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Nitrogen and sulfur co-doped fluorescent carbon
dots for the trapping of Hg(i) ions from waterf

Harpreet Kaur,® Navneet Kaur (2 *° and Narinder Singh (2 *©

An uncomplicated, reliable, and ultrasensitive fluorescent sensor motif based on carbon dots (CDs) co-doped
with nitrogen and sulfur atoms has been fabricated using calix[4]arene and benzothiazole moieties for
the recognition of toxic mercuric ions (Hg?") in aqueous medium and the application has been
established in Tris—HCl buffer solution, real water samples, and the trapping of Hg®* ions from aqueous
medium. It was observed that the fluorescence intensity of the as-synthesized CDs could be entirely
quenched in the presence of Hg?" ions due to the electron/energy transfer process between the
surface functional groups of the CDs and soft closed-shell ng+ ions. The proposed nanosensor could
proficiently detect Hg?* ions in aqueous medium with a detection limit of the order of 7.89 nM with
high selectivity, sensitivity, and with a relatively low background interference even in a complex medium.
The CDs were then further adsorbed on the surface of silica and were investigated for their ability to
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Introduction

Having simply identified the detrimental effects of heavy metal
(HMs) ions, particularly mercury ions, have not completely
prevented the widespread use of mercury salts and organo-
mercury compounds. Industries (oil refining, wood pulping fossil
fuel combustion, rubber processing, coal, and gold mining)
and anthropological activities involving the use of fossil fuels
and agricultural lands exposed to mercury-based fertilizers are
conscious acts of humans, which are responsible for the serious
ailments prevalent in living beings and adverse effects on the
environment due to the high toxicity and bioaccumulation
ability of these HMs."”> Among various HMs, mercury has long
been documented as one of the most toxic HMs and is known
to cause serious diseases in human body such as organ failure,
prenatal brain damage, cognitive disorder, dysfunctioning of
the central nervous system (CNS), and Minamata disease when
accumulated in the food chain through various environmental
sources.”™ The use of mercury in the form of medicines
such as mercurochrome, vaccines containing thiomersal, and
dental amalgams containing up to 40% of mercury are very
common.® Mercury is highly toxic irrespective of the oxidation
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trap/capture ng+ ions using chromogenic and atomic absorption spectroscopy (AAS) method.

state; however, Hg>" is the most widespread and stable from of
the pollutant present in the environment. In order to trap Hg”"
ions from the environment, various novel detection strategies
have been developed for the selective and sensitive detection of
Hg>" ions. These methodologies, aiming at high sensitivity,
selectivity and uncomplicated sample handling, include
fluorescent chemosensors, metal-organic frameworks, and por-
ous materials.” " Various methods employed for the detection
of Hg”" ions with detection limits as low as of the order of
nM to pM include atomic absorption spectroscopy (AAS),
inductively coupled plasma-mass spectrometry (ICP-MS), cold
vapor-atomic fluorescence spectroscopy (CV-AFS), as well as
electrochemical and optical techniques.”>™"> Among all these
methods, fluorescent chemosensors have provided a sensitive
and efficient analytical method for the ultrasensitive detection
of Hg>" ions. However, the major drawback of these methods is
that the proposed technique can either detect a particular metal
ion sensitively or scavenge the metal ions separately, thus
limiting their practical applications.”*® In addition to this,
these proposed techniques display other shortcomings includ-
ing low sensitivity and selectivity, high-cost operations, need of
sample pre-treatment, and interference from other toxic metal
ions, which makes the commercial use of these techniques
difficult."”'® Hence, an ingenuous, prompt, highly selective,
and inexpensive method for the detection and scavenging
of Hg?" ions is required. Through literature findings, it is
known that sulfur groups, due to their n-donating ability, hold
obvious affinity towards Hg>* ions.>” Hg”" ions, owing to their
filled d"° electronic configuration, are spectroscopically and
magnetically silent and have an induced spin-orbit coupling
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effect, leading to quenching in the fluorescent signals." The
detection of Hg”" ions using NMR and EPR (electron paramag-
netic resonance) techniques is not favored and optical detection
techniques could be employed as they are simple, time-saving,
reliable, and highly sensitive, offering real-time advantages as well
as scrutinizing the in situ dynamic biological processes in living
cells.”® Also, novel strategies for the development of fluorescent
chemosensors for the selective detection of Hg>" ions in aqueous
or semi-aqueous medium are at an early stage.'®*!

On account of the remarkable properties of carbon quantum
dots (CDs), such as their great resistance to photo-bleaching,
strong chemical inertness, less toxicity, excellent water solubility,
and decent cost and biocompatibility, they have enticed the
research community to explore their applications in the fields
of bio-imaging, drug delivery, sensors, and optoelectronic
devices.”>** Also, CDs are an excellent alternative to heavy
metal-based semiconductor quantum dots due to their low toxi-
city, high photostability, and colorful photoluminescence.>* In
addition to these, there are many other attributes of CDs over
conventional semiconductor quantum dots such as benign
chemical composition, simplistic functionalization, excep-
tional physicochemical stability, and tunable fluorescence
emission. Accompanied by other benefits such as low cost
and ease of synthesis, CDs are in a promising position for
achieving exceptional performance in a diverse range of appli-
cations as mentioned above.*® Low quantum yield, complex
separation procedures, purification, and ambiguity in their
geometry, structure, and composition of most of the reported
CDs is still an area that needs to be addressed in order to widen
its applications.*® Among various bicyclic ring systems, benzo-
thiazole is a well-known system with marked applications in
biological and luminescent materials owing to its remarkable
anticancer and antimicrobial properties.”” In the literature, vast
studies have been performed with a range of derivatives of
benzothiazole to explore its application in the field of lumines-
cent materials owing to its ability to generate UV-visible as well
as fluorescent signals as a dual-channel probe.’®*° Bearing in
mind the utmost significance of the development of a selective
and sensitive fluorescent probe for the detection of Hg>" ions, a
novel sensor motif based on calix[4]arene modified with the
benzothiazole moiety was developed. The calix[4]arene deriva-
tive was then employed to develop CDs using hydrothermal
reaction and it was shown to exhibit a fluorescence “turn-off”
response in the semi-aqueous medium towards Hg”" ions
(5 mM; Tris-HCl buffer pH 7.4; DMSO/H,0 1:2, v/v). The probe
was shown to exhibit negligible cytotoxicity, high resistance
to photo-bleaching, and outstanding biocompatibility. The
probe was then utilized to detect Hg>* ions in real samples
collected from different sources with a percentage recovery as
good as 96-100.9%. In addition to this, AAS and the chromo-
genic method were further employed to determine the Hg**
ions passed down through the column containing CDs
adsorbed on the silica mesh. Traditionally, adsorption-based
remediation involves the elimination of contaminants from water
with the benefits of minimal water wastage and higher energy
efficiency. Various adsorbent materials such as carbon-based
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materials, metal oxides, metal-organic-frameworks, and poly-
mers, having a large surface area, appropriate pore/cavity size,
and suitable binding sites have been employed.*® In this work,
we have employed CDs adsorbed on the surface of silica for
trapping toxic Hg>" ions in the aqueous medium. The CDs were
characterized using SEM technique and known concentrations
of Hg”" ions were passed through the column under pressure
and a controlled flow rate. The results were then compared
with a standard method employing dithizone as a metal
chelator in aqueous medium. AAS technique was also employed
among various analytical techniques reported for the specia-
tion of Hg”* ions. Chromatographic separation techniques such
as high performance liquid chromatography (HPLC) and gas
chromatography (GC) in combination with some spectroscopic
technique are commonly used; however, these suffer from
some disadvantages, for example, the Hg>" species is required
to be converted to a volatile compound before use.*>' Hence, we
have employed the AAS technique, in which the Hg>" ions can
be determined in the aqueous medium without any prior
requirement of pre-conversion to a volatile phase.

Experimental section

Materials

p-tert-Butyl phenol, formaldehyde (37%), NaOH, K,COs, 1,2-
dibromoethane, p-hydroxy benzaldehyde, 2-(1H-benzo|[d]
imidazol-2-yl)aniline, dithizone, and Hg(NOs),-H,O were pro-
cured from Sigma-Aldrich and were used without further
purification. Sodium dodecyl sulfate (SDS) and silica were
purchased from SD Fine Chemicals. Solvents such as diphenyl
ether, toluene, acetone, acetonitrile, chloroform, and DMSO
were also obtained from SD Fine Chemicals and used as
obtained. Deionised water (type-II) was used throughout the
experiments and was obtained from a Millipore Water Purifica-
tion System.

Instrumentation

"H NMR and "*C NMR spectra were recorded on an Avance-II
(Bruker) instrument operated at 400 MHz for "H NMR and at
100 MHz for "*C NMR. The chemical shifts were recorded in
ppm relative to trimethylsilane as the internal reference. The
mass spectra were recorded on a Waters Micromass Q-Tof
Micro instrument in the range of 4000 amu in quadruple
and 20000 amu in ToF mode. High Resolution Transmission
Electron Microscopy (HR-TEM) was achieved on an FEI-TECNAI
G®F-20 electron microscope. Fourier transform infrared
spectroscopy (FTIR) was performed on a NICOLET iS50 FT-IR
spectrophotometer from ThermoScientific in the range of
400-4000 cm ™. The zeta potential was recorded on a modular
dynamic light scattering system by Microtrac. The UV-visible
absorption studies were carried out on a JASCO V-770 spectro-
photometer and the fluorescence emission profiles were
recorded on a RF-5301 PC spectrofluorophotometer by Shimadzu
at room temperature with a fixed scanning speed and an emission
slit width.

This journal is © The Royal Society of Chemistry 2020
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Ligand 1

Receptor 1

Scheme 1 Synthetic scheme showing the synthesis of receptor 1 from 2-(1H-benzoldlimidazol-2-yl)aniline and ligand 1 previously synthesized using

the reported methodology.

Synthesis of the organic receptor

The organic receptor was synthesized using condensation reac-
tion at reflux conditions between the calix[4]arene derivative and
2-(1H-benzo[d]imidazol-2-yl)aniline in ACN for 16 hours. The
calix[4]arene derivative (ligand 1) was first synthesized using a
reported method®? and was then condensed with 3 equivalents of
2-(1H-benzo[d]imidazol-2-yl)aniline in ACN solvent for 16 hours to
obtain receptor 1, as depicted in Scheme 1. The progress of the
reaction was monitored using thin layer chromatography. The
product thus obtained was purified by washing with methanol
multiple times and was characterized using 'H NMR, *C NMR,
mass spectroscopy (Fig. S1-S3, ESIt), and CHN analysis. The yield
of the green colored product was calculated to be 87% (1.23 g) and
the texture was powdery. The melting point was measured to be
165-167 °C. "H NMR (CDCl;, 400 MHz): TMS reference (6 ppm):
1.05 (s, 6H, -CH,), 1.29 (s, 6H, -CH3), 3.2 (s, 4H, -CH,,), 3.31 (s, 4H,
-CH,), 4.19 (t, 4H, —-CH,), 4.38 (t, 4H, -CH,), 6.38 (s, 2H, OH), 6.79
(s, 4H, Ar-H), 6.84 (s, 4H, Ar-H), 6.85 (m, 2H, Ar-H), 6.9 (d, 2H,
Ar-H), 7.2 (m, 2H, Ar-H), 7.32 (m, 2H, Ar-H), 7.45 (d, 2H, Ar-H),
7.71 (d, 2H, Ar-H), 7.85 (d, 2H, Ar-H), 7.98 (d, 2H, Ar-H), 8.46
(d, 2H, Ar-H), 8.58 (d, 2H, Ar-H), and 9.31 (s, 1H, =CH). *C NMR
(CDCl3, 400 MHz): TMS reference (6 ppm): 32, 33, 33.7, 70.2, 72.1,
117, 119.2, 122, 123.4, 124.5, 125.1, 125.7, 126, 126.3, 127.5, 130.4,
132.2, 133, 133.6, 137.6, 142.3, 147.2, 150, 151.4, 155, 157.2, 159.1,
and 168. Elemental composition: found: C, 77.12; H, 6.98; O, 6.90;
N, 4.52; S, 4.48. Calculated for CggHggN,OgS,: C, 77.61; H, 6.51; N,
4.1; 0, 7.05; S, 4.71.

Synthesis of CDs

The CDs were synthesized employing a well-known non-toxic,
economic, and eco-friendly hydrothermal carbonization
reaction.®® For this, an organic precursor was dissolved in a
suitable solvent (high boiling) and was then sealed and reacted
in a hydrothermal reactor generally at a very high temperature
and pressure for a few hours. The reaction mixture was then
allowed to cool to room temperature and then purified using
centrifugation and dialysis. Herein, we employed a reported
methodology for the synthesis of CDs from an organic receptor,
which was synthesized as discussed above. The ligand was
dissolved in 5 mL of DMSO (0.5 mmol) by heating at 40-50 °C

This journal is © The Royal Society of Chemistry 2020

and was then transferred to a Teflon reaction vessel. De-ionized
H,0 (15 mL) was then added to the same and the vessel was
sealed. The autoclave containing the vessel was kept in an oven
for 12 hours at 180 °C to obtain the fluorescent CDs. After
12 hours, the autoclave was allowed to cool to room temperature
on a heat-resistant plate and the CDs were filtered using a 0.22 pm
membrane filter to remove any undesirable reaction precursors.
The material was then freeze-dried and purified using centri-
fugation and dialysis. Under UV irradiation of 365 nm, blue
colored fluorescence was observed. The final product was
characterized using high-resolution transmission electron micro-
scopy (HR-TEM), Fourier transform infra-red (FTIR) spectroscopy,
and UV-visible and fluorescence spectroscopy, confirming the
formation of optimum-sized, mono-dispersed CDs in a semi-
aqueous medium.

Photophysical properties

Absorption and fluorescence assay of Hg”* ions. Using
UV-visible and fluorescence spectroscopic techniques, the
photophysical properties of the CDs thus obtained were
evaluated. The detection of Hg>" ions was performed in the
Tris-HCI buffer (5 mM, pH 7.4) at 25 £+ 2 °C. All the experi-
ments were conducted in triplicate. The UV-vis absorption
profile of the as-synthesized CDs showed absorption peaks at
249 and 350 nm, which are accountable to the t-n* and n-n*
transitions (Fig. 1C). When excited at 340 nm, the emission
profile of the same showed an emission peak at 454 nm (Fig. 1D)
and the emission profile displayed excitation wavelength-
independent fluorescence in the blue region (Fig. 1E).

Further, in order to gain insight into the sensor applications
of the CDs, the effect of pH, water content, and increasing the
salt concentration was evaluated using fluorescence spectro-
scopy. The photostability of the CDs was also investigated to
understand the ability of the CDs to resist photo-bleaching. For
this, the dispersed CDs were irradiated with UV light (365 nm)
for at least 180 minutes and the change in the emission
intensity was monitored (Fig. 1F). Also, the stability of the
CDs on varying the pH was also scrutinized using dilute
solutions of HCI (0.1 M) and NaOH (0.1 M), and it was shown
to display stability in a wide range of pH (Fig. S4, ESIt). In order
to study the effect of the rising concentration of water on the

Mater. Adv., 2020, 1, 3009-3021 | 3011
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Fig. 1 (A) The HR-TEM micrograph of the CDs showing the spherical shaped nano-dots with diameter less than 20 nm, (B) the FTIR spectrum of the
CDs, (C) the UV-visible absorption spectrum of the CDs showing peaks at 249 and 350 nm, (D) the fluorescence emission spectrum of the CDs showing a
peak at 454 nm when excited at a wavelength of 340 nm, inset: the pictorial representation of the CDs in day-light (i) and UV-vis light (ii), when irradiated
with 365 nm light, (E) fluorescence emission spectrum of the CDs under varying excitation wavelength from the range of 310 to 380 nm, showing
maximum fluorescent intensity at Aex = 340 nm, (F) the changes in the fluorescence emission intensity of the CDs at different intervals of time when
irradiated with UV light (365 nm), showing excellent resistance to photo-bleaching, (G) the fluorescence emission profile showing the quenching of
intensity on increasing the water content due to the self-assembly of CDs in water, (H) the variation in the fluorescence emission intensity at different
ratio of DMSO : water, showing aqueous stability up to 24 hours.

fluorescence response of CDs, different concentrations of CDs The sensor capability was then investigated, for which 5 mL of
with increasing water content were prepared and the emission CDs in 5 mM Tris-HCI buffer (pH 7.4) was subjected to micro
profile was noted (Fig. 1G). Further, to study the aqueous molar quantities of a library of nitrate salts of metal ions (50 uM),
stability of the CDs, the emission profile of the CDs at two namely, Na', K", Li*, Cs*, Ba*", Ca*", Mg**, Cr**, Mn**, Fe*", Co™,
different concentrations of DMSO:water (1:2 and 1:9) were Ni**, Cu®, Zn*>", Pb*', Zn**, Hg**, Ag", and AI’*". The fluorescence
evaluated over a period of time (Fig. 1H). emission profile was investigated at 25 £+ 2 °C after mixing the

3012 | Mater. Adv., 2020, 1, 3009-3021 This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00448k

Open Access Article. Published on 24 bs-Ahinime 2020. Downloaded on 2025/10/18 5:15:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Materials Advances Paper
200 ( ) ! 400 ( )
~ -~ 0 pM Hg™*
3 3
g &
z 3001 z 300
2 a
3 5]
s, =
5 2004 s 200
g g
2 2
£ 100 £ 100
=3 =
= =
0 L} T L L) VI 0 L) T L)
400 450 500 550 600 400 450 500 550 600
(C) ‘Wavelength (nm) Wavelength (nm)
400 (D) T o (8] o ey BB e s e e T 1 T
L]
-~ 1" -
3 = 2 =0.97666 e
S3004  "m, &
g = z
E i e 2 LI L A L L EIE
= 3 & [Fsll. Feel [ s[5 | i e[
= 200 - = Sl12I8 (121 Sl el 2| 5| (=] |2l Sl 3l 5] | =S [ [<| =
3 -- —_— "++‘+’+‘+‘+’+’+;"‘+'+‘+’++’+'+’+'+‘+
£ . g 12 === ==l 2 = = ==
% .I. §++++++++++++++++++++
100 [ o|| 0 ol 0| » w|| v]|v]| || @ (3
£ 2 (818181818181 181s1S)8 B Sl ElEllEns el
= L .-.I E |
=
0 L) L L} L L L
0 10 20 30 40 50
2 T T T T T T T T T T T & T T T T T T T T
Ho
(E) . [Hg™] (pM) 0.012 (F)
124 ) "
. 0.010 4
104
1 2 =0.98821 ] .
el S s 0.008 -
-
1 . & ) i
= ©
~ 64 = [
= < 0006+ .
r B
44 r
) - 0.004
24 3 Mﬁ
0 T T T T T T 0'002 v v ) T T
0 10 20 30 40 50 0.02 0.04 0.06 0.08 0.10
[Hg™] (uM) g™

Fig. 2 (A) Fluorescence emission spectrum of the CDs displaying the selectivity of CD-based sensor assembly for Hg?* ions over other metal ions at pH
7.4in 5 mM Tris—HCl buffer, (B) FL response of the CDs (lex = 340 nm) upon the addition of the increasing concentration of Hg®* ions in DMSO : water
(1:2, v/v) at pH 7.4, (C) calibration plot displaying the linear relationship between the fluorescence intensity and Hg>* concentration with a linear
regression coefficient of 0.97666, (D) the relative fluorescence intensities of the CDs in DMSO : water (1: 2, v/v) with different competitive metal ions
(50 pM) in the presence of Hg?* ions (50 uM), (E) Stern—Volmer plot, and (F) the Benesi—Hildeband plot showing a binding constant of 0.164 x 10° M1,

solutions well and allowing them to set for at least 5-10 minutes
(Fig. 2A). For the titration experiment, 5 mL of the CDs were
subjected to increasing concentrations of Hg”" ions (0-68 M)
and the emission spectra were recorded (Fig. 2B). Interference
from other potentially interferent molecules was also checked
by adding various metal ions to the dispersion of CDs containing
50 uM of Hg®" ions and the emission spectra were scrutinized
(Fig. 2D). In addition, to evaluate the response time of the binding
process, varying concentrations of Hg>" ions were added to the
CDs and the emission intensity was investigated with respect to
time (Fig. S5, ESIT).

This journal is © The Royal Society of Chemistry 2020

Determining the quantum yield. 9,10-Diphenylanthracene
(reported quantum yield = 0.88) was taken as the standard
material to determine the quantum yield of the as-synthesized
CDs.*® The absorbance was measured using a UV-vis spectro-
photometer and in order to confiscate the inner filter and the
re-absorption effect, the absorbance was kept below the value
of 0.10. Experimentally, five different concentrations of the two
compounds were made by dissolving 9,10-diphenylanthracene
in ethanol and CDs in water and the emission spectra were noted
at the same Ay, Further, the quantum yield was calculated
by making a comparison between the integrated fluorescence

Mater. Adv., 2020, 1, 3009-3021 | 3013


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00448k

Open Access Article. Published on 24 bs-Ahinime 2020. Downloaded on 2025/10/18 5:15:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

intensities and the absorbance values by employing the following
equation:

&, = ¢ [Grady/Grad, ][>/

where, subscripts ‘s’ and ‘r’ signify the sample and the refer-
ence, ¢ represents the quantum yield, Grad refers to the
gradient value from the plot of integrated fluorescence intensity
vs. absorbance, and ‘4’ denotes the refractive index of the
solvent used.** The quantum yield was calculated to be 72%,
which is significantly improved.

Trapping of Hg** ions in aqueous medium. The CDs were
coated on silica with a mesh size of 60-120 and were character-
ized using SEM (scanning electron microscopy) as shown in
Fig. S6 (ESIt). As perceived from the figure, the SEM images
indicate the coating of the CDs on the surface of silica, thereby
decreasing the mesh size further. The silica was then loaded
into a column having a diameter of 2 cm and known standard
concentrations of Hg>" ions (1 M, 1 mM, and 1 pM) were
prepared and passed through the column. In order to calculate
the amount of ions trapped by the CDs adsorbed on the surface
of silica, diphenylthiocarbazone (dithizone) and an anionic
surfactant (sodium lauryl sulfate) were employed to form the
metal complex, thereby eliminating tedious solvent extraction
procedures, which employ chlorinated solvents. The method
employed here for the determination of residual Hg>" ions in
the samples collected after passing through the cartridge allows
the determination of metal ions in the nanomolar range in the
aqueous phase. The results were further validated using atomic
absorption spectroscopy (AAS) and as depicted in Table 3, up to
98% of Hg>" ions were trapped by the CDs adsorbed on silica.
The adsorbed receptor 1 on the surface of silica was further
employed to investigate its ability to trap Hg*" ions from known
concentrations and as depicted in Table 3, the receptor was
shown to exhibit comparatively weak ability to trap Hg”" ions.
This could be ascribed to the fact that as CDs are developed
from the organic receptor, the surface area increases in addi-
tion to a decrease in the flexibility of the organic receptor,
which opens up binding sites to trap more analyte species.

Results and discussion

The organic receptor was synthesized, as described in the Experi-
mental section and schematically represented in Scheme 1, under
reflux conditions from ligand 1 pre-synthesized using the reported
methodology.>* The CDs of receptor 1 were then developed by
following the hydrothermal route, purified by dialysis, and the
quantum yield was calculated to be 72%.

Before analyzing the final product using various spectro-
scopic techniques, the obtained product was freeze-dried,
centrifuged, and dialysis was done to eliminate the possibility
of the presence of reactant molecules or by-products. The
morphology and shape of the as-synthesized CDs were then
characterized using HR-TEM (high resolution transmission
electron microscopy) and it was observed that the CDs displayed
decent mono-dispersity and uniformity with an average particle
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size of 20 nm (Fig. 1A). FT-IR (Fourier transfer infra-red)
spectroscopy was also carried out (Fig. 1B), which showed peaks
at 3275 and 3363 cm™!, which could be ascribed to O-H
and N-H stretching vibrations. Other peaks at 1650 cm™*
(C-N stretching vibrations), 1441 cm™' (C-N bending vibra-
tions), 1312 cm ™', 1008 cm ™', and 950 cm™ " are accountable
for C-OH stretching vibrations.>® All the functional groups on
the surface of the CDs are known to enhance the hydrophilicity
as well as the stability in aqueous medium, thereby opening up
the scope for sensing applications in aqueous medium.

The well-known optical properties of the CDs are reliant on
the concept of quantum confinement as well as defective state
emission.*® Also, the strong fluorescent properties could be
ascribed to the existence of defect sites (for example, non-
radiative states, swaying bonds, and free radicals) and an
assemblage of sp> carbon, leading to an upsurge in the band
gap.”” These defect sites also account for low quantum yields
and photo-bleaching. The photophysical properties of the CDs
were assessed using UV-visible and fluorescence spectroscopy.
CDs, owing to their chemical structure, may exhibit 6-c*, c-1*,
n-m*, or n—1* transitions, and these are also known to possess
tunable excitation as well as emission spectra, thus enabling
us to choose an appropriate excitation wavelength.*® The
UV-visible absorption profile of the CDs is anticipated to show
a peak in the UV region, which is accountable for the m-n*
transitions of the C—C bonds, followed by a tail extended in
the visible region, which are ascribed to n—n* transitions of the
C=O0 bonds.*® The absorption profile of the CDs showed an
absorption peak at 294 nm, which is accountable to the n-n*
transitions (C—C bonds), and another peak at 350 nm is likely
due to the n-n* transitions due to the C—0 bonds (Fig. 1C).
The CDs showed blue colored fluorescence under UV irradia-
tion (inset of Fig. 1D) and displayed an emission peak at
454 nm when excited at 340 nm (Fig. 1D) with a Stoke’s shift
of 114 nm allocated to the splitting of the exciton states by
electron-hole exchange interactions via the de-excitation
mechanism. Also, the sharp fluorescence emission profile of
the CDs could be apportioned to the stabilization of the sharp
energy traps in the CDs. Further, in order to examine the
optical properties of the CDs, the fluorescence emission profile
of the same were recorded at progressively increasing excitation
wavelengths from 310 to 380 nm (Fig. 1E), which was shown to
exhibit excitation wavelength-independent phenomenon, con-
sistent with the literature findings.’” It is observed in the
emission profile that an attenuation in the fluorescence inten-
sity was observed as the excitation wavelength was increased
from 310 to 380 nm.

Another important prevalent feature of the CDs is the
solvent-dependent optical response and to study the behavior
of CDs in the presence of increasing concentration of water; the
CDs were subjected to the gradual addition of water and as
shown in the emission profile, the decrease in the fluorescence
intensity on increasing the water content is likely due to
the self-assembly of the CDs (Fig. 1G).*® Further, the stability
of the CDs in water over a period of 24 hours was examined
using fluorescence spectroscopy and it was shown to unveil an

This journal is © The Royal Society of Chemistry 2020
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aqueous consistency up to 24 hours (Fig. 1H). The photo-
stability of the CDs is another significant property, especially
in fluorescence detection methods.** Therefore, the emission
profile of the CDs was scrutinized under UV irradiation
(365 nm) for 180 minutes (Fig. 1F) and no change in the
fluorescence intensity was observed, thus substantiating the
photo-stability of the CDs. This is worthwhile that there are a
few reported CDs that display undesirable photo-bleaching
irrespective of their high quantum yields.** In order to examine
the selectivity, sensitivity, and stability of the CDs in fluores-
cence detection, assorted physical parameters were required to
monitor parameters such as effect of pH, high salt concen-
tration, and water content. The CDs were subjected to increas-
ing concentration of tetrabutyl ammonium perchlorate salt to
investigate the effect of high salt concentration on the CDs;
the emission profile displayed a negligible change and the
response of the CDs was believed to be selective irrespective
of high salt concentration in the medium (Fig. S7, ESIt). The
consistent fluorescence intensity even in the presence of high
ionic strength could be assigned to the non-ionization of the
surface groups.*® Also, the effect of varying the pH on the
binding behavior in the absence and presence of the analyte
was evaluated and it was established that the CDs work best in
the pH range of 3.5 to 11.5 in the absence of the analyte and in
the range of 4 to 11 in the presence of the analyte; also, the
stability of the CDs in a wide pH range suggests that the sensor
response was not affected by the analyte (Fig. S4, ESIt). The
ability of the sensor to display stable fluorescence under
extreme pH conditions could be comprehended in terms of
variation in the surface charge due to protonation-deprotona-
tion.*”** Subsequently, we selected 7.4 as the optimal pH and
carried out all the studies at this pH using Tris-HCI buffer
(5 mM). Exercising the same experimental conditions and using
Tris-HCI buffer so as to maintain constant pH conditions, the
photophysical sensor properties of the CDs towards an array of
metal ions was investigated using fluorescence spectroscopy.
For the sensor studies, the CDs were excited at 340 nm and the
emission profile was evaluated at 454 nm and the temperature
was maintained at 25 + 2 °C. In the volumetric flasks, 5 mL
dispersion of CDs was taken and 50 uM of nitrate salts of
various metal ions, namely, Na*, K*, Li*, Cs*, Ba*>*, Ca**, Mg*",
cr’’, Mn**, Fe**, Co®*, Ni**, cu®', zn**, Pb>*, Zn”>*, Hg*", Ag",
and AI’". The solutions were then mixed properly and allowed
to sit undisturbed for at least 5-7 minutes before recording
the emission spectra. As perceived from the emission
profile (Fig. 2A), the fluorescence intensity was seen decline
abruptly in the presence of nitrate salt of Hg>* ions, whereas
negligible change was identified with any other metal ion. The
soft closed-shell Hg”* cation has a pronounced affinity towards
sulfur-donor ligands owing to Pearson’s HSAB principle.® The
quenching of the fluorescence intensity on the addition of Hg**
ions could be accounted for by the electron-transfer process
between the electron deficient Hg*" ions and the electron-rich
CDs (presence of donor groups such as S/N atoms) of receptor 1.
In order to authenticate the binding process, the titration
experiment was carried out to demonstrate the mode of binding.

This journal is © The Royal Society of Chemistry 2020
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For this, Hg>" ions were added gradually with increasing
concentration from 0 to 68 uM to the CDs and the fluorescence
emission spectra were noted after each addition (Fig. 2B). As
established by the calibration plot (Fig. 2C), the fluorescence
intensity was seen to decrease linearly with a linear regression
coefficient of 0.97666 when the concentration of Hg”* ions was
progressively increased. The Hg>" ions are reported to induce
quenching in the fluorescence intensity of the CDs through
redox reactions besides the electron-transfer mechanism.
Generally, it is anticipated that sulfur atoms in the case of
the S-doped CDs display high affinity towards Hg>" ions,
leading to fluorescence quenching, which is prompted by the
state of sulfur impurities as well as the structure of the CDs,
which is inherited upon by the methodology employed and the
carbon source expended.*®*> The decrease in the fluorescence
intensity of the CDs upon binding with Hg** ions could be
accounted for the electrostatic interactions between the
negatively charged surface of the CDs due to the presence of
hydroxyl groups and Hg>" ions.” The negatively charged surface
of the CDs was authenticated by measuring the zeta potential in
a semi-aqueous medium at pH = 7 and temperature = 29.25 °C
and the value obtained was —54.1 mV, as shown in the ESI}
(Fig. S8). Also, it is well reported in the literature that the
nanomaterials containing the functional groups containing
either or all of O/N/S the heteroatoms and sp®> bonded
carbon atoms display high affinity towards Hg>* ions through
n-n stacking, electrostatic interactions, or chemical reaction.*®
In addition, the quenching event may also be accounted for by
the electron transfer from the CDs to the Hg>" ions or the
surface adsorption of the ions.***” Hence, the quenching due
to Hg”>" ions may be attributed to synergetic strong electrostatic
interactions (electron/energy transfer) and metal-ligand coor-
dination between the functional groups on the surface of the
CDs and Hg>" ions.

The detection limit was calculated using the 3¢ method as
described below and it found to be 7.89 nM, which is better
than or analogous to the fluorescent probes for Hg>* ions
reported in the literature, as shown in Table 2.*® United States
Environmental Protection Agency has allowed the upper limit
of Hg”" ion concentration in drinking water to be 0.002 mg L™
(2 ppb, 10 nM).*®* Our system could successfully detect Hg**
ions beyond this level in the aqueous medium with high
selectivity. The quenching efficiency (Fo/F) versus the Hg>" ion
concentration plot displayed a good linear relationship in
the range of 0.1 to 50 uM (Fig. 2E), where F, and F are the
fluorescence intensities of the CDs in the absence and presence
of Hg>" ions, respectively. The emission titration data was then
exploited to determine the binding constant by using the
Benesi-Hildebrand method and it found to be 0.164 x 10° M~ ..
The proposed sensing system was entitled to have a prominent
sensitivity and maintains a great competence for a number of
applications. In addition to this, the binding towards Hg”" ions
was further explored using the UV-vis titration experiment.
For this, CDs were subjected to increasing concentration of
Hg”" ion (0-55 pM) (Fig. S9, ESIT) and as perceived from the
absorption profile, a hyperchromic shift in the absorption peak
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at 249 nm was observed accompanied by a reduction in the peak
at 350 nm, which could be accounted for by the electrostatic
interaction between the Hg?* ions and the surface functional
groups of the CDs. In addition to this, the fluorescence emission
profile of the CDs in the presence of tetrabutylammonium salts of
various anions, viz., HSO, , NO;~, Cl", F, Br , I, H,PO, , and
CH;COO™ was investigated and it was shown to display negligible
change in the emission intensity upon the addition of any of the
above mentioned anions (Fig. S10, ESIt). Further, in order to
explore the selectivity of the system, the emission spectra was
investigated upon the addition of various biologically relevant
metal ions viz., Ca**, Mg”*, Zn>*, and Fe** ions and other metal
ions such as Na', K', Li*, Cs*, Ba**, cr*', Mn**, Ni**, cu*', Pb*,
Ag", and A’ (50 uM) to the CDs containing 50 pM of Hg>" ions
under the same experimental conditions (Fig. 2D). In addition,
the emission spectra was also scrutinized upon the addition of an
array of tetrabutylammonium salts of anions, viz., HSO, , NO; ",
Cl,F,Br,I,H,PO, ,and CH;COO and a negligible change
in the emission intensity was observed (Fig. S11, ESIt). It could be
observed that the fluorescence intensity remains unaltered even
in the presence of various environmentally and biologically
pertinent coexisting foreign substances, thus delineating our
sensing system to be highly specific and selective. In addition to
this, the response of the proposed sensing system as a function of
time was also investigated by scrutinizing the variation in the
emission profile (Fig. S5, ESIf). In this experiment, varying
concentrations of Hg>" ions were added to CDs (0-40 uM) taken
in volumetric flasks and the emission spectra were recorded at
regular intervals at 25 & 2 °C. It was witnessed that Hg”" tends to
bind CDs in the first 40 seconds independent of the concentration
added and a negligible change in the emission profile was
observed thereafter. In addition, in order to understand the effect
of changeable pH on the response of the sensor specifically
towards Hg>" ions, the pH of the complex (CDs-Hg>") was altered

Energy of LUMO = -6.05 eV

L,

o
&

Ol
) -
S E,=455eV

Energy of HOMO = -10.6 eV

340 nm

E,=4.55¢eV

340 nm '

® Hg?" ions

hv=2.73 eV

Energy of LUMO =-6.05 eV

Energy of HOMO = -10.6 eV

View Article Online

Materials Advances

using dilute solutions of HCI (0.1 M) and NaOH (0.1 M), and the
fluorescence emission profile was observed (Fig. S4, ESIt); it was
realized that the system is reasonably stable in a wide range of pH
(4 to 11). As no inconsistency in the fluorescence intensity was
seen, the CDs are anticipated to perform well in various environ-
ments, hence, diversifying the conceivable applications of the
CDs, which are well explored in this report.

Determining the detection limit

In order to determine the detection limit of the proposed probe,
the 3o/m method was employed, where ‘m’ is the slope of the
graph and ‘o’ is the standard deviation of the blank. To
calculate the standard deviation of the blank, the fluorescent
titrations were evaluated and the emission intensity of the CDs
was measured 10 times in the absence of Hg>" ions. Further,
Hg>" ions were added, triplicate measurements were performed
using fluorescence spectroscopy, an average of the readings was
plotted with respect to the concentration of Hg>" ions added,
and the slope was then determined. The detection limit was
then calculated to be 7.89 nM.

Plausible mechanism of fluorescence response of the CDs
towards Hg”" ions

As reported in the literature, N/S containing functional groups
exhibit great binding affinity for Hg>* ions,*® considering that
we are reporting herein a mechanism for Hg**-mediated
fluorescence quenching of CDs by a non-radiative electron
transfer process, as shown in Scheme 2. The highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energy levels could be predicted using the
following empirical formula.>*"!

EHOMO = 76(E0X + 4.4)

0.

H

g 20
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Fluorescence Intensity (a11.)
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»

N
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Scheme 2 Schematic representation of the plausible mechanism for the binding of Hg?* ions with the as-synthesized CDs.
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Table 1 Estimation of Hg?" ions in the water samples collected from
different sources and spiked with known concentrations of Hg?* ions

Concentration
Sample of Hg(u) Hg(u) ions %
S. no. Sample source  ID ions (UM) recovered recovery
1 Industrial 1 22 21.17 £ 0.18 96.22
waste
2 Agricultural Al 14 13.78 & 0.08 98.42
land
3 Laboratory L1 16 16.15 £+ 0.12 100.93
waste
4 Packaged D1 8 7.89 £ 0.28 98.6

drinking water

Erumo = —€(Ereq + 4.4)

where, E, denotes the inception of oxidation potential and Eeq
denotes the onset of reduction potential of the CDs. The E
was determined to be —0.49 V as perceived from the cyclic
voltammogram of the CDs in DMSO (Fig. S12, ESI{) and the
Enomo was calculated to be —10.6 eV, employing the above
equation. However, Epymo could not be calculated because of
the irreversible oxidation behavior. Thus, in order to determine
the Erymo, we related E,, with the optical band gap (E,, as
obtained from the absorption edge in the absorption spectra,
i.e., TAUC plot) and E, was calculated to be 4.55 eV, as depicted
in Fig. S13 (ESIt). Therefore, the Ejymo was then calculated
using the following equation.

Erumo = Enomo T Eg

The Erymo was determined to be —6.05 eV. Thus, it is demon-
strated that the complexation of Hg>" ions with the CDs leads to
the transfer of electrons from the excited state of the CDs to the
vacant orbitals of Hg>" ions, thus restraining electron transition
in the radiation form, leading to FL quenching (Scheme 2). The
results are consonant with those obtained in the FL spectrum.

Analytical application of the sensor probe

In order to detect Hg”" ions in contaminated water samples and
to explore the analytical utility of the sensor probe, the polluted
water samples were collected from different sources, viz., indus-
trial area, agricultural fields, laboratory waste water, and packaged
drinking water. Firstly, the sensor probe was quantified in the
presence of known concentrations of Hg>" ions (0-10 uM) and a
calibration plot was plotted. All the samples except packaged
drinking water were diluted 10-folds and in order to minimize
the interference due to a number of plausible interfering con-
taminants in the samples, the Hg”>* ions were then determined by
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employing the standard addition method.*® The polluted water
samples were first centrifuged at 10 000 rpm for 20 minutes and
then filtered using a 0.22 pm membrane. The fluorescence
emission spectra of all the three samples and a spiked water
sample were then evaluated and the results obtained were excel-
lent when plotted with respect to the standard calibration curve.
Hg”" ions were quantified from the recovered samples in the
range of 96 to 100.9% (Table 1), and the fluorescence of the
solutions was found to be enhanced under UV irradiation.

The experiment demonstrated that the sensor probe has a
great potential to detect Hg>" ion contamination in environ-
mental samples with high sensitivity and selectivity. Also, the
fluorescence response and detection limit of the CDs was
compared with those of various other fluorescent chemosen-
sors based on the organic receptor or the organic/inorganic
quantum dots for Hg** ion detection in various solvent media,
signifying that our proposed strategy has the lowest detection
limit (Table 2).

Trapping of Hg”" ions in the aqueous medium by CDs adsorbed
on silica

The CDs previously obtained were adsorbed on the surface of
silica having a mesh size of 60-120 and the adsorption was
confirmed using SEM analysis (Fig. S4, ESI{). Considering the
ability of the CDs to bind Hg>" ions in the aqueous medium, as
evident from the fluorescence emission spectroscopy results,
the binding capability of the CDs adsorbed on the silica surface
towards Hg”* ions was scrutinized using atomic absorption
spectroscopy (AAS). For this, modified silica was loaded into a
column having a diameter of 2 cm and a known concentration
of Hg™" ions was then passed through it under pressure and lots
were then collected in test tubes (C1-C3). The AAS results
indicate that most of the ions (~98%) bonded to the CDs
adsorbed on the surface of silica. Also, the results were further
validated using a known standard procedure employing dithi-
zone and an anionic surfactant SDS as the metal ion chelator.
For this, dithizone (10 mg) was dissolved in 10% SDS solution
and sonicated for half an hour. Known concentrations of Hg**
ions were prepared in distilled water and were mixed with equal
volume of dithizone solution at pH = 2 to form the M(H,Dz),
complex, where ‘M’ is the metal ion employed (Hg”* in our case)
and ‘n’ is the valency of the metal ion. The formation of the
complex with known concentration of Hg”" ion yielded the
value for epsilon (¢), which came out to be 178. Further, when
the lots of Hg>" ions collected from the column were complexed
with dithizone, the residual concentration of Hg>" ions could

Table 2 Tabular representation of a few Hg?* ion fluorescent chemosensors reported lately

S. no. Ligand/receptor Fluorescence response Detection limit Solvent used Ref.

1 Pyrene based Schiff’s base Enhancement 2.82 uM DMSO : water (7:3 v/v) 17

2 Graphitic carbon nitride quantum dots Quenching 37 nM Water 52

3 BODIPY derivative Enhancement 38 nM DMSO/water (20:80 v/v) 53

4 Cysteamine capped silver nanoparticles Quenching 0.55 ppb Water 54

5 Bipodal histidine based on thiocarbamate scaffold Enhancement 20 ppb MeOH/water (80:20 v/v) 55

6 N,S co-doped CDs Quenching 7.89 nM DMSO/water (1:2 v/v) Present work

This journal is © The Royal Society of Chemistry 2020
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Table 3 The AAS results of extracted Hg?* ions after passing through the
cartridge of silica coated with the receptor and CDs

Hg(u) ions Hg(u) ions recovered Percentage

S.no. SampleID  passed (AAS method) extracted (%)
1 CDs 1uM 0.02 £+ 0.01 pM 98

2 1 mM 0.14 £ 0.04 mM 86

3 1M 24 + 1.7 mM 97.6

4 Receptor 1 uM 0.34 £ 0.04 pM 66

5 1 mM 0.55 £ 0.08 mM 45

6 1M 0.43 £ 0.12 M 66

be effectively calculated using Beer-Lambert’s law. The results
obtained by this method as well as that obtained using the AAS
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technique were comparable and are shown in Table 3. We also
modified silica with receptor 1 and scrutinized its ability to
bind Hg”* ions from an aqueous solution of known concen-
tration (R1-R3) and the results are depicted in the comparison
with silica modified with CDs in Table 3. The silica modified
with CDs was shown to bind up to 98% of the metal ions,
whereas the receptor adsorbed on silica was able to trap only up
to 66% of the Hg>" ions.

This could be attributed to the increase in the surface areas
and decreased the flexibility in the organic receptor upon the
development of CDs in semi-aqueous medium, thus allowing
the binding sites to trap more of Hg>" ions from the aqueous
medium. In addition to this, material recovery was also
addressed, for which the modified silica bound with Hg>" ions
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Fig. 3 (A) Diagrammatic representation of the assembly to trap Hg®* ions from water samples of different origin using the cartridge formed from silica-
coated CDs; inset: pictorial representation of the cartridge, (B) bar graph depicting the percentage removal of ng+ ions from spiked water samples,
(C) effect of pH on the removal efficiency of the cartridge thus developed, (D) effect of varying temperature conditions on the removal efficiency of the
cartridge, (E) effect of increasing volume of the sample on the performance of the cartridge, and (F) the effect of the varying rate of flow of the water
sample containing known concentration of Hg?* ions on the performance of the cartridge.
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was treated with EDTA to extract all the Hg”" ions so that the
sensor material could be reused. This could also be achieved
using tetrabutylammonium salt of hydroxide instead of EDTA.
The quenched fluorescence emission intensity of the CDs
containing Hg”* ions was found to increase upon the addition
of aqueous solution of EDTA as well as tetrabutylammonium
hydroxide (Fig. S14, ESIT); hence, the system is proposed to be
recyclable, convenient, and eco-friendly for environmental use.

Preparation of cartridge to trap Hg>" ions in the spiked water
sample from different sources

For this, silica coated with CDs was loaded into a column-
shaped container of diameter 4 cm and length of 15 cm. The
column was fitted with a screw on the upper side, which was
then connected to a receiver unit. The other side of the column
was connected to a pump, followed by a stop cork to control the
flow rate. The schematic representation of the assembly is
shown in Fig. 3A and the inset of the figure depicts the pictorial
representation of the as-prepared cartridge. Further, packaged
drinking water, laboratory wastewater, industrial effluent
from a local rubber processing unit, and water discharge from
agricultural land was collected and processed as discussed in
the above section. The water samples were then spiked with
known concentrations of Hg”" ions and the known volume of
the samples were then loaded into the reservoir and allowed to
pass through the cartridge at a controlled flow rate. Prior to the
experiment, certain parameters such as the flow rate, volume of
the sample to be passed down the cartridge, and other physical
parameters such as pH and temperature were optimized. For
this, the pH of the sample was varied using dilute HCI (0.1 M)
and NaOH (0.1 M) solutions. The sample solutions were then
passed through the cartridge and the trapped concentration of
Hg>" ions was investigated using the AAS method; it was
observed that the maximum amount of Hg** ions were trapped
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in the cartridge in the pH range from 4 to 9 (Fig. 3C). Hence, it
could be perceived that the optimum pH range at which the
cartridge could perform well is 4 to 9.

In addition, variation in the temperature conditions was
studied and it was observed that as the temperature rises from
0 °C to 25 °C, the percentage of Hg>" ions adsorbed increases,
which got stagnant thereafter, irrespective of the further
increase in temperature up to 60 °C (Fig. 3D). Also, the effect
of increase in the volume of the sample to be passed through
the cartridge to trap Hg”>* ions was evaluated. As could be
evidently seen in Fig. 3E, as the volume of sample increases, the
percentage of adsorbed Hg>" ions increases and nearly 98% of
Hg>" ions were trapped when 1 L of the sample is subjected to
silica coated with CDs. In addition to this, the rate of flow of the
sample is another important parameter, which was studied
carefully. For this, the rate of flow from the reservoir held at a
certain position above the ground level was controlled using a
stop cork and a pump. As depicted in Fig. 3F, when the flow
rate was less than 50 mL min~ ', maximum percentage of Hg”*
ions were adsorbed in the cartridge, which remained almost
constant up to a flow rate of 200 mL min~'. However, when the
flow rate was further increased, fewer amounts of Hg>* ions
were trapped in the silica coated with CDs, which could be due
to the fact that less time was given for the interaction to take
place. Hence, for conducting the experiment, 1000 mL of the
water sample from different sources was passed through the
cartridge at a flow rate of 200 mL min~ ' at neutral pH and room
temperature and as can be seen in Fig. 3B, the maximum
amount of Hg”>" ions got trapped in the cartridge when pack-
aged drinking water and laboratory waste water were employed.
However, comparatively lesser amount of Hg>" ions was
adsorbed in case of industrial and agricultural effluents, which
could be attributed to the presence of certain impurities and
interferent species. Conclusively, it could be perceived that the

Table 4 Comparison table displaying the adsorption capacity (Q) of various adsorbents towards Hg>" ions

Adsorption

S.no.  Adsorbent capacity (Q) (mg g~ ") Conditions Ref.

1 Nanostructured carbon florets 395 C; = 50 ppm 58

2 CoFe,0,-chitosan-graphene 361 pH=7; T=323K; 59

3 Amino-functionalized magnetic 158.5 T=298K 60
graphene composite

4 EDTA-functionalized magnetic 268.4 pH=4.1;T=318K 61
graphene oxide

5 Phenolic hydroxyl functional group 28.22 pH=43;Ci=4mgL"’ 62
P-MWCNTSs

6 L-Cystine functionalized exfoliated GO 79.36 63

7 OH-MWCNTs 89.42 pH=43;Ci=4mgL™’ 62

8 Magnetic cobalt ferrite-rGO 157.9 pH =4.6; T=298 K 64
nanocomposites

9 Ox-MWCNTs impregnated chitosan beads 181.8 pH = 4; C; = 1000 mg L ™" 65

10 Amino and thiolated fucntionalized 83.33 pH = 6; C; = 100 mg L™ '; T = 25 °C; time = 60 min 66
MWCNTSs

11 Thiol derivatized SWCNTSs 74.2 PH = 5; C; = 40 mg L™ ; time = 1 h; adsorbent 67

dose = 0.25 mg mL™'; 7= 298 K
12 Calix[4]arene-based CDs coated on silica 786.31 C; = 1 mM; adsorbent dose = 0.25 g; Present work

T = 298 K; neutral pH

MWCNTs is multi-walled carbon nanotubes, SWCNTs is single-walled carbon nanotubes, GO is graphene oxide, Ox is oxalate, and C; is the initial

concentration of the adsorbate.

This journal is © The Royal Society of Chemistry 2020
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as-synthesized CDs, when adsorbed on silica, could be effi-
ciently used to trap Hg>" ions from real water samples and the
silica bed thus developed could be employed as a cartridge in
our water purification system.

In addition, the capturing efficiency of the silica loaded with
CDs towards Hg>" ions was compared with literature findings.
Table 4 displays the adsorption capacity (Q) of the CDs for Hg>"
ions and it was found out that the capacity of the as-synthesized
CDs is higher than those from several reports in the literature,
which employed various adsorbents such as carbon nanotubes,
graphene oxide derivatives, and nanocomposites.>®™®” It was
also discovered that in spite of the higher surface area in case
of carbon nanotubes, silica-loaded CDs exhibit significantly
higher adsorption capacity owing to the presence of specific
surface functionalities that are unique to the metal ions. The
CDs outperformed several other adsorbent materials and pro-
vided positively superior support for real-time water remedia-
tion. It is also worth mentioning here that the adsorbents
with higher surface area displayed lower adsorption capacity
than the CDs, indicating that larger surface area is not a sufficient
parameter for adsorbing Hg>" ions with high specificity, whereas
the presence of appropriate chemical functionalities on the sur-
face exhibits paramount importance.

Conclusions

Concisely, we have developed an ingenuous method to selectively
detect Hg”" ions with high sensitivity employing CDs based on
organic receptor having calix[4]arene and benzothiazole moieties.
Hydrothermally synthesized CDs displayed excitation wavelength-
independent fluorescence emission profile. The developed nano-
sensor is expected to show the on-site detection of Hg>" ions in
real samples owing to certain advantages in the form of its
ability to resist photo-bleaching, wide pH stability, virtuous
aqueous stability, and exceptional fluorescent properties due to
its high quantum yield at neutral pH. Conspicuously, the report
suggests that the CDs thus obtained have a distinctive potential
as a promising fluorescent probe for the detection of Hg*" ions
with distinguished selectivity and sensitivity. This economical
sensor motif offers rapid detection within a fraction of seconds,
low detection limit (lower than that permitted by the US
Environment Protection Agency) in aqueous medium, and a
broad linear response. Also, this strategy excludes the use of
semiconductor quantum dots for the detection of metal ions
apart from eradicating the need of organic solvents. In addition
to this, the sensor was also applied for the removal of Hg>* ions
from aqueous medium by adsorbing CDs on the surface of
silica and investigating its Hg”" binding ability using the
standard method, in which dithizone in 10% SDS solution
was used as a metal ion chelator in acidic pH; the results
obtained were comparable with those obtained from ion
exchange chromatography. In addition, modified silica could
be reused for the removal of Hg>" ions after washing with
aqueous solution of EDTA or tetrabutylammonium hydroxide
as perceived from the fluorescence emission results, in which

3020 | Mater. Adv., 2020, 1, 3009-3021
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fluorescence was recovered after the addition of aqueous EDTA
or tetrabutylammonium hydroxide into the CD-containing Hg**
ions. In addition to this, the silica-coated CDs were further
experimentally shown to trap Hg”>" ions from real water samples
of different origin and thus could be successfully employed to
be used as a pre-filtration cartridge in water purification
systems used for industrial and domestic purposes.
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