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Selective Turn-Off Sensing of Dy(lll)
F > Eu(il)

ABSTRACT: The elevated accumulation of electronic wastes, especially containing

. . . . . . . === Fluorescent
Dysprosium ion [ie, Dy(Ill)], is emerging as a potential environmental threat. To hydmsel {85g) oo
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overcome the deleterious effects of Dy(III), detection and removal of Dy(III) is crucial. L) e
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Moreover, recovery of high-value Dy(IIl) is economically beneficial. However, the i i T OO o |
availability of a single material, capable of sensing Dy(III) in nanomolar concentration and 6l ) ot e
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simultaneously adsorbing it with high adsorption capacity (AC), is rare. Therefore, to solve
this problem, a pH-responsive fluorescent amino graphene oxide-impregnated-engineered . i
polymer hydrogel (AGO-EPH) has been synthesized, suitable for selective sensing of =
Dy(III) in nanomolar concentration and adsorbing it from wastewater at ambient W\IJI
temperature. This terpolymeric hydrogel is synthesized from two nonfluorescent
monomers, propenoic acid (PNA) and prop-2-enamide (PEAM), along with an in situ
generated comonomer (3-acrylamidopropanoic acid/AAPPA) through N—H activation
during polymerization. Surface properties and structural details of AGO-EPH are
established using NMR, FTIR, XRD, TEM, SEM, EDX, Raman, MALDI-mass, and DLS
studies. The AGO-EPH exhibits blue fluorescence with selective turn-off sensing of Dy(III) with the detection limit of 1.88 X 1077
(M). The maximum AC of AGO-EPH is 41.97 + 0.39 mg g~ '. The developed AGO-EPH shows consistent adsorption—desorption
property over five cycles, with more than 90% desorption efficiency per cycle, confirming significant recovery of the valuable Dy(III).
From Logic gate calculations, complexation of Dy(III) and AGO-EPH may be the reason behind fluorescence quenching. The
AGO-EPH also shows antibacterial action against ~3 X 10° cells mL™" of E. coli solution. Overall, the developed pH-responsive
engineered hydrogel can be used as a potential low-cost sensing device and reusable adsorbent for Dy(III).
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1. INTRODUCTION

Rare earth metal (REM) ions are emerging as one of the most
precious materials because of their extensive use in
manufacturing magnets, memory devices, and batteries. ">
Among different REMs, dysprosium (Dy) finds widespread

reutilizing the unused and/or wasted Dy of industries.
Recovery of unused Dy from industrial wastewater can solve
this problem. However, before recovery, identification of traces
of Dy in industrial wastewater is the also critical. Nevertheless,
no such technology is available currently enabling the

modern applications as alloys for neodymium-based magnets,”
phosphor,” halide discharge lamps,” wind turbines,’ recharge-
able NiMH batteries,” and catalysts.” Moreover, Dy(III)-nickel
composite is frequently used in the control rods of nuclear
reactors since it can rapidly absorb accelerated neutrons and
does not swell/shrink when bombarded with neutrons for long
periods.” Therefore, Dy(III) is considered as one of the most
critical raw materials for electronics and nuclear applications by
the European Commission in 2010."° However, the global
reserve of Dy is extremely limited, and most of the mining
occurs in China.” Therefore, the variable export of Dy by
China creates imbalance in the pricing of Dy. For instance, the
present cost of Dy is about 548 USD/kg against 35 USD/kg in
2003.° Importantly, the global Dy market is projected to reach
approximately 756 million USD by 202S with a CAGR of
5.8%."" Eventually, India is one of the largest importers of Dy
(around 6.99 million USD/year) due to the lack of extractable
quantities of this precious metal in India. Therefore, it has
become essential to reduce the import amount of Dy by
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simultaneous sensing and adsorbing of traces of Dy(III)-ions
from industrial wastewater. Therefore, technology develop-
ment for Dy(III) sensing, recovery, and recycling from
industrial wastewater has become critical. It can save a
significant import liability in the coming years.
Technological advancements have led to a surge in
electronic waste, resulting in the significant release of Dy(III)
into soil and groundwater. Though the maximum permissible
limit for Dy(IIl) in drinking water is yet to be declared by any
of the international health organizations, yet Dy(III) is toxic to
animals and plants.'>"® Soluble Dy(III)-salts, such as DyCl,
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and Dy(NOs;),, exhibited mild toxicity to human and aquatic
plant cells, whereas the insoluble salts are nontoxic."
Depending on the toxicity profile of Dy(IIl) to mice, it is
estimated that the ingestion of 500 mg or more will be fatal to
human being."> Moreover, Dy(III)-powder explodes frequently
in the presence of an ignition source when admixed to the
atmosphere.'* Importantly, fires caused from Dy-vapor cannot
be extinguished by water, since it reacts with water to generate
flammable hydrogen gas."* Therefore, isolation of Dy(III) not
only saves the environment from pollution, but also enables
the reuse of very rare and costly Dy(IIl). Therefore, detecting
and removing Dy(III) from electronic wastes have become
crucial.

In literature, detection of Dy(III) has been attempted using
atomic absorption spectrometry,"® inductively coupled plasma
atomic emission spectroscolzag,m'17 ion selective electrode
sensing,m'19 chromatography, "1 resonance light scattering,22
optical sensing,”’ and electrochemistry.”**> However, these
methods are expensive, time-consuming, nonselective toward
Dy(IlI), and require sophisticated instrumentation for
detection. Moreover, the detection limits by these method-
ologies are quite high, i.e,, of the order of 0.4 ppm. However,
fluorescence-based turn-oft sensing of cations is very rapid,
selective, and sensitive.”® In this context, Jianjun et al.”” applied
fluorescence-based detection of Dy(III) by using inorganic
complexes, in which the detecting material could not be
isolated after reacting with Dy(III)-solution (destructive
sensing). To the best of our knowledge, there is still no report
discussing reusable, efficient, rapid, and selective polymer-
based sensing hydrogel material for Dy(III) and its adsorption
from wastewater.

Among different methods applied for removal of metal ions,
such as adsorption, reverse osmosis, reduction, solvent
extraction, coagulation, ion exchange, chemical precipitation,
and membrane-based separation, adsorption is widely
preferred because of simple instrumentation, ease of handling,
versatility, cost effectivity, accuracy, and reusability of
adsorbents.” In this context, adsorption of Dy(III) has been
attempted through natural substances, such as activated carbon
from waste coffee seeds,” microporous chitosan membrane, '’
charcoal,” and vermiculite;® nanocomposite;9 and activated
silica.”® The natural adsorbents are inexpensive, but suffer from
poor adsorption capacities, mechanical stabilities, and reus-
ability. In contrast, the chemically modified inorganic materials
possess better adsorption capacities and mechanical stabilities,
but they are nonbiocompatible and costly. Therefore, there is a
serious need of low-cost sustainable adsorbent which is
mechanically stable, biocompatible, and can adsorb Dy(III)
selectively and rapidly. At the same time, it can be recovered
very easily. Recently, scalable-and-reusable hybrid composite
materials are drawing much attention worldwide for sensing
and recovery/removal of hazardous components, such as heavy
and rare earth metal ions, dyes, and polyaromatics.”' ™
Multifunctional hydrogels are attracting much attention for
sensing’* and adsorbent for removing various metal ions.”
Hydrogel is a 3D flexible porous polymer network with a soft
and rubbery appearance that can uptake water several times
that of its own weight. Swelling of these hydrogels is attributed
to the varied ratio of hydrophilic-to-hydrophobic function-
alities introduced by varying the synthesis conditions, such as
temperature; pH; monomer ratio; and wt % of AGO, cross-
linker, and initiators.® In this context, Mondal et al.>”®
reported the in situ incorporation of O—C coupled third and

fourth comonomers during free radical solution polymerization
of two monomers. Mahapatra et al.*° reported detection of
Bi(IIl) using intrinsically fluorescent terpolymer hydrogels.
Mondal et al.** observed the effect of multifunctional collagen
dopants on the adsorption capacity toward Ti(IV), As(V), and
V(V). They observed increased adsorption with increasing the
dopant %. Therefore, dopants play an important role in
elevating adsorption of metal ions. In order to utilize this
concept, functionalized graphene can be considered as dopant
because of the prevalent variegated covalently bonded
functionalities containing oxygen, nitrogen, and sulfur.>>*
The higher surface area to volume ratio and porous structure
of 2D graphene is expected to facilitate the ionic/coordinative
interaction with Dy(III). However, the availability of only
oxygen-functionalities restricts its widespread applicability as
sensor/adsorbent. Therefore, amine-functionalization of GO
(i.e, AGO) can be an excellent alternative, since AGO contains
a wide variety of functionalities, such as —NH,, >NH, >N—,
—CONH-—, —CONx, and =C-—N, in addition to —COOH,
—OH, and >C=0 of GO. These hydrophilic functionalities
are expected to impart aqueous solubility, interfacial surface
area-to-volume ratio, nontoxicity, biocompatibility, and
mechanical properties.”’ Moreover, these nitrogenous func-
tionalities can facilitate complexation of Dy(IIl) with the
hydrogel resulting in the ease of fluorescence-based sensing
and adsorption-based recovery of Dy(III). Despite having
extraordinary capacitive properties, the direct use of AGO as
sensor and adsorbent is limited due to its particulate nature.
To the best of our knowledge, no amino graphene oxide-based
hydrogel has been reported until date capable of selectively
sensing Dy(III) at very low concentration along with the
simultaneous adsorption of Dy(III). Also, the AGO-EPH
designed in such a way that the adsorbed Dy(IIl) can be
recovered very easily by simple pH reversal which is
demonstrated by consecutive S adsorption—desorption cycles.

Present study describes (i) room temperature synthesis of
the novel pH-responsive AGO-EPH from two nonfluorescent
monomers via in situ incorporation of the third comonomer
acting as the primary fluorophore; (ii) selective sensing of
Dy(IlI) in nanomolar level with respect to other rare earth
elements; (iii) coupled adsorption of Dy(III) alongside its
sensing; (iv) desorption-based recovery of Dy(III) by simple
pH reversal; and also (v) AGO-EPH shows inherent
antibacterial properties.

Herein, an intrinsically fluorescent purely aliphatic AGO-
EPH hydrogel is synthesized from two nonfluorescent
hydrophilic monomers, such as PNA and PEAM, along with
the in situ incorporation of a new N—C coupled comonomer,
AAPPA, via simple free radical solution polymerization. First,
GO is synthesized from graphite powder using the modified
Hummers method, and then converted into AGO through the
one-pot solvothermal technique. Subsequently, poly[PNA-co-
PEAM] hydrogels is synthesized, followed by incorporation of
AGO with the optimal reaction mixtures for synthesize of
AGO-EPH. The hydrogels are characterized in details using
NMR, FTIR, XRD, TEM, SEM, EDX, Raman, MALDI-mass,
DLS, and UV—visible studies. The fluorescent properties of
AGO-EPH are determined and its selective turn-off sensing
toward Dy (III) is demonstrated. Adsorption studies are
conducted using simulated solutions containing Dy(III) in the
concentration range of 5—30 mg/L at pH,, = 7 and ambient
temperature. The equilibrium adsorption data are fitted to
different isotherm and kinetic models to determine various
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Scheme 1. Synthesis of EPH from Ex Situ Added Monomers/Crosslinker and In Situ Strategic Incorporation of the Third

Comonomer
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parameters. The desorption (recovery) studies are conducted
using five consecutive adsorption—desorption studies by
regulating the pH in the range of 2—7. Finally, the antibacterial
property is demonstrated using E. coli bacteria for safe disposal
of the materials.

2. EXPERIMENTAL SECTION

2.1. Materials. PNA, PEAM, graphite powder, N,N'-
methylenebis(acrylamide) (MBA), DMSO, NaHSO;, K,S,04,
and Dy(NO,); were purchased formed Sigma-Aldrich and
used without any modification/purification. The entire experi-
ments were carried out by using milli-Q-water.

2.2. Synthetic Methodology. 2.2.1. Synthesis of GO
from Graphite Powder. Herein, GO was synthesized from

29622

graphite powder using the modified Hummers method.*” In
brief, to the 30 mL mixture of concentrated H,SO, and H;PO,
(3:1 v/v), 2.25 g of oven-dried graphite powder was added
slowly with constant stirring at 300 rpm at 27 °C. Thereafter,
13.20 g of solid KMnO, was added slowly into the mixture to
initiate oxidation of graphite. The isothermal stirring was
continued until the solution became dark green, followed by
dropwise addition of 50 mL of 10 vol % H,O, solution to
remove the excess KMnO,,. Since this step is exothermic, it was
carried out in cold water-bath to maintain the constant
temperature at 27 °C. Then the mixture was stirred for 30 min,
GO was separated by centrifugation, washed thoroughly, and
dried in vacuum oven.

https://doi.org/10.1021/acsomega.4c02772
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Figure 1. Optical images of (a) EPH, (b) AGO-EPH, and (c) zoomed AGO-EPH [Photograph courtesy of Mrinmoy Karmakar. Copyright 2024].

2.2.2. Synthesis of AGO from As-Synthesized GO. The as-
obtained GO was converted to AGO by using the solvothermal
one-pot technique.”’ In brief, 0.16 g of the previously
synthesized GO was sonicated with 20 mL of milli-Q-water
for 30 min to obtain a homogeneous suspension, which was
then put into a 100 mL Teflon-lined autoclave. After that, 70
mL of 25 vol % ammonia solution was added to the autoclave,
and heated at 200 °C for 12 h. The leftover ammonia solution
was rinsed off by using 0.5 [M] HCI solution, and then the
solid was washed repeatedly with milli-Q-water. The final
product, ie, AGO, was obtained by centrifugation, washed
again, and dried in vacuum.

2.2.3. Synthesis of Engineered Polymer Hydrogel (EPH). A
series of poly[PNA-co-PEAM] hydrogels were synthesized by
varying synthesis parameters, such as PNA:PEAM (—/ A);
amounts cross-linker (wt %/ B), initiators (wt %/ C), and total
monomers (wt %/ D); and temperature (K/ E) within 5—15;
1.0-2.0, 1.0-2.5, and 10-30 wt %; and 290—310 K,
respectively (Table S1 of the Supporting Information, SI).
Since network integrity, swelling properties, and reusability of
hydrogel severely depend on the variation of synthesis
parameters, optimization of these parameters is essential to
obtain the optimum hydrogel. Herein, the optimum conditions
were achieved at: 10, 2.0 wt %, 1.5 wt %, 20 wt %, and 300 K
for A, B, C, D, and E, respectively. To synthesize the optimum
EPH (Scheme 1), 4.551 g dry PNA was taken in a 100 mL
stoppered conical flask, dissolved in 12.8 mL of milli-Q-water,
and neutralized to pH = 5.5 by using 2.2 mL of the saturated
NaOH solution. To this solution, 0.449 and 0.5 g of PEAM
and MBA, respectively, were added and homogenized under
constant stirring at 600 rpm and 300 K for 2 h. After that, N,-
gas purged to this homogeneous solution and polymerization
was initiated by adding redox initiators (0.15 g each of
NaHSO; and K,S,05 dissolved in S mL water). Gelation was
observed at 32 min. The as-obtained EPH was collected from
conical flask (Figure la), washed with 1:1 (v/v) water/
methanol solution, and dried in hot-air oven for 48 h.

2.2.4. Synthesis of AGO-EPH. Like EPH, for synthesizing
the optimum AGO-EPH (Table S1), 4.551 g dry PNA was
taken in a 100 mL stoppered conical flask, dissolved in 12.8
mL of milli-Q-water, and neutralized to pH = 5.5 by using 2.2
mL of the saturated NaOH solution. After adding 0.449 and
0.5 g of PEAM and MBA, respectively, to this solution, 0.2 g
AGO added to the resultant mixture, and homogenized at 300
K for 3 h. After that, polymerization was initiated by adding
redox initiators (0.15 g each of NaHSO; and K,S20; dissolved
in § mL water) in N,-environment. This time gelation took

longer time of 180 min. The as-obtained AGO-EPH was
collected from conical flask (Figure 1 b,c), washed with 1:1 (v/
v) water/methanol solution, and dried in a hot-air oven for 48
h.

2.3. Characterization. Structures of EPH, AGO-EPH, and
Dy(III)-AGO-EPH were characterized by '"H NMR (Ascend
NMR-500 MHz, Bruker), FTIR (Spectrum-2, Singapore,
PerkinElmer), TG (TGA 4000, PerkinElmer), XRD (D8
Discover, Bruker), FESEM/EDX (JSM7600F, Jeol), DLS
(Nano ZS, Malvern Instruments), and UV—vis (Specord 210
Plus, AnalytikJena) analyses. Chemical structures; graphs; and
TOC graphic were generated by ChemDraw Ultra 12.0; Origin
9.0; and Adobe Illustrator 2023 (version 27.0.1), Photoshop
Desktop (version 25.0), and Freepik software, respectively.

2.4. Fluorescence Intensity Measurement of AGO-
EPH. Herein, 50 mg of dried and crushed AGO-EPH was
sonicated with 50 mL DMSO to obtain a homogeneous
hydrogel solution. The UV—vis spectrum of this hydrogel
solution was recorded to obtain the A4,,. Thereafter,
fluorescence emission experiment (Horiba Fluorolog-3 mod-
ular spectrofluorometer) was carried by considering the same
Amax as the excitation wavelength.

2.5. Adsorption Methodology. Isothermal adsorption
experiments were conducted by dipping 0.025 g of dry AGO-
EPH within 50 mL Dy(III) solution within 5—30 mg L™" at
pH, = 7. Adsorption isotherm and kinetics data were
determined by measuring unadsorbed Dy(III)-concentrations
(mg L7') at different time intervals by ICP-MS. The
equilibrium ACs (mg g™'), rate constants, and thermody-
namics parameters were estimated by methods reported
elsewhere.** Briefly, the equilibrium isothermal adsorption
data were fitted to several isotherm models, such as Langmuir,
Freundlich, BET, Sips, and Henry isotherm models (eqs 1-5).

_ kLCe

1. qm1 + k. C, (1)

q, = kuC, (2)

/n

q, = kC, 3)
_ (ksC.)

2. qm“l + (ksC) (4)
_ klce

qe qBET (1 - klce)(l - kZCe + klce) (5)
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Figure 3. (a) FTIR and (b) XRD analyses of EPH/AGO-EPH/Dy(III)-AGO-EPH.

Here, q., C., and n/qppr/y represent adsorption capacity,
residual Dy(III)-concentration at equilibrium, and Freundlich/
BET/Sips parameters, respectively. kg, k;/ k,, kg, ky, and k; are
Freundlich, BET, Sips, Henry, and Langmuir isotherm
constants, respectively.45

2.6. Desorption and Reusability Studies of AGO-EPH.
Desorption of the adsorbed Dy(IlI) is important to reuse it for
the high-value industrial applications. Since Dy(III) adsorption
was carried out at pH,, > pHp,(, desorption of Dy(III) from
Dy(III)-AGO-EPH was strategically performed at pH, <
pHpyc. Thereafter, the recovered AGO-EPH was deployed
further for adsorption at pH,, = 7, and again desorption was
tried at pH,
experiments were studied for S cycles to obtain free Dy(III)
and confirm the reusability of AGO-EPH.

2. Such replicate adsorption—desorption

29624

3. RESULTS AND DISCUSSION

3.1. Characterization of Graphite, GO, and AGO.
3.1.1. Raman Spectroscopic Analysis. In the Raman spectrum
of graphite, the intense D-/G-bands at 1349/1570 cm™" and
the broad 2D-band at 2693 cm™" (Figure Sla) indicates the
existence of multiple disorders in the structure of the used
graphite. Moreover, the Ip/I; ratio of 0.54 confirms the
existence of three layers*® in the structure of used graphite. In
GO, shifting of D- and G-bands to 1336 and 1577 cm™}
respectively, and simultaneous broadening of these bands
confirm transformation of sp” carbon of graphite to sp® in
GO.* In AGO, grafting of various N-containing function-
alities, such as —NH,, >NH, >N—, —CONH—, and —CONK,
is indicated by further shifting of D-band to 1340 cm™ in
AGO.
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3.1.2. XRD Analysis. In the XRD image of graphite (Figure
S1b), the sharp peak at 20 = 26.64° with d-spacing of 3.35 A
indicates the presence of (002) plane of hexagonal graphitic
planes.*® After exfoliation by H,SO,, this peak disappears and a
new sharp peak appears at 20 = 26.64° with the d-spacing of
8.42 A because of the (001) plane. The appearance of this peak
and increasing in d-spacing confirm the addition of oxygen
during chemical exfoliation of graphite to generate hydroxyl,
epoxy, and carbonyl functionalities. In fact, the d-spacing of
this peak increases further to 8.56 A after amination, inferrin%
the functionalization of GO-surface by —NH, groups.”
Moreover, in AGO, peaks at 26 = 10.46°, 16.11°, and 21.91°
indicate the presence of —CONH— and —CON<.*

3.1.3. FESEM, EDX, and TEM Analysis. The FESEM and
TEM images (Figure S2a,d) of graphite contain layered
structure, similar to the observation from Raman spectrum
(Figure Sla). In GO, the effect of exfoliation on the layers is
very prominent and hence distinct planes are visible from both
FESEM and TEM images (Figure S2bse). In fact, FESEM
image of GO is very much like that reported by Aliyev et al.>’

From FESEM image of AGO (Figure S2c), the planar
structure is found to be modified significantly leaving behind
the flaky-type appearance,”’ whereas in TEM image (Figure
S2f), agglomeration is observed. The generation of extensive
hydrogen bonding because of the excessive hydrophilic N-
containing functionalities causes such a superficial feature.
From EDX spectrum of graphite (Figure S3a), only the peak of
carbon can be visualized, whereas in GO (Figure S3b), peaks
of carbon and oxygen are present. The introduction of N-
containing functionalities in AGO is further confirmed from
the appearance of nitrogen peak in EDX spectrum of AGO
(Figure S3c), which is absent in graphite and GO.

3.2. Characterization of EPH and AGO-EPH. In EPH,
C—C coupled formation of saturated moieties, such as —H,C—
and >CH- from H,C=CH- of PNA/PEAM/MBA is
confirmed from —CH,— and >CH— peaks within 0.79—1.79
and 2.06—2.34 ppm, respectively (Figure 2), substantiated by
C—C/C—H peaks of — H,C—CH< at 1163/2936 and 1162/
2926 cm™' (Figure 3a) in EPH and AGO-EPH, respectively.
In fact, the completion in polymerization is further confirmed
through the absence of H,C=CH— peaks within 6.03—6.59,
5.70—6.30, and 5.39—6.13 ppm for PNA, PEAM, and MBA,>”
respectively, and C—H def. and overtone peaks of H,C=CH—
at 980 and 1830 cm™}, respectively. The incorporation of
PEAM and MBA in EPH can be inferred from the
characteristic —NH, and —CO-NH-CH,—-NH-CO-/-
CO-NH-CH,-NH—-CO— peaks at 7.11 and 7.52/4.27
ppm, respectively, substantiated from FTIR peaks at 1666/
1667, 1396/1395, and 817/819 of >C=0 str. (amide-I), C—N
str. (amide-III), and N—H wagging (amide-V) of primary
amide, respectively, in EPH/ AGO-EPH. The incorporation of
PNA in EPH and AGO-EPH is confirmed from >C=0O str.
peaks of —COOH dimer at 1712 and 1715 cm™, respectively.
Importantly, generation of the third comonomer, i.e., AAPPA,
via in situ N—H activation can be inferred from the arrival of
the new characteristic —CO—NH—-CH,—CH,— peak within
3.55-3.70 ppm in EPH, substantiated from N—H bending
(amide-I1) and C—N str. (amide-IIT) of secondary amide at
1560/1569 and 1449/1450 cm™}, respectively, in EPH/ AGO-
EPH.”’ In AGO-EPH, the greater population of —NH,
functionalities from AGO than that of EPH can be ascertained
from the bathochromic shifting of hydrogen bonded O—H--
N—H str. from 3361 cm™" of EPH to 3348 cm™ in AGO-EPH

and arrival of C—N str. and strong hydrogen bonded O—H--
N—H str. at 1040 and 2350 cm™" in AGO-EPH, substantiated
from the delayed release of H,O up to 200 °C (Figure 4),
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Figure 4. TG analyses of EPH/AGO-EPH/Dy(III)-AGO-EPH.

elevated overall thermal stability of AGO-EPH compared to
EPH, and the significant increase in the final decomposition
temperature of AGO-EPH (649 °C) than that of EPH (512
°C). Moreover, the presence of AGO in AGO-EPH can be
inferred by the appearance of a new peak at 611 cm™" because
of C=C bending of AGO, shifting of XRD peak from 26 =
23.36° of EPH to 20 = 24.22° in AGO-EPH, and appearance
of a new XRD peak at 20 = 10.46° (Figure 3b), which exactly
matches with the (001) plane of AGO. The FESEM images of
EPH contains featureless homogeneous morphology (Figure
Sa,b), whereas the AGO-EPH surface endows the distinct
phase boundaries of AGO and polymer matrix (Figure Sc).
Moreover, in the higher magnification FESEM image (Figure
5d) of AGO-EPH, agglomerated flaky particles of AGO can be
seen. The presence of AGO in AGO-EPH is further
substantiated from MALDI-TOFF mass spectrometric anal-
yses, where only single signal is observed at m/z = 3877.87 in
EPH (Figure S4), whereas three signals are prominent at m/z
= 3873.59, 4437.40, and 4821.87 for AGO-EPH. The increase
in hydrodynamic radius from 251 nm (Figure 6a) of EPH to
365 nm (Figure 6b) in AGO-EPH harmonized the presence of
AGO in AGO-EPH.

3.3. Characterization of Dy Adsorbed AGO-EPH
(Dy(Il)-AGO-EPH). Substantial alteration can be observed in
the characteristic features of AGO-EPH after Dy(III)
adsorption. Since Dy(III)-adsorption has been carried out at
pH. > pHpzc (pHpzc = 6.28, Figure S5), most of the
—COOH/O-H is converted to —COO™/—07, resulting in
the rapid degradation of hydrogen bonding moieties in
Dy(III)-AGO-EPH.SAl_56 Such phenomenon is linked with
the broadening and weakening of hydrogen bonded O—H--
N-H str. at 3374 cm™! (Figure 3a) in Dy(III)-AGO-EPH,
shifting of >C=0 str. of —COOH dimer from 1715 cm™" in
AGO-EPH to 1738 cm™' in Dy(IlI)-AGO-EPH, and the
inferior thermal stability of Dy(III)-AGO-EPH than that of
AGO-EPH up to 200 °C (Figure 4). After Dy(1II) adsorption,
the rapid reduction of the intensities of >C=0 str. of —COO~
and —CONH, (at 1738 and 1651 cm™!, respectively)
envisaged the participation of >C=O0 in coordination with
Dy(III). The appearance of low intensity peaks at 407, 417,
428, 496, and 521 cm™" in Dy(III)-AGO-EPH is attributed to
Dy—O bond, formed via coordinating interaction [-COO~™ —
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Figure S. FESEM images of (a/b) EPH, (c/d) AGO-EPH, and (e/f) Dy(III)-AGO-EPH in high/low magnifications.

Dy(11I)] between —COO~ of AGO-EPH and Dy(IIl) during
adsorption at pH,, > pHpzc.”” Such strong coordination can
also be confirmed from the elevated thermal stability of
Dy(I11)-AGO-EPH with respect to AGO-EPH beyond 200
°C, significantly higher residue content of 33.29 wt.%
compared to 6.49 wt.% of AGO-EPH, and appearance of
Dy(IlI)-specific XRD peaks at 26 = 18.45°, 27.66°, 35.55°,
41.59°, and 61.08° (Figure 3b).”” The superficial deposition of
Dy(III)-crystals are visible from the FESEM images of Dy(III)-
AGO-EPH (Figure Se,f).

3.4. Fluorescence-Based Sensing of Dy(lll) by AGO-
EPH. The as-synthesized AGO-EPH exhibits blue fluorescence
(Figure 7e), whereas the monomers, cross-linker, and AGO are
nonfluorescent. Herein, another AGO-based hydrogel has been
synthesized by using the lower initiator amount. This
copolymeric hydrogel has no fluorescence property. Therefore,
the N—H activated incorporated new comonomer, ie.,
AAPPA, can be considered as the fluorophore in AGO-EPH.
From UV—vis plot (Figure 7a) of DMSO-solution of AGO-
EPH, the A, is found to be 268 nm. Therefore, the
fluorescence emission spectrum of AGO-EPH is studied by
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adsorption—desorption cycles.

exciting hydrogel solution at 268 nm. From the emission plot,
two distinct fluorescence bands at 412 and 440 nm (Figure 7b)
are observed for AGO-EPH. However, the fluorescence
intensity is found to be quenched rapidly with the gradual
addition of Dy(Ill) (Figure 7d). In order to observe the
selectivity of metal ion sensing, $8.06 X 10° (M) solutions of a
few rare metal ions, such as Dy(III), Eu(III), Sm(III), Yb(III),
Gd(III), Ce(III), Nd(III), and Pr(III), were added in different
DMSO-solutions of AGO-EPH, followed by measuring their
emission intensities at the same excitation wavelength of 268
nm. From these emission spectra (Figure 7c), the relative
intensity (I/I,) of AGO-EPH is found to reduce significantly
only after Dy(III) addition, whereas for all other REMs, the I/
I values remain mostly unaltered with respect to the control
study. Therefore, the selective Dy(III) sensing with respect to
other REMs can be inferred. Importantly, the LOD of Dy(I1I)
sensor is found to be as low as 1.88 X 1077 (M) (Figure S6),
which is lower than those of 1.02 X 107 and 1.00 X 1077 (M),
reported by Chen et al."” and Jianjun et al,,”’ respectively.
3.5. Logic Gate Estimation. To understand the under-
lying mechanism of fluorescence quenching of AGO-EPH after
adsorption of Dy(IIl), the EDTA-based complexation concept
is utilized. Herein, if the polymer-EDTA complex exhibits
similar fluorescence intensity that signifies no interaction
between the fluorescent AGO-EPH and nonfluorescent
EDTA. However, during the experiment the fluorescence
quenching of Dy(II1)-AGO-EPH is observed in the presence
of EDTA solution. This implicates formation of Dy(III) and
AGO-EPH complex (Dy(III)-AGO-EPH). Since, EDTA is a
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stronger chelating ligand than that of AGO-EPH, it binds with
Dy(III) stronger than that of AGO-EPH, leaving free AGO-
EPH and turn off the sensing. The entire study can be
summarized through the following truth tables and logic gate
(Scheme 2).

3.6. Adsorption of Dy(lll) by AGO-EPH. During
isothermal adsorption experiments, the higher rate of
adsorption is observed at the beginning because of the
availability of the larger amount of vacant adsorption cites.
With the progress of adsorption, the rate of adsorption is
decreased gradually to attain equilibrium. The equilibrium
adsorption data are fitted to different isotherm models, such as
such as Langmuir, Henry, Freundlich, Sips, and BET,*** of
which Langmuir model shows the best fit because of the
highest adjusted R?/F and lowest y* values.”® The maximum
AC, ie., qp,y is found to be 42.09, 38.97, 36.53, and 34.27 mg
g~ at 298, 303, 308, and 313 K (Figure 8a and Table 1),
respectively. Again, the better fitting of kinetics data with
pseudo-second-order kinetics model compared to pseudo-first-
order kinetics model (Figure 8b) and attainment of the
activation energy of 70.03 k] mol™ (F'§ure 8d) confirm
chemisorption of Dy(III) by AGO-EPH.®”®" The presence of
—COO~/—CONH,/—CONH" functionalities from EPH and
—NH,/—NH- of AGO were involved in chemical bonding
with Dy(III), as observed earlier from material characterization
data. The k, values are found to increase with the increase in
temperature, confirming the faster adsorption at higher
temperatures. The exothermic spontaneous nature of chem-
isorption can be understood from the negative values of AH’

https://doi.org/10.1021/acsomega.4c02772
ACS Omega 2024, 9, 29620—29632


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c02772/suppl_file/ao4c02772_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02772?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02772?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02772?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02772?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
A, =268 nm AGO-EPHinDMSO | 14 240 AGO-EPH in DMSO
1.0 (b
ol (P
S
AO.B s-,m
3 .
<os6 2 8
2 > |
£ 0.4 i 6
" c
g s |
. E
0.2 u-: 4
0.0} 2 —_
L 1 1 1 1 L [ I} L I} 1 1 =
260 280 300 320 340 360 390 420 450 480 510 ;
Wavelength (nm) Wavelength (nm) (o)
1.2 Fluorescence intensity of AGO-EPH in 14  AGO-EPH in presence of variable Dy(lll) concentration +
14 F (C) presence of various rare earth metal ions L
12} (d) —om
——5.02x10° (M) ¥
ST ——9.99 x 10 (M)
< 10 | ——14.94 x 107 (M)
| ——19.87 x 10° (M)
e gl ——24.75 x 10 (M)
‘; ——29.60 x 10°° (M)
> | ——34.42 x10° (M)
Y ——39.21x10° (M)
g | ——48.69 % 10° (M)
E 4
T kb
2

[ S

G,

390

420 480

450
Wavelength (nm)

Figure 7. (a) UV—vis and (b) fluorescence emission spectra (deyiation = 268 nm) of AGO-EPH in DMSO solvent, (c) relative intensities of AGO-
EPH in-presence of different rare metal ions, (d) quenching of fluorescence intensity of AGO-EPH after adding varying concentrations of Dy(III)
solutions, and (e/f) UV-images of DMSO solutions of AGO-EPH/ Dy(III)-AGO-EPH [Photograph courtesy of Mrinmoy Karmakar. Copyright

2024].

Scheme 2. Truth Table and Logic Gate to Explain the Fluorescence Quenching of Dy(III) by AGO-EPH

Inputs Output
Dy(I1I) EDTA

0 0
0

1
0 1
1 1

| —
0
1
1

FL. Emission at A,, = 268 nm

and AG’ at the entire working temperature (Figure 8c and
Table 2).

3.7. Desorption of Dy(lll) from Dy(lll)-AGO-EPH and
Reusability Studies of AGO-EPH. Herein, adsorption and
desorption Dy(III) are achieved by introducing electrostatic
attraction and repulsion of Dy(III) with anionic and cationic
surfaces of AGO-EPH, respectively, by varying the working
pH. The % adsorption/% desorption varies as 98.21/92.17,
94.05/93.22, 92.76/94.89, 90.07/95.97, 80.06/97.22, and
65.06/97.31%, respectively, for 1—6 cycles (Figure 9). With
the increase in adsorption—desorption cycles, the network
integrity kept on reducing, leading to the reduced %adsorption.
These data clearly indicate that the same AGO-EPH can be
used for adsorbing Dy(III) for at least S times (as % adsorption
of sixth cycle is very low, and hence reusability of the
adsorbent is reported up to fifth cycle only). Moreover, the
structural integrity is investigated by measuring hydrodynamic
radii of AGO-EPH, i.., R, and AGO-EPH desorbed after
sixth cycle, i.e., Rhyd/,33 in which the closeness of Ry, 4 (371 nm)
and Ry,4 (378 nm) (Figure 6c,d) confirmed significant
retention of AGO-EPH network.
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3.8. Antibacterial Property. The antibacterial properties
of EPH and AGO-EPH are studied against 200 uL of ~3 X
10% cells mL™" solutions of Gram-negative E. coli bacteria.
AGO-EPH is found to possess the stronger antibacterial
property (average DIZ = 7.73 mm) compared to EPH (Figure
S7a). Moreover, from MTT assay test, the cytotoxicity of
AGO-EPH is found to be lower than that of EPH (Figure
S7b). From these data, it can be easily concluded that AGO-
EPH is biocompatible and harmless to the environment as well
as possesses antibacterial properties. Therefore, after sensing
and S cycles of adsorption—desorption, AGO-EPH can be
safely disposed of since it can still exhibit antibacterial
properties.

4. CONCLUSIONS

The present work presents a design-and-synthesis route of
intrinsically fluorescent multifunctional stable hydrogel, i.e.,
AGO-EPH, via entrapment of particulate AGO within the
network of the optimum EPH, prepared from nonfluorescent
PNA and PEAM monomers and N—H activated in situ
attachment of the third comonomer, AAPPA. Internalization of
particulate AGO in the optimized EPH improves the network
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Table 1. Adsorption Isotherm and Kinetics Parameters
temperature (K)
model/parameters 298 303 308 313
Dy(I11)-AGO-EPH
Langmuir
Gmax (mg g7/ pHy/ C, (mg L") 42.09/ 7/5-30 38.97/7/ 5-30 36.53/7/ 5-30 34.27/7/ 5-30
k, (L mg™) 1.3319 1.0307 0.8217 0.7709
R/ F 0.9968/3224.79 0.9994/20097.36 0.9972/7652.65 0.9955/3263.61
12 0.8028 0.0997 0.3937 0.6437
Pseudo-second-order
Geca (mg g7)/pH/C, (mg L) 40.17/7/30 36.53/7/30 32.78/7/30 31.67/7/30
eexp (Mg g71) 3823 + 0.38 35.11 + 0.39 33.43 + 031 31.70 + 0.29
k, (g mg™ min™") 0.0015 0.0026 0.0044 0.0056
RY F 0.9905/7501.01 0.9903/7301.59 0.9829/4258.78 0.9988/60389.96
zz 1.0224 1.1129 1.7021 0.0901

stability, thermostability, hydrophilicity, functionality, reus-
ability, antibacterial activity, and cell viability. The N—H
activated in situ attachment of AAPPA is inferred by '"H NMR
peak within 3.55—3.70 along with N—H bending (amide-II)
and C—N str. (amide-III) of secondary amide at 1560/1569
and 1449/1450 cm™’, respectively, in EPH/ AGO-EPH.
Adsorption of Dy(III) is occurred via coordinating interaction
between >C=0 of —COO~/—CONH, of AGO-EPH and
Dy(III) is confirmed by the occurrence of Dy—O type linkage
in Dy(1II)-AGO-EPH. The AGO-EPH is found to emit blue
fluorescence and possess selective quenching for Dy(III) with
respect to other rare metal ions, and the LOD is found to be as
low as 188 nM. The in situ incorporated AAPPA comonomer
is found to be the fluorophore of AGO-EPH. This hydrogel is
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found to absorb high % of Dy (III) over multiple cycles pH = 7
and also shown higher % of recovery (>90% of Dy (III) simply
be changing the pH). The maximum adsorption capacity of
AGO-EPH is 41.97 + 0.39 mg g_l. Moreover, AGO-EPH
exhibits strong antibacterial property against Gram-negative E.
coli bacteria with the average DIZ of 7.73 mm and very low
cytotoxicity. From logic gate measurements by EDTA,
complexation of Dy(III) and —COO~ of AGO-EPH is
established as the mechanism of fluorescence quenching.
Overall, this environment-friendly multifunctional hybrid
hydrogel is successfully applied as efficient antibacterial agent
and selective sensor and adsorbent of rare metal ion, i.e.,
Dy(III). But the results in this work are generated in batch
process using simulated solution containing Dy(III) and other
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Table 2. Adsorption Thermodynamics Parameters for Dy(III)-AGO-EPH

concentration (ppm)/

—AG® (K] mol™") of
temperature (K)

Dy(I1I)-AGO-EPH

—AH® (k] mol™") of

—AS® (J mol™ K) of
Dy(Ill)-AGO-EPH

Dy(III)-AGO-EPH

46.57 127.37
36.55 95.34
45.39 127.96
43.88 127.72
32.05 93.22
26.27 77.64

5/298 8.61

5/303 7.97

5/308 7.34

5/313 6.70

10/298 8.14

10/303 7.66

10/308 7.19

10/313 6.71

15/298 7.26

15/303 6.62

15/308 5.98

15/313 5.34

20/298 5.82

20/303 5.18

20/308 4.54

20/313 3.90

25/298 4.27

25/303 3.84

25/308 3.33

25/313 2.87

30/298 3.13

30/303 2.75

30/308 2.36

30/313 1.97

Y Adsorption  N\Desorption
100 445
é N 7N ” B
sof A A 136 5
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60 % : Z J 4273
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Figure 9. Adsorption—desorption efficiencies (%) of AGO-EPH for 6
adsorption—desorption cycles (black Y-axis) and (b) Adsorption
capacities (mg g™') of AGO-EPH for 6 adsorption—desorption cycles
(blue Y-axis).

rare earth metal ions, such as Eu(III), Sm(III), Yb(III),
Gd(III), Ce(III), Nd(III), and Pr(III). However, its extension
to the real industrial effluents containing other elements and
the process scale up are yet to be explored.
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