A.O.; Sun, X. Microwave-assisted rapid green synthesis of photoluminescent carbon
nanodots from flour and their applications for sensitive and selective detection of mercury(II) ions. Sens. Actuators B Chem. 2013,
184, 156–162. [CrossRef]

53. Xie, Y.; Wang, S.; Fu, N.; Yang, Y.; Liu, X.; Sun, W.; Gong, L.; Li, W.; Han, A. Green preparation of carbon dots for hg2+ detection
and cell imaging. Mater. Express 2020, 10, 1777–1787. [CrossRef]

54. Askari, F.; Rahdar, A.; Dashti, M.; Trant, J.F. Detecting Mercury (II) and Thiocyanate Using “Turn-on” Fluorescence of Graphene
Quantum Dots. J. Fluoresc. 2020, 30, 1181–1187. [CrossRef] [PubMed]

https://doi.org/10.1016/j.snb.2016.10.068
https://doi.org/10.1016/j.microc.2020.105357
https://doi.org/10.1039/D2MA00567K
https://doi.org/10.1039/C5AN00454C
https://doi.org/10.1016/j.bios.2014.04.046
https://www.ncbi.nlm.nih.gov/pubmed/24832204
https://doi.org/10.1016/j.jphotobiol.2017.08.035
https://www.ncbi.nlm.nih.gov/pubmed/28915491
https://doi.org/10.1007/s11164-021-04404-y
https://doi.org/10.1016/j.trac.2019.03.003
https://doi.org/10.1016/j.saa.2021.120132
https://doi.org/10.1002/bio.3794
https://doi.org/10.1016/j.inoche.2023.111348
https://doi.org/10.1007/s10854-018-9819-0
https://doi.org/10.1016/j.bios.2016.04.089
https://doi.org/10.3390/molecules27041258
https://doi.org/10.1016/j.chemosphere.2021.131764
https://www.ncbi.nlm.nih.gov/pubmed/34364229
https://doi.org/10.1039/d4ra01686f
https://doi.org/10.1016/j.jhazmat.2015.11.031
https://www.ncbi.nlm.nih.gov/pubmed/26826963
https://doi.org/10.1093/bmb/ldg032
https://doi.org/10.1016/j.jiec.2018.10.007
https://doi.org/10.1021/ac3007939
https://doi.org/10.1039/C4RA10471D
https://doi.org/10.1039/c3ra43452d
https://doi.org/10.1016/j.apsusc.2022.154266
https://doi.org/10.1016/j.snb.2013.04.079
https://doi.org/10.1166/mex.2020.1843
https://doi.org/10.1007/s10895-020-02586-z
https://www.ncbi.nlm.nih.gov/pubmed/32691262


Nanomaterials 2024, 14, 1766 23 of 24

55. Li, T.; Ning, Y.; Pang, J.; Chen, L.; Zhang, F.; Chai, F. Green and facile synthesis of silicon-doped carbon dots and their use in
detection of Hg2+ and visualization of latent fingerprints. New J. Chem. 2023, 47, 147–155. [CrossRef]

56. Tapiero, H.; Townsend, D.M.; Tew, K.D. Trace elements in human physiology and pathology. Copper. Biomed. Pharmacother. 2003,
57, 386–398. [CrossRef]

57. Skalnaya, M.G.; Skalny, A. V Essential trace elements in human health: A physician’s view. Tomsk. Publ. House Tomsk. State Univ.
2018, 224, 1–222.

58. Torres Landa, S.D.; Reddy Bogireddy, N.K.; Kaur, I.; Batra, V.; Agarwal, V. Heavy metal ion detection using green precursor
derived carbon dots. iScience 2022, 25, 103816. [CrossRef] [PubMed]

59. Tan, X.W.; Romainor, A.N.B.; Chin, S.F.; Ng, S.M. Carbon dots production via pyrolysis of sago waste as potential probe for metal
ions sensing. J. Anal. Appl. Pyrolysis 2014, 105, 157–165. [CrossRef]

60. Liu, Y.; Zhao, Y.; Zhang, Y. One-step green synthesized fluorescent carbon nanodots from bamboo leaves for copper(II) ion
detection. Sens. Actuators B Chem. 2014, 196, 647–652. [CrossRef]

61. Sanni, S.O.; Moundzounga, T.H.G.; Oseghe, E.O.; Haneklaus, N.H.; Viljoen, E.L.; Brink, H.G. One-Step Green Synthesis of
Water-Soluble Fluorescent Carbon Dots and Its Application in the Detection of Cu2+. Nanomaterials 2022, 12, 958. [CrossRef]

62. Gedda, G.; Lee, C.Y.; Lin, Y.C.; Wu, H.F. Green synthesis of carbon dots from prawn shells for highly selective and sensitive
detection of copper ions. Sens. Actuators B Chem. 2016, 224, 396–403. [CrossRef]

63. Murugan, N.; Prakash, M.; Jayakumar, M.; Sundaramurthy, A.; Sundramoorthy, A.K. Green synthesis of fluorescent carbon
quantum dots from Eleusine coracana and their application as a fluorescence ‘turn-off’ sensor probe for selective detection of
Cu2+. Appl. Surf. Sci. 2019, 476, 468–480. [CrossRef]

64. Gedda, G.; Sankaranarayanan, S.A.; Putta, C.L.; Gudimella, K.K.; Rengan, A.K.; Girma, W.M. Green synthesis of multi-functional
carbon dots from medicinal plant leaves for antimicrobial, antioxidant, and bioimaging applications. Sci. Rep. 2023, 13, 6371.
[CrossRef] [PubMed]

65. Yu, Z.; Xu, S.-F.; Zhao, J.-L.; Zhao, L.; Zhang, A.-Z.; Li, M.-Y. Toxic effects of hexavalent chromium (Cr6+) on bioaccumulation,
apoptosis, oxidative damage and inflammatory response in Channa asiatica. Environ. Toxicol. Pharmacol. 2021, 87, 103725.
[CrossRef] [PubMed]

66. He, X.; Li, P. Surface water pollution in the middle Chinese Loess Plateau with special focus on hexavalent chromium (Cr6+):
Occurrence, sources and health risks. Expo. Health 2020, 12, 385–401. [CrossRef]

67. Guarneri, F.; Costa, C.; Cannavò, S.P.; Catania, S.; Bua, G.D.; Fenga, C.; Dugo, G. Release of nickel and chromium in common
foods during cooking in 18/10 (grade 316) stainless steel pots. Contact Dermat. 2017, 76, 40–48. [CrossRef]

68. Chen, Y.; Lin, H.; Chen, J.; Zhou, X.; Zhou, L.; Huang, W.; Guan, Q.; Ye, G. Study on the Influence of Metal Materials on the
Migration of Heavy Metals in Stainless Steel Kitchenware. IOP Conf. Ser. Mater. Sci. Eng. 2019, 490, 22032. [CrossRef]

69. Awasthi, Y.; Ratn, A.; Prasad, R.; Kumar, M.; Trivedi, S.P. An in vivo analysis of Cr6+ induced biochemical, genotoxicological
and transcriptional profiling of genes related to oxidative stress, DNA damage and apoptosis in liver of fish, Channa punctatus
(Bloch, 1793). Aquat. Toxicol. 2018, 200, 158–167. [CrossRef]

70. Liu, Y.; Zhou, Q.; Li, J.; Lei, M.; Yan, X. Selective and sensitive chemosensor for lead ions using fluorescent carbon dots prepared
from chocolate by one-step hydrothermal method. Sens. Actuators B Chem. 2016, 237, 597–604. [CrossRef]

71. Kumar, A.; Chowdhuri, A.R.; Laha, D.; Mahto, T.K.; Karmakar, P.; Sahu, S.K. Green synthesis of carbon dots from Ocimum
sanctum for effective fluorescent sensing of Pb2+ ions and live cell imaging. Sens. Actuators B Chem. 2017, 242, 679–686. [CrossRef]

72. Boobalan, T.; Sethupathi, M.; Sengottuvelan, N.; Kumar, P.; Balaji, P.; Gulyás, B.; Padmanabhan, P.; Selvan, S.T.; Arun, A.
Mushroom-Derived Carbon Dots for Toxic Metal Ion Detection and as Antibacterial and Anticancer Agents. ACS Appl. Nano
Mater. 2020, 3, 5910–5919. [CrossRef]

73. Wee, S.S.; Ng, Y.H.; Ng, S.M. Synthesis of fluorescent carbon dots via simple acid hydrolysis of bovine serum albumin and its
potential as sensitive sensing probe for lead (II) ions. Talanta 2013, 116, 71–76. [CrossRef] [PubMed]

74. Xu, J.; Jie, X.; Xie, F.; Yang, H.; Wei, W.; Xia, Z. Flavonoid moiety-incorporated carbon dots for ultrasensitive and highly selective
fluorescence detection and removal of Pb2+. Nano Res. 2018, 11, 3648–3657. [CrossRef]

75. Bandi, R.; Dadigala, R.; Gangapuram, B.R.; Guttena, V. Green synthesis of highly fluorescent nitrogen—Doped carbon dots from
Lantana camara berries for effective detection of lead(II) and bioimaging. J. Photochem. Photobiol. B Biol. 2018, 178, 330–338.
[CrossRef] [PubMed]

76. Gupta, A.; Verma, N.C.; Khan, S.; Tiwari, S.; Chaudhary, A.; Nandi, C.K. Paper strip based and live cell ultrasensitive lead sensor
using carbon dots synthesized from biological media. Sens. Actuators B Chem. 2016, 232, 107–114. [CrossRef]

77. Xu, J.; Guo, Y.; Qin, L.; Yue, X.; Zhang, Q.; Wang, L. Green one-step synthesis of boron and nitrogen co-doped carbon dots based
on inner filter effect as fluorescent nanosensors for determination of Fe3+. Ceram. Int. 2023, 49, 7546–7555. [CrossRef]

78. Li, M.; Lu, J. Cobalt in lithium-ion batteries. Science 2020, 367, 979–980. [CrossRef]
79. Hu, G.; Ge, L.; Li, Y.; Mukhtar, M.; Shen, B.; Yang, D.; Li, J. Carbon dots derived from flax straw for highly sensitive and selective

detections of cobalt, chromium, and ascorbic acid. J. Colloid Interface Sci. 2020, 579, 96–108. [CrossRef]
80. Mohammed, E.; Mohammed, K.; Liu, J.; Chen, H.; Xiao, J. Silicon quantum dots-based fluorescent sensor for the detection of

cobalt with high sensitivity and selectivity. Chin. Chem. Lett. 2024, 35, 108476. [CrossRef]
81. Wu, Y.; Liu, Y.; Yin, J.; Li, H.; Huang, J. Facile ultrasonic synthesized NH2-carbon quantum dots for ultrasensitive Co2+ ion

detection and cell imaging. Talanta 2019, 205, 120121. [CrossRef]

https://doi.org/10.1039/D2NJ04671G
https://doi.org/10.1016/S0753-3322(03)00012-X
https://doi.org/10.1016/j.isci.2022.103816
https://www.ncbi.nlm.nih.gov/pubmed/35198881
https://doi.org/10.1016/j.jaap.2013.11.001
https://doi.org/10.1016/j.snb.2014.02.053
https://doi.org/10.3390/nano12060958
https://doi.org/10.1016/j.snb.2015.09.065
https://doi.org/10.1016/j.apsusc.2019.01.090
https://doi.org/10.1038/s41598-023-33652-8
https://www.ncbi.nlm.nih.gov/pubmed/37076562
https://doi.org/10.1016/j.etap.2021.103725
https://www.ncbi.nlm.nih.gov/pubmed/34416396
https://doi.org/10.1007/s12403-020-00344-x
https://doi.org/10.1111/cod.12692
https://doi.org/10.1088/1757-899X/490/2/022032
https://doi.org/10.1016/j.aquatox.2018.05.001
https://doi.org/10.1016/j.snb.2016.06.092
https://doi.org/10.1016/j.snb.2016.11.109
https://doi.org/10.1021/acsanm.0c01058
https://doi.org/10.1016/j.talanta.2013.04.081
https://www.ncbi.nlm.nih.gov/pubmed/24148375
https://doi.org/10.1007/s12274-017-1931-6
https://doi.org/10.1016/j.jphotobiol.2017.11.010
https://www.ncbi.nlm.nih.gov/pubmed/29178994
https://doi.org/10.1016/j.snb.2016.03.110
https://doi.org/10.1016/j.ceramint.2022.10.253
https://doi.org/10.1126/science.aba9168
https://doi.org/10.1016/j.jcis.2020.06.034
https://doi.org/10.1016/j.cclet.2023.108476
https://doi.org/10.1016/j.talanta.2019.120121


Nanomaterials 2024, 14, 1766 24 of 24

82. Zhao, C.; Li, X.; Cheng, C.; Yang, Y. Green and microwave-assisted synthesis of carbon dots and application for visual detection
of cobalt(II) ions and pH sensing. Microchem. J. 2019, 147, 183–190. [CrossRef]

83. Dutta, A.; Rooj, B.; Mondal, T.; Mukherjee, D.; Mandal, U. Detection of Co2+ via fluorescence resonance energy transfer between
synthesized nitrogen-doped carbon quantum dots and Rhodamine 6G. J. Iran. Chem. Soc. 2020, 17, 1695–1704. [CrossRef]

84. Alkian, I.; Sutanto, H.; Hadiyanto, B.; Prasetio, A.; Aprimanti Utami, B. Facile synthesized carbon dots for simple and selective
detection of cobalt ions in aqueous media. Cogent Eng. 2022, 9, 2033467. [CrossRef]

85. Hayat, M.T.; Nauman, M.; Nazir, N.; Ali, S.; Bangash, N. Environmental hazards of cadmium: Past, present, and future. In
Cadmium Toxicity and Tolerance in Plants; Elsevier: Amsterdam, The Netherlands, 2019; pp. 163–183.

86. Pandey, S.C.; Kumar, A.; Sahu, S.K. Single Step Green Synthesis of Carbon Dots from Murraya koenigii leaves; A Unique Turn-off
Fluorescent contrivance for Selective Sensing of Cd (II) ion. J. Photochem. Photobiol. A Chem. 2020, 400, 112620. [CrossRef]

87. Keerthana, P.; Kumar, A.; Bharath, M.; Ghosh, M.; Varghese, A. A ratiometric fluorescent sensor based on dual-emissive carbon
dot for the selective detection of Cd2+. J. Environ. Chem. Eng. 2023, 11, 109325. [CrossRef]

88. Yan, Z.; Yao, W.; Mai, K.; Huang, J.; Wan, Y.; Huang, L.; Cai, B.; Liu, Y. A highly selective and sensitive “on–off” fluorescent probe
for detecting cadmium ions and L-cysteine based on nitrogen and boron co-doped carbon quantum dots. RSC Adv. 2022, 12,
8202–8210. [CrossRef]

89. Tan, Q.; Li, X.; Wang, L.; Zhao, J.; Yang, Q.; Sun, P.; Deng, Y.; Shen, G. One-step synthesis of highly fluorescent carbon dots as
fluorescence sensors for the parallel detection of cadmium and mercury ions. Front. Chem. 2022, 10, 1005231. [CrossRef] [PubMed]

90. Arumugam, N.; Kim, J. Synthesis of carbon quantum dots from Broccoli and their ability to detect silver ions. Mater. Lett. 2018,
219, 37–40. [CrossRef]

91. Akhgari, F.; Farhadi, K.; Samadi, N.; Akhgari, M. Detection of Silver Nanoparticles Using Green Synthesis of Fluorescent
Nitrogen-Doped Carbon Dots. Iran. J. Sci. Technol. Trans. A Sci. 2020, 44, 379–387. [CrossRef]

92. Suryawanshi, A.; Biswal, M.; Mhamane, D.; Gokhale, R.; Patil, S.; Guin, D.; Ogale, S. Large scale synthesis of graphene quantum
dots (GQDs) from waste biomass and their use as an efficient and selective photoluminescence on-off-on probe for Ag+ ions.
Nanoscale 2014, 6, 11664–11670. [CrossRef]

93. Li, Q.; Bai, Z.; Xi, X.; Guo, Z.; Liu, C.; Liu, X.; Zhao, X.; Li, Z.; Cheng, Y.; Wei, Y. Rapid microwave-assisted green synthesis of
guanine-derived carbon dots for highly selective detection of Ag+ in aqueous solution. Spectrochim. Acta Part A Mol. Biomol.
Spectrosc. 2021, 248, 119208. [CrossRef]

94. Stefanidou, M.; Maravelias, C.; Dona, A.; Spiliopoulou, C. Zinc: A multipurpose trace element. Arch. Toxicol. 2006, 80, 1–9.
[CrossRef]

95. Jayan, S.S.; Jayan, J.S.; Sneha, B.; Abha, K. Facile synthesis of carbon dots using tender coconut water for the fluorescence detection
of heavy metal ions. Mater. Today Proc. 2020, 43, 3821–3825. [CrossRef]

96. Bhamore, J.R.; Jha, S.; Singhal, R.K.; Park, T.J.; Kailasa, S.K. Facile green synthesis of carbon dots from Pyrus pyrifolia fruit for
assaying of Al3+ ion via chelation enhanced fluorescence mechanism. J. Mol. Liq. 2018, 264, 9–16. [CrossRef]

97. Arumugham, T.; Alagumuthu, M.; Amimodu, R.G.; Munusamy, S.; Iyer, S.K. A sustainable synthesis of green carbon quantum
dot (CQD) from Catharanthus roseus (white flowering plant) leaves and investigation of its dual fluorescence responsive behavior
in multi-ion detection and biological applications. Sustain. Mater. Technol. 2020, 23, e00138. [CrossRef]

98. Zou, Y.; Yan, F.; Dai, L.; Luo, Y.; Fu, Y.; Yang, N.; Wun, J.; Chen, L. High photoluminescent carbon nanodots and quercetin-Al3+

construct a ratiometric fluorescent sensing system. Carbon 2014, 77, 1148–1156. [CrossRef]
99. Liao, J.; Cheng, Z.; Zhou, L. Nitrogen-Doping Enhanced Fluorescent Carbon Dots: Green Synthesis and Their Applications for

Bioimaging and Label-Free Detection of Au3+ Ions. ACS Sustain. Chem. Eng. 2016, 4, 3053–3061. [CrossRef]
100. Mohandoss, S.; Ahmad, N.; Velu, K.S.; Khan, M.R.; Palanisamy, S.; You, S.G.; Lee, Y.R. Synthesis of Photoluminescent Carbon Dots

Using Hibiscus Tea Waste and Heteroatom Doping for Multi-Metal Ion Sensing: Applications in Cell imaging and Environmental
Samples. Chemosensors 2023, 11, 474. [CrossRef]

101. Hoan, B.T.; Thanh, T.T.; Tam, P.D.; Trung, N.N.; Cho, S.; Pham, V.H. A green luminescence of lemon derived carbon quantum dots
and their applications for sensing of V5+ ions. Mater. Sci. Eng. B 2019, 251, 114455. [CrossRef]

102. Hashemi, N.; Mousazadeh, M.H. Green synthesis of photoluminescent carbon dots derived from red beetroot as a selective probe
for Pd2+ detection. J. Photochem. Photobiol. A Chem. 2021, 421, 113534. [CrossRef]

103. Chen, M.; Liu, C.; Zhai, J.; An, Y.; Li, Y.; Zheng, Y.; Tian, H.; Shi, R.; He, X.; Lin, X. Preparation of solvent-free starch-based carbon
dots for the selective detection of Ru3+ ions. 2022, 12, 18779–18783. RSC Adv. 2022, 12, 18779–18783. [CrossRef]

104. Gholivand, M.B.; Ahmadi, E.; Mavaei, M. A novel voltammetric sensor based on graphene quantum dots-thionine/nano-porous
glassy carbon electrode for detection of cisplatin as an anti-cancer drug. Sens. Actuators B Chem. 2019, 299, 126975. [CrossRef]

105. Alshehri, R.F.; Amin, A.S.; Darwish, E.R. Colorimetric probe for the determination of osmium through a novel optical sensor in
environmental samples. Talanta Open 2024, 9, 100311. [CrossRef]

106. Yarur, F.; Macairan, J.R.; Naccache, R. Ratiometric detection of heavy metal ions using fluorescent carbon dots. Environ. Sci. Nano
2019, 6, 1121–1130. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.microc.2019.03.029
https://doi.org/10.1007/s13738-020-01891-5
https://doi.org/10.1080/23311916.2022.2033467
https://doi.org/10.1016/j.jphotochem.2020.112620
https://doi.org/10.1016/j.jece.2023.109325
https://doi.org/10.1039/D1RA08219A
https://doi.org/10.3389/fchem.2022.1005231
https://www.ncbi.nlm.nih.gov/pubmed/36247679
https://doi.org/10.1016/j.matlet.2018.02.043
https://doi.org/10.1007/s40995-020-00832-4
https://doi.org/10.1039/C4NR02494J
https://doi.org/10.1016/j.saa.2020.119208
https://doi.org/10.1007/s00204-005-0009-5
https://doi.org/10.1016/j.matpr.2020.11.417
https://doi.org/10.1016/j.molliq.2018.05.041
https://doi.org/10.1016/j.susmat.2019.e00138
https://doi.org/10.1016/j.carbon.2014.06.056
https://doi.org/10.1021/acssuschemeng.6b00018
https://doi.org/10.3390/chemosensors11090474
https://doi.org/10.1016/j.mseb.2019.114455
https://doi.org/10.1016/j.jphotochem.2021.113534
https://doi.org/10.1039/D2RA03277E
https://doi.org/10.1016/j.snb.2019.126975
https://doi.org/10.1016/j.talo.2024.100311
https://doi.org/10.1039/C8EN01418C

	Introduction 
	Synthesis and Structural Properties of P-CDs 
	Application of P-CDs for the Detection of Heavy Metal Ions 
	Iron (Fe3+, Fe2+) 
	Mercury (Hg2+) 
	Copper (Cu2+, Cu+) 
	Chromium 
	Co(II) 
	Cd(II) 
	Ag(I) 
	Zn2+, Al3+, Au3+, V5+, and Ru3+ 

	Industrial Applications of Plant-Derived Carbon Dots for Heavy Metal Ion Detection 
	Conclusions and Future Perspectives 
	References

