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Preparation of stimuli responsive microgel with
silver nanoparticles for biosensing and catalytic
reduction of water pollutants
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Herein, we report poly(N-isopropylacrylamide/2-acrylamido-2-methylpropane sulfonic acid) microgel
fabricated with silver nanoparticles. The identification of copolymerization and functional groups in the
bare microgel and those fabricated with silver nanoparticles was examined by Fourier transform infrared
spectroscopy. The pH and temperature sensitivity of microgels was studied using dynamic light
scattering. Thermogravimetric analysis was carried out to study the thermal stability. X-Ray diffraction
patterns indicated the amorphous nature of bare microgel and crystalline nature of those containing
silver nanoparticles. A bathochromic shift was found in the surface plasmon resonance of silver
nanoparticles present in microgel with increase in pH of the medium. Moreover, the microgel containing
silver nanoparticles served as an effective catalyst for reducing the toxic nitroaromatic pollutants and
carcinogenic dyes. The microgel containing silver nanoparticles also showed good capability to serve as
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1. Introduction

Water treatment and purification has become an important
concern globally. Among the various water pollutants, nitro-
aromatic compounds and azo dyes have been found to cause
many diseases in the living organisms and their removal from
water has become necessary and big challenge to the ease of
method and economic viewpoint.'”® Multiple strategies have been
devised by researchers in the past few years. Among them, poly-
mer microgels have been found important scaffolds for this
purpose.* Polymer microgels are three dimensional polymeric
networks containing water as a dispersed phase. They can extract
many water pollutants such as toxic metal ions and dyes by
sorption.>® Microgels can be designed with metal ion binding
functional groups which enable them to extract high amounts of
metal ions for the purity of aqueous medium.” The metal ions
loaded in the microgels can be further converted into the nano-
particles by in situ reduction in the microgel networks.® The
microgels containing suitable metal nanoparticles can be further
employed as catalyst for the fast reduction of many water
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biosensor for the detection of hydrogen peroxide.

contaminants which cannot be removed from water by sorp-
tion.>'® The metal nanoparticles show excellent catalytic," elec-
trical,” optical,” and anti-bacterial properties'* but they are not
stable themselves. To achieve the stability, these metal nano-
particles can be fabricated within the microgel networks. The
functional groups of microgel network and the fabricated metal
nanoparticles are involved in the mutual electronic interactions
which result in the stabilization of metal nanoparticle within the
microgel networks.” These microgels fabricated with suitable
metal nanoparticles can be used as catalysts for the degradation/
reduction of many water pollutants. Among the various metal
nanoparticles, AgNPs have been focused by many scientists owing
to their low and multiple properties including antibacterial,*®
catalytic,"”*® optical sensing," chemical sensing,” etc. The cata-
Iytic and optical properties of AgNPs can be tuned if they are
embedded in the microgel network. When a microgel containing
AgNPs is used as catalyst, the reaction takes place within the
microgel network, and it depends on the rate of diffusion of
reactants towards the microgel network. By changing the porosity
of the microgel, the rate of diffusion of reactants towards the
microgel and hence the rate of the catalytic reaction can be
tuned.” Similarly, if temperature and pH of the sensitive microgel
system is changed the SPR band of the AgNPs fabricated in that
microgel system can be shifted which makes the system a sensor
for pH and temperature.”” If the AgNPs fabricated in a suitable
microgel and the system is used as catalyst then recovery of this
catalyst from a catalytic reaction medium can be done easily by
simple filtration or quick centrifugation process.”® Timo et al.**
fabricated AgNPs in a microgel system and found it as
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temperature sensitive catalyst for the reduction of 4-NP. Lazaros
et al.” also reported the synthesis of AgNPs in a microgel system
and their application as an efficient catalyst in the reduction of 4-
NP. Similarly, Li et al.*® prepared AgNPs in a microgel system to
tune their optical properties and usefully designed a light
controllable catalytically active system. In addition to their cata-
lytic role, AgNPs have also been found to act as promising
biosensor for the detection of H,0,, known as a versatile
biomarker.”” Recent investigations have shown that H,0, is plays
several important roles in biochemical procedures such as cell
signaling.”” For the effective disease diagnosis, and disease
monitoring H,0, is used as a reactive biomarker. In food
industry, H,0O, is applied for the preservation of milk but its high
concentration can damage the quality of milk by degradation of
folic acid present in milk.”® The higher concentration of H,O, in
food items may cause some life-threatening diseases such as
cardiovascular disorder, diabetes, and cancer.>® Therefore,
development of reliable simple, and economical method for the
detection of H,0, is has become need of the hour. It has been
reported that H,O, can be detected with AgNPs in terms of
change in intensity of absorbance at the maximum absorption
wavelength of AgNPs.***® So, AgNPs have potential for the color-
imetric detection of H,0,. However, stability of AgNPs without
affecting its sensing ability has been a great challenge. Thanks to
the microgels for having potential to stabilize AgNPs without
affecting their sensing and catalytic potential. Among the
microgels used for the fabrication of AgNPs, NIPAM and acrylic/
methacrylic acid based microgels have been used and various
parameters have been reported to tune the stability, catalytic and
optical activity of AgNPs. NIPAM can also be copolymerized with
other monomers, but less attention has been given therefore the
effect of other monomers on the fabrication and further appli-
cations AgNPs needs to be explored. In this context, we have
prepared a microgel by copolymerizing NIPAM with AMPS and
used to fabricate as well as stabilize the AgNPs within the
microgel's network. Catalytic activity of this AgNPs-MG system
has been explored in the reduction of azo dyes and nitroaromatic
compounds. In addition, the AgNPs-MG system has also shown
hydrogen peroxide sensing ability.

2. Materials and methods
2.1 Chemicals

N-Isopropylacrylamide (NIPAM, 97% Sigma-Aldrich) and 2-
acrylamido-2-methylpropane sulfonic acid (AMPS, 99% Sigma-
Aldrich) were used as monomers, N,N-methylene-bis-
acrylamide (MBA, 99% Sigma-Aldrich) was used as a cross-
linker. Ammonium per sulfate (APS, 98% Sigma-Aldrich) was
used as an initiator and sodium dodecyl sulfate (SDS, =98.5%
BDH Chemicals) was used as a surfactant. Silver nitrate (AgNOs3,
99% Sigma-Aldrich) was used as a metal precursor. Sodium
borohydride (NaBH,, 98% Sigma-Aldrich) was employed as
a reducing agent. 4-Nitrophenol (4-NP, 99% Sigma-Aldrich), 2-
nitrophenol (2-NP, 98% Sigma-Aldrich), 2-nitroaniline (2-NA,
98% Sigma-Aldrich), methyl orange (MO, 85% Alpha Aesar),
Methylene Blue (MB 82% Alpha Aesar), Eosin Y (EY, 82% Alpha
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Aesar) were used for catalytic degradation. Deionized water was
prepared in the laboratory and used throughout this work.

2.2 Synthesis of bare p(NIPAM/AMPS) microgel

Free radical copolymerization was carried out to synthesize
P(NIPAM/AMPS) microgel. The reaction mixture was prepared
by adding 0.07 g SDS, 95 mL deionized water, 1.29 g NIPAM,
0.124 ¢ AMPS and 0.037 g MBA in a three necked round bottom
flask followed by its equipment with nitrogen inlet, condenser,
and oil bath in the experimental assembly. The temperature of
the reaction mixture was raised to 70 °C via an oil bath along
with continuous stirring and nitrogen purging. After 30
minutes, 5 mL of 0.06 M APS solution was added in the reaction
mixture and milky appearance was observed within five
minutes. The reaction was further continued for 5 hours at 70 ©
C under constant stirring and nitrogen purging and then cooled
down to room temperature. The product was transferred to
dialysis membrane and dialysis was carried out for one week to
remove the unreacted species. A cellulose membrane having
molecular weight cutoff of 14000 was used as dialysis
membrane. The prepared bare p(NIPAM/AMPS) (BMG) microgel
was dried at 100 °C for characterization.

2.3  In situ synthesis of silver nanoparticles in p(NIPAM/
AMPS) microgel

Silver nanoparticles were prepared within the prepared BMG by
in situ reduction of silver ions at room temperature. For this
purpose, 10 mL of the as-prepared BMG was diluted with 20 mL
deionized water and the reaction was carried out in the nitrogen
atmosphere in a round bottom flask. After 30 minutes, 0.1
molar aqueous solution of silver nitrate was prepared and its
0.5 mL was added in the already diluted MBG and stirred for 1
hour along with nitrogen purging. In this AMPS to silver
ions mol ratio was maintained as 1: 6 to ensure the maximum
loading of silver ions in BMG. Then, 0.05 g NaBH, dissolved in
5 mL distilled water was added and color of the reaction mixture
turned yellow from colorless. The reaction was further stirred
for 1 hour and then the BMG fabricated with AgNPs (AgNPs-
MG) was dialyzed against deionized water for four hours.

2.4 Characterization techniques

Fourier transform infrared (FTIR) spectra were recorded with
FTIR spectrophotometer Model RZX (PerkinElmer) to identify the
functional groups in the BMG and AgNPs-MG. X-Ray diffrac-
tometer Model 3040/60 X'Pert PRO (PANalytical) was used to
check the texture of the prepared BMG and AgNPs-MG. Dynamic
laser light spectrometer (B1-200SM, Brookhaven Instrument) was
used to find out hydrodynamic diameters. Thermogravimetric
analyzer (TGA) (Mettler Tolledo 851e) was employed to find out
thermal stability. The optical, catalytic, and sensing applications
were studied with UV-visible spectrophotometer (Shimadzu 1700).

2.5 Catalytic reduction and chemical sensing study

The prepared AgNPs-MG was analyzed as catalyst in the
reduction of 2-NP, 2-NP, 4-NP, MO, EY, and MB with NaBH, in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) FTIR spectra and (b) XRD patterns of p(NIPAM/AMPS) and

Ag-p(NIPAM/AMPS).

aqueous medium. UV-visible spectrophotometer was utilized to
observe the progress of these catalytic reactions. The catalytic
reduction was conducted with 40 ml aqueous solution of either
0f 0.001 M 4-NP, 0.001 M 2-NP, 1 mM 2-NA, 4 x 10"* M MO, 4 x
10"* M EY and 1.6 x 10~* M MB. The solution was added with
a calculated amount of NaBH, so that its concentration with
respect to NaBH, was hundred times larger as compared to that
of nitrocompound or dye. A certain amount of AgNPs-MG (100
pL for nitrocompound and 400 pL for dye) was included as
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Fig. 2 Thermograms of p(NIPAM/AMPS) and Ag—p(NIPAM/AMPS).
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catalyst. The reaction was accomplished at constant tempera-
ture by placing the reaction container in a thermostat. During
the catalytic reaction, 0.5 ml of the sample was taken out from
the reaction mixture after certain time intervals followed by
dilution with deionized water (15 times dilution for each of 4-
NP, MO, EY and MB, 8 times dilution for each of 2-NP and 2-NA)
and subjected to record UV-Vis spectrum. Effect of amount of
catalyst was studied by conducting the reduction of 4-NP using
different amount of catalyst i.e., 100 pL, 200 pL, 300 uL and 400
uL. Effect of temperature was also examined in the reduction of
4-NP by keeping catalyst amount constant and varying the
temperatures (293, 303, 313, 323, and 333 K).

For hydrogen peroxide sensing, 0.5 mL of the aqueous
solution of H,0, (100, 500, 1000, 1500, 2000, 2500 and 3000 M)
was added to 3.5 mL of AgNPs-MG. UV-visible spectra were
recorded for each concentration till 30 minutes.

3. Results and discussion
3.1 Characterization of BMG and AgNPs-MG

To identify various functional groups, FTIR spectroscopy was
used as a characterization technique. Fig. 1(a) illustrates the
FTIR spectra of BMG and AgNPs-MG. A broad peak at
3292.06 cm ™' is because of the overlapping of stretching peaks
from N-H in NIPAM and from O-H in AMPS. The C-H
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Fig. 3 (a) pH and (b) temperature responsive behavior of p(NIPAM/

AMPS) and Ag—p(NIPAM/AMPS) along with the schematic illustration
of the mechanism.
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stretching peak was observed at 2927.76 ecm ™" and the peak at
1633.06 cm ™" was ascribed to amide stretching. The peak at
1366.45 cm ™' corresponds to CH(CH3), stretching, the peak at
1016.87 cm™ ' was assigned to stretching of ~SO; in AMPS units.
The typical peak of C=C at 1620 cm™' was absent, which
indicated that BMG was synthesized successfully. For AgNPs-
MG some of the peaks were disappeared or changed slightly due
to electronic interactions between electrons of polymeric func-
tional groups and electrons of AgNP's such as the interactions
present between amide and sulfonic acid groups of microgel
and AgNPs. The electronic coordination interactions between
lone pairs of functional groups (such as acrylamide and
carbonyl) of microgel and the surface of metal nanoparticles
have been investigated via X-ray photoelectron spectroscopy
(XPS).** An electron donor-acceptor interaction between AgNPs
and functional groups of microgel may also exist which can be
identified by an increase in the binding energy when Ag atoms
act as electron donor and a decrease in binding energy when Ag
atoms act as electron accepter.” The stabilization of AgNPs in
poly(N-isopropylacrylamide-co-acrylic acid) microgel via charge
transfer from carbonyl groups to AgNPs have also been proved
via XPS analysis by Dong et al.** The band from 3292.06 cm ™" is
shifted to 3277.59 cm™ ' due to formation of OH---AgNPs bonds.
This OH:--AgNPs bond can be developed by interaction of lone
pairs of oxygen of hydroxyl group of water and Ag atoms present

1.0 :
1 (a)
i
0.8 4|
]
@ ]
g 061\
&
< \ Ag-P(NIPAM/AMPS)
2 041
< P(NIPAM/AMPS)
0.2
0.0 ' === S~ :
220 320 420 520 620 720
Wavelength (nm)
-]
9
=
s
2
S
S
7]
2
«
220 320 420 520 620 720
Wavelength (nm)
Fig. 4 (a) UV-visible spectra of p(NIPAM/AMPS) and Ag-p(NIPAM/

AMPS) (b) pH effect on surface plasmon of Ag—p(NIPAM/AMPS).
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at the surface of AgNPs. Similar observations were reported by
Han et al. and Bibi et al.*>*

It is a well-known fact that polymer hydrogels exhibit porous
nature while AgNPs exhibit crystalline nature and a composite
prepared by fabricating AgNPs in a polymer hydrogel network
possess both the amorphous and crystalline properties.> The
XRD patterns of BMG and AgNPs-MG are shown in Fig. 1(b).
BMG exhibited a broad peak in the range of 14-26° 26 values
indicating its amorphous nature.'®** On the other hand, AgNPs-
MG showed crystalline nature due to the AgNPs embedded
within the microgel network. The diffraction peaks obtained at
38°, 44°, 64° and 77° correspond to miller indices (111), (200),
(220) and (311) respectively which are characteristic for AgNPs
with the face-centered cubic geometry."®

TGA analysis was done to investigate the thermal properties
of the BMG and AgNPs-MG. TGA profiles of BMG and AgNPs—
MG in the temperature range of 0 to 800 °C are shown in Fig. 2.
A stepwise thermal degradation from 50 to 400 °C was observed
for BMG. A slight weight loss of 8% was observed till 150 °C
which can be associated to the removal of water molecules
entrapped in BMG. A further weight loss in the temperature
range of 340 to 380 °C was observed which can be ascribed to
the thermal collapse of polymeric network. The TGA profile of
AgNPs-MG showed that thermal degradation was initiated
above 200 °C and overall, 15% less weight as compared to BMG
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Fig. 5 (a) UV-visible spectra of Ag—p(NIPAM/AMPS) as a function of
time for 15 days (b) TEM image of Ag—p(NIPAM/AMPS).
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was observed. The decrease in weight loss can be associated to
the presence of AgNPs.* So, this thermal study showed that
15% AgNPs-MG was consisting of Ag nanoparticles. In addition
to providing an idea about the amount of AgNPs in AgNPs-MG,
this thermal study showed that AgNPs-MG are thermally stable
below 200 °C and can be applied for different applications
below this temperature.

The prepared BMG and AgNPs-MG contain NIPAM and
AMPS which are thermo- and pH responsive, respectively.
Therefore, these microgels were found to response both the
temperature and pH of the medium. This responsive behavior
was studied by DLLS. The diameters of the microgel particles
were determined as a function of pH and temperature as
illustrated by Fig. 3(a) and (b), respectively. The acidic and basic
mediums were prepared by using concentrated solutions of HCI
and NaOH, respectively. Fig. 3(a) shows that the particle size of
microgels enlarged gradually with enhancing the pH of the
medium. The sulfonic acid groups of AMPS units remain
protonated in highly acidic medium which makes the microgel
particles hydrophobic with globular arrangement of polymer
chains. As the pH increases, the deprotonated of sulfonic acid
group occurs leading to the formation of SO;~ ions. The elec-
trostatic repulsion is created between the SO;™ units on poly-
mer chains which causes the expansion of polymer chains. The
amid groups of AMPS units are exposed to surrounding water
molecules with the expansion of polymer chains and water gets
absorbed in the microgel network.*® The expansion of polymer
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chains and absorption of water molecules collectively increase
the particle size of microgels.”” The deprotonation of AMPS
groups is completed at a certain pH and then further increase in
pH imparts no effect on the particle size. The process of swelling
of microgel particles has been illustrated schematically in
Fig. 3(a) which shows enlargement in the microgel particle size
with deprotonation and polymer chain extension with a corre-
sponding increase in pH of the medium.

Thermo-responsive behavior of the prepared microgels was
examined in the temperature range of 20 to 60 °C. By increasing
the temperature, the hydrodynamic diameter of microgels was
decreased as shown in Fig. 3(b). At low temperature condition,
amide and sulfonic acid groups form hydrogen bonds with
water molecules and large amount of water remains encapsu-
lated in microgel network which in turn increases the size of
microgel particles. However, the increase in temperature raises
the average kinetic energy of the water molecules which leads to
breakdown of hydrogen bonding between microgel network
and water molecules.®® The water molecules rushed out from
the microgel network and size of the microgel particles is
decreased as illustrated in Fig. 3(b). The process of decrease of
size of microgel particles has been illustrated schematically in
Fig. 3(b) which shows the gradual decrease in particle size with
the increase in temperature of medium which in turn causes the
removal of water from microgel network due to breakdown of
hydrogen bonding between the water molecules and functional
groups of microgel.
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Silver nanoparticles fabricated within microgel absorb blue
light and reflect green and red lights which are mixed to give
yellow color to microgel containing AgNPs. The dipole moment
of AgNP's is responsible for the absorption peak around 400 nm
for AgNP's. The BMG particles do not contain AgNPs and
therefore do not show any absorption while AgQNPs-MG exhibit
absorption peak around 400 nm as depicted from Fig. 4(a). The
surface polarization and refractive index of medium are the two
factors which determine the intensity of plasmon resonance
nanoparticles and its frequency.* Both the surface polarization
and refractive index of medium are the function of pH of the
medium. Therefore, UV-Vis absorption of AgNPs-MG was
studied at pH 2, 6, and 10 and the results have been represented
in Fig. 4(b). It was observed that with the increase in pH surface
plasmon wavelength (p,;) of AgNP's was red shifted from 393 to
406 nm. The change in the surface polarization and refractive
index of medium as a function of pH is responsible for this shift
in Agpr towards longer wavelength. A change in the pH of the
medium causes swelling/deswelling of microgel particles and
induce a change in the local refractive on the surface of
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activation.

AgNP's.* In the basic medium (high pH), the sulfonic acid
groups remain deprotonated and hence carry negative charges.
The electrostatic repulsion is created between the negatively
charged sulfonic acid groups and causes the microgel to swell.
In swollen microgel, the distance between AgNP's is increased
and electrons oscillate slowly showing plasmon resonance at
longer wavelength. In acidic medium (low pH), the sulfonic acid
is protonated and causes deswelling of the microgel and the
distance between AgNPs is decreased resulting a blue shift
(decrease) in Aqp,. At highly acidic pH of the medium the AgNPs
move out of microgel and aggregate forming large particles. The
size of these aggregated particles does not lie in the nano range
so no characteristic plasmon resonance band appeared™ as can
be seen from the spectrum at pH = 2 in Fig. 4 (b). In order to
find the stability of AgNPs fabricated in our prepared MG, the
prepared AgNPs-MG were stored in airtight containers and
their UV-Vis spectra were recorded as a function of time for
fifteen days as shown in Fig. 5(a). The results revealed that no
observable changes appeared in the UV-Vis spectra of AgNPs—
MG even after 15 days and hence demonstrating that AgNPs
were quite stable in our reported MG. The morphology and
stability of AgNPs fabricated MG were further examined with
TEM. Fig. 5(b) represents the TEM image of AgNPs-MG which
demonstrate that most of the AgNPs were having diameters in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the range of 7-11 nm and no aggregation of AgNPs was observed
in MG. The narrow size distribution AgNPs and absence of
aggregation demonstrates that MG has acted as an effective
reactor and stabilizer for AgNPs.

3.2 Catalytic reduction of water pollutants

The nitroaromatic compounds were reduced using AgNPs-MG
as a catalyst. Reduction of 2-nitroaniline (2-NA), 2-nitrophenol
(2-NP), and 4-nitrophenol (4-NP) with sodium borohydride
(NaBH,) chosen as representative nitroaromatic
compounds reduction reactions to test the catalytic potential of
the prepared AgNPs-MG. These nitrocompounds were selected
to multiple reasons. Firstly, these nitrocompounds are consid-
ered as pollutants. For example, according to Agency for Toxic
Substances and Disease Registry of the United States, 4-NP
causes inflammation and irritation of the skin, eyes, and
respiratory tract.** Secondly, reduction of these nitro-
compounds are intermediate steps in pharmaceutical and
coloring industries. For example, reduction of 4-NP to produce
4-AP is involved in the formation of antipyretic and analgesic
medicines such as paracetamol, acetanilide, and phenacetin
while the reduction 2-NP and 2-NA are involved in the synthesis

were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of dyes and pigments.*> Thirdly, due to kinetic barrier between
BH, and the nitrocompounds, their reduction reactions take at
negligible rates in the absence of a suitable catalyst, and it
makes these reactions as ideal reactions to determine the
catalytic activity. Fourthly, the both the reactants and products
of these reactions can be monitored with commonly used
technique UV-Vis spectroscopy. Reduction of these nitro-
aromatic compounds by using NaBH, as reducing agent is not
feasible due to Kkinetic barrier between BH, and 4-NP.® To
overwhelm this kinetic barrier AgNPs can act as electron relay
system. Therefore, we used our prepared AgNPs-MG as catalyst
in the reduction of considered nitroaromatic compounds. Since
the reactants and products of these reactions are UV-visible
active, these catalytic reduction reactions were assessed using
UV-visible spectroscopy. The aqueous solution of 4-NP exhibits
absorption band at 317 nm and is red-shifted to 400 nm when
NaBH, added in it. This happens due to the formation of
nitrophenolate ions. These ions are stabilized by delocalization
in aromatic ring. The absorption peak of nitrophenolate ion
remains stable in the absence of catalyst as shown in Fig. 6(a).
On the other hand, the aqueous solution of 4-NP in the exis-
tence of AgNPs-MG also showed a stable absorption peak at
317 nm as shown in Fig. 6(b) and hence representing that
AgNPs-MG cannot act as reducing agent but acts as catalyst.
Fig. 6(c) represents the decrease in absorbance of 4- nitro-
phenolate ion at 400 nm due to its reduction with NaBH, which
was catalyzed with AgNPs-MG. A new absorption peak at
298 nm confirms the formation of 4-AP. In this reaction, the
reducing agent was used in large excess so pseudo first order
kinetics was applied to compute the apparent rate constant
(kapp) of the reaction®* as shown in Fig. 6(d). The k,p;, for the
catalytic reduction of 4-NP using 100 times surplus amount of
NaBH, was calculated to be 25.68 x 10~> min~* at 293 K.

The catalytic reduction of 4-NP was monitored at 293, 303,
313, 323 and 333 K to compute the thermodynamic parameters.
At each temperature, k,,, was computed by pseudo first order
kinetics as illustrated in Fig. 7(a) and it was noted that the value
of k,pp Was increased with increasing temperature as illustrated
from Fig. 7(b). This observation reveals that catalytic reduction
of 4-NP was an endothermic reaction. This increase in k,pp, as
a function of temperature can be associated to the increase in
the collision frequency of the reactants owing to an enhance-
ment in the average kinetic energy of the reactants.

The thermodynamic parameters were computed by fitting
the Arrhenius and Eyring equations (eqn (1) and (2)) on the
experimental data.

Inkyp, =InA — (E,/RT) (1)
In(kapy/ T) = In(ki/h) + AS*/IR — AH*IRT (2)

where, k,p, is apparent rate constant in min*, A is Arrhenius
constant in min~", E, is activation energy in J mol ', R is the
general gas constant and its value is 8.314 J mol ' K™%, T is
temperature in K, AS" is Activation entropy change (J mol™*
K1), AH" is activation enthalpy change (J mol™%), # is Planck's
constant (6.626 x 107>*J s) and k;, is Boltzmann constant (1.38
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x 1072* JK1). The value of E, was computed from the slope of
the plot of Ink,,, vs. 1/T (Fig. 8(a)) and found to be
31.34 kJ mol ™. The values of AS” and AH” were computed from
the slope and intercept of the graph of In k,,,/Tvs. 1/T as shown
in Fig. 8(b) and were found as —158.474 ] mol " K ' and
28.746 k] mol™* and, respectively. The positive value of AH* of
activated complex indicated that formation of activated
complex in the reduction process was endothermic in nature.
On the other hand, the negative value AS” of activated depicted
that entropy of the system was decreased. This observation
reveals that the random dispersion of the molecules was
restricted due to the adsorption of reactant molecules on AgNPs
and therefore, entropy of the system is decreased as activated
complex is formed. Using the values of AH, AS" and tempera-
ture, the values of AG” were computed for each temperature and
found to increase from 46.5 to 52.8 k] mol™' with a corre-
sponding increase in temperature from 293 to 333 K. These
positive values of AG* and their increase with temperature
represents that the reaction was non-spontaneous and endo-
thermic. The reduction of 4-nitrophenol was also carried out
with 100 pL, 200 pL, 300 uL and 400 pL of AgNPs-MG as catalyst.
The k,pp was computed from the slopes of the plots of pseudo
first order kinetics as shown in Fig. 9(a) and it was found to vary
linearly with the amount of catalyst as shown in Fig. 9(b). This
increase in k,pp is associated to increase in the surface area of

33222 | RSC Adv, 2022, 12, 33215-33228

catalyst available for adsorption of reactant which is increased
due to increase in the amount of catalyst.**

The aqueous solution of 2-NP showed the absorption peaks
at 278 and 315 nm and these peaks were transferred to 283 and
413 nm upon the addition of NaBH, and no considerable
decrease was detected in the absorption intensity for long time
as shown in Fig. 10(a). A change in color from light yellow to
bright yellow was also observed parallel to the shift in absorp-
tion peaks. This change in color and absorption peaks appear
due to formation of 2-nitrophenolate ion by the reaction of 2-NP
and NaBH,. No variation in the color of 2-NP solution and no
disturbance in the intensity and position of absorption peaks
were observed when only AgNPs-MG was added in the aqueous
solution of 2-NP as shown in Fig. 10(b). The results demon-
strated that AgNPs-MG cannot act as reducing while NaBH, acts
as a reducing agent but has not enough potential to reduce the
2-NP.** The formation of 2-aminophenol from 2-nitrophenolate
ion with NaBH, is kinetically hindered. To overcome this
kinetic energy barrier, AgNPs-MG was added as catalyst and
reduction of 2-nitrophenolate ion was occurred as demon-
strated by the diminution in the absorption band at 415 nm and
red shift in the absorption band at 283 nm as shown in
Fig. 10(c). The k,p, was computed using pseudo-first order
kinetics. The pseudo first order plots at 20 and 40 °C are shown
in Fig. 10(d). The value of k,,, was enhanced from 32.4 x
10> min~" to 67.3 x 10> min~" with the increase in temper-
ature from 20 to 40 °C implying that the reaction was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 UV-visible spectra for the reduction of 2-nitroaniline (a) with NaBH, in the absence of catalyst. (b) In the presence of catalyst without
NaBH,. (c) With NaBHy, in the presence of catalyst. (d) Plot of In(A/A.) vs. time. Reaction conditions: 1 mM 2-NA =40 mL, 0.1 M NaBH, =15g,

catalyst = 100 pL.

endothermic. Activation energy was calculated by using Arrhe-
nius equation and found as 27.868 kJ mol .

Fig. 11 shows the results for the reduction of 2-NA. The
aqueous solution of 2-NA showed characteristic absorption
bands at 287 and 412 nm and a slight decline in the absorption
intensity was noted upon the addition of NaBH, even after long
contact time as shown in Fig. 11(a). This indicated that NaBH,
was not having enough potential to reduce 2-NA owing to large
kinetic barrier. Fig. 11(b) represents the UV visible spectra of the
aqueous solution of 2-NA added with AgNPs-MG and shows
a very slight decline in the absorption intensity in first few
minutes of contact time and no more decline in the absorption
strength was observed later. This observation can be associated
to the little adsorption of 2-NA on the surface of AgNPs-MG
which is also a prerequisite for a catalytic reaction. Fig. 11(c)
shows the reduction of 2-NA with NaBH, and catalyzed by
AgNPs-MG. The absorption peak at 412 nm was gradually dis-
appeared and the peak around 287 nm was also reduced. This
observation confirmed that 2-NA was successfully reduced to 2-
phenyldiammine (2-PDA).*® The reaction was carried out at 293
and 313 K. The k,pp, was computed with pseudo first kinetics
and found 6.76 x 10~ > min ' and 32.21 x 10"> min" " at 293
and 313 K, respectively. Fig. 11(d) shows the plots of pseudo first
kinetics for the catalytic reduction of 2-NA at 293 and 313 K. The

© 2022 The Author(s). Published by the Royal Society of Chemistry

increased value of k,p, at higher temperature showed that the
reduction of 2-NA was an endothermic process. The E, was
calculated by Arrhenius equation and found to be 59.5 k] mol .

3.3 Catalytic degradation of dyes

The catalytic potential of AgNPs-MG was further explored in the
decolorization of methylene blue (MB), methyl orange (MO),
and eosin Y (EY).

The aqueous solution of MO gives maximum absorption
band at 464 nm. The MO can be reduced with NaBH,, but this
reduction is almost negligible in the absence of a suitable
catalysts due to large kinetic barrier among the electron donor
and accepter of this process. Therefore, a negligible decline in
the absorbance of the aqueous solution of MO was observed
when it was treated with NaBH, as shown in Fig. 12(a). Simi-
larly, a small decline in the absorbance of the aqueous solution
of MO was observed upon its interaction with AgNPs-MG as
shown in Fig. 12(b). Since, AgNPs-MG has no electron donating
agent so it cannot reduce MO and the drop in the absorbance of
the aqueous solution of MO can be observed due to little
adsorption of MO on AgNPs-MG which is a prerequisite of
catalysis process. Similar observations have already been re-
ported.*” Fig. 12(c) shows the reduction of MO with NaBH, and
catalyzed by AgNPs-MG. The absorption peak at 464 nm was

RSC Adv, 2022, 12, 33215-33228 | 33223
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Fig. 12 UV-visible spectra for the reduction of methyl orange (a) with NaBH, in the absence of catalyst. (b) In the presence of catalyst without
NaBH,. (c) With NaBH, in the presence of catalyst. (d) Plot of In(A/Ao) vs. time. Reaction conditions: 4 x 1074 M methyl orange =40 mL, 0.04 M

NaBH4 = 0.242 g, catalyst = 400 pL.

gradually disappeared and confirmed that MO was successfully
reduced to colorless reagents. The reaction was carried out at
293 and 313 K. The k,p,, was computed with pseudo first kinetics
and found 20.5 x 10> min~" and 53.2 x 10~> min"~" at 293 and
313 K, respectively. Fig. 12(d) shows the plots of pseudo first
kinetics for the catalytic reduction of MO at 293 and 313 K. The
increased value of k,pp at higher temperature showed that the
reduction of MO was an endothermic process. The E, was
calculated by Arrhenius equation and was found as
36.26 k] mol .

The aqueous solution of MB gives highest absorption peak at
664 nm. The MB can be reduced with NaBH, but this reduction
is almost negligible in the absence of a suitable catalysts due to
large kinetic barrier among the electron donor and accepter of
this process. Therefore, a negligible decrease in the absorbance
of the aqueous solution of MB was observed when it was treated
with NaBH, as shown in Fig. 13(a). Similarly, a small decline in
the absorbance of the aqueous solution of MB was observed
upon its interaction with AgNPs-MG as shown in Fig. 13(b).
Since, AgNPs-MG has no electron donating agent so it cannot
reduce MB and the decrease in the absorbance of the aqueous
solution of MB can be associated to little adsorption of MB on
AgNPs-MG which is a prerequisite of catalysis process. Similar
observations have already been reported.'® Fig. 13(c) shows the

33224 | RSC Adv, 2022, 12, 33215-33228

reduction of MB with NaBH, and catalyzed by AgNPs-MG. The
absorption peak at 664 nm was gradually disappeared and
confirmed that MB was successfully reduced to colorless
reagents.”® The reaction was carried out at 293 and 313 K. The
kapp Was computed with pseudo first kinetics and found 9.4 x
1072 min~" and 34.6 x 107> min " at 293 and 313 K, respec-
tively. Fig. 13(d) shows the plots of pseudo first kinetics for the
catalytic reduction of MB at 293 and 313 K. The increased value
of kqpp at higher temperature showed that the reduction of MB
was an endothermic process. The E, was calculated by Arrhe-
nius equation and was found as 49.65 k] mol .

The aqueous solution of EY gives highest absorption peak at
516 nm."” The EY can be reduced with NaBH,_ but this reduction
is almost negligible in the absence of a suitable catalysts due to
large kinetic barrier among the electron donor and accepter of
this process. Therefore, a negligible decrease in the absorbance
of the aqueous solution of EY was observed when it was treated
with NaBH, as shown in Fig. 14(a). Similarly, a small decrease in
the absorbance of the aqueous solution of EY was observed
upon its interaction with AgNPs-MG as shown in Fig. 14(b).
Since, AgNPs-MG has no electron donating agent so it cannot
reduce EY and the decrease in the absorbance of the aqueous
solution of EY can be associated to little adsorption of EY on
AgNPs-MG which is a prerequisite of catalysis process. Similar

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05475b

Open Access Article. Published on 21 November 2022. Downloaded on 11/24/2025 10:16:52 AM.

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

(cc)

Paper

0.5

0.4 4

0.3 4

0.2 4

Absorbance

014

0.0 T — T T T
200 300 400 500 600 700

Wavelength (nm)

800

Absorbance

400
Wavelength (nm)

500 600

View Article Online

RSC Advances

Absorbance
> [—] [—] [—]
0 & &= O

e
-
z

)
=)
4

|

600
Wavelength (nm)

200 800

0.0 T—v—g

e @

©293K
-0.5 - 3 oy

e 313K
-1.0 4 ) e,

-1.5 1

In(A/A,)

2.0 4 °
-2.5 4
-3.0 4

-3.5 T T T T
0 5 10 15 20 25

Time (min)

Fig. 13 UV-visible spectra for the reduction of methylene blue (a) with NaBH, in the absence of catalyst. (b) In the presence of catalyst without
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0.04 M NaBH,4 = 0.0968 g, catalyst = 400 pL.

observations have already been reported.'® Fig. 14(c) shows the
reduction of EY with NaBH, and catalyzed by AgNPs-MG. The
absorption peak at 664 nm was gradually disappeared and
confirmed that EY was successfully reduced to colorless
reagents.*” The reaction was carried out at 293 and 313 K. The
kapp was computed with pseudo first kinetics and found 10.77 x
102 min ! and 23.63 x 10 2 min ' at 293 and 313 K, respec-
tively. Fig. 14(d) shows the plots of pseudo first kinetics for the
catalytic reduction of EY at 293 and 313 K. The increased value
of k.pp at higher temperature showed that the reduction of EY
was an endothermic process. The E, was calculated by Arrhe-
nius equation and was found as 29.95 k] mol . In case of the
catalytic reduction of all the three dyes studied in this work, it
was observed that their absorbance was reduced in visible
region with a corresponding enhancement of the absorbance in
the UV region. This observation indicates that the dyes have
been converted from their colored and toxic oxidized form to
transparent and less toxic reduced forms.>

Table 1 represents the comparison of the results of catalytic
of present work with those already reported in literature in
terms of k,pp. As it can be seen from Table 1, the catalytic activity
of our prepared Ag-p(NIPAM/AMPS) catalyst in the reduction of
nitrocompounds and dyes much better than many other cata-
lysts. So, in this work a catalyst with improved efficiency has
been prepared.

© 2022 The Author(s). Published by the Royal Society of Chemistry

3.4 Colorimetric sensing of H,0,

AgNPs-MG show absorption peak around 400 nm (yellow color)
and can be used as colorimetric sensor for biochemicals which
can affect its absorption intensity/peak position. AgNPs are
oxidized upon interaction with H,O,. The conversion of Ag to
Ag" ions is responsible for the lowering of typical absorption
peak of AgNPs-MG.'® Therefore, synthesized AgNPs-MG was
tested as chemical sensor for H,0,. As expected, a decrease in
the absorption intensity at wavelength corresponding to SPR of
AgNPs was observed upon the interaction of AgNPs-MG with
H,0, as shown in Fig. 15(a). In addition, the yellow color of the
mixture of AgNPs-MG and H,O, was also faded with time. For
qualitative analysis, the decrease in the absorption intensity at
the wavelength corresponding to the SPR of AgNPs was
observed as function of concentration of H,O,. A linear increase
in the magnitude of the percentage change in the absorption
intensity was observed as illustrated in Fig. 15(b). These results
also demonstrated that our prepared AgNPs-MG was able to
detect H,O, with concentration as low as 50 uM when treated in
a volume ratio of 7:1. According to the above-mentioned
results, the change in absorption strength of SPR of AgNPs
can be used as a sensitive signal for the colorimetric detection
of H,0,.

RSC Adv, 2022, 12, 33215-33228 | 33225
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catalyst = 400 plL.

Table1 Comparison of catalytic activity of our prepared Ag—p(NIPAM/AMPS) catalyst with those reported in literature in terms of apparent rate
constant (kapp) for the catalytic reduction of 4-nitrophenol (4-NP), 2-nitrophenol (2-NP), methyl orange (MO), methylene blue (MB), and eosin Y

(EY)
S. no. Reactant Catalyst Kapp (min™") Reference
1 4-NP Ag@conjugated microporous 59.7 x 102 51
polymer
2 4-NP Ag-SiO, xerogel 88 x 1072 52
3 4-NP Ag-Al,O; xerogel 71.4 x 1072 52
4 4-NP Ag-p(NIPAM/AMPS) 117 x 102 Present work
5 2-NP Ag@conjugated microporous 6.35 x 1072 51
polymer
6 2-NP Poly(acrylic acid)-AgNPs 14.62 x 10> 23
7 2-NP Graphene oxide/hydroapatite— 8.98 x 102 53
AgNPs
8 2-NP Ag-p(NIPAM/AMPS) 32.4 x 1072 Present work
9 2-NA GO-CoNPs 6.0 x 1072
10 2-NA Ag—p(NIPAM/AMPS) 6.76 x 102 Present work
11 MO Glutathione-AgNPs 9.2 x 107> 54
12 MO Ag-p(NIPAM/AMPS) 53.2 x 1072 Present work
13 MB Au/TiO, 15.6 x 1072 55
14 MB Ag-p(NIPAM/AMPS) 34.6 x 102 Present work
15 EY AuNP-nodiflora 12.46 x 102 56
16 EY Ag-p(NIPAM/AMPS) 23.63 x 102 Present work
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4. Conclusions

In this study, bare p(NIPAM-co-AMPS) microgel (BMG) was
synthesized by free radical polymerization successfully and
used as reactor for the in situ fabrication of AgNPs by chemical
reduction method. The FTIR results identified the formation of
BMG by polymerization reaction and the presence of corre-
sponding functional groups. The XRD analysis showed that
BMG was amorphous however upon the fabrication of AgNPs
crystalline behavior was observed supporting the presence of
AgNPs within MG networks. The DLS studies confirmed the
particulate nature of BMG and AgNPs-MG, and the particle size
was found to be increased with increase in pH and decreased
with increase in temperature. TGA curve ensured thermal
stability of both the BMG and AgNPs-MG up to 350 °C. The
reduction of 4-NP, 2-NP, 2-NA, EY, MO, and MB showed that the
prepared AgNPs-MG could be used as effective catalysts. The
catalytic reduction reactions of all the subjected reagents were
found to be endothermic. The prepared AgNPs-MG showed
better catalytic performance for 4-NP as compared to other nitro
compounds with k,p,;, value of 1.1778 min~'. While in case of
dyes the catalytic performance of AgNPs-MG was found better
for MO as compared to other dyes with maximum value of k,pp
equal to 0.532 min~". In addition to act as a catalyst for different
water pollutants, the prepared AgNPs-MG have also shown

© 2022 The Author(s). Published by the Royal Society of Chemistry
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working potential as a biosensor for H,0, with its concentration
as low as 50 uM.
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