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ABSTRACT: Herein, [Nd(NO,);(H,pzdca)], (MA-1) was synthesized
from a reaction of 2,3-pyrazinedicarboxylic acid [H,Pzdca] as an organic
linker with salt of Nd(III) under solvothermal conditions. The detailed
structural analysis for crystals was performed utilizing single-crystal X-ray
diffraction (SCXRD). After that, the neodymium-based coordination
polymer (MA-1) crystal was directly generated upon the surface of
functionalized carbon nanotubes (F-CNTs) through bonds or affinity
between F-CNTs and MA-1 via the solvothermal approach. Meanwhile,
the existence of F-CNTs does not affect the production of MA-1 crystals.
FT-IR, PXRD, SEM, TEM, and SCXRD studies were used to characterize
the crystalline material, MA-1 and MA-1@CNT. To investigate the MA- P A
1@CNT sensing properties, Pb(II), As(III), Cr(VI), and nitrobenzene v
(NB) were utilized as analytes. It is worth mentioning that MA-1@CNT Weal fuorescence
developed as a susceptible sensor exhibits a fluorescence “turn-on”

response for Pb(II) and As(IIl) ions, while a fluorescence “turn-off” response in the case of Cr(VI) and NB with significantly low
limit of detection (LOD) values of 15.9 for Pb(II), 16.0 for As(III), 76.9 for Cr(VI), and 21.1 nM for NB, which are comparable
with the lowest LOD available in the literature. Furthermore, MA-1@CNT could be conveniently regenerated and reused for at least
three cycles by simply filtering and washing with water several times. The sensing mechanism is ascribed to the inner filter effect
owing to the overlap between the emission and/or excitation bands of MA-1@CNT with the absorption bands of Cr(VI) and NB. In
contrast, the fluorescence enhancement in the case of Pb(II) and As(III) could be correlated to the chelation-enhanced fluorescence
phenomenon. These results indicate that MA-1@CNT is an ideal sensor for Pb(1I), As(II), Cr(VI), and NB recognition.
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1. INTRODUCTION bonds. Arsenic is present in two forms in natural water: arsenite
As(III) and arsenate As(V). Both inorganic species of arsenic are
harmful to human health, producing skin sores on the chest,
hands, and feet and eventually leading to cancer if left untreated.

Environmental contaminants have increased dramatically
throughout the past few decades owing to industrial expansion
and significant population growth."”

In our everyday lives, chromium is extensively employed as an As(III) is the more hazardous of the two forms for biological
industrial material, particularly in the tanning industries, plastics, systems.””®
production of pigment dyes, metallurgy, ceramics, protective Meanwhile, due to their high demand worldwide, nitro-
coating, and electroplating. Fundamentally, there are two stable aromatic compounds (NACs) are widely employed in various
oxidation states of chromium, Cr(III) and Cr(VI). Humans industries and are synthesized in huge quantities. The
require Cr(III), which is essential for insulin action as well as widespread use of NACs creates a severe pollution risk. In the
protein, glucose, and lipid metabolism. Additionally, chromium- same context, lead Pb(II) is highly harmful to humans when

(VI) can impair the human immune system (hematological,
respiratory, and gastrointestinal), and it is highly carcinogenic.
Due to its very soluble nature, Cr(VI) is mobile and bioavailable -
in aqueous Systems.3_6 Received: October 15, 2022
Like other heavy metals, arsenic is very toxic even in trace AccePted: December 8, 2022
amounts because biological ligands that include oxygen, Published: December 21, 2022 ;
nitrogen, and sulfur have a high proclivity to bind with this “ @m
deadly metal ion, resulting in enzyme inhibition and changes in
the molecular structure of proteins or breakdown of hydrogen

available in high concentrations in water. As heavy metals,
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Pb(II) ions are gaining wide interest among researchers since all
forms of Pb(II) are hazardous and harmful to the development
process in children’s nervous, reproductive, immune, and
cardiovascular systems.” Nitrobenzene (NB) is a deadly
contaminant commonly emitted by chemical industries,
polluting soil and water sources. A minimal dose of NB is
exceedingly hazardous to human health and is carcinogenic,
causing vomiting, shortness of breath, and nausea. Hence, the
United States Environmental Protection Agency (USEPA) has
listed NB as a severe water pollutant and classified it as a B2
carcinogen.'’ NB has been used in the industrial production of
plastics, pesticides, and explosives, but its detection is essential
for being toxic.'""?

For these reasons, various modern conventional methods
have been used to detect NB and Cr(VI) from polluted aquatic
environments, notably UV—vis spectrometry, electrochemical
technique, chromatography, and luminescence. Among these
methods, fluorescence detection is thought to be the most
effective due to its remarkable sensitivity and affordable
cost.">™"* In this context, there was a pressing need to create
novel nanomaterials that could detect Pb(II), As(III), Cr(VI),
and NB in aqueous mediums. Presently, a number of recent
studies have been conducted by fluorescence detection on the
basis of mixed-ligand-based robust cadmium (II)-frameworks, '
amine-decorated multifunctional luminescent metal—organic
frameworks,"” transition metal coordination polymers based on
bent carboxylate and flexible spacer ligands,'® pillar-bilayer
cadmium(Il) frameworks,”® etc. In order to meet these
challenges, new nanocomposites have been used to detect
contaminants in water.

In this respect, coordination polymers (CPs) first appeared in
the mid-1990s as a nanostructured porous material when Yaghi
et al. started developing molecules that could be created using a
wide assortment of organic substances and metal ions. The
innovation for synthesizing CPs by self-assembling the organic
ligands with inorganic metal cations produces a framework in a
suitable topology. Afterward, CPs attracted interest of many
researchers due to their distinct features, which include a large
surface area, crystalline structure, chemical tenability, open
metal sites, and extra high porosity.””*'

Correspondingly, carbon nanotubes (CNTs) are regarded as
promising precursors for the synthesis of composites, and they
possess outstanding flexibility, high mechanical strength,
chemical stability, high mechanical strength, and excellent
electrical conductivity.””>* However, CNTs are hydrophobic,
entangle with one another, and preferentially aggregate, just like
many other nanomaterials. Several surface modification
procedures have been explored to eliminate interfacial
imperfections and enhance the quality of CNT dispersion in
the polymer matrix. Grafting functional groups onto the external
surface of CNTs is one viable option, which is commonly
accomplished by strong acid treatment. Aside from metal doping
or grafting organic functional groups, another option is to
decorate CPs onto CNTs.”***

While CPs have interesting physical and chemical features for
a wide variety of applications, their characteristics can be easily
improved by changing their structure as well as physicochemical
nature using grafting with active functional groups,”® substitut-
ing organic linkers,”” attempting to make composites with
various materials,”””’ and impregnating them with suitable
materials.”® This field is still in its early stages, and various
publications on the synthesis and future uses of CPs composites
have lately been published.’’** However, finding synthetic
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pathways and appropriate complementary materials are essential
for producing CP-based composites.

CNTs are one of the ideal materials for producing CP
composites, which enhance CP formation by suppressing their
aggregation, raising scattering forces within the CPs, and
contg)lling CP features, including structure, morphology, and
size.™

Based on these features, CPs can potentially be applied in
various industrial and research fields, including catalysis, sensing,
drug deliverg, gas separation/storage, energy storage/conver-
sion, etc."*¥** Therefore, CP@CNT composites were expected
to be smart materials for the detection of hazardous compounds,
viz. Pb(II), As(III), NB, and Cr(VI).

We have successfully synthesized the Nd-CP@CNT (MA-
1@CNT) composite by employing the F-CNT as a base for the
in situ Nd-CP growth using a simple hydrothermal approach.
Therein, H,pzdca is used as a linker for Nd-CP. The CH,O and
OH™ groups on the F-CNT surface function as binding sites for
Nd(III) at the start of the reaction, resulting in nucleation and
probable priority for Nd-CP crystal formation on the F-CNT
surface. The physicochemical parameters of the resultant MA-
1@CNTcomposite were determined by several approaches,
such as FT-IR, XRD, TEM, SEM, and SCXRD. As expected,
three-dimensional (3D) Nd-CP nanorods grow on the F-CNT
surface to make a flower-like MA-I@CNT nanocomposite.
Additionally, it is concluded that incorporating such CPs with
CNTs provides a vast surface area, allowing more analyte
moieties to be touched and thereby facilitating excellent
sensitivity, which is applied as a sensor against various hazardous
compounds. The luminescent features of MA-1@CNT
disseminated in different solvents have been studied systemati-
cally, showing extremely selective aqueous phase sensing of
Pb(II), As(IIT), Cr(VI), and NB with a higher limit of detection
limit (LOD).

2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents. Sigma-Aldrich Chemical
Co. India supplied carbon nanotubes, neodymium(III) nitrate
[Nd(NO;);-6H,0], 2,3-pyrazinedicarboxylic acid [H,pzdca],
N,N-dimethyl formamide [DMF], nitrobenzene [C¢H;NO,],
potassium dichromate [K,Cr,0,], dimethyl sulfoxide [DMSO],
methanol, ethanol, and sodium chloride [NaCl], which were
used without further purification.

2.2. Oxidization of MWCNTs. The acid treatment of
pristine CNTs yielded F-CNTs, where MWCNTSs were
ultrasonically dispersed for 30 min in 6 M HNOj; and further
shaken by a magnetic stirrer at 60 + 2 °C till dry. Subsequently,
the black solid was filtered, thoroughly rinsed with deionized
water (DW), and dried for 12 h at 60 + 2 °C.**

2.3. Synthesis of [Nd(NO;);(H,pzdca)],, or MA-1. DMF
(2 mL) was used to dissolve H,pzdca (0.0338 g, 0.2 mmol) and
mixed with Nd(NO,),-6H,0 (0.0438 g, 0.1 mmol) with further
addition of H,O (2 mL). The mixture was placed in a Teflon-
lined autoclave, and the reaction was maintained for 48 h at 130
+ 2 °C. White crystals were obtained with 58% yields. Elemental
analysis (%) for MA-1: calc,, C =27.24, H = 0, N = 0; found for
C,NdO; (MA-1): C=27.17,H=0,N = 0.

2.4. Synthesis of MA-1@CNT Nanocomposites. In a
typical assay, 0.5 mg of F-CNTs was first dissolved in 4 mL of
DMF-H,0 (1:1) solution at ambient temperature and under
ultrasonication to form a homogeneous black suspension. Then,
Nd(NO;);-6H,0 (0.0438 ¢,0.1 mmol) and H,pzdca (0.0338 g,
0.2 mmol) were added to F-CNT suspensions described above

https://doi.org/10.1021/acsomega.2c06209
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Scheme 1. Synthesis of MA-1 and MA-1@CNTs
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followed by 1 h of stirring to form a new suspension. The
resulting mixture was put in a S mL Teflon-lined autoclave in an
oven for 48 h at 130 & 2 °C. After cooling at RT, the product was
washed after being collected with excess ethanol and deionized
water until neutral. Lastly, the precipitates were dried at 60 + 2
°C for 12 h to form MA-1@CNT. The synthesis procedure is
depicted schematically in (Scheme 1).

2.5. Methods and Instruments. FT-IR employing the KBr
disk method was utilized to determine the functional groups in
the samples in the range 400—4000 cm™~". The (XRD, Shimadzu
6100) instrument diffractometer was used to perform XRD
using Cu Ka radiation (1.54 nm). The materials’ morphologies
were investigated using SEM (JSM-6510LV, JOEL Japan). TEM
examination was performed on a JEOL-JEM2100. The FL
spectra were obtained using a Hitachi spectrofluorimeter (F-
2500). At ambient temperature, absorption spectroscopic
measurements were taken with a Perkin Elmer Lambda-45
UV—vis spectrophotometer.

2.6. X-ray Crystal Structure Determination. MA-1
SCXRD data were collected at 293 (2) K using Mo Ka
radiation (4 = 0.71073 A) on a Rigaku XtaLAB Synergy-i
diffractometer. Using Olexl,36 the structure was solved with the
Olex2.solve”” structure solution program using Charge Flipping
and refined with the Olex2.refine’” refinement package using
Gauss—Newton minimization.

3. RESULTS AND DISCUSSION

3.1. Structural Descriptions of MA-1. Refinement
parameters and crystal data for MA-1 are provided in Table 1,
while bond lengths and angles are reported in Tables S1 and S2.
The SCXRD data show that MA-1 crystallizes in a monoclinic
space group with a C2/c space group. The ball-and-stick model
of MA-1 is depicted in Figure la. The crystal structure of
synthesized MA-1 reveals a 3D network, where the asymmetric
unit of MA-1 (C,NdOs) has a single neodymium ion and a
moiety of the linker H,pzdca due to the cracking process of the
linker as shown in Figure 1b. Four oxygen atoms come from
three completely deprotonated (H,pzdca) ligands, one oxygen
atom from one coordinated water, and one carbon from the
ligand, which is brokenly coordinated to Nd1 (Figure 1c). The
coordination polyhedron is depicted in Figure 1d. The 3D
interpenetrated layer of MA-1 is shown in Figure 2. The bond
lengths of Nd1-O1 and Nd1-O2 are 1.577 and 2.586 A,
respectively.
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Table 1. Summary of Crystallographic Data for MA-1

MA-1
empirical formula C;NdO;
formula weight 308.31
crystal system monoclinic
space group C2/c
color white
a, A 6.2712(4)
b, A 10.6104(S)
¢ A 8.1233(S)
A 90
B 102.451(6)
T 90
V/A3 527.81(5)
P g-cm’3 7.7593
VA 8
F(000) 11364
u/mm™* 19.616
index ranges —-7<h<7-13<k<13-10LI1<10
reflections collected 4015

independent reflections
R indexes [I > 20 (I)]
R indexes [all data]

goodness-of-fit on F*

568 [Riy = 0.0628, Ry, = 0.0329]
R, = 0.0483, wR, = 0.1171

R, = 0.0772, wR, = 0.2853

1.432

3.2. Material Characterizations. XRD, FT-IR, SEM, and
TEM methods were used to evaluate MA-1 and MA-1@CNT
thoroughly.

3.2.1. XRD Analysis. The crystal structure of simulated MA-1,
F-CNT, MA-1, and MA-1@CNT was analyzed by powder XRD
(Figure 3a). The characteristic diffraction peaks of MA-1@CNT
appear at 20 = 17.1°,23.6°,26.1°,28.9°,33.7°,41.8°, 45.5° and
48.6°, which are well consistent with the XRD pattern of the
MA-1 crystal. In contrast, the peak at 26.1° is the characteristic
of the F-CNT; it demonstrates that the functional groups are
stabilized on the tube wall and that the overall structure of the
carbon tube was not destroyed. The high intensity of the
significant peaks suggests highly crystallized materials. In the
MA-1@CNT composite, the peak of F-CNT and most
diffraction peaks for MA-1 can be seen, and this indicates that
the F-CNT does not destroy the MA-1 skeleton. As it is evident,
all peaks of the composite were decreased compared to MA-1,
and the crystalline sizes of MA-1 and MA-1@CNT calculated by
the Debye—Scherrer equation were 94.9 and 59.5 nm,

https://doi.org/10.1021/acsomega.2c06209
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(a)

(b)

Figure 1. (a) Ball-and-stick model of MA-1, (b) asymmetric unit of
MA-1, (c) coordination environment of Ndl in MA-1, and (d)
coordination polyhedron of MA-1.

Figure 2. 3D interpenetrated layer of the MA-1 and its simplified layer
(inset).

respectively. All these indications confirm the existence of the
CNT in the composite.

3.2.2. FT-IR Spectral Analysis. The chemical structures of
MA-1 were described using the FT-IR spectrum and its
composite with F-CNT. As depicted in Figure 3b, all the
peaks of MA-1 were existent in the composite, indicating that the
F-CNT incorporation did not affect the chemical structure of
MA-1.”® The peak positions at 3486 and 2923 cm ™" demonstrate
the presence of an O—H stretching vibration and symmetric C—

H stretching.'">** The strong and intense band observed at
1620 cm™ and another band near 1370 cm™ are attributed to
the asymmetric and symmetric stretching of the carboxylate
groups, respectively,””>*® where weakening of peaks can be
observed after the MA-1@CNT was synthesized, and this is
attributed to the MA-1’s linkage with the carboxylate groups on
the surface of the F-CNT. In other bands found at 440 and
below 1000 cm™}, respectively, the vibrational modes of metal
oxide (O—M—0) and (M—O) are noted, which ensure the
coordination of Nd(III) with the oxygen of the CO,H group on
the CNT.**** A group of absorption peaks at 1170 and 1735
ecm™ in the FT-IR spectrum of F-CNTs (Figure S1) are
designated to the C—O, and C=O stretching vibrations,
respectively, and a peak can be seen at 1640 cm™' due to the
hydrogen bonding between the OH™ groups. It means that the
CNT after acid treatment has been functionalized and some
carboxyl groups are bonding with Nd(III) ions to create
carboxylates.””**" Predicated on the FT-IR results, it is
possible to deduce that CNTs were effectively adorned with
the MA-1 crystal.

3.2.3. SEM and TEM Analysis. The morphology of the MA-1
crystal and MA-1@CNT nanocomposite was characterized
using SEM and TEM (Figure 4). As demonstrated in SEM
images, Figure 4a reveals that a 3D network of MA-1 has
nanorods bounded by six long rectangular faces with precise
edges and relatively flat ends. The SEM images have shown that
there is a uniform shape for all nanorods within crystals. In the
SEM image of MA-1@CNT (Figure 4b), MA-1 nanorods were
successfully grown on the F-CNT surface, in which one can see
the MA-1 nanorods clearly. The morphology and size of the as-
synthesized MA-1 were investigated using TEM (Figure 4c—e);
it exhibits a rod-like structure in shape with an average width and
length of roughly 20 and 60 nm, respectively.

The TEM image of MA-1@CNT indicates the excellent
adhesion between MA-1 nanorods and the F-CNT surface
owing to strong electrostatic interactions, which confirms the
formation of MA-1@CNT nanohybrids (Figure 4f).

A thorough examination of the distribution of Nd, C, and O
on the MA-1@CNT surface can be done using EDS, and the
findings are displayed in Figure Sa. The results show that the
existence of the elements Nd, C, and O validates the effective
synthesis of the hybrid nanocomposite (Figure Sb).

3.3. Description of the Fluorescence Measurements of
MA-1@CNT. 3.3.1. Reaction Condition Optimization. The FL
spectra of MA-1@CNT were studied to investigate its potential

a b MA-1
MA-1@CNT
o . ...“. |y .‘“amlnn NS
& ]
2 s
4 E
) (7]
= A I MA-1| § MA-1@CNT
= (=
S F-CNT
| | L . Simulated
10 20 30 40 50 560 1OIOO 15'00 20100 25100 30I00 35IOO
20 (degree) Wavenumber (cm™)

Figure 3. (a) XRD of F-CNT, MA-1, and MA-1@CNT and (b) FT-IR patterns of MA-1 and MA-1@CNT.
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Figure 4. SEM images of (a) MA-1 and (b) MA-1@CNT and TEM images of (c—e) MA-1 and (f) MA-1@CNT.
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Figure S. (a) Element mapping of Nd, O, and C of MA-1@CNT nanohybrids. (b) EDAX morphology diagram of MA-1@CNT nanohybrids.

application in detecting Pb(1I), As(III), Cr(VI), and NB and to
understand the primary mechanism of interaction. The
influence of the concentration of MA-1@CNT, various solvents,
ionic strength, and pH on the FL spectra was studied. Before the
fluorescence study, Pb(II), As(III), Cr(VI), and other NACs,
namely, NB, MNB, PNA, and MNA, were prepared in water
with different concentrations. MA-1@CNT was ground
thoroughly and ultrasonicated after being dissolved in different
organic solvents for 15 min and then aged for a day to form a
homogeneous suspension. The intensity of the FL increases as

1224

the amount of MA-1@CNT increases, and maximum FL
intensity was measured at 0.3 mg mL™" concentration of the FL
sensor. The emission properties were investigated in numerous
solvents. The effect of different solvents like DMF, DMSO,
EtOH, MeOH, and H,O on the FL intensity of MA-1@CNT is
shown in Figure 6a. The significant FL intensity of MA-1@CNT
showed the highest intensity in the water while affecting other
solvents very weakly.

As illustrated in Figure S2, the FL spectra of MA-1@CNT
show distinct excitation and emission peaks at 280 and 397 nm,

https://doi.org/10.1021/acsomega.2c06209
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respectively. The effect of ionic strength was analyzed with
different concentrations of NaCl, and no such distinguishable
effect on FL intensity of PANI@NdJ-LDH is observed, as shown
in Figure S3a. The FL intensity of pure MA-1@CNT is the
maximum at neutral pH (7.0) while decreasing in the base as
well as in acidic pH (Figure 6b and Figure S3b). As a result, the
sensing tests were conducted under the previously optimized
conditions. In many sensing applications, response time plays an
important role; therefore, the effect of reaction time between
MA-1@CNT and Cr(VI) and NB was also investigated. Figure

S4a—d displays the emission band of MA-1@CNT after adding
0.1 ppm Cr(VI), 0.1 ppm As(III), 0.1 ppm Pb(II), and 0.06 ppm
NB with varying response times. The intensity decreased with
Cr(VI) and NB while increasing in the case of As(III) and
Pb(II) with the gradual rise in the incubation time. However, the
intensity remained nearly unchanged after 2 min for Cr(VI), 3
min for NB, and 1 min for As(III) and Pb(II).

The fluorescence spectra of pure MA-1 and MA-1@CNT are
illustrated in Figure 7. It is noticed that the fluorescence
spectrum of MA-1 linked to the CNT is 46 nm blueshifted, and
its fluorescence intensity is twice that of MA-1 because the
CNTs worked to improve the CP composition and control its
properties.l

3.3.2. Fluorescence “Turn-Off” Sensing of Cr(VI) and NB.
The fluorescent response of MA-1@CNT toward some metal
ions (Cr**, K*, Cu*", Mg*, Na*, Co**, Cd**, As®*, Pb*', and
Cr*®) and also other NACs (nitrobenzene (NB), m-nitro-
benzene (MNB), m-nitroaniline (MNA), and p-nitroaniline
(PNA)) was obtained by adding solutions containing various
metal ions and other NACs independently to the solution of
MA-1@CNT dispersed in deionized water at room temperature.
As shown in Figure 8 and Figures S5—S8, adding other metal
ions and NACs has a weaker effect on the luminescence than
Cr(VI), As(IIl), Pb(II), and NB. Several paramagnetic metal
ions, such as Cu(Il), are frequently used as fluorescence
quenchers. Ironically, there are a limited number of fluorescent
probes available for detecting Cr(VI) in the existence of these
paramagnetic metal ions.*
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Figure 8. Change in the fluorescence spectrum of MA-1@CNT (0.3 mg/mL) in the presence of different metal ions(0.9 ppm) in DW (pH = 7.0).

1225

https://doi.org/10.1021/acsomega.2c06209
ACS Omega 2023, 8, 1220—1231


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06209/suppl_file/ao2c06209_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06209/suppl_file/ao2c06209_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06209/suppl_file/ao2c06209_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06209/suppl_file/ao2c06209_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06209/suppl_file/ao2c06209_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
—— MA-1@CNT
e MA-1@CNT+Na*+K*+Mg?*+Pb?*+Co0?*+Cu?*+Cr** 1000 1
= MA-1@CNT+Na*+K*+Mg?**+Pb?*+Co?*+Cu?*+Cr**+Cr®*
MA-1@CNT+Cr®* —_
S 900 = 800
s S
> >
= % 600
) 600 - c
c
] 2
= £ 400
= 3 E T
i 300 T S)
2004 ®
D
0 T T T 0
350 400 450 500 Metal ions

Wavelength (nm)

Figure 9. Effect of various metal cations on the selectivity of MA-1@CNT

for Cr(VI) detection.

a

900

@R

0.0ppb

e MA-1@CNT
=== 100ppb
= 200ppb
=== 300ppb
== 400ppb
500ppb
600ppb
=== T700ppb
800ppb
== 900ppb

600

300

FL intensity (a.u.)

Cr(VI)

400 450 500

Wavelength (nm)

350

FL intensity (a.u.)

= MA-1@CNT
= 62 ppb
123 ppb
= 185 ppb
246 ppb
=== 308 ppb
369 ppb
= 431 ppb
492 ppb
=== 554 ppb
616 ppb
677 ppb
== 739 ppb

b

900

600

300

400 450 500

Wavelength (nm)

Figure 10. Fluorescence titration spectra of MA-1@CNT (A, = 280 nm) in deionized water (0.3 mg/mL) (pH = 7.0) upon gradual addition of (a)

Cr(VI) and (b) NB.

Cc

v Vv
350 460 450
Wavelength (nm)

2;0 360 500

Figure 11. (a) FL excitation, (b) emission spectra of the MA-1@
CNTnanocomposite, and UV—vis absorption spectrum of (c) Cr(VI)
and (d) NB in water.

Furthermore, the influence of various metal cations was
studied [Cr**, K*, Cu®, Mg**, Na*, and Co*'] to investigate
MA-1@CNT selectivity for Cr(VI) detection. On the other
hand, the luminescent intensities of MA-1@CNT suspension
were evaluated to study its selectivity in the cation mentioned
above in mixtures with/without Cr(VI). As depicted in Figure 9,
the intensities were less influenced by other cations but
significantly decreased when Cr(VI) was added, which
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demonstrated that MA-I@CNT has excellent selectivity for
Cr(VI) compared to other common cations found in aqueous
solutions. In the present work, the MA-1@CNT-based sensor
showed no noticeable change in Cr(VI) intensity in the presence
of these metal ions.

To further assess the sensitivity of MA-1@CNT toward
Cr(VI) ions and NB for sensing, the fluorescence titration tests
were carried out with water. Various concentrations of Cr(VI)
ranging from 0.1 to 0.9 ppm were tested in this sensitivity study.
Figure 10a illustrates that the fluorescence intensity at 397 nm
steadily reduced with a rising Cr(VI) concentration. The sensing
properties of MA-1@CNT for NB have been studied further
through monitoring a series of MA-1@CNT emissions in pH =7
with a steadily increasing NB concentration. As shown in Figure
10b, the luminescent intensity of the suspended solution of MA-
1@CNT gradually decreases with the increasing concentration
of NB. The fluorescence intensity may decrease with increased
Cr(VI) and NB concentrations because of the inner filter effect
(IFE).

In the IFE, the absorption band of the quencher should
complementarily overlap with the fluorescent agent’s excitation,
emission, or both bands,'>**** Cr(VI) displays two notable
absorption bands at 270 and 372 nm and a band for NB at 267
nm, as demonstrated in Figure 11.

Meanwhile, the excitation and emission bands of the prepared
nanomaterial MA-1@CNT are exhibited at 280 and 397 nm,
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respectively. This explains the decrease in FL intensity when
adding NB and Cr(VI) to the solution of MA-1@CNT (Figure
12).

The Stern—Volmer (SV) equation, (I/I) = Kgy [Q] + 1, was
used to investigate the effectiveness of fluorescence quenching,
where I and I are the fluorescence intensity before and after the
addition of the analyte and [Q] is the analyte’s molar
concentration. At the same time, Ky is the quenching constant
(M™).** The SV plot for Cr(VI), NB, and other NACs were
linear with correlation coefficients of 0.986 for Cr(VI), 0.995 for
NB, 0.928 for MNB, 0.976 for PNA, and 0.973 and MNA
(Figure 13a,b and Figure S9). The quenching constants for
Cr(VI), NB, MNB, PNA, and MNA were 1.0 X 105, 4.7 X 105,
1.6 X 10°, 1.0 X 10°, and 5.8 X 10* M, respectively.

The LOD for MA-1@CNT was determined by the equation
36/m (where ¢ is the standard deviation (SD), while m indicates
the slope) (Figure 14a,b, Figure S10, and Tables S3 and S4).
The MA-1@CNT exhibited promising LOD values of 7.69 X
1078 M for Cr(VI), 2.11 X 10~ M for NB, 2.97 X 10~*M for
MNB, 3.3 X 107%M for PNA, and 5.79 X 10"*M for MNA.

3.3.3. Fluorescence “Turn-On” Sensing of Pb(ll) and As(lli).
The fluorescence titration for the coupling of MA-1@CNT with
Pb(II) and As(III) was conducted in a H,O solution. As
depicted in Figure 15a,b, the addition of Pb(II) and As(III) in
the solution of MA-1@CNT led to a dramatic enhancement of
the emission intensity centered at 397 nm gradually and may be
attributed to the chelation enhanced fluorescence (CHEF)
effect. The MA-1@CNT-Pb(II) and MA-1@CNT-As(III)
complexes of a CHEF effect depend on the photo-induced
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electron transfer (PET) mechanism. First, in the PET
mechanism, electrons are stimulated in the free MA-1@CNT
by the exciting photons to migrate from the lone pairs on donor
atoms, such as oxygen atoms of fluorophores, thus resulting in
quenching fluorescence. Meanwhile, the existence of the
coordinated Pb(II) and As(IIl) ions in the sensor MA-1@
CNT decreases the ion pair’s energy, eliminating the PET
quenching activity and resulting in the CHEF effect and thus the
fluorescence intensity of the MA-1@CNT was sensitive to the
concentration change of Pb(II) and As(III), and Figure 16
depicts the suggested binding mechanism, ***¢

The LOD for MA-1@CNT as a fluorescent chemosensor for
analysis of Pb(II) and As(III) was as low as 15.9 and 16.0 nM,
respectively (Figures S11a,b and Tables S3 and S4), and this is
significantly lower than the USEPA’s drinking water standard
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(Pb(I1) = 72 nM and As(Ill) = 13 M),"”* as well as
outperforming several prior studies for Pb(II) and As(III)
sensing (Table 2), indicating that MA-1@CNT could be used as
a fluorescence sensor for Pb(II) and As(II) detection with
perfect sensitivity when compared to other related sensors.
3.4. Recycling and Stability. The recyclable performance
of MA-1@CNT in Cr(VI) and NB aqueous solutions was also
investigated. Fortunately, the MA-1@CNT can be regenerated
by centrifuging the suspensions after sensing Cr(VI) ions and
NB, thorough washing with water several times, and the
quenching efficiencies of three cycles were changed from 65.00
t0 60.10% (Cr(VI)) and from 73.30 to 67.90% (NB) as shown in
Figure 17ab, where highly efficient levels were preserved,
indicating that MA-1@CNT has high recirculation and stability.

https://doi.org/10.1021/acsomega.2c06209
ACS Omega 2023, 8, 1220—1231


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06209/suppl_file/ao2c06209_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c06209/suppl_file/ao2c06209_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06209?fig=fig16&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

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

Table 2. Comparisons of Different Fluorometric Sensors for
NB, Cr(VI), and As(III)

LODs linear range

target materials (uM) (uM) references
NB  Ni/Al-Fe(CN),- 0.039 0.067—10 48
LDH
[Zn(HNTB) 753 0-300 49
(phen)],
UiO-66-NH2 7.30 0—244 NU
Cu(II) MOFs 5.10 13-32 S1
MA-1@CNT 0.021 0.5—-6 Current
study
Cr(VI) N, S/C-dots 0.86 1-80 52
Zn(11) MOFs 691 10-10 X 10° 53
cobalt(1I)-doped 1.170 5-125 54
CDs
Zn'“MOF (TMU- 20.0 0-19.2 55
41)
MA-1@CNT 0.0769 1.9-17.3 Current
study
Pb(II) GQDs-AuNPs 0016  0.5—4 56
TQl 0.836 1.6—10 57
MA-1@CNT 0.0159 0.5-34 Current
study
As(Ill)  NH,-MIL-88(Fe) 0.056 0.1-50 58
Fe;0,4-Au core-shell ~ 0.018 0.0-0.27 S9
MA-1@CNT 0.016 1.3-10.6 Current
study

4. COMPARATIVE STUDY

A comparative study was made with a previous work. Herein,
LODs are lower as compared to the reported earlier NB, Cr(VI),
Pb(II), and As(III) sensors as listed in Table 2; hence, we can
say that the MA-1@CNT nanocomposite has a good sensing
behavior toward NB Cr(VI), Pb(II), and As(III).

5. CONCLUSIONS

In conclusion, this work has presented the effective synthesis of
MA-1@CNT hybrid nanocomposites with a unique novel three-
dimensional nanoarchitecture [Nd(NO;);(H,pzdca)], via the
excellent adhesion of MA-1 particles with F-CNTs under
solvothermal conditions by economical and simple methods.
Surprisingly, MA-1@CNT works as a tremendous turn-on and
turn-off sensor for Pb(II), As(III), Cr(VI), and NB, which have a
negative impact on human health. Furthermore, MA-1@CNT
hybrid nanocomposites displayed high reusability by washing

with water several times. Thus, the present study demonstrates

that the MA-1@CNT hybrid nanocomposites might be a
promising candidate for the detection of trace Pb(II), As(III),
and Cr(VI) ions and NB.
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