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Abstract:

Carbon dots (CDs) have garnered significant attention in heavy metal (HM) sensing due to their
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ORée fz;;d '202 4 exceptional optical properties and numerous advantages. Due to the rapid industrialization in
Revised: the last couple of decades, the accumulation of HM in the environment poses a major threat to
04 July 2024 humans and marine and terrestrial organisms in the Indian subcontinent. Therefore, the detection
Accepted: of HM in the environment is of paramount importance. This review delineates the latest progress
10 July 2024 in employing CDs for heavy metal detection, specifically focusing on those with dual-emissive
Published online: fluorescence characteristics, highlighting their superiority compared to traditional detection ap-
10 October 2024 proaches. Additionally, eco-friendly synthesis methods and the mechanisms through which heavy

metals are sensed by CDs are investigated, with emphasis placed on their benefits, such as high sen-
© The Author(s) 2024 sitivity and selectivity in metal detection applications. The review examines a variety of detection

methods employing CDs, such as fluorescence, colorimetry, electrochemical techniques sensing,
and ratiometric fluorescence methods, and elucidates their distinct applications. Furthermore,
it focuses on approaches aimed at enhancing the sensing capabilities of CDs through surface
functionalization, doping, and composite formation. By providing a comprehensive overview
of detection methods and suggesting avenues for further research and development, it aims to
contribute to the advancement of this field.
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1. Introduction others do not play any known beneficial role in metabolic

processes, even in minute amounts. [1]. Due to the rapid

Metals that have a density greater than 5 g/cm? are clas-
sified as heavy metals. These elements, which have high
atomic weights and densities, are naturally occurring in the
Earth’s crust. Heavy metals are divided into two main cate-
gories: essential and nonessential. Essential heavy metals
are vital for various biological functions, including growth,
metabolism, and the development of organs in living be-
ings. For instance, Cu, Fe, Mn, Co, Zn, Ni, and others
are considered essential as they act as cofactors that are
critical for the structural integrity and activity of enzymes
and proteins in both animals and plants. These vital metals
are needed only in small amounts and are often referred
to as trace elements or micronutrients. On the other hand,
nonessential heavy metals like Cd, Pb, Hg, Cr, Al, and

growth of industries such as chrome plating, leather tanning
industry, pesticides and herbicide manufacturing, pharma-
ceutical industry, and battery manufacturing, the sources of
heavy metals in soil and marine regions increased rapidly
[2]. HMs are considered to be toxic to humans and marine
organisms due to bio-accumulation. HMs in the environ-
ment can reach the human body through several routes,
especially dermal or inhalation routes or drinking heavy
metal-contaminated water and food. They produce various
modes of toxicities in human bodies, such as genotoxicity,
neurotoxicity, hepatotoxicity, carcinogenicity, skin toxicity,
etc (Figure 1). Requisite elements in the body are replaced
by HMs if continuously exposed to HMs from the environ-
ment [3]. Detecting heavy metals in soil and water before
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Figure 1. Mechanism of heavy metal toxicity in humans.

their use has become imperative due to the array of issues
stemming from their improper release into the environment
by industries without adequate remediation measures. The
World Health Organization (WHO) has established mini-
mum concentration levels (MCL) for heavy metals in soil
and water, underlining the critical importance of monitoring
and adhering to these guidelines.

The increased level of HMs needs to be detected earlier
and removed to prevent any health hazard. Therefore, the
detection of heavy HMs holds significant importance in
environmental monitoring. It enables the assessment of
contamination levels and potential risks to both ecosys-
tems and human health. Through precise identification and
measurement of hazardous substances, proactive measures
can be implemented to mitigate their impact and safeguard
the environment, ensuring its preservation and protection.
Detection of HMs can be performed by methods such as
Atomic absorption spectroscopy (AAS), Inductively cou-
pled plasma optical mass spectroscopy (ICP-MS), Hybrid
generation atomic absorption spectroscopy (HG-AAS), and
High-performance liquid chromatography (HPLC). Even
though these methods can be afforded to detect HMs in trace

levels with high sensitivity and accuracy, they possess some
disadvantages, such as time consumption, cost, and compli-
cation in instrumentation, as they require expertized persons
to handle [4]. Hence, to overcome these disadvantages of
conventional methods, researchers have developed nanoma-
terials (NMs) -based sensors for the detection of HMs in
the environment. NMs such as metal nanoparticles, silica
nanoparticles, metal-organic frameworks (MOFs), and car-
bon dots (CDs) are the most frequently used particles in
detecting HMs. But, among these, CDs are widely used
because of ease of functionalization, stability under various
environmental conditions, tunable properties, high sensitiv-
ity, and selectivity [5, 6]. The ratiometric sensing method
utilizes a fluorescent probe with two emission (EM) wave-
lengths under a single excitation wavelength for effectively
sensing HMs without interference from background noise,
instrument error, environmental changes, and sensor con-
centration variation. CDs are doped/hybridized with other
luminescent materials for effectively sensing HMs with two
EM peaks under a single excitation wavelength [7]. This
review discussed the role of CDs in detecting various HMs
through fluorescence, colorimetric, electrochemical, and
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ratiometric sensing methods. With the advantages of ra-
tiometric sensing over fluorescence (FL) and colorimetric
sensing, recent research investigations have been compiled
to provide detailed insight into the topic.

To date, CDs have been synthesized from various precursors,
yet researchers continue to seek appropriate precursors to
tune luminescence, which is often hindered by passivating
factors and toxic chemicals. Natural or renewable resource-
generated fluorescent CDs have been synthesized using a
variety of bottom-up approaches, including hydrothermal
or solvothermal methods, microwave irradiation, ultrasonic
techniques, and thermal decomposition [§—10]. Green syn-
thesis methods facilitate CD fabrication by minimizing the
use of toxic and carcinogenic solvents. Various natural re-
sources, such as crab shells, prawn shells, green tea leaves,
coffee, garlic, ginger, and bio-wastes, have been used as car-
bon sources to develop fluorescent CDs, thereby overcom-
ing surface passivation [11, 12]. Therefore, the successful
fabrication of CDs is achievable through the careful selec-
tion of precursors with significant physical and biological
properties combined with green synthesis approaches. This
review also emphasizes the role of green route synthesized
CDs in sensing mechanisms.

2. A threat from heavy metals: India’s
perspective

India’s major HM toxicity includes arsenic, mercury, lead,
iron, and chromium. The two major water resources of In-
dia, the Ganges and Yamuna Rivers, are contaminated with
HM pollutants. Arsenic is derived from various sources,
including domestic, industrial, and electronic waste, agri-
cultural activities, as well as improper disposal and mis-
handling of solid waste. The government imposed several
measures for the prevention of arsenic contamination. The
plans are categorized into defensive and proactive meth-
ods. The defensive tactics encompass various actions, in-
cluding scientific gathering, purification, proper disposal
of arsenic-contaminated water, on-site management of in-
dustrial wastewater, and the control of chemical fertilizers,
pesticides, and insecticide usage. The proactive methods
include creating awareness among the Indian masses and
the unconcerned public, creating artificial lakes to store the
flood waters, and releasing it in the Yamuna River during
the dry period [13]. The Ganga River, stretching 2525 km
from Gangotri to the Bay of Bengal, covers an expansive
area of 8,61.404 km? and serves as a crucial water source for
the Indian population. The states such as Uttarakhand, Uttar
Pradesh, Bihar, Jharkhand, and West Bengal are the states
in which the Ganga River flows are heavily contaminated by
Industrial wastewater. The CPCB monitors the stretch of the
Ganga River from Rishikesh to Varanasi, with the central
portion spanning Kannauj to Kanpur and Varanasi being
identified as the most polluted segment [14]. The 2023
reports from the Central Pollution Control Board (CPCB)
on the Ganga River highlight a slight surpassing of permis-
sible Biochemical Oxygen Demand (BOD) levels. Specif-
ically, BOD levels range from 3.2 to 4.5 mg/L between
Farrukhabad and Varanasi, indicating a minor breach of ac-
ceptable thresholds. BOD measures the dissolved oxygen re-
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quired by microorganisms to decompose organic substances
in water. Higher BOD levels indicate increased organic pol-
lution, posing risks of oxygen depletion and harm to aquatic
ecosystems. Thus, these findings emphasize the need for
ongoing scientific monitoring and coordinated actions to
address pollution across the Ganga River basin, ensuring its
ecological well-being and long-term sustainability.

2.1 Cadmium (Cd)

Cd is a pliable metal often considered toxic because of its
unknown physiological functions in humans and organisms
[15]. Cd has a half-life of 16 — 30 years in the human body
and varies in concentration throughout the body. Cd is dis-
charged into the environment through human activities such
as industries of Ni-Cd batteries, corrosive agents, and plas-
ticizers in PVC products. Smoking habit of humans also
increases the Cd concentration in blood and urine. People
working in industries of glass production, alloys, electroplat-
ing, and batteries are frequently exposed and have chronic
disabilities. International Agency for Research on Cancer
(IRAC) classified Cd as a carcinogen (Group 1). Natural ac-
tivities such as volcanic erosion, abrasion of soil and rocks,
forest fires, and mines of zinc, lead, and arsenic are also
contributors to Cd in the atmosphere, soil, and water. Cd
enters the human body through the respiratory tract and
also, a small amount through the gastrointestinal tract but
skin absorption of Cd is extremely rare [16]. Once Cd is
absorbed into the body erythrocytes and albumin facilitate
in transport of them to the bloodstream and accumulate
them in the liver, kidney, and gut. Cd is excreted from the
human body through means of urine, saliva, and milk during
lactation. Intake of Cd-contaminated foods also results in
various problems [17]. In 2013, researchers from University
of Kalyani conducted a study to evaluate the exposure of Cd
effects on workers of small-scale jewellers in Kolkata with
a sample size of 133 individuals [18]. Results showed that
workers had 10 times higher Cd concentration (2.74 —9.89
ng/dl) in urine excretion when compared to the jewellers
shop salesman (0.18 —0.78 pg/dl). Goyal et al. conducted
a study in Jodhpur, Rajasthan composed of 207 individuals,
grouped into 110 working in industries (test group) and 97
individuals (control group) to evaluate the lead and cad-
mium levels in the blood [19]. The exposed individuals had
a cadmium level of 0.16 — 7.00 whereas the control group
had 0.02 —3.96 ug/l, in the case of lead, the test group had
0.34 — 114.2 pg/dl, and the control group had 0.04 —2.98

ueg/dl.
2.2 Mercury

Mercury, a common HM pollutant with unknown function
in physiology and human biochemistry, has three different
forms: elemental, organic, and inorganic. While mercury
exists in minimal quantities in the environment, its toxic
nature, long-lasting effects, and tendency to accumulate in
organisms continue to significantly affect both humans and
other living beings. Mercury undergoes oxidation, trans-
forming into vapor form, which then enters the respiratory
system due to its inability to pass through the gastrointesti-
nal tract. In red blood cells and tissues, hydrogen peroxide
and peroxidise oxidize the elemental mercury into inor-
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ganic mercury because of their soluble property. Inorganic
mercury leads to autoimmune diseases and antinuclear anti-
bodies in exposed individuals [20]. Mercury exposure also
leads to increased production of free radicals, ROS, and
superoxide anions due to Fenton reactions [21]. HgCl, is an
important form of mercury known for its organotoxic and
carcinogenic properties. HgCl,, in the past decade, has been
widely used as an ingredient in skin whitening creams for
the removal of freckles and dark spots on the skin that occur
because of melanin accumulation. Hgo, a form of mercury,
can penetrate through the blood-brain barrier (BBB) and
placenta and produce toxicity. Organic Hg can enter the
gastrointestinal tract and is easily distributed in the body
[22].

2.3 Arsenic

Arsenic is considered a major HM contamination source
in the Indian scenario. A study revealed an increasing con-
centration of arsenic in the Gangetic Plain, Bihar [23]. In
the states of UP, the arsenic range was observed between
2.0 — 1310 ppb, but most of the samples contain arsenic
in the range of 0.5 mg/L, which is considered to be an
admissible value of arsenic in drinking water. In 1983, In-
dia first reported arsenic contamination in West Bengal’s
drinking water. Organic forms of arsenic such as arsenic tri-
oxide, arsenopyrite, orpiment, and realgar are carcinogenic
to humans. Arsenic is also known to be proto-plastic poi-
son, which results in abnormal cell respiration, cell enzyme
degradation, and mitosis by first attacking the sulthydryl
group of cells. Accidental consumption and suicidal at-
tempts based on arsenic lead to acute poisoning [24]. Acute
poisoning may also be caused by the intake of pesticide-
contaminated foods, arsenic-rich foods, or arsenic soils [25].
Acute poisoning of arsenic also happens through drinking
adulterated milk, which contains a source of arsenic wa-
ter. Short exposure to arsenic poisoning results in vomiting,
muscle pain, numbness, diarrhea, changes in the normal
heartbeat and, whereas long-term exposure to inorganic
arsenic leads to skin irritation, pigmentation, skin lesions,
and patches in the palm, and extreme conditions lead to
skin cancer, tumor in kidneys, lungs, bladder, and liver
[26]. The arsenic mechanism of toxicity is much more
complex because it involves five major metabolites, all of
which can cause toxic effects [27]. The liver metabolizes the
inorganic trivalent arsenic, which involves the successive
reductive methylation by the enzyme arsenic methyltrans-
ferase (AS3MT) in the presence of the cofactors glutathione
(GSH) and S-adenosylmethionine (SAM), resulting in the
formation of protein-bound intermediate metabolites such
as monomethylarsonous acid [MMA] (V) and dimethylarsi-
nous acid [DMA]. These intermediates are further oxidized
to less toxic pentavalent forms, MMA (V) and DMA (V),
before being excreted in the urine [28].

2.4 Lead

Lead is an HM with a low melting point and bluish-grey
color in appearance, feasible to mold into any shape, and
can easily form an alloy with other metals. Continued expo-
sure to lead in males leads to impotence, while in pregnant
women, it causes miscarriage [29]. Over-dosage of lead
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molecules in the blood causes neurological, cardiovascular,
hematologic, and reproductive problems. The mechanism
of lead-driven toxicity is that lead at the cellular level binds
to the sulthydryl group of GSH and blocks the activity of
some enzymes, which causes reduced GSH levels, further
resulting in the instability of cellular membrane through
lipid peroxidation, which may be led to hemolytic anemia
[30]. Lead can easily influence inflammatory responses in
various organs by disrupting the oxidant-antioxidant sys-
tem in the body [22]. Lead can generate reactive oxygen
species (ROS) by altering the cellular redox status by di-
rectly binding to proteins due to its high electronegativity.
Long-term exposure to lead in adults and children results
in adverse effects such as difficulties in intellectual and
learning ability and behavioral disorders [31]. Mabrouk and
Hassen studied the antioxidant system suppression in rat
kidneys [32]. Results showed that the rat group exposed to
lead showed a significant decrease in enzymes such as glu-
tathione, catalase, glutathione peroxidase, and superoxide
dismutase.

2.5 Chromium

Chromium causes several health issues as a result of em-
ploying it in industrial applications. Natural causes such as
erosion of chromium rocks and volcanic eruptions release
chromium into the environment. Chromium has been em-
ployed in almost all industries since its identification in 1797
as a crystallized red mineral by Louis Nicolas Vauguelin.
It produces almost 10 million tons of products per year all
over the world. Worldwide concentrations of chromium in
rivers and lakes range between 26 pg/L to 5.2 mg/L, about
5 to 800 pug/L in seawater, and about 1 — 300 mg/kg in
groundwater [33]. In India, the chromium level in the envi-
ronment exceeds the normal range of 2 mg/L to 2000 — 5000
mg/L, and 2000 — 3000 tons of chromium are released from
the tannery industries [34]. Cr(VI), an oxidation state of
chromium, is known to be a human carcinogen by the WHO,
and the intake of chromium mixed water leads to cancer
mortality [35]. The genotoxicity mechanism of Chromium
(VI) involves its entry into the cell via a sulfate transport sys-
tem. Once inside, it is converted to its trivalent form through
the action of cellular enzymes, including glutathione (GSH),
ascorbic acid, cytochrome P-450, glutathione reductase, and
riboflavin. Inhalation of Cr (VI) released from chromium-
related industries results in irritation of the respiratory tract,
airway irritation, and obstruction of the airway, which in
turn causes lung, sinus, and nasal cancer [36]. Inhalation
exposure of chromium concentration beyond 0.001 mg/m?
leads to various ulcers and cancers. Inhalation of chromium
in pregnant women affects the fetus by placental transfer
[37]. For early identification of heavy metal exposure and
timely intervention to safeguard public health, it is critical
to use accurate sensor-based diagnostic methods to detect
even trace amounts of heavy metals.

3. Conventional methods to measure HMs

Traditional detection methods encompass a range of analyti-
cal techniques for analyzing heavy metals in samples. Meth-
ods like atomic absorption spectroscopy (AAS), inductively
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coupled plasma mass spectroscopy (ICP-MS), hydride gen-
eration atomic absorption spectroscopy (HG-AAS), and
high-performance liquid chromatography (HPLC) hold sig-
nificant potential despite their respective constraints [4].

3.1 Atomic absorption spectroscopy (AAS)

The AAS technique, which utilizes free atoms in the gaseous
phase to absorb light, has been widely used in the past
decade. Atomizing a sample and exposing it to a beam of
light appropriate for the target metal is a method of deter-
mining its composition. The amount of light absorbed in
a sample is proportional to its metal concentration. AAS
offers excellent sensitivity and selectivity, making it suit-
able for detecting a wide range of HMs in various matrices
[38]. Improvements in Electrothermal Atomic Absorption
Spectrometry (ETAAS) have significantly broadened its ap-
plicability in trace element analysis. These advancements
have led to heightened sensitivity, detection capabilities,
and result reproducibility, surpassing previous limitations
like matrix interferences and background absorption. New
modifiers and trapping techniques stabilize analytes, while
precise control over atomization temperature and atomizer
design further boost performance [39]. The introduction of
high-resolution continuum source ETAAS facilitates directs
solid sampling, enabling swift quantitation with minimized
background noise. Moreover, ETAAS automation, partic-
ularly through flow injection analysis (FIA) and chemical
vapor generation, allows for the cost-effective and efficient
analysis of elements like as and Hg in environmental sam-
ples or in food ingredients, presenting a viable alternative
to methods such as Inductively Coupled Plasma Mass Spec-
trometry (ICP-MS).

3.2 ICP-MS

ICP-MS is an ion source coupled with mass spectrome-
try for elemental analysis. The sample is introduced into
the high-temperature plasma, where it is atomized, ionized,
and subsequently analyzed by mass spectrometry. ICP-MS
provides exceptional sensitivity and allows simultaneous
detection of multiple HMs with high precision, making it a
preferred choice for trace metal analysis [40]. ICP-SFMS,
or Sector Field ICP-MS, stands out in its ability to detect
very low concentrations of elements and compounds with
high precision. Its advanced resolution makes it particularly
adept at handling complex samples where different species
of elements need to be distinguished from one another. This
makes it invaluable in various fields, such as environmental
analysis, biochemistry, and materials science, where under-
standing the exact composition of samples is crucial. On
the other hand, MC-ICP-MS, or Multicollector ICP-MS,
takes precision to another level by allowing scientists to
measure isotope ratios with exceptional accuracy [41]. This
capability is especially important in fields like geology, ar-
chaeology, and nuclear science, where understanding the
ratios of different isotopes provides insights into processes
such as radioactive decay, geological formation, and even
the origins of celestial bodies.
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3.3 Hybrid generation atomic absorption spectroscopy
(HG-AAS)

HG-AAS is an advanced technique for HM sensing that
combines the principles of traditional AAS with a unique
sample introduction method. In HG-AAS, volatile com-
pounds of the target HMs are generated in situ by chemical
or electrochemical means, such as hydride or cold vapor
generation. These volatile species are then transported to
the atomization source, typically a flame or graphite furnace,
where they undergo atomization and subsequent absorption
of light at specific wavelengths. HG-AAS offers enhanced
sensitivity and selectivity compared to conventional AAS
methods, particularly for trace-level analysis of HMs in
complex sample matrices [42].

3.4 High-performance liquid chromatography (HPLC)

HPLC-based HMs sensing, the sample is injected into a
chromatographic system equipped with a stationary phase
capable of selectively retaining metal ions while allowing
other components to elute. Various stationary phases, such
as ion exchange or chelating columns, can be employed
depending on the specific metal ions of interest. Detection
is typically achieved using a suitable detector, such as a
UV-Vis or fluorescence detector, capable of quantifying the
eluted metal ions based on their characteristic absorption or
EMspectra. HPLC offers several advantages for HM sens-
ing, including the ability to separate and quantify multiple
metal ions simultaneously, even at trace levels, in complex
sample matrices [43].

Most of the detection principles exhibit considerable sensi-
tivity and selectivity for detecting heavy metal ions. These
methods work by observing changes in the optical signal or
electrical signal resulting from the interaction between the
recognition element and the target metals, thereby providing
information about the target HM’s concentration. However,
when used for field testing in various environments (such as
wastewater, seawater, and biological samples), pH and water
quality differences can lead to inconsistent results, reducing
reproducibility. Additionally, existing detection methods
often struggle with poor selectivity due to interference from
other ions present in the environment. The complexity of
microelectrode manufacturing techniques also hinders fur-
ther development of these detection methods. Despite the
efficiency in sensing HMs by all these conventional meth-
ods, it possesses some other disadvantages such as sample
preparation complexity, limited sensitivity (can detect only
up to ug level), interference in detection from matrix com-
ponents, inability to detect multiple metals at a single time,
instrumentation costs and lack of real-time monitoring. Ad-
dressing all these disadvantages of conventional methods,
researchers have identified that nanomaterial-based sensors
could promisingly overcome these limitations and offer de-
tection of HMs in trace levels [44].

4. Role of nanomaterials in sensing

As discussed earlier, the limitations caused by conventional
methods need to be addressed to improve the selectivity and
sensitivity of HMs detection. The chemical sensors, espe-
cially those incorporating nanomaterials, present promis-
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ing solutions for on-site detection. Nanomaterial-based
sensors capitalize on features like extensive surface area,
high catalytic efficiency, and robust adsorption capacity
[45-48]. These sensors commonly utilize metallic nanopar-
ticles, carbon-containing nanomaterials, and mesoporous
or silicon nanoparticles. Their heightened sensitivity is at-
tributed to their strong reactivity, large surface-to-volume
ratio, good adsorption, and properties dependent on size.
Techniques such as nanocomposite formation and covalent
functionalization further amplify sensitivity and selectiv-
ity. The integration of nanomaterials has also improved the
detection and reproducibility limits. Moreover, nanotech-
nology facilitates miniaturization, enabling the development
of lab-on-chip technology that makes an easier route to de-
velop on-site detection. The nanomaterials widely used for
sensing applications are discussed below.

4.1 Silica nanoparticles

Silica nanoparticles have a high surface area to volume and
excellent adsorption ability for HMs, making them attrac-
tive materials for HM detection [49, 50]. The mesoporous
structure of silica NMs provides a large number of accessi-
ble binding sites, facilitating the selective detection of HMs
even at trace levels [51]. They can be modified to carry
particular ligands or receptors that have a strong affinity for
heavy metals, allowing for highly selective detection. [52].
The optical properties of silica NMs can be tailored to de-
velop FL-based sensors [53]. The stability and robustness of
silica-based NMs make them suitable for their use in harsh
environments, ensuring real-world metal sensing applica-
tions [54]. Santhamoorthy et al. developed a chemosensor
based on silica nanoparticles by incorporating propidium
iodide aimed at sensing various HMs but later found to be
specific for Fe3* [55]. A significant color change from pink
to orange signified the presence of Fe>* ions in the aqueous
media. Stoian et al. fabricated a fluorescent-based sensor
for iron, copper, and cobalt sensing [56]. For designing
the sensor they employed terbium, a luminescent material,
along with silica nanoparticles (TBL@Si0O;). The FL was
quenched in the presence of Cu?*, Fe’*, and Co”*, indicat-
ing the sensor’s sensing ability. The designed luminescent
probe displayed a superior response towards transition metal
ions than other reported probes. Similarly, Srinivasan and
colleagues created a core-shell structure designed for the
targeted detection of mercury ions in environmental speci-
mens [57]. The synthesized core-shell silica nanoparticles
immobilized DNA and were based on DNA hybridization
with mercury ions forming (Thymine-Hg?"-Thymine) base
pairs. Cetinkaya et al. fabricated a nano chemosensor for
the sequential detection of Pb’>* ions [58]. They synthe-
sized silica nanoparticles tagged with fluorescein, where the
FL quenching is a result of the complexation between the
amide groups on the surface and Pb>* ions. This nanoscale
chemical sensor demonstrates a limit of detection (LOD) at
a remarkably low level of approximately 850 nm.

4.2 Metal-organic frameworks (MOFs)

MOFs or metal-ligand architecture is a 3D crystalline
porous nanomaterial that mainly consists of metal cations
linked together by linker ions or organic strut. There are
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various acceptable combinations of organic linkers available
with metal ions and structural motifs, resulting in the forma-
tion of new MOFs [59]. Coordination bonds between zinc,
nickel, zirconium, or other transition metals result in the
formation of the most common MOFs, such as ZIF, MIL,
and UiO [60]. MOFs possess numerous advantages, such as
being highly porous, having vast surface area, tuneable pore
size, and wide opened chelating sites that enable them to
be widely used in fields of drug delivery, catalysis, sensors,
energy storage, and conversion, gas storage, and separation
and metal ions sensing [61]. Nguyen et al. developed a new
MOF-based nanomaterial for improving the electrochemi-
cal sensing of Cd>* and Pb>* [62]. They utilized Ytterbium,
a rare earth metal, as a core linked by benzenetricarboxylic
(BTC) ligands for MOF synthesis using the hydrothermal
method. The resulting MOFs had a vast surface area of 1162
m? g~!. The synthesized MOFs showed an LOD of 3.0 ppb
for Cd** and 1.6 ppb for Pb>*. Hossain et al. developed
a recyclable nanocomposite using MOF and polymer thin
film for fluorometric detection of Hg2+ and ranitidine [63].
They developed a thiourea-functionalized aluminum-based
metal-organic framework. These MOFs showed a LOD of
7.3 nM and 3.4 nM for Hg?* and ranitidine, respectively.
Ansari et al. developed nickel-doped MOFs for fluorometric
detection of Hg?* and Fe* [64]. The synthesized MOF
exhibited the “On” and “Off” FL. mechanisms. The MOFs
showed “Turn-off” for Hg?* and Fe** and “Turn-on” for
Cr** and AT, This sensor showed the lowest LOD of
7.98 x 10~7 M for Hg?*.

4.3 Magnetic nanoparticles

Magnetic nanoparticles have gained attention as potential
materials for HM sensing, attributed to their unique char-
acteristics, including a vast surface area, superior magnetic
response, and easy surface modification capabilities [65, 66].
These nanoparticles offer multiple benefits for sensing ap-
plications, including improved sensitivity, quicker detection
times, and the convenience of being easily separated from
the sample matrix through the application of an external
magnetic field. Functionalization of magnetic nanoparti-
cles with specific ligands enables selective recognition and
binding of heavy metal ions, allowing for precise detection
and quantification. Fe3Oy4 is the most employed magnetic
nanoparticle, which belongs to the class of metal oxides
[60—67]. Zargoosh et al. developed a nano adsorbent to
effectively detect and remove heavy metal ions from indus-
trial wastewater [68]. The prepared nano adsorbent cova-
lently immobilized the thiosalicylhydrazide on the surface
of magnetic nanoparticles (Fe3O4). This nano adsorbent
showed different adsorption capacities for metals, such as
188.7, 107.5, 76.9, and 1.3 mg/g for Pb>*, Cd**, Cu’*,
and Zn’>*. Using the Hydrothermal method provided hy-
drophilic proanthocyanidins-functionalized Fe3O4 nanopar-
ticles. A novel magnetic nanoparticles sensor was devel-
oped by immobilizing BODIPY compound APTMS func-
tionalized silicon-coated magnetic nanoparticles (APTMS-
Si0, @Fe304) and was named F-SPION [69]. The F-
SPION underwent trials with different metal ions, yet it
demonstrated a "turn-off’ fluorescence exclusively for Cr
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(VI), accompanied by a noticeable shift in color from brown
to yellow. Selectivity experiments conducted on F-SPIONS
combined with Cr (VI) in the presence of various metal
ions revealed consistent intensity levels before and after
introducing Cr (VI). However, there was a marked reduc-
tion in intensity, specifically when Cr (VI) was present.
Investigations into the pH responsiveness of F-SPIONS in
combination with Cr (VI) across a range from pH 1 to 8
determined that a pH of 1 is ideal for detecting Cr (VI), with
a limit of detection (LOD) at 0.0033 grams per liter.

5. Carbon dots

CDs are intriguing due to their unique characteristics, which
include wavelength-dependent emission of colors, excellent
water solubility, low toxicity, and higher biocompatibility
[70-72]. These properties make CDs a versatile option as
semiconductor nanomaterials for the accurate detection of
HMs in environmental samples, given their strong fluores-
cence [73, 74]. Additionally, their environmentally friendly
nature has highlighted their potential for applications in
environmental remediation [75-77]. The interaction be-
tween these probes and HMs leads to alterations in the spec-
troscopic nature of the fluorophores, such as FL intensity,
lifetime, and wavelength [78]. Compared to conventional
fluorescent sensor molecules, CDs are more resistant to-
wards photobleaching. The semiconductor quantum dots are
equally effective as CDs [79]. However, several issues limit
its uses in biological and environmental applications, includ-
ing the toxicity profile and intrinsic blinking. Concerning
the metal content of quantum dots, they are restricted from
being used for environmental applications. The intrinsic
blinking characteristic of quantum dots doesn’t allow the
long-term monitoring of a single molecule. Furthermore,
due to the easier surface modification process, the quan-
tum yields (QY), selective binding, and solubility can be
improved [80, 81].

5.1 Optical properties

CDs exhibit a range of unique and promising optical prop-
erties, which remain consistent even when synthesized
from various precursors and through different processes.
These properties include strong photoluminescence, which
is highly dependent on the excitation wavelength, allowing
for tunable emission colors. Additionally, CDs demonstrate
excellent photostability and high quantum yields, making
them suitable for a variety of applications. The following
section provides a detailed discussion of the optical proper-
ties of carbon dots.

5.1.1 Absorbance

CDs display significant absorbance in the ultraviolet (UV)
spectrum, with primary peaks typically occurring between
250 and 320 nm. Additionally, they often have a secondary,
less intense absorbance peak extending into the visible light
spectrum. During their synthesis, CDs can exhibit various
UV absorption peaks depending on the specific conditions
and methods used. Furthermore, altering the surface chem-
istry of CDs can lead to slight shifts in their absorption
wavelengths and enhancements in their absorption peaks,
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thereby fine-tuning their optical properties and making them
more versatile for different applications [82]. The charac-
teristic absorption peaks of CDs are ascribed to the 7 — 7*
transitions within the conjugated C=C structures and the
n— z* transitions associated with C=0, C-N, or C-S func-
tional groups. [83]. Jiang et al. described the synthesis
technique for creating multimode-emissive carbon dots, uti-
lizing phenylenediamine (PD) and polyvinyl alcohol (PVA)
[84]. The ethanol-based solution of the multimode emissive
carbon dots displayed two prominent absorption peaks at
247 and 355 nm, which correspond to the & — 7* transi-
tion and the n — * transition, respectively. Yiye and their
team employed both L-cystine and D-cystine to produce
carbon dots characterized by high FL [85]. The carbon dots
derived from L-Cystine exhibited two separate absorption
peaks within the spectrum: one at 243 n resulting from the
n— ¥ transition, and another at 300 nm due to the 7w — *
transition. Upon absorbing light within the ultraviolet or
visible range, these carbon dots experience fluorescence
with a Stokes shift spanning several tens of nm.

5.1.2 Photoluminescence (PL)

CDs exhibit a highly intriguing feature known as photo-
luminescence (PL). However, the full mechanism behind
this phenomenon has not been thoroughly elucidated
by researchers and remains a topic of debate. It is still
uncertain whether this distinct property is attributed to
the varying sizes of the nanoparticles and the functional
groups on their surfaces or if it arises from an entirely
different mechanism [86, 87]. Wang et al. synthesized
highly Iuminescent amorphous CDs using organosilane
as a coordinating solvent [88]. The prepared CDs had
a QY of 47% and were 1.54 nm in size. When this CD
was excited at 380, 460, and 540 nm, it showed a Stoke
shift at 460, 540, and 620 nm, respectively. The emission
spectra of the synthesized CDs depend on the excitation
wavelength. Theoretical calculations first proposed the
relationship between PL and CDs. Liu and the team
suggested that the quantum size effect is predominantly
responsible for photoluminescence, while the defect state
has a lesser impact [89]. Yu and colleagues have stated that
both the carbon core and surface states play essential roles
in the energy transfer process [90]. They synthesized six
different CDs, 3 with rich carbon sources using glycine
(CDy), alanine (CD;), and valine (CD3) and 3 with rich
nitrogen sources using leucine (CDy), histidine (CDs),
and CDg from arginine. They investigated the effects of
carbon core on the PL property of CDs using emission
spectra of CD|_¢. The emission spectra of carbon dots
labeled CDs;_j3 revealed emission at 445 nm and 305 nm,
with the intensity of the 305 nm peak intensifying as the
carbon content increased. Similarly, the excitation peaks
for carbon dots CDs,4_g were observed at 250 nm, 275 nm,
325 nm, and 365 nm. However, the peaks at 250 nm and
365 nm progressively diminished with the rise in nitrogen
content and vanished entirely for CDg. This suggests that
the carbon core and nitrogen content are significant factors
influencing the photoluminescence properties of CDs. To
prove the surface state effects of PL property, CDg was
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taken for its abundant nitrogen content and treated in pH
1 — 14; the alkalinity of the solution doesn’t affect the EM
peak of CDg centered at 445 nm where in acidic conditions
amino groups on the surface state of CDg¢ gets affected and
results in the appearance of new EM peaks at 410 and 500
nm, concluding that surface states also contribute towards
PL property. Moreover, the synthesized CDs exhibited
sensitivity to the concentration of Fe*>* within an LR of 12
to 250 uM and with a size of 2 —4 nm. Fang et al. came
up with the idea that the CDs’ PL property arises due to
the interaction between isolated derivatives of pyridine
molecules and defect states in the CD’s surface [91]. The
PL EM of the CDs originates from a composition featuring
isolated sp2 clusters, interconnected pyridine derivative
units, plentiful defect states, and graphitic cores.

5.1.2.1 Fluorescence (FL)

CDs are employed in sensing applications because of
their well-explored tuneable FL property. A Jablonski
energy diagram is shown in Figure 2 to demonstrate the
fluorescence emission properties. FL in CDs is because of
three major origins: a) core-state EM as a result of perfect
carbon core and less surface passivation, b) surface-state
EM due to the surface-modified groups, and c¢) molecular
FL arising due to by-products during the preparation
of CDs. The emission linked to the surface state might
correlate with the level of oxidation on the surface and
the types of functional groups that are present. Reports
to date regarding the FL of CDs have arisen mainly due
to the degree of surface oxidation state. The surface
defect state in CDs is directly proportional to the degree

of surface oxidation, which in turn can capture excitons.
Radiations from these excitons cause red-shift EM of CDs.

Different energy levels on the CDs can be developed by

immobilizing various functions on the surface of the CDs.

Kiran et al.

The quantum confinement effect is a key characteristic of
CDs that influences FL EM. This effect causes a significant
change in electron distribution within the nanometer-scale
semiconductor crystals, leading to the display of properties
like a bandgap and size-dependent energy relaxation
dynamics [92]. QCE of CDs occurs when the quantum dot
size is lesser than the exciton Bohr radius [93]. Jiang et
al. reported the synthesis of three different types, which,
under a single ultraviolet excitation wavelength, emit
three different FL emissions: red, green, and blue [94].
Hence it was concluded that the quantum confinement
effect plays a major role in the FL. emission. Liu et al.
reported the fabrication route of CDs using the microwave
method using molecular precursors of o-phenylenediamine,
p-phenylenediamine, and n-phenylenediamine show
wavelength-independent excitation, with a QY value of
4.5, 7.5, and 14.3% respectively [95]. The degree of FL.
EM with various colors depends on the surface functional
groups of the CDs. Yuan et al. fabricated green-CDs5 and
red-CDs5 with QY values of 81% and 85% using perylene
as the starting material [96]. Nitrogen doping on CDs has a
different impact and is the widely studied potential doping
system in CDs; the EM properties of N-doped CDs have
a red shift of EM wavelength and an increase in FL QY.
Concentration in CDs is majorly responsible for the EM
wavelength color [97]. Chen et al. reported the synthesis
of concentration-dependent CDs69 from Citric acid and
ethanolamine with an EM wavelength range from 514 nm
to 585 nm using the hydrothermal method [98]. Chinese
ink was oxidized to obtain the precursor molecule CDs and
doped with heteroatoms N & S for sensitive detection of
Cu’* and Hg?* [99]. They proved that heteroatoms play
an important role in tunable PL properties by confirming
via PL EM and PL excitation (PLE) spectra of CDs. The
doped CDs had a size of 1 —6 nm and a good QY.
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Figure 2. Schematic representation of absorbance, fluorescence and phosphorescence.
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5.1.2.2 Phosphorescence

CDs are most studied for their properties of FL, but
recent studies have also focused on the study of CDs
for their properties of phosphorescence [100]. In 1974,
Paynter’s group introduced a new method of detection
using room-temperature phosphorescence known as RTP
photometry [101]. Once after absorbing the ultraviolet and
visible light, the electrons excite from the singlet ground
state (SO) and reach the excited state (S1), and as a result
of the intersystem crossing process (ISC), the electrons
in the S1 state reach the triplet state (T1). The transition
of electrons from the ground state to the different excited
states by absorbing ultraviolet and visible light reaches
the ground state by emitting phosphorescence (Figure 2).
Phosphorescence has a variety of superior applications
when compared to FL. It exhibits a large EM period,
a comparatively larger stokes’ shift, and is sensitive to
environmental characteristics [102]. Li et al. proposed a
well-established procedure to aid phosphorescence by using
water molecules to introduce intermolecular hydrogen
bonds between cyanuric acid and polymer-coated CDs
[103]. They proved that the phosphorescence of CD-CA
powder could increased by the addition of water molecules.
The phosphorescence property of CD-CA powder is three
times comparatively increased CD-CA in water, with an
increase in phosphorescence lifetime of 0.253s to 0.687s.
Tian et al. used varying annealing temperatures to treat the
CD@PVA and observed that after 200 °C, phosphorescence
EM had started [104]. Therefore, this implies that the
annealing temperature influences the phosphorescence
emission. Li et al. proposed a method of synthesizing
fluorescent CDs that includes both oxygen and nitrogen
atoms using folic acid as raw material via hydrothermal
method [105]. Then, it was incorporated into a composite
matrix to obtain NCDs, resulting in a phosphorescence QY
of up to 7%. Wang et al. established a method for preparing
RTP CDs by molten salt method, which involves the use
of organic salt to calcinate triaminobenzene [106]. These
synthesized CD composites exhibited well-observable
RTP properties and a QY of 26.4%. This method can be
employed for almost all carbon precursors, and adjusting
the mass ratio of reaction temperature, amount of carbon
precursor, and time results in better RTP performance.

5.2 Physical properties
5.2.1 Surface passivation

Surface passivation plays a crucial role in shielding the
surface of CDs from contact with organic substances, thus
maintaining their optoelectronic characteristics. Treating
the surface of carbon dots with polymeric PEG1500 via
acid treatment not only boosts their fluorescence but also
aids in their functionalization [107]. Moreover, the FL
modulation of CDs can be achieved through treatments with
different molecular weight branched polyethyleneimine (b-
PEI), polyethylene glycol (PEG), and diamine-terminated
oligomeric PEG, resulting in the formation of polyamine-
passivated CDs and CDs treated with free amines [108].
Burlinos et al. utilized a pyrolysis technique involving citric
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acid and amine groups to fabricate surface-passivated CDs,
where citrate acted as the carbon core and amines functioned
as surface functional groups [109].

5.2.2 Doping

Doping the CDs with heteroatoms is a major route to tune
the intrinsic structure of CDs. Incorporating heteroatoms
into CDs alters the surface functional groups and electron
distribution. This change affects the band gap between the
highest occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO), which in turn,
modifies their fluorescence characteristics (Figure 3). Ad-
justing the quantity and type of heteroatom can enhance
or diminish the FL efficiency of CDs, as well as modulate
their EM peaks. To significantly improve the QY of CDs,
non-metallic dopants such as nitrogen or silicon can be
incorporated into the CDs to modify their band structure.
Additionally, metallic dopants play a role in limiting the
overabundance of amino and carboxyl groups in the pre-
cursor molecule, such as citric acid, during dehydration
and carbonization. This is achieved through the chelation
process between metal ions and chemical groups [110, 111].
The nitrogen doping of carbon dots (CDs) surfaces can
markedly enhance their emissive properties. Following
nitrogen doping, CDs transition from exhibiting multiple
transition modes to a single transition mode, where EM
exclusively arises from radiative transitions of sp? carbon.
This phenomenon leads to excitation-independent FL. This
also results in dense electron cloud activity and a red-shift in
the absorption peak, resulting in a narrow energy gap. The
most common sulfur sources are sodium sulfide, thiomalic
acid, sodium thiosulfate, heparin sodium, and cysteamine
hydrochloride. Doping carbon dots (CDs) with sulfur en-
hances their electronic structure by improving the density
of states or creating emissive trap states for photoexcited
electrons. This process also leads to modifications in the
band-gap energy of the CDs [112]. Doping phosphorus can
subsequently increase the luminescence efficiency of CDs.
Phosphorus with the carbon cluster forms substitutional
defects and acts as n-type donors, therefore modifying the
electronic and optical properties [113]. Zhang’s research
team developed tellurium-doped carbon dots (Te-CDs) uti-
lizing a carbon source derived from Te-containing molecular
probes [114]. These Te-CDs exhibit a remarkable capabil-
ity for the sensitive detection of superoxide anions. The
reversible detection ability of superoxide anions is based
on the redox properties of Te-centres present on the sur-
face of Te-CDs, enabling detection with high sensitivity and
a low detection level of up to 8.0 pm. Furthermore, the
introduction of metallic copper doping into carbon dots (Cu-
CDs) significantly broadens and enhances the absorption
band compared to undoped CDs, indicating strong optical
trapping capabilities. Commonly used copper sources for
doping include acetate monohydrate, cupric nitrate, and
cuprous chloride. Du et al. developed gadolinium-doped
CDs and used them as T contrast agents for FL and mag-
netic resonance dual-modal imaging, which also exhibited
lower toxicity and improved stability [115]. The QY of
gadolinium-doped CDs was around 48.2%.
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Figure 3. Emission mechanism involved in carbon dots where surface chemistry plays a major role.

5.2.3 Photostability

The photostability property is that fluorescent materials
should not lose their energy when continuously exposed to
UV or visible radiation. CDs’ photostability is contributed
by their large m-conjugated structural framework. Photosta-
bility is those CDs that show fixed EM wavelengths under
varied excitation wavelengths. Jiang et al. fabricated CDs
from indocyanine green (ICG-CDs) via the hydrothermal
method, which exhibited stability under various tempera-
tures and anti-photobleaching properties when compared
to traditional IGC [116]. It also exhibited stability under
all pH conditions with enhanced photothermal conversion
efficiency. These ICGCDs served well as contrast agents
in NIR bioimaging and photothermal agents. Zhi et al. de-
veloped four types of CDs with citric acid and malic acid
doped with phosphorous (CACDs, CA- P-CDs, MACDs,
MA- P-CDs). Photostability studies revealed that 40 min-
utes of exposure to CA-P-CDs-4 had higher photostability
than CA-CDs, and 60 minutes of exposure to MA-P-CDs-
4 approximately 25% higher than MA-P-CDs proved that
phosphorus doping improves the photostability of CDs.

5.2.4 Sensitivity

CDs with functional groups such as -OH, -NH», and -COOH
on their surface exhibit high sensitivity to metal ions. The
PL EM of CDs is highly sensitive to HMs because of the in-
teraction between surface functional groups and metal ions,
which results in strapping bonds or faster coordination be-
tween them [117]. The sensitivity of CDs is very important
in detection. Hence, CDs are functionalized with appropri-
ate surface ligands that are very specific to the target analyte.
This can be done by two methods: the non-enzymatic ap-
proach and the enzymatic approach. Radhakrishnan et al.
synthesized a nanocomposite using green CDs from butter
juice and graphitic carbon-nitride (C3N4) nanosheets [118].
The prepared CD@C3Ny4 was tested for its detection ability
of Cr (V), Cu (II), and Pb (II) in real water samples. The
prepared composites showed high selectivity towards Cr (V)
due to the surface functional groups of prepared nanocom-
posites. Cu(V) and Pb(II) showed strong access to surface
functional groups of prepared nanocomposites. These pre-

pared nanocomposites had a LOD of 0.54, 0.18, and 0.2
nm for chromium, copper, and lead [118]. Another non-
enzymatic approach is passivating aptamers on the surface.
Zhao et al. developed a novel aptasensor for the detection
of cadmium [119]. A one-step dehydration method was
utilized to synthesize CDs using citric acid and ethylene-
diamine as precursors and to functionalize them with CD4
aptamer. The complex NCDs-CD4 aptamer binds to the
target molecule cadmium via electrostatic interaction, with
a LOD value of 0.89 ug/LL and LOQ value of 2.68 ug/L.
The value obtained from this aptasensor was matched with
the ICP-MS method, which showed similar accuracy and
superiority.

5.3 CDs Mechanism of metal sensing

CDs are widely used in the field of sensing owing to their
unique optical properties. The CDs interact with metal ions
either by colorimetric or FL. methods. The colorimetric
method is a visible change in solution due to the interaction
of CDs and metal ions. FL detection of heavy metal ions is
carried out by observing the change in the EM of the CDs.
Quenching mechanisms (Figure 4) occur due to energy
transfer between CDs and Heavy metal ions. The major
mechanisms of HMs detection by CDs are explained below:

5.3.1 Fluorescence quenching

The most extensively debated method of HM sensing by
CDs involves Fl quenching. When certain metal ions
coexist with carbon dots in a solution, they can cause
fluorescence quenching. This quenching can happen
through mechanisms such as energy transfer, charge
transfer, or the formation of non-fluorescent complexes.
The decrease in fluorescence intensity or emission is due
to the metal ions absorbing energy or electrons from the
excited carbon dots. The effectiveness of quenching is
primarily influenced by the concentration of metal ions and
the affinity of the CDs for this ion [120].

5.3.1.1. Metal-enhanced fluorescence (MEF)
MEEF is similar to FL quenching but shows an increase in
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Figure 4. The possible mechanism of heavy metal sensing using carbon dots, where electron transfer, energy transfer, and
the inner filter effect play a major role in quenching the fluorescence of CDs in the presence of heavy metals.

the EM intensity of CDs due to the presence of metal ions
[120]. Metal-enhanced FL occurs due to an increase in
resonance energy transfer between the excited CDs and
free surface HMs [121]. The presence of metal ions can
induce localized surface plasmon resonance effects, thereby
generating an augmented electromagnetic field around
the CDs. This intensified electromagnetic field boosts the
radiative decay rate of the CDs, leading to enhanced FL
EM [122].

Apart from these two major mechanisms of HMs sensing
by CDs, chemists also proposed another major mechanism
in sensing of HMs by CDs such as complex formation,
inner filter effect (IFE), photon-induced electron transfer
(PET), and aggregation-induced EM enhancement (AIEE).

I. Complex formation mechanism

The complex formation mechanism includes the surface
functionalization of CDs, which causes chelation or
coordination of HMs. Typically, the surface of the CDs
contains oxygen-containing groups such as -OH, -COOH,
-OR, C=0, etc. In addition, the CDs are doped with sulfur,
nitrogen, and other dopant groups containing -NO,, -NHo,
-SOH, -SH, and -CN groups. This group donates a lone pair
of electrons to the metal ions resulting in a coordination
complex formation [123]. Bandi et al. described the
possible quenching mechanism of NCDs. He stated
that the complex formation may arise due to a simple in-
crease in the absorption supporting UV-spectrum data [124].

II. Inner filter effect (IFE)

IFE is a non-radiative energy mechanism. This occurs
due to the absorption of excited or emitted radiation by
the CDs [123]. IFE is a non-irradiative energy conversion
phenomenon where absorbers in a detection system absorb
excitation and/or emission radiation from fluorophores.
Effective IFE requires the absorbers’ absorption spectra to
overlap with the fluorophore’s excitation or emission bands.
This process transforms analytical absorption signals into
fluorescence signals. The primary inner filter effect refers
to the absorption of excitation light by absorbers, while
the secondary inner filter effect pertains to the absorption
of emitted light. Due to the lack of chemical covalent

interactions between absorbers and fluorophores, IFE is
straightforward, easy to implement, and cost-effective.
This mechanism can take place in two ways-as one of
the quenching spectrums overlaps with the excitation
spectrum of CDs, the quenching process is triggered
by light absorption by the quencher and the CDs are
quenched as a result [125]. The other mechanism involves
reabsorption in the quenching process, and photons are
emitted by one species and absorbed by another, which
occurs because unused quenchers and CDs weaken the
absorption or excitation radiation in the solution [126].

II1. Photon-induced electron transfer (PET)

This mechanism makes fluorometric sensing of metal ions
by various CDs take place. In the PET mechanism, a
metal ion accepts an electron from the CDs in the excited
state, forming a complex and returning to the ground state
without releasing any photons [127]. PET mechanisms
of CDs contain two major molecules: oxidative and
reductive pet. A carbon dot-based sensor was developed for
effective sensing of picric acid [128]. A Cyclic Voltogram
was utilized to prove the effective quenching mechanism
between picric acid (PA) and CDs.

—0.56 V was calculated as the onset reduction potential of
CDs with a bandgap value of 3.29 eV. The HOMO and
LUMO values of PA were comparatively lesser than the
HOMO and LUMO values of CD. This indicates that a
possible charge transfer may occur from CD to PA.

IV. Aggregation-induced EM enhancement (AIEE)
Aggregation of CDs has been induced by temperature,
solvent, and additives like HMs results in the AIEE mecha-
nism. This blocks the intramolecular CD movement and
results in the blocking of non-radiative path and activated
radioactive decay [129]. Zhang et al. hydrothermally
synthesized orange-yellow CDs for the detection of Cu>*
ions [130]. The O-CDs form a complex with Cu*t and
result in an aggregation-induced emission enhancement
mechanism with an LR of 0.02 to 30 pm with an LOD of
14 nm.
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5.4 Types of detection method
5.4.1 Optical sensors

Optical sensors for the sensitive detection of HMs overcome
the expensive and laborious processes of sample prepa-
ration possessed by standard laboratory-based techniques
such as AAS, XPS, ICP-AES, and ICP-MS [131]. Optical
chemical sensors (OCS) rely on the immobilized indica-
tor (organic dye) to change its optical properties, such as
absorption, emission, transmission, and lifetime, upon in-
teracting with the analyte. OCS utilizes electromagnetic
radiation, which, when interacting with the sample, alters
the optical characteristics of the indicator. These changes
can then be correlated with the concentration of HMs [132].
OCS based on mesoporous materials is generally based
upon light absorption or light emission. The OCS of the
analyte concentration is measured based on the change in
the optical properties of the indicator after being illumi-
nated by electromagnetic radiation. The sensitivity of EM
methods, when compared to absorption-based methods, is
1000 times greater and also has as low LOD as possible
towards the anticipated analyte [133]. Even though lumi-
nescence intensity-based methods are generally affected
by light source intensity, inner filter effects, sample turbid-
ity, and sensing layer thickness, carbon-based OCS offers
more advantages than mesoporous materials-based OCS,
such as stability, biocompatibility, and lower toxicity [134].
In particular, graphene oxide, a carbon material, exhibits
tuneable FL properties based on tuneable size and surface
passivation. In general, oxygen groups in GO molecules
contribute to a unique pl pattern by opening their band-gap
[95, 135]. Green CDs from precursor plumeria plant leaves
and fluorescent sensors were developed based on the green
CDs for the detection of mercury (Hg”") and arsenic (As>)
in water and mouse fibroblast cell lines [136]. The devel-
oped sensor quenches with Hg?* ions and enhances its EM
with As3* ions. The LODs of the developed sensor were
found to be around 0.99 nM for Hg?* and 12.15 nM for
As3*. Similarly, Yuan et al. developed an aerogel using
CDs and cellulose fibrils, which acts as an optical sensor for
sensing and adsorbing [137]. The LOD of the sensor was
17.6 mg/L, and the adsorption capacity was 433.5 mg/g.

5.4.2 Colorimetric sensors

Colorimetric sensors have garnered considerable interest
owing to their ease of use, affordability, and remarkable
sensitivity. They work based on the principle of a color
change in response to a specific target analyte. This color
change is usually caused by the selective binding of a recep-
tor to the target analyte, leading to a structural change in the
receptor and a subsequent color change. There are various
materials-based colorimetric sensors, such as nanomaterial-
based, smartphone-based, and paper-based sensors, for the
sensitive detection of a desired analyte in the sample. Here,
we discuss how carbon dots play a major role in the colori-
metric sensing of heavy metal ions in the environment. CDs
have emerged as promising nanomaterials for colorimet-
ric sensing applications due to their unique optical proper-
ties and excellent biocompatibility. In colorimetric sensing
schemes utilizing CDs, interactions with analytes, such as
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heavy metal ions, lead to distinct changes in the optical
properties of CDs, including FL. quenching or enhance-
ment, aggregation-induced color changes, or pH variations,
which can be visually detected without the need for com-
plex instrumentation. These changes are often attributed to
mechanisms such as charge transfer, energy transfer, or sur-
face modification induced by the presence of analytes. The
specific design of CD-based sensing platforms can be tai-
lored to exploit these mechanisms for selective and sensitive
detection of target analytes [138]. Aygun et al. developed
CDs doped with heteroatoms like boron, nitrogen, and sul-
fur for colorimetric sensing [139]. Results showed that
doped and undoped carbon dots exhibited detection abil-
ity towards metal ions. Undoped CDs detected Fe3* ions
(0.187 uM), B-CDs and S-CDs detected Fe3* (0.224 uM)
and Agt 0.174 uM while N-CDs detected Ca>* (0.391
UM) metal ions. Linearity was calculated with the range
of 0.06-1.23 uM. With a significant colour change of S-
CDs from black to dark brown colour, light brown to grey
colour for B-CDs. Bisauriya et al. developed a colorimetric
sensor based on CDs doped with nitrogen and sulfur [140].
The sensor detects heavy metals through the absorption-
based colorimetric mechanism. This sensor shows a linear
increase in the absorption in the presence of Cu?* ions
through a complex formation mechanism between the Cu>*
and amino groups doped CDs. The other detection mech-
anism of this co-doped CD, where its pH increased to 9.5
shows an increased response to Cu®>* by decreasing the
interference effect, with a LOD of 200 nM and linearity of
1—100 uM.

5.4.3 Electrochemical sensors

Electrochemical sensors employ signal amplification sys-
tems such as electrochemical impedance spectroscopy, con-
ductometry, voltammetry, and potentiometry. Electrochem-
ical sensors are rapidly developing to detect HMs. Elec-
trochemical sensors offer various advantages, such as low
LOD, high sensitivity, high surface area, good reproducibil-
ity, selective detection of more than one metal ion, and a
better signal-to-noise ratio [141]. EC sensor’s mechanism
of action is that potential difference is generated by the
output-transducer signal and measured using a potentiostat.
Nanoparticles in electrodes of EC sensors offer various ad-
vantages such as increased electron and mass transfer rate
and Vast surface area. The nanoparticles should possess
high reaction activity, a large surface-to-volume ratio, high
conductivity, and strong absorption ability. Xiao et al. de-
veloped an electrochemical sensor boron-doped diamond
electrode for detecting zinc ions using anodic stripping
voltammetry. The LOD was calculated at around 2.1 ug/L
[142]. These detection methods are shown as proof of con-
cept for sensing HMs in water, even though sometimes it
requires sample preparation before subjecting it to treatment.
Hence, incorporating CDs in these methods would pave the
way for major development in this detection method. The
mechanism of CDs-based electrochemical sensing of heavy
metal ions involves several key processes, often dependent
on the specific interaction between the CDs and the target
analyte. Surface functional groups on CDs, such as car-
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boxyl, hydroxyl, and amino groups, facilitate the adsorption
or complexation of heavy metal ions onto the CD surface.
This interaction can induce changes in the electrochemical
properties of CDs, leading to alterations in their conduc-
tivity or electrochemical response. The presence of heavy
metal ions can modulate the charge transfer processes at
the CD-electrode interface. This can lead to changes in the
electron transfer kinetics or electrochemical reactions occur-
ring on the CD surface, resulting in measurable shifts in the
electrochemical signals. Thirdly, the specific functionaliza-
tion or doping of CDs can enhance their selectivity towards
certain heavy metal ions, enabling the development of tai-
lored sensors with improved sensitivity and specificity. For
example, nitrogen or sulfur doping of CDs has been shown
to enhance their affinity towards metal ions like mercury or
lead, respectively [143].

5.4.4 Ratiometric fluorescent sensors

Ratiometric fluorescent sensing is the advanced version of
conventional fluorescent sensing and colorimetric sensing.
Fluorescent sensing generally gives out enhanced or de-
creased intensity when in contact with heavy metals. The
resultant EM intensity may be interfered with due to un-
avoidable external factors such as the sample matrix, en-
vironmental alterations, and changes in concentration. To
reduce this change, another fluorescent material is intro-
duced to produce two EM intensities to evaluate the accurate
amount of target analyte in the environment [144]. Ratio-
metric fluorescent sensors account for measuring two differ-
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ent wavelengths with different intensities without changes
hindered by environmental factors (Figure 5). In simple,
ratiometric fluorescent probes read out the accurate quantity
of heavy metal with two EM intensities when compared to
traditional fluorescent sensing with a single EM wavelength
[145]. Ratiometric fluorescent sensors also offer a clear
visual color change in contact with the heavy metal solution
when compared to traditional colorimetric sensing with a
particular EM intensity.

Liu and his co-workers worked on a ratiometric fluores-
cent sensor based on CDs and gold nanoclusters to detect
Hg™ ions [146]. Lysine-based CDs were synthesized via
hydrothermal method and gold nanoclusters using chicken
egg white as a reducing agent. The ratiometric fluorescent
probe exhibited two EM peaks at 450 nm and 655 nm when
exciting under 390 nm with pink FL under UV light. The
pH of the solution was adjusted to 7.4 to obtain maximum
EM intensity with an optimal reaction time of 7 minutes.
The fluorescent probe exhibited changes in the intensity of
the 655 nm EM peak when the concentration of Hg™ was in-
creased and no changes in the 450 nm peak with linearity in
the range of 1 —90 um for PL intensity ratio of (I1450/1655)
with a limit of detection of 63 nm. Molecules capable of
exhibiting two EMpeaks are widely used for ratiometric
fluorescent sensing. Dual fluorescing CDs with EMpeaks
centered at 430 — 500 nm and 620 — 700 nm were utilized
for ratiometric sensing of heavy metal ions such as Co*™,
Fe’", Hg?*, and Pb?* [147]. CDs were synthesized via
a one-step microwave-assisted method using glutathione
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and formamide. CDs form CD-Pb>* and CD-Hg?* com-
plexes with two distinct EMpeaks centered at 475 and 450
nm. The FL quenching assays were carried out in the range
(1 —961 nm) with CD and metals ions (Co’*, Fe3*, Hg?*,
and Pb”), which showed a LOD value of 96.8, 61.7, 39.5,
37.1 nm. All the assays were carried out in pH close to
that of deionized water with no changes in the fluorescent
profiles from 4 — 8 nm. Forster resonance energy transfer
(FRET) mechanism between positive charged amino-carbon
dots and negative charged gold nanoclusters was utilized
for the ratiometric detection of Pb** and Cu®t [148]. The
CDs were prepared using a microwave-assisted method with
arginine and ethylene diamine molecules as precursors. The
fluorescent probe CDs/AuNCs were prepared by simple
mixing that exhibited two EMpeaks centered at 440 nm for
N-CDs and 565 nm for AuNCs. The FRET mechanism of
the fluorescent probe CDs/AuNCs was confirmed by the
zeta potentials of N-CDs +17.7 4+ 1.03 mV and for AuNCs
is —6.4 + 1.4 mV, the fluorescent probe had a value of
—3.05+£ 1.1 mV, because of the opposite charge interaction
between the N-CDs and AuNCs. The addition of Pb%>* to the
fluorescent probe (N-CDs/AuNCs) showed that it interacted
with AuNCs, resulting in aggregation-induced emission en-
hancement by inducing the aggregation of Au(I)-thiolate of
AuNCs (Au(o)@Au(I)-thiolate core-shell structure). The
EM intensity of AuNCs decreased with little changes in the
EM intensity of N-CDs, with a visible color change from
pink to a strong orange-red color between 2 — 60 um with
an LOD of 0.5 um. The paramagnetic transition of Cu>*
ions quenches the intensity of AuNCs with no changes in
the intensity of N-CDs by effective charge transfer between
Au to Cu?*, resulting in FL quenching of AuNCs in the
range of 1 —60 um with an LOD of 0.15 pum. Thus, the
following table explores various types of CDs for ratiomet-
ric HM sensing. Ratiometric-based FL sensors based on
CDs are also developed with two response EMpeaks in the
presence of analytes (HMs). To develop materials with
two EMpeaks for ratiometric sensing fluorescent material
coated or embedded or hybridized with nonfluorescent ma-
terials for dual response signal in the presence of HMs. O-
phenylenediamine precursor-based CDs(d-CDs) were syn-
thesized by microwave-assisted method with dual EMpeaks
centered at 360 and 530 nm and utilized for sensing Cu®*

Kiran et al.

ions [149]. The prepared d-CDs were tested against in-
creasing concentrations of Cu”>* ions (0.8-55 um), with an
increase in peak at 530 nm and quenching of EM peak at
360 nm. The change is the EMpeaks are more specific Cu>*
ions than any other metal ions, indicating the attraction be-
tween Cu>" and -NH, of d-CDs. UV spectra of d-CDs in
the presence of Cu®* ions indicate the rise of a new peak
of 438 nm, indicating the static complex formation -NH;
of d-CDs with an LOD of 44.63 nmol/L and visual color
change from pale yellow to orange. The quenching of the
EM peak at 360 nm occurs because of through-bond energy
transfer (TBET). Li and colleagues created reduced carbon
dots (re-CDs) that exhibit two EM peaks at 650 and 680
nm, enabling the precise differentiation and detection of
zinc (Zn?>*) and manganese (Mn>") ions. [150]. As the
concentration of zinc ions (Zn>*) was raised in the presence
of reduced carbon dots (re-CDs), there was an observed in-
crease in emission intensity at 650 nm and a corresponding
decrease at 680 nm. Conversely, the introduction of man-
ganese ions (Mn>") resulted in a diminished intensity at
650 nm, while the intensity at 680 nm remained unchanged.
The limits of detection (LOD) for Zn>* and Mn>" were de-
termined to be 9.09 nmol/L and 0.932 nmol/L, respectively.

5.5 Green carbon dots

CDs sourced from natural precursors exhibit advantages
such as excellent solubility in water, biocompatibility, and
less toxicity. Even though producing CDs from natural
precursors exhibits various difficulties, it is widely used
because of its numerous benefits such as pollution-free syn-
thesis, less cost of synthesis, sustainability, high activity,
extremely small size, and large surface area [151]. Due
to these numerous advantages of green CDs, it is widely
used in various applications such as FL imaging, drug deliv-
ery, photovoltaics, and catalysis. Green CDs have attained
great development in the field of sensors due to their natural
precursors, which are heteroatoms such as nitrogen, oxy-
gen, sulfur, and chlorine. These green CDs possess stable
properties and high QY without any passivation procedures
[152]. Mercy et al. synthesized a green carbon quantum
dot using rice husk via a one-pot synthesis route [153]. The
synthesized carbon quantum dots exhibited band gap values
in the range of 3.2 eV and were employed in the detection of
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antibiotics. Chemical oxidation and hydrothermal synthesis
are two widely used methods to prepare green carbon dots,
as shown in Figure 6.

6. Future perspectives and challenges

Looking ahead, several exciting future perspectives emerge
in CDs for HM sensing. Firstly, further research into the
fundamental understanding of CDs’ structure-property re-
lationships and complex formation mechanisms with HMs
will pave the way for the rational design of CDs with en-
hanced sensing capabilities. This includes exploring novel
synthesis routes, surface functionalization strategies, and
doping techniques to tailor CDs for improved sensitivity,
selectivity, and stability toward specific HMs. Furthermore,
exploring novel applications beyond traditional sensing,
such as imaging-guided therapy and environmental reme-
diation, showcases the versatility and multifaceted utility
of CDs. Collaborative efforts between materials scientists,
chemists, biologists, and environmental engineers will drive
the translation of CDs-based sensing technologies from
the laboratory to practical field applications, addressing
critical challenges in environmental monitoring, industrial
safety, and public health. A range of less explored sustain-
able precursors, including recycled waste, biomaterials, and
residues, should be evaluated for producing naturally doped
CDs with high quantum yield. Besides gaining a mechanis-
tic understanding of the formation of green CDs, it is es-
sential to determine the reasons behind the precursor-based
specificity of CDs toward certain metal ions. Moreover, im-
plementing simple and simultaneous surface modifications
could improve the optical signal for better applicability. Ex-
tensive studies are needed to create ratiometric and reusable
sensing probes with surface modifications that emit fluores-
cence in the UV-visible-NIR region.

7. Conclusion

In conclusion, the burgeoning field of CDs holds immense
promise for HMs sensing applications. HMs in the environ-
ment cause severe health issues to terrestrial and aquatic
organisms. Through meticulous exploration of their syn-
thesis methods, surface functionalization strategies, and
intricate, complex formation mechanisms, researchers
have unlocked the potential of CDs as highly sensitive and
selective sensors for HMs. The versatile nature of CDs,
coupled with their tunable optical properties, surface prop-
erties, and biocompatibility, renders them ideal candidates
for addressing the pressing need for efficient and reliable
HMs detection in diverse environmental and biomedical
sensing. Ratiometric sensing presents benefits compared to
traditional fluorescence and colorimetric sensing by mitigat-
ing background interferences. Leveraging the strengths of
green precursor-derived carbon dots for heavy metal sensing
amplifies these advantages.

IJND15 (2024) -152426

2008-8868[https://dx.doi.org/10.57647/.ijnd.2024.1504.26]

15/31


https://dx.doi.org/10.57647/j.ijnd.2024.1504.26

16/31

IJND15 (2024) -152426 Kiran et al.
Supplementary Tables
Table 1. Recent studies on nanomaterials for sensing heavy metals via the fluorometric technique.
S.No Nanomaterials Synthesis route Size (nm) LOD Metal ions Ref
| Nanofiber/Fe/CDs Sono chemical 30 i Mercury [154]
nanocomposite /Hydrothermal and lead
N, S doped Green pyrolysis 0.69
2 graphene QDs method 315 (nm) Mercury [155]
Blue and red dual One-step .
3 channel dual Hydrothermal 2.5 27 (?1?1(11)34 C;Ifgrﬂ:?? [156]
EMcarbon dots method
Blue-luminescent . 0.708 —2.4 .
4 CDs Pyrolysis method 10 (ppb) Chromium [157]
N, P Doped Hydrothermal 26 .
5 CDs method 2.46—5.95 (nm) Chromium [158]
CDs and boron . One-step . 1-96 Copper, Iron,
6 CDs microwave-assisted 72+£1.2 (nm) Mercury,
method and lead
Holmium-doped Two-step 0.01
7 carbon dot-gelatin desolvation 49.5+15.76 ) Copper [159]
. (uM)
nanoparticles method
3 Microline CDs Hydrothermal 3.4 4 Chromium [160]
nanostructure method (uM) and iron
Hydrothermal 0.31 and 56 Iron
0 N-Doped CDs method i (nm) and copper [124]
Carbon dot In-situ
10 decorat.ed Hydrothermal - 66 Chromium [161]
boehmite (nm)
method
nanostructure
Hydrothermal 0.70
11 CDs method 3 (M) Iron [162]
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Table 2. Recent studies on nanomaterials for sensing Heavy Metals via a colorimetric technique.
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S.No | Nanomaterials | Heavy metals LOD Linear range(LR) | Colour change | Ref
Colorless
1 (Mpd-CDS) Iron 2.98 (uUM) 0.56—-2.98 to reddish [163]
(HM)
brown color
Colorless
Lead 0.005 —0.075, to white
GSH Capped 013,25, 1 4 0075~ 0.01, Colorless
2 Syzygium Iron [164]
cumini CDs 2.1 (UM) to Brown
Maneanese ) 0.0075 —0.1
& (uM) Colorless to
Dark brown
Light blue to
3 AuNPs@CDs Mercury 3.7 (nM) 7—150 (nM) dark blue [165]
Mauve to
4 CD Iron 0.29 (uM) - orange [166]
Wine red
5 (SN-CDs/AuNPs) Mercury 0.5 (uM) 0.5—-4.0 (uM) to bluish violet [167]
6 CQDs-TiO; Fluoride 2 (ppm) 2 — 8 (ppm) Green to black | [168]
Carbon dots . 0.001-1000 Blue to purple
7 and SiO, Silver 1.6 (nM) (nM) and then pink [169]
Colourless to
Chromium 1 (pm) yellow
(Agr/CD) Colourless to
8 hydrogel film Lead 0.5, i white [170]
Manganese 0.5 (nM) Colourless to
Tan brown
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Table 3. Types of Carbon dots in ratiometric sensing of heavy metal ions.
Types of CDs Carl)f " ;lols Funcll(o; al;zatlon Metals detected LOD LR Color change Ref
Dichromate ions 0—120 Yellow-green
Glutathione Copper (Cr2072) 0.9, o to Green
Metal nanocluster CDs (450 nm) nanoclusters (750 nm) and Cadmium ions 2.3 umol/L 12"2]01/2]?0 Yellow-green 7]
hybridized CDs (Cd>) H to Pink
Copper nanoclusters 2 0.31 .
CDs (450 nm) (647 nm) Mercury (Hg"") mol/L - Pink to Blue [172]
Bovine Serum albumin
Blue Blue CDs albumin-modified gold Lo B red to pink to
(452 nm) nanoclusters (BSA-Au NC) Copper ions (Cu™) 16nM 0.05—-1.85uM purple to blue 73]
(654 nm)
Metal-organic CDs Europium-MOFs Mercury (Hg?t) 0.12nM 0—300 uM - [174]
(430nm) (614 nm)
frameworks-doped . —
Europium-Zeolitic
CDs CDs imidazolate Framework-8
: - 34 _ R
(458 nm) (ZIF-8) Iron (Fe’ ") 0.897 uM 0—6 uM [175]
(612 nm)
CDs Zeolitic imidazolate
X Framework-8 (ZIF-8) Copper ions (Cu?t) 11.712 uM - - [176]
(460 nm)
(560 nm)
Dual emissive CDs - Mercury (Hg?") 6.25 nm - Blue to pink | [177]
Dual emissive CDs (500,678 nm)
N, S doped Dual
emissive CDs - Iron (Fe’t) 83 nm 0.1-40 um - [178]
(416,688 nm)
Dual emissive Chromium
CDs - (Cr (VD) 0.41 uM - - [179]
(465,535 nm)
Cerium-doped Cadmium
Quantum dots CDs (445 nm) telluride (CdTe) Mercury (Hg>*) 2.63 nm/L 1-60nm - [180]
doped CDs quantum dots
’ (599 nm)
Hydrophilic carbon Quantum t?lmjre@th‘:;eg hiphilic
nanodots (CD) poly Mercury (Hg?+) 10.5 nm 0.5— 10 um - [181]
(490 nm) (QDePy)
(621 nm)
N, S Codoped Ad-Eu-DPA Strong blue to
Lanthanide ions Carbon quantum (AdxeflneiE}xropl)ll}m ions Mercury (Hg2") 0.2 nm 0.001 —0.02 light blue to [182]
hybridized CDs dots (Eu’*)-Dipicolinic acid) uM lavender
Y (443 nm) (617 nm) to deep purple
AMP-Tb-Phen Fe2+ 50 nM- 23 nM
CDs (Adensoine mono Fe3+ 100 uM, $8 nm . [183]
(415 nm) phosphate-Terbium- phenanthroline) Ascorbic acid 100 nM-80 uM 0.19 uM
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Table 4. Green synthesized CDs for various metal sensing.
. Metals Detection Linearity Quantum
S. No Source Synthesis route detected Limit range yield Ref
Hg>*" 12, 30 — 600,
1. Cassava pulp Hyﬁgtﬁfﬁnal Cu2t 217, 0— 200, NA | [184]
Fe3t 11.2 uM 0—250 uM
Kentucky Hydrothermal Mn>* 1.2,
2 Bluegrass Method Fe3* 1.4 uM S=25 M 7% [185]
Hydrothermal 34
3. Agar Method Fe 75 nM 0.5—1500 uM 32% [186]
Pyrolysis 24
4. Mango leaves Method Fe 0.62 ppm 0—1000 uLL 18.2% [187]
. Hydrothermal 3. 0.033-0.133
S. Seville orange Method Fe 0.53 uM oM 13.3% [188]
. Hydrothermal 2
6. Citrus lemon Method Hg 18.3 nM 0—100 uM 31% [189]
Extract of 12 Hvdrothermal
7. | different orange 4 Cr (VI) 0.8 uM 10nM-50 uM | 18.57% | [190]
Method
peel
Hydrothermal . 100 nM-100
8. Maple tree leaves Method Cesium 160 nM uM NA [191]
Paddy straw Hydrothermal Fe3t 12,
% mushroom Method Pb*t 16 nM 1= 1000 uM 1.5 % [192]
Leaves of
Hydrothermal APt 0.5, 0-6,
10. Catharanthus Method Fe3+ 0.3 uM 0—6 UM 28.2% [193]
roseus
. Hydrothermal 24 1 1
11. Banana juice Method Cu 0.3 ugmL 0.3 ugmL 32% [194]
Dwarf Banana Hydrothermal 3
12. peel Method Fe 0.66 uM 5-25uM 23% [195]
. Hydrothermal 30
13. Pine wood Method Fe 355.4 nmol 0— 1000 mM - [196]
pE
Hydrothermal %?6+ 0.38, 0-500,
14. Flax straw y . 0.19,and 0.35 | 0.5-—80, and 20.7% [197]
Method Ascorbic
. uM 0—200 uM
acid
15 Lychee waste Solvothermal Fe3t 2360M | 0.1—1.6uM | 235% | [198]
. y w Method . . ou D%
Microwave 2t
16. Kelp irradiation Cco 039uM/L | 1-200uM/L 23.5% [199]
Dunaliella Hydrothermal Cr (V]) 0.018, 0.03-0.20,
17. salina Method Ho+ 0.03-0.20 8% [200]
& 0.018 uM LML
Cranberry Hydrothermal 3
18. Beans Method Fe 9.55 uM 30 — 600 uM 10.85% [201]
1.5 uM-10
M
. Cu2t 0.1, -
19. Mlc.roalgae Depolymerisation Pb** 0.01 and 0.01 uM-2 - [202]
Biochar N2+ 01 uM mM and
! K 2.5 UM-10
mM
Leaves of He2+ 50, 5-500,
20. Prosopis Carbonization & 10 2.5-225 5% [203]
L Chemet Drug
juliflora ng/L ng/ml
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