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Detection of Dual Analytes in the Nanomolar Range
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ABSTRACT: Green-emissive carbon quantum dots (CQDs) with exclusive chemosensing aspects were synthesized from orange
pomace as a biomass-based precursor via a facile microwave method without using any chemicals. The synthesis of highly fluorescent
CQDs with inherent nitrogen was confirmed through X-ray diffraction, X-ray photoelectron, Fourier transform infrared, Raman, and
transmission electron microscopic techniques. The average size of the synthesized CQDs was found to be 7.5 nm. These fabricated
CQDs displayed excellent photostability, water solubility, and outstanding fluorescent quantum yield, i.e., 54.26%. The synthesized
CQDs showed promising results for the detection of Cr®* ions and 4-nitrophenol (4-NP). The sensitivity of CQDs toward Cr®* and
4-NP was found up to the nanomolar range with the limit of detection values of 59.6 and 14 nM, respectively. Several analytical
performances were thoroughly studied for high precision of dual analytes of the proposed nanosensor. Various photophysical
parameters of CQDs (quenching efficiency, binding constant, efc.) were analyzed in the presence of dual analytes to gain more
insights into the sensing mechanism. The synthesized CQDs exhibited fluorescence quenching toward incrementing the quencher
concentration, which was rationalized by the inner filter effect through time-correlated single-photon counting measurements. The
CQDs fabricated in the current work exhibited a lower detection limit and a wide linear range through the simple, eco-friendly, and
rapid detection of Cr® and 4-NP ions. To evaluate the feasibility of the detection approach, real sample analysis was conducted,
demonstrating satisfactory recovery rates and relative standard deviations toward the developed probes. This research paves the way
for developing CQDs with superior characteristics utilizing orange pomace (biowaste precursor).

B INTRODUCTION

Carbon quantum dots (CQDs) are a distinct group of
fluorescent nanomaterials with a diameter of less than 10 nm,
which have gained prominence in recent years.'" CQDs are
carbonaceous nanomaterials that are quasi-spherical in shape

CQDs but have limitations like toxicity, post-surface passivation,
and harsh reaction conditions.” Therefore, it is preferable to
synthesize CQDs through eco-friendly, affordable, and facile
pathways from biomass.'® Biomass-derived CQDs have high C

with sp® carbon and oxygen-containing groups.” They possess
unique physiochemical properties like stable photolumines-
cence (PL), versatile surface chemistry, excellent hydrophilicity,
biocompatibility,” low toxicity, excitation wavelength-depend-
ent emission, and eco-friendly nature.* CQDs can be used in a
plethora of applications like sensing,> solar cells, bio-imaging,
bio-electrochemistry,” nanomedicine,” and photocatalysis.” A
thorough review of the available literature found that organic
compounds and natural precursors (biomass and biowaste)
were employed to synthesize CQDs.” Organic compounds like
citric acid, glycerol, and chitosan have been used to produce
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content (45—55 wt %)."" Also, this is the cost-efficacious and

convenient method for the mass production of CQDs without

involving any refractory solvents."'

Received: April 12, 2023
Accepted: May 26, 2023
Published: June 6, 2023

https://doi.org/10.1021/acsomega.3c02474
ACS Omega 2023, 8, 22178-22189


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aayushi+Kundu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Banibrata+Maity"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Soumen+Basu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c02474&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02474?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02474?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02474?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02474?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02474?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02474?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02474?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02474?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/24?ref=pdf
https://pubs.acs.org/toc/acsodf/8/24?ref=pdf
https://pubs.acs.org/toc/acsodf/8/24?ref=pdf
https://pubs.acs.org/toc/acsodf/8/24?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c02474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

Supercritical water can be used for green synthesis/extraction
of the total organic carbon content of wastes. The distinctive
characteristics of supercritical water, such as its low dielectric
constant, high specific heat capacity, and high pressure, enable
the active involvement of supercritical water molecules in the
cleavage of chemical bonds by lowering the activation energy.
This supercritical water also helps in getting a higher yield of
quantum dots.'” Using subcritical water, an extensive range of
environmentally friendly materials can be extracted from various
bio-wastes and agricultural byproducts.'

Despite the progress in selecting green carbon precursors like
apple juice,* garlic," orange juice,® and lemon juice,'” the use
of edible products continues to be a challenge.'® The more
favorable choice is to use the agro-industrial waste that comes
from the consumption of primary products.'”** The beverage
and juice industries generate ~125 million tonnes of by-
products.”" Citrus sinensis (orange) is the typical citrus fruit with
a global production of ~73 million tonnes used for non-culinary
and culinary purposes.'® After juice production, the byproduct
formed is known as pomace, often discarded. Each year, ~15
million tonnes of orange juice byproducts are generated
globally.”> Orange pomace contains amino acids, nitrogen,
reducing sugars, fat (low content), pectin, cellulose, lignin,
moisture, nucleic acid, and phenolic content.”’ Interestingly,
pomace can be an effective green precursor for CQDs synthesis.
Also, microwave irradiation used in the synthesis process might
induce the formation of local super/sub-critical water in the
porous materials of the wastes.

The inherent N functionalities and surface-bound functional
groups like phenolic, carboxyl, efc,, in the as-prepared CQDs
were responsible for the sensing of different analytes.

Meanwhile, chromium (Cr) is one of the heavy metal
pollutants affecting human health and the environment.”
Among all the forms, Cr(VI) has drawn attention in recent
times as it causes hereditary gene defects, allergic reactions, nasal
mucosal irritation, and cancers.”* The United States Environ-
mental Protection A§ency identified it as a heavy metal pollutant
in the atmosphere.” Therefore, rapid and accurate Cr(VI)
detection is of utmost importance. Also, 4-nitrophenol (4-NP) is
one of the refractory and noxious pollutants in the effluents
produced from the manufacture of pharmaceutical dyes,
explosives, and agrochemicals. The ingestion of 4-NP could
lead to disorders like headache, kidney and liver damage, and
methemoglobinemia.”® Owing to its carcinogenic capacity and
toxicity, the U.S. EPA has listed it in the “primary pollutant
list”.”” Hence, it is vital to create a very specific and sensitive
detection system for the detection of 4-NP to save the
environment and public health. Cr(VI) and 4-NP can be
detected using various techniques such as chromato§raphy,28’29
atomic absorption spectroscopy,30 colorimetry,sl’ ?
change,33’34 and electrochemical method.>>*¢ However, these
methods have certain shortcomings like long operation time,
complex sample pre-treatment, and expensive equipment.’’
Fluorescence spectroscopy is a widely used technique because of
its cost-effectiveness, excellent sensitivity, high selectivity, and
quick response time.*® Wang and co-workers fabricated N-doped
CQD:s from a chelating agent and used it for detecting Cr(VI)
ions.”” Xu et al. prepared N-doped CQDs from p-glucose and t-
arginine, which were used to detect Fe(III) and Cr(VI)."" Guo et
al. described the hydrothermal preparation of N- and B-doped
carbon dots for sensing Cr(VI) through a fluorescence
quenching mechanism.”' Mondal et al. prepared CQDs using
citric acid and lanthanide to detect Cr(VI).* Li et al. employed

ion ex-

apple peels for CQD synthesis and utilized it for the detection of
Cr(VI) having a detection limit, i.e, 0.73 uM.*” Das and Dutta
synthesized N-doped carbon dots with ethylene glycol and f-
alanine for the detection of 4-NP and Cr(VI) with the 0.4 and
0.29 uM detection limit, respectively."* Huang reported the
sensitive detection of 4-NP having 0.05 M detection limit using
cuttlefish ink-based N and S co-doped CQDs.” Amjadi and
Hallaj studied a glucose-derived CQD—Ru(bpy);**—Ce(IV)
cher:ziluminescence sensor designed for the determination of 4-
NP.

This study emphasizes on synthesizing CQDs using orange
pomace through the one-pot facile, green, and microwave-
assisted methods without the incorporation of any chemicals.
The as-prepared CQDs showed green emission and highly
fluorescence property. The developed sensor was used for the
selective and sensitive detection of Cr® and 4-NP at the
nanomolar level by an inner filter mechanism. This study also
validates the results of real sample analysis.

B EXPERIMENTAL SECTION

Materials. Orange pomace was taken from a local juice shop
(Patiala, India). All the chemicals necessary to prepare metal ion
stock solutions were acquired from Loba Chemie, India.
Deionized (DI) water was utilized during the experiments.

Synthesis of Orange Pomace-Derived CQDs. To begin,
the orange pomace was gently cleansed with DI water. Water
(100 mL) was added to pomace and grinded in a mixer which
was further filtered, and juice was collected. The filtered juice
was transferred to a reaction vial and kept for heating at 150 °C
(300 W) for 10 min in a microwave reactor. The obtained
solution was filtered using a syringe filter (0.22 ym) to obtain
brown-colored CQDs as illustrated in Scheme 1.

Scheme 1. Synthesis of CQDs from Orange Pomace
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Sample Solution Preparation. The standard solution (1
mM) of various metals (cations: Co?*, Fe>*, Cr®*, Cu®*, Ni**,
Fe**, Zn®', AP*, Cr**, Hg**, Pb**, and Cd** and anions: ClO;",
PO, NO,, SO,27, CI, NO,”, OH™, F~, and $*7) and
analytes [glucose, hydroquinone (HQ), ascorbic acid (AA), 4-
NP, 2-nitrophenol (2-NP), glycine, ethylenediaminetetraacetic
acid (EDTA), alanine, glutathione, methoxy phenol (MP),
nitrobenzene, 1-fluoro 2-nitrobenzene, and phenol] were made
in DI water to perform the selectivity experiments of the
synthesized CQDs. 0.1 mM solution was pipetted into the
cuvette with the addition of 10 uL of CQDs in 2 mL of DI water.
Further, the sensitivity study validation was carried out using a 1
UM stock solution of Cr(VI) and 4-NP.
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Figure 1. (a) Survey spectra of CQDs and (b) high-resolution spectra of C 1s, (c) N 1s, and (d) O 1s of CQDs.
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Figure 2. (a) FT-IR graph of CQDs, (b) XRD spectra, and (c,d) TEM images with the inset showing the size distribution histogram of CQDs.

Real Sample Analysis. To examine the applicability of the Quantum Yield Measurements. The fluorescence quan-

present sensing method, the experiment was conducted with real tum yields of CQDs in the existence of Cr(VI) and 4-NP were

samples (lake water and tap water). The water samples were . . .
ples ( P ) P measured with quinine sulfate”” solution as a reference (¢ =

collected from Patiala, India. Prior to analysis, the water samples
0.546) from eq 1

underwent filtration using 0.45 um nylon filters. After spiking
the samples with different concentrations of Cr® and 4-NP, a

2
A Abs 7]
solution of CQDs was added, and fluorescence measurements g = Py X =ox ( 5 ) X %
were recorded at a wavelength of 360 nm. Ar (Abs)s Ty (1)
22180 https://doi.org/10.1021/acsomega.3c02474
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Figure 3. (a) DLS size distribution, (b) Raman spectra of CQDs with the inset showing the 2D band, (c) UV—vis absorption spectrum with the inset
showing CQDs exposed to visible and ultraviolet light, and (d) fluorescence emission spectrum of the as-prepared CQDs.

“¢s” refers to the samples’ quantum yield and “¢z” denotes the
quantum yield of the reference solution. “Abs”, “A”, and “n”
refers to the absorbance, emission area, and refractive index,
respectively.

B RESULTS AND DISCUSSION

Characterization. X-ray photoelectron spectroscopy (XPS)
study was done to know the surface chemical composition of the
synthesized CQDs. The survey spectra exhibit peaks at 283.8,
398.5, and 531.6 eV corresponding to C 1s (66.68%), N 1s
(2.45%),and O 1s (30.87%), respectively (Figure 1a). The high-
resolution C 1s spectrum (Figure 1b) shows three major peaks
at 284.8, 286.1, and 287.4 eV ascribing to C=C/C-C, C-0/
C—N, and O=C-0, respectively.48 The N 1s spectrum (Figure
1c) exhibits peaks at 399.3 and 401.1 eV corresponding to N—H
and C—N, respectively.”” The O 1s spectrum (Figure 1d)
showed peaks at 531.1, 532.1, and 533.0 eV assigned to C=0,
C—0—-C/C—OH, and H-OH, respectively, with the 25% water
content in the sample.”® The functional groups on the CQD
surface were confirmed through Fourier transform infrared (FT-
IR) spectroscopy (Figure 2a). The FT-IR absorption bands were
observed at 3352 cm ™" ascribed to the stretching vibration of the
O—H/N—H group. A small band at 2961 cm™" resembles C—H
stretching vibration, and signals at 1737 and 1622 cm™
correspond to C=O and C=C stretching, respectively.
Additionally, peaks for amide II at 1571 cm™" and amide I at
1618 cm™" correspond to the bending vibration of amide
confirming the amide bonds.’’ The band at 1480 cm™’
corresponds to C—N stretching. Peaks at 1258 and 1087 cm™
confirm the C—O stretching.”® The signal at 1008 cm™!
corresponds to C=C bending vibrations. This affirmed the
presence of hydroxyl, carboxyl, and amino groups on the CQD
surface. The zeta potential was —12.6 mV, confirming the
abundance of negatively charge functional groups on CQDs
(Supporting Figure S1a).>* The X-ray diffraction (XRD)
spectrum (Figure 2b) showed that the broad amorphous peak

22181

at 26 = 23.5° was attributed to the (002) graphitic carbon lattice
spacing of the as-prepared CQDs.**

The size and morphology of the orange pomace-derived
CQDs were analyzed using transmission electron microscopy
(TEM). Figure 2c,d shows that the as-prepared CQDs are nearly
spherical in shape. The inset of Figure 2d exhibits the particle
size histogram distribution ranging from 3 to 11 nm, with a
computed average particle size of 7.5 nm. The hydrodynamic
particle size (~78 nm) was calculated using the DLS data
(Figure 3a). Figure 3b exhibits the Raman spectrum depicting
two peaks at 1360 cm™' (disordered-D) and 1568 cm™
(graphite-G) bands.”® The G band is a result of the first-order
scattering of E,, phonons from carbon atoms that are sp>-
hybridized, while the D band arises due to a breathing motion of
k-point phonons with the A;, symmetry associated with defects
in the sp* carbon bonds, like hydroxyl and/or epoxide bonds.>*
The higher intensity of the G band showed the presence of sp’
carbons with fewer sp’-hybridized carbon atoms in the
synthesized CQDs. The additional wide 2D band seen at
around 2694 cm ™' showed the sp” hybridization (second-order
phonon process).”*° The 2D band, historically known as G/,
represents an overtone of the D band.”’

Optical Property Analysis. The optical properties were
studied using UV—vis spectra and the PL emission spectrum.
Figure 3c depicts a predominant absorption band at 340 nm for
C=O0 credited to n—z* and a weak absorption band at 275 nm
due to the 7—7* transition of sp> domains of the carbon core.”®
The inset image showed a brown color during visible light
irradiation and emits green fluorescence on irradiation of UV
light (365 nm). This is ascribed to radiative recombination
among electrons and holes, which is due to the photoinduced
separation of charge and surface site trapping, leading to PL
emission of the fabricated CQDs.*” The PL emission spectra are
shown in Figure 3d. The highest emission peak was observed at
448 nm upon excitation of 360 nm. The high PL quantum yield
of 54.26% was noticed for the as-prepared CQDs. A bath-
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Figure 4. (a) Spectra of PL emission at different excitation wavelengths, (b) impact of time (min), (c) effect of storage duration (days) on CQDs PL

stability, and (d) CQDs selectivity tests using various metal cations.

ochromic shift (Figure 4a) is noticed in the emission wavelength
from 417 to 506 nm with a change in excitations at 300—420 nm.
This excitation-dependent fluorescence emission of CQDs is
related to fluorescence excitation energy and different factors
like quantum confinement effect, surface edge defects, sp* 7
domains, zigzag edge sites, and size variation.”

Stability Studies of CQDs. The stability of CQD
luminescence properties is a vital factor to be considered prior
to further applications. The role of pH and irradiation time on
the PL intensity of CQDs was studied. To know the
photostability, the as-prepared CQDs were irradiated under a
Xe lamp for 60 min, and no substantial change in intensity was
seen (Figure 4b). CQDs were also stored for 4S5 days, and the
fluorescence spectra were taken at regular intervals, revealing no
discernible change in PL intensity over the course of time
(Figure 4c). It affirms the high stability of CQDs. Additionally,
the effect of pH (3—13) was investigated to know the pH
interference with the PL intensity of CQDs. At various pH,
almost the same PL intensity of CQDs was observed, proving
that CQDs can work effectively in both acidic and basic
environments®’ (Figure S1b).

Selectivity Studies for Cr(VIl). This is an important
parameter to study while developing a potent sensor. The
variation in the PL intensity of the CQDs with 0.1 mM
concentration of the stock solution of different metal cations
(C02+, F63+, Cr6+’ Cu2+, Ni2+, Fe2+, Zn“, A13+, Cl‘3+, Hg2+, Pb2+,
and Cd**) was studied. The result indicated a significant PL
response after the addition of Fe** and Cr®* ions, while all other
cations show minimal response (Figure 4d). To further confirm
the selectivity of the CQDs toward anions, its fluorescence
behavior in the presence of different anions (ClO;~, PO,*,
NO, , SO,*7, CI, NO;~, OH7, F, and $*7) was also
considered. The results exhibited that there is negligible
response on the CQD intensity on varying the anions (Figure
$2). However, Cr®" showed the maximum fluorescence

quenching effect, which affirmed that the synthesized CQDs

22182

are selective for Cr®" ions. Further sensitivity tests were carried
out using a 1 M stock solution of Cr®" ions.

Plausible Reason for the CQD High Selectivity with
Cr%" lons. The possible reason for the PL quenching of CQDs
with the addition of Cr®" ions is because of the high redox
potential (~+1.33 V) of Cr®" (eq 4) at acidic pH (since the
inherent pH of the CQDs is 3.5), making it a strong oxidant
which can be reduced in the presence of an electron donor
moiety, i.e., C(le.é1 In water, Cr®" exists in various anionic
forms such as Cr,0,*”, CrO,>”, and HCrO, . These Cr®
anionic forms are converted to each other as the pH of solution
changes. Cr,0,”~ and CrO,*~ are in equilibrium in the solution,
and as the solution becomes acidic, the reaction equilibrium
moves toward left (eq 2), and as shown in eq 3, Cr,0,%" is
instantaneously converted to HCrO,~ as the primary con-
stituent.

Cr,0,”” + H,0 © 2Cr0,”” + 2H" )
C,0,”” + H" - 2HCrO,” + 2H,0 3)

HCrO,” + 7H" + 3¢” — Cr(Ill) + 4H,0
(E° = 1.33V) (4)

The CQD surface contains profuse number of functional groups
like hydroxyl, carboxyl, amide, and carbonyl, some of which have
reduced capabilities. As a result, Cr®* directly reduced to Cr** in
the presence of CQDs.*” The effect of pH on the performance of
the sensors for the selective detection of Cr®" was also studied.
The sensor showed the maximum fluorescence quenching of
Cr®" in the acidic pH (Figure S5a).

Method of Validation. This method was authenticated in
accordance with ICHQ2(R1) recommendations.®®

Linearity and Range. The interaction of PL intensity of
varied Cr®* ion concentrations (nM range) with CQDs was
tested to determine the sensitivity of the as-prepared sensor. The
CQD PL intensity was gradually quenched with different
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F,) and Cr®" ions (0—480 nM), (c) overlapping of absorption spectra of Cr®" ions with the excitation and emission spectrum of CQDs, and (d) PL

lifetime decay of CQDs with Cr®" and 4-NP.

concentrations of Cr®" ions, as exhibited in Figure 5a. To know
the quenching efficacy, the Stern—Volmer plot was drawn using
the following equation

b _ 1 + Kg[Q]
F v (s)
“F,” and “F” are the CQD PL intensity in the absence and with
the quencher, ie, Cr®. Kgy denotes the Stern—Volmer
quenching constant. Figure S3a depicts the linear range of Fy/
F and the Cr®* concentrations (0—480 nM) with the regression
equation as

E
FO = 0.00626[Cr°"] + 0.8514  (R* = 0.991)

(6)
The values of R* are approximate to unity, indicating the
satisfactory linearity of the developed method.

Limit of Detection and Limit of Quantification. The
detection limit for Cr®" ions was calculated using 36/K and LOQ
using 106/K, where o denotes the intercept’s standard deviation,
and K tells the slope of linear line. The LOD was calculated from
Figure Sb, i.e., $9.6 nM from a plot among PL responses (F, — F/
F,) and concentrations of Cr®" ions (0—480 nM) with R* =
0.995. Table 1 shows the LOQ value of 198.7 nM.

Table 2 displays that the developed sensors have high
sensitivity toward Cr®" ions compared to other sensors
mentioned in the literature.

Binding Efficiency. To determine the binding interaction
and stoichiometry between CQDs and Cr®, the excited-state
binding constant was estimated with a 1:1 linear Benesi—
Hildebrand (B—H) equation

1 1 1
= +
F-F FEK-F KQI®F-F)

)

“Fy” and “F” signifies the PL intensities in the absence and with
Cr®. “Q” denotes the quencher concentration. F is the intensity
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Table 1. Sensing Capabilities for Cr®* by the Prepared Sensor

parameters Ccr
range 0—480 nM
limit of detection” 59.6 nM
limit of quantification” 198.7 nM

regression equation
binding efficacy
Ksv

F,/F = 0.00626[Cr*] + 0.8514

602 nM ™!
0.00626 nM™*

“LOD = 3¢/K. ’LOQ = 100/K, ¢ is intercept’s standard deviation,

and K represents slope.

Table 2. Different Quantum Dot-Based Sensing Devices for

Cr’" Detection

sr.no. the sensor system linearity range  detection limit refs
1 CQDs 0.5-200uM 073 uM 43
2 N-CQDs 0-100 uM 2.1 uM 39
3 CQDs 1-20 uM 0175 uM 42
4 N,S-CQDs 1-10 uM 02 uM 64
s N,$-CQDs 1-40 M 0.52 uM 65
6 B,N-CDs 0.3—500 uM 0.24 uM 66
7 CQDs 0—480 nM 59.6 nM current work

of 1:1 stoichiometric CQDs—Cr®". “K” denotes the values of
binding constant of CQDs with Cr®". The plot between (1/F, —
F) versus 1/[ Q] exhibits a linear line with K = 602 nM ™ and R* =
0.997 (Figure S3b and Table 1).

Analysis of Precision. An experiment was done to know the
intra-day and inter-day precisions, which was carried out with
three distinct concentrations along with three replicas of each
concentration. Allowed % RSD value was <2%, demonstrating
that the prepared method has acceptable precision (Table S1).

Sensitivity Studies for the Detection of Cr®*. The linear
response range and sensitivity of CQDs for Cr® ions were
calculated by adding distinct concentrations of Cr®* ions (0—
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480 nM) under optimized conditions. Figure Sa clearly shows
that with a gradual increase in Cr®* concentrations, the CQD
intensity was gradually decreased. Figure S3a shows the decent
linear response of Fy/F with the concentration of Cr®* by
regression eq 6 having a 0.991 correlation coeflicient. The
detection limit was found to be 59.6 nM (Figure Sb), which is
much lower than the reported sensitivity parameter value in the
previous literature (Table 2), since the average lifetime data of
the as-prepared CQD remains constant in the existence of Cr®*
(Table S2), which clearly depicts that the developed inner filter
effect (IFE)-based fluorescence sensor has a high sensitivity to
detect Cr®" ions offering benefits like fast implementation, facile,
and expediency.

Analysis of Real Samples. Table 3 depicts the practicability
of CQDs toward sensing of Cr% ions in lake water and tap water.

Table 3. Application of the Developed Sensor for the
Detection of Cr®" in Real Samples

sample added (uM)  found (uM)  recovery (%) RSD (%)
lake water 0.5 0.47 94.80 1.23
1.5 1.51 100.6 1.32
2.5 2.48 99.20 1.06
S 4.94 98.80 0.30
tap water 0.5 0.46 92.0 1.24
1.5 1.48 98.6 0.67
2.5 2.51 100.4 1.79
S 4.93 98.6 0.42

The data showed the good recovery percentage and relative
standard deviation (% RSD). The observed values exhibited the
acceptable precision values, confirming that the as-prepared
CQDs can be successfully used for the sensing of Cr" in the real
water samples.

Possible Fluorescence Sensing Mechanism of Cr®*. To
examine the plausible interaction mechanism of Cr®* ions and
CQDs, the optical properties of the spectra of Cr®* and CQDs
were first studied to know the quenching mechanism. Figure Sc
shows the excitation and emission spectra of CQDs and UV—vis
spectra of Cr®". Here, the maximum absorption peak of the

quencher, i.e., Cr®*, was overlapped with the excitation spectra of
CQDs, which is due to the IFE. It is a decent spectral overlay
among the absorber’s absorption band with the fluorophore’s
excitation/emission band.** As shown in Figure S, Cr%* showed
the broad absorption peak at 257, 352, and 444 nm.
Simultaneously, CQDs displayed an excitation band at 360
nm with an emission peak centered at 448 nm, demonstrating a
great amount of effective overlapping between the excitation,
emission, and absorption bands in the developed sensing system.
Henceforth, the PL quenching can be credited to the IFE.”
Also, the PL decay spectrum of CQDs without and with Cr®*
were further studied to validate the quenching mechanism. As
depicted in Figure 5d, the average lifetimes of CQDs and CQDs
+ Cr® were 1.086 and 1.106 ns, respectively (Table S2). The
minimal change in the fluorescence lifetimes after the Cr®*
addition denotes that there was no substantial electron transfer
between CQDs and Cr*, and the mechanism was ascribed to
IEE (Scheme 2).%”

B DETECTION OF 4-NP

Selectivity of CQD toward 4-NP. To study the selectivity
of fabricated CQDs toward 4-NP, changes in CQDs PL intensity
were studied in the existence of various analytes like glucose,
HQ, AA, 4-NP, 2-NP, glycine, EDTA, alanine, glutathione
(GSH), MP, nitrobenzene, 1-fluoro 2-nitrobenzene (1-F-2NB),
and phenol. Figure 6a depicts that the PL quenching efficiency of
CQDs was maximum in the case of 4-NP than the remaining
analytes. This displayed the excellent selectivity of synthesized
CQDs toward 4-NP. The fluorescence quenching can be
accredited to the energy transfer amid CQDS and 4-NP.*® Also,
the overlap among the absorption spectra of 4-NP with the
excitation and emission spectra of CQDs was responsible for PL
quenching. As depicted in Scheme 3, the energy transfer could
be eased by establishment of a zwitterionic spirocyclic
Meisenheimer complex through CQDs and 4-NP combination.
The negative charge gets delocalized across the cyclohexadiene
ring and the nitro group as a consequence of the creation of a
Meisenheimer complex, while a positive charge will spread on
the iminium group. This transfer of energy produced by
localization of charges leads to fluorescence quenching of

Scheme 2. Plausible Sensing Mechanism of Cr®*
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spectrum.

Scheme 3. Plausible Quenching Mechanism of CQDs in the Presence of 4-NP
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CQDs. Further sensitivity tests were carried out with a 1 yM
stock solution of 4-NP. The effect of pH on the performance of
the sensors for the selective detection of 4-NP was also carried
out. The sensor showed the maximum fluorescence quenching
of 4-NP in the basic pH (Figure S5b).

Sensitivity Studies of 4-NP. The PL intensity of the
fabricated CQDs was eventually quenched by gradually adding
various concentrations of 4-NP (0—840 nM) (Figure 6b). The
detection limit (LOD), linearity range, LOQ, and further
analytical parameters are tabulated in Table 4. Figure S4a shows
the linear relation among PL responses (F, — F/F,) and different

22185

concentrations of 4-NP (0—840 nM) with the inset figure
showing the linear calibration curve between F, — F/F, and
concentration of 4-NP (0—90 nM) having a correlation
coefficient of 0.991. The limit of detection was 14 nM, which
was calculated using the IUPAC criterion (36/K), which is
lower as compared to the values stated in the previous literature
studies (Table 5). The linear calibration curve was derived from
the Stern—Volmer graph with the regression equation Fy/F =
0.00351[4-NP] + 0.91171, here F, and F are the PL intensity of
CQDs without and with 4-NP with the high correlation
coefficient (R* = 0.994) (Figure 6¢). The binding efficacy was
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Table 4. Analytical Performance for 4-NP by the Prepared
Sensor

parameters 4-NP
linearity range 0—-90 nM
limit of detection” 14 nM
limit of quantification” 63.8 nM
regression equation Fy/F = 0.00351[4-NP] + 0.91171
binding efficacy 8403 nM™!
Kgy 0.00351 nM™!

“LOD = 36/K. bLOQ: 100/K, o is intercept’s standard deviation
and K denotes the slope.

Table 5. Different Sensors for 4-NP Detection

SI. linearity detection
no. sensor system range limit refs

1 carbon dots (CDs)  0.1—-50 uM 0.028 uM 69

2 BN-CDs 0.5-200 uM  0.20 uM 70

3 B-CDs@ZnO QDs  1.0—40 yuM 0.34 uM 71

4 CdTe QDs 1.0-30 uM 40 nM 26

S CDs 0.001-1 uM 60 nM 60

6 CQDs 0—90 nM 14 nM current work

also calculated using eq 7. The graph between (1/F, — F) vs 1/
[Q] depicts a linear line showing K = 8403 nM ™" and R = 0.992
(Figure S4b and Table 4). Precision analysis was also performed
with the acceptable % RSD value of less than 2%, indicating that
the developed method had an acceptable precision (Table S1).
Real sample analysis was also carried out to confirm the
practicability of the developed sensor against the detection of 4-
NP in the real water samples. The result showed good % RSD
and recoveries (Table S3).

Quenching Mechanism. The PL quenching mechanism of
CQDs in the presence of 4-NP can be elucidated by the spectral
overlapping of the absorption spectra of acceptor, i.e., 4-NP, with
the excitation and emission spectra of donor, i.e., CQDs. This is
because of the IFE as depicted in Figure 6d, the absorption
spectra of 4-NP is at 378 nm, which was overlapped with the
excitation peak of CQDs that is cantered at 360 nm.”” The PL
decay spectra of CQDs with and without 4-NP were further
evaluated to check the quenching mechanism. Figure 4d shows
that the average lifetimes of CQDs and CQDs + 4-NP were
1.086 and 1.078 ns, respectively (Table S2). Also, the
zwitterionic spirocyclic Meisenheimer complex formation was
responsible (Scheme 3). Here, the nitro group and the
cyclohexadiene ring contain the negative charge, and the
iminium group comprises the positive charge.”” The transfer
of energy created by the charge localization might lead to
substantial fluorescence quenching of CQDs upon addition of 4-
NP (contact quenching).51

B CONCLUSIONS

In the current work, an eco-friendly, green methodology, and
cheaper approach was used for the synthesis of highly water-
soluble fluorescent CQDs from biomass waste (orange pomace)
by the microwave irradiation without incorporation of chemical
substituents. The synthesized CQDs are stable, green
luminescent, showing excitation-dependent emission ranging
from 300 to 420 nm. CQDs act as a nanosensor for the sensitive
detection of Cr® with 82% quenching and a detection limit of
59.6 nM within the concentration range of 0—480 nM. The PL
quenching was attributed to IFE. Also, the prepared CQDs were

applied for the detection of the extremely important mono-
nitrophenols with respect to environmental concern. CQDs
reacted well toward 4-NP with 14 nM LOD in the 0—90 nM
concentration range. This is possibly because of the formation of
the zwitterionic spirocyclic Meisenheimer complex and IFE.
Validation of the as-prepared sensor was performed in
accordance with ICH recommendations. Moreover, the
developed method was used to effectively detect chromium
(Cr) and 4-NP in real water samples with acceptable % RSD
and precision. This current method and the detection strategy
comes out to be a cheaper, easier, and environment-friendly
approach for the detection of Cr®* and 4-NP for various
applications.
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