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ation of azo dyes by bimetallic
nanoparticles loaded in smart polymer microgels†

Muhammad Arif *

The contamination of water by azo dyes is increasing rapidly due to their waste use in textile industries.

These dyes are very toxic for living things. Therefore, it is very important to remove these dyes from

water. Various materials are reported for this purpose. Here, the most effective system of bimetallic

nanoparticles in smart polymer microgels was prepared. The microgel system of N-

isopropylmethacrylamide (NMA) (monomer) and methacrylic acid (MAa) (comonomer) was synthesized

by a free radical precipitation polymerization method and then bimetallic (Ag/Ni) nanoparticles were

encapsulated into the P(NMA-MAa) microgels by in situ reduction of both silver and nickel salts by

NaBH4 (reductant) after insertion of both (Ag+/Ni2+) ions. The P(NMA-MAa) microgels and Ag/Ni-P(NMA-

MAa) hybrid microgels were characterized with FTIR, UV-vis, TGA, XRD, DLS, EDX, and STEM. The pH and

temperature responsive behavior of Ag/Ni-P(NMA-MAa) was also evaluated. The catalytic efficiency of

Ag/Ni-P(NMA-MAa) was assessed for degradation of methyl orange (MOr), congo red (CRe), eriochrome

black T (EBlT) and methyl red (MRe) dyes under various conditions in aqueous medium. The apparent

rate constant (k0) value for MOr, CRe, EBlT and MRe was found to be 0.925 min−1, 0.486 min−1,

0.540 min−1 and 0.525 min−1 respectively. The Ag/Ni-P(NMA-MAa) was found to be an excellent

recyclable catalyst.
1 Introduction

Purication of water is a hot topic of research nowadays because
pollution of water is increasing day by day due to various
applications of pollutants1,2 and therefore, it is very difficult to
get pure water. The main pollutants of wastewater are heavy
metal ions,2 nitroarenes,3 pesticides4 and toxic dyes.5 Due to the
vast scope of applications of organic dyes, they are the major
component of wastewater as reported in the literature.5–7 The
azo dyes are the most stable toxic dyes. That is why the use of
azo dyes is banned in different countries due to the severe toxic
effect on human and aquatic life.8 Therefore, it is a very
important task to eliminate these toxic dyes from water.

Various types of materials such as metal organic frame-
works,9 ligands,10 polymers,11 metal nanoparticles12 and metal
nanoparticles loaded in microgels13–18 are reported for the
removal of azo dyes. Themetal nanoparticles have advantage on
metal organic frameworks, ligands, and polymers due to their
high catalytic efficiency and recyclable property. But instability
of metal nanoparticles is the only drawback. This drawback of
metal nanoparticles can be controlled by using stabilizers such
as surfactants,19 polymers,20 dendrimers21 and microgels.22 The
ience, University of Management and

mail: muhammadarif2861@yahoo.com;

tion (ESI) available. See DOI:

19
microgels are very efficient stabilizer to the metal nanoparticles.
The encapsulation of metal nanoparticles in crosslinked
network of polymer microgels are called hybrid microgels. The
microgels, which shows stimuli responsive behavior, are called
smart microgels. The smart microgels show swelling and
deswelling behavior under different conditions of pH, temper-
ature and ionic strength.17 Different type of nanoparticles
loaded into smart polymer microgels are reported in the
literature.23–25 From these metal nanoparticles, Ag nanoparticles
along with low-cost metal nanoparticles loaded microgels have
very much intension due to their high catalytic activity and cost
effectiveness. The bimetallic nanoparticles loaded smart
microgels26,27 exhibit better catalytic activity than monometallic
nanoparticles loaded system28,29 because former system has
synergistic effect. Therefore, bimetallic nanoparticles loaded
into microgels is a hot topic of research now a days due to their
excellent catalytic as well as responsive behavior of hybrid
microgels.30

The catalytic performance of bimetallic nanoparticles loaded
into smart microgels can be controlled by changing the
temperature, pH, or ionic strength of the medium. The
responsive behavior of hybrid microgels are mostly due to the
presence of polar functional groups such as –NH2, –COOH and
–SO3H in their structures. The catalytic activity of bimetallic
nanoparticles loaded microgels is greater than monometallic
nanoparticles loaded microgels. Saran et al.31 also synthesized
monometallic and bimetallic nanoparticles, and reported that
© 2023 The Author(s). Published by the Royal Society of Chemistry
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bimetallic nanoparticles have better catalytic activity than
monometallic nanoparticles for degradation of organic dyes.
The Ag nanoparticles along with costly noble metal nano-
particles in bimetallic nanoparticle systems have been reported
frequently but rarely with cheap metal. The best of our knowl-
edge, the synthesis, stimuli responsive behavior and catalytic
efficiency of bimetallic (Ag/Ni) nanoparticles loaded in P(NMA-
MAa) microgels is not reported in literature yet.

In the present work, poly(N-isopropylmethacrylamide-
methacrylic acid) P(NMA-MAa) microgels were synthesized by
free radical precipitation polymerization method (FRPPM) and
then bimetallic (silver and nickel) nanoparticles were intro-
duced into the sieves of crosslinked network of P(NMA-MAa) by
in situ reduction method. The stability and stimuli responsive
behavior of Ag/Ni-P(NMA-MAa) were also monitored by UV-
visible spectrophotometry. The Ag/Ni nanoparticles loaded
into P(NMA-MAa) systems were used as catalyst for degrade of
MOr, MRe, EBlT and CRe dyes. The kinetics of catalytic degra-
dation of azo dyes were also included in this study.

2 Experimental
2.1 Materials

NMA (98%), ammonium per sulfate (AS) (99%), N,N′-methylene
bis acrylamide (MBA) (99%), sodium borohydride (NaBH4)
(98%), MAa (98%), sodium dodecyl sulfate (SDS) (98%), MOr,
MRe, CRe, EBlT, silver nitrate (AgNO3), nickel nitrate hexahy-
drate (Ni(NO3)2$6H2O) (99.99%) were purchased from Sigma-
Aldrich. Dialysis membrane was obtained from Scharlu.

2.2 Synthesis of P(NMA-MAa) and Ag/Ni-P(NMA-MAa)

1.196 g of NMA, 0.072 g of SDS, 0.046 g of MBA and 0.050 mL of
MAa were added into a three-neck ask and then 95 mL
deionized water (DI) into the ask and stirring for 30 min under
N2 supply. Then temperature increased up to 70 °C and main-
tained and then added 5 mL AS solution (0.08 M) and heated
further for 5 h under N2. Milky appearance was indicated the
formation of P(NMA-MAa) microgels particles. Aer that the
mixture was dialyzed for 5 days in a molecular porous spectator
membrane with MNCO 12000–14000.

To synthesize Ag/Ni-P(NMA-MAa), 10 mL of P(NMA-MAa)
were added into a three-neck ask and added slightly NaOH
solution. The 3 mL of AgNO3 (2 mM) and 3 mL of nickel nitrate
(2 mM) were added and stirred for 30 min under N2 at ambident
temperature (26 °C). Then 5 mL of NaBH4 (10 mM) was added
into the reactionmixture and further stirred for 1 h. The color of
mixture changed from milky to slightly brown which indicated
the formation of nanoparticles into P(NMA-MAa). The product
was dialyzed for 1 h.

2.3 Characterizations

The presence of different functionalities in P(NIPMA-MAA) and
Ag/Ni-P(NIPMA-MAa) were evaluated with FTIR technique.
Crystallinity and phase composition of Ag/Ni-P(NIPMA-MAA)
were evaluated with X-ray diffraction (Bruker D8 Advance Eco)
and morphology with a transmission electron microscope
© 2023 The Author(s). Published by the Royal Society of Chemistry
(JEOLJEM-1230). The elements present in Ag/Ni-P(NIPMA-MAA)
were identied with energy-dispersive spectroscopy (EDS). The
stability of nanoparticles into microgel and catalytic perfor-
mance results of Ag/Ni-P(NIPMA-MAA) were obtained with the
help of UV-visible spectrophotometer (Shimadzu UV-3600) with
temperature controlled. BI-200SM (Brookhaven Instrument
Corp., US) was used hydrodynamic diameter (Dh) of microgels
and hybrid microgels. The pHmeter (PHS-3CU) was used to nd
the pH of the medium.
2.4 Catalytic activity of Ag/Ni-P(NIPMA-MAa)

Catalytic performance of Ag/Ni-P(NIPMA-MAa) was checked
against reduction of (MOr), (MRe), (EBlT), and CRe dyes in the
presence of reductant (NaBH4) from aqueous medium. During
the kinetic study, the effect of concentrations of reductant, dyes
and catalyst was also studied. The degraded products were
separated by physical separation method and characterized by
1H NMR as shown in Fig. 1S.†
3 Results and discussion
3.1 Synthesis of P(NMA-MAa) and Ag/Ni-P(NMA-MAa)

The synthesis of P(NMA-MAa) and Ag/Ni-P(NMA-MAa) are
shown in Fig. 1.32 The P(NMA-MAa) microgels were synthesized
by FRPPM. Then the mixture of Ag and Ni metal salts were
encapsulated into the reaction mixture. The Ag+ ions and Ni2+

ions came into the sieves of crosslinked polymeric network of
P(NMA-MAa) from bulk region in slightly basic medium due to
formation of dative bond.

In P(NMA-MAa) microgels, there are two functional groups
in their structure which have the capacity to donate lone pair of
electrons to transition metal ions (Ag+ ions, Ni2+ ions). One of
them is amide and other is carboxylic. In slightly basic medium,
the carboxylic groups of P(NMA-MAa) microgels are present
deprotonated form and microgels are present in swollen state
due to electrostatic repulsion between deprotonated carboxylic
groups and in this state, maximum metal ions are loaded into
the microgels. Then these metal ions were reduced into
respective atomic form by in situ reduced. These atoms start to
coagulate to form a cluster of atoms which is controlled with the
help of different functionalities present in structure of P(NMA-
MAa) microgels.
3.2 Characterizations of P(NMA-MAa) and Ag/Ni-P(NMA-
MAa)

The synthesized P(NMA-MAa) and Ag/Ni nanoparticles loaded
P(NMA-MAa) were characterized with FTIR as shown in Fig. 2.
The stretching band of –OH groups present in both P(NMA-
MAa) and Ag/Ni-P(NMA-MAa) were appeared at 3346.03 cm−1.
The C–H stretching band of –CH3 of MAa was appeared at
2970.44 cm−1. The peak of carbonyl groups presents in of
P(NMA-MAa) and Ag/Ni-P(NMA-MAa) appeared at
1631.01 cm−1. The FTIR results showed that P(NMA-MAa) and
Ag/Ni-P(NMA-MAa) have same functionalities and Ag/Ni nano-
particles do not effect on hierarchy of functional groups.16
RSC Adv., 2023, 13, 3008–3019 | 3009
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Fig. 1 Pictorial diagram of synthesis of P(NMA-MAa) and Ag/Ni-P(NMA-MAa).

Fig. 2 FTIR spectra of synthesized P(NMA-MAa) and Ag/Ni-P(NMA-
MAa).
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The elements present in P(NMA-MAa) microgels and Ag/Ni-
P(NMA-MAa) hybrid microgels were identied with the help of
EDX as shown in Fig. 3(A and B). The elements present in
P(NMA-MAa) are shown in Fig. 3(A) and element in Ag/Ni
nanoparticles loaded into P(NMA-MAa) shown in Fig. 3(B).
3010 | RSC Adv., 2023, 13, 3008–3019
The P(NMA-MAa) had only C, N and O elements in their struc-
ture while Ag/Ni nanoparticles loaded P(NMA-MAa) had Ag and
Ni along with C, N, and O elements. These results conrmed
that Ag and Ni elements were present in Ag/Ni nanoparticles
loaded in P(NMA-MAa).

The degree of crystallinity of both P(NMA-MAa) and Ag/Ni-
P(NMA-MAa) were found by XRD as shown in Fig. 2S.† The
P(NMA-MAa) microgels were found in amorphous in nature but
crystallinity was present in Ag/Ni-P(NMA-MAa) due to presence
of Ag/Ni nanoparticles. Different peaks of Ag/Ni nanoparticles
were appeared in the XRD spectra of both microgels and hybrid
microgels. The appearance of different peaks in XRD spectra of
hybrid microgels conrmed the presence of Ag/Ni nanoparticles
in microgels.33–36

The endowment of Ag/Ni nanoparticles in P(NMA-MAa)
microgels was conrmed by UV-visible spectroscopy as shown
in Fig. 4. The diluted dispersions of P(NMA-MAa) and Ag/Ni-
P(NMA-MAa) were run in a UV-visible spectrophotometer at
room temperature (26 °C). No clear peak was observed in
P(NMA-MAa) dispersion while a clear peak at 301 nm was
observed during the running of Ag/Ni-P(NMA-MAa) dispersion.
The peak was due to lspr of surface plasmon resonance of Ag/Ni
nanoparticles present in P(NMA-MAa). The spectra conrmed
the presence of Ag/Ni nanoparticles in P(NMA-MAa).37

The thermal stability of P(NMA-MAa) and Ag/Ni-P(NMA-
MAa) were elucidated with TGA. Initially, the water molecules
lost from both P(NMA-MAa) and Ag/Ni-P(NMA-MAa) at 100 °C.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 EDX results of (A) P(NMA-MAa) and (B) Ag/Ni-P(NMA-MAa).

Fig. 4 UV-visible spectra of P(NMA-MAa) and Ag/Ni nanoparticles
loaded in P(NMA-MAa) at 26 °C and pH = 5.5.
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80% weight was lost from P(NMA-MAa) at 435 °C while Ag/Ni-
P(NMA-MAa) lost at 425 °C. 5% of Ag/Ni nanoparticles were
present in Ag/Ni-P(NMA-MAa) which was evaluated from
Fig. 5(A). The size and size distribution of P(NMA-MAa) and Ag/
Ni-P(NMA-MAa) were examined with DLS as shown in Fig. 5(B).
The hydrodynamic diameter (Dh) of P(NMA-MAa) was found to
be greater than Ag/Ni-P(NMA-MAa) due to occupation of some
cavity of crosslinked polymer by Ag/Ni nanoparticles. Therefore,
small number of water molecules come into the sieves and
hence, small swelling occurred as compared to P(NMA-MAa).
© 2023 The Author(s). Published by the Royal Society of Chemistry
The sizes and morphologies of P(NMA-MAa) and Ag/Ni
nanoparticles present in P(NMA-MAa) were identied with the
help of STEM results. The morphologies of P(NMA-MAa) and
Ag/Ni nanoparticle present in P(NMA-MAa) were spherical as
shown in Fig. 3S.† The mean diameter of Ag/Ni nanoparticles
was found 44.06 ± 11.64 and 268.88 ± 91.34 of P(NMA-MAa)
microgels. These results conrmed that Ag/Ni nanoparticles
were present in P(NMA-MAa) and both had spherical
morphology. The XRD and STEM results of hybrid microgels
indicated that Ag/Ni nanoparticles were present in alloy
form.38–40 The size of P(NMA-MAa) and Ag/Ni-P(NMA-MAa) were
found smaller than in DSL results. The sample in DLS were run
in aqueous medium. So, Dh of both increases due to swelling
behavior but STEM results were performed in the absence of
water. Therefore, the diameters of P(NMA-MAa) and Ag/Ni-
P(NMA-MAa) in STEM results were found to be smaller than
DLS results.

To check the stability of Ag/Ni nanoparticles present in
P(NMA-MAa) microgels. The spectra of dispersion of Ag/Ni
nanoparticles loaded P(NMA-MAa) were obtained aer
running the dispersion medium with different intervals as
shown in Fig. 6. No signicant decline was observed in lspr

value of Ag/Ni nanoparticles loaded P(NMA-MAa). These results
of Ag/Ni nanoparticles loaded P(NMA-MAa) microgels indicate
that Ag/Ni nanoparticles are stabilized with the help of P(NMA-
MAa) microgels for a long time.22

The effect of stimuli responsive behavior of microgels on lspr

of Ag/Ni nanoparticles was also studied. The effect of pH of the
medium on shiing of lspr of Ag/Ni nanoparticles by swelling
RSC Adv., 2023, 13, 3008–3019 | 3011
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Fig. 5 (A) TGA spectra of P(NMA-MAa) and Ag/Ni nanoparticles loaded in P(NMA-MAa) and (B) DLS results at 26 °C and pH = 5.5.

Fig. 6 UV-visible spectra of Ag/Ni nanoparticles loaded P(NMA-MAa)
microgels at room temperature (26 °C) and pH = 6.5.
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and deswelling behavior of microgels is shown in Fig. 7(A) and
temperature in Fig. 7(B). The Fig. 7(A) shows that the Ag/Ni
nanoparticles loaded into P(NMA-MAa) are stable at various
pH of the medium. At low pH (pH > pKa of MAa), the surface
plasmon resonance value was obtained at low wavelength while
red shiing in lspr value was observed as increasing the pH of
the medium. This red shiing behavior was due to stimuli
responsive behavior of P(NMA-MAa). The lspr value was shied
from 298 nm to 310 nm as increasing the pH of the medium
from 1 to 11. At low pH, the carboxylic groups, present in the
structure of P(NMA-MAa), were present in protonated form and
P(NMA-MAa) microgels were present in deswelling state. In this
form, small region was present for loaded Ag/Ni nanoparticles
into the sieves of P(NMA-MAa). At this condition, the surface
electrons of Ag/Ni NPs were forced to live in on a small surface
area. In this condition, the surface electrons were oscillated
with high speed and hence high energy (low wavelength) was
required for resonance. But at high pH, the carboxylic groups of
3012 | RSC Adv., 2023, 13, 3008–3019
P(NMA-MAa) microgels were present in deprotonated forms (–
COO−). Due to presence of same charge on carboxylate ions,
electrostatic repulsion occurs and P(NMA-MAa) microgels were
present in swelling state and large space was present for oscil-
lation of surface electrons. So, the speed of oscillation was
decreased and hence, low energy (high wavelength) was
required for coupling with oscillating surface electron of Ag/Ni
nanoparticles. Therefore, lspr of Ag/Ni nanoparticles loaded in
P(NMA-MAa) microgels were shied to lower energy or higher
wavelength at increasing the pH of the medium. The aggrega-
tion of Ag/Ni nanoparticles into P(NMA-MAa) microgels by
escaping the nanoparticles from one sieve to other may be
another reason of this shiing. One of our group has also re-
ported similar results.41 Here, further investigation is required
for complete information about the actual reason of such
behavior.

Similarly, temperature effect of lspr value of Ag/Ni nano-
particles in P(NMA-MAa) microgels was also investigated as
show in Fig. 7(B) at pH = 5.5. The effect of temperature was
indicated that Ag/Ni nanoparticles were stable for various
temperature range (20–80 °C). The lspr value of Ag/Ni nano-
particles were shied from 300 nm to 316 nm as increasing the
temperature from 20 °C to 80 °C. This red shiing was occurred
due to change in refractive index and inter particles distance. As
increasing the temperature from 20 °C to 40 °C, no signicant
red shi was observed while increasing the temperature rm
40 °C to 80 °C, a rapid red shiing was observed. The volume
phase transition temperature (VPTT) of P(NMA-MAa) is almost
46 °C. Therefore, initially by increasing the temperature (T < 46 °
C), the deswelling behavior of P(NMA-MAa) was slightly but
became more prominent aer temperature (46 °C). Due to
deswelling behavior of P(NMA-MAa), the refractive index of Ag/
Ni nanoparticles loaded in P(NMA-MAa) was increased and
hence, red shiing was occurred in lspr.41
3.3 Use of Ag/Ni-P(NMA-MAa) as catalyst

The synthesized Ag/Ni nanoparticles loaded P(NMA-MAa)
microgels were used as catalyst for degradation of MOr, MRe,
CRe and EBlT from aqueous medium. The degradation of MOr
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 UV-visible spectra of Ag/Ni-P(NMA-MAa) at (A) various pH (1–11) and (B) various temperature (20–80 °C).
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was used as model for catalytic degradation reaction. For this
purpose, solutions of MOr, NaBH4 (reductant) and Ag/Ni-
P(NMA-MAa) were mixed in a cuvette and run the spectra in
a UV-visible spectrophotometer. The obtained graph is as
shown in Fig. 8(A). The MOr was degraded within 8 min in the
Fig. 8 Controlled experiment of catalytic degradation of MOr at (A) N
[NaBH4] = 9.65 mM, Ag/Ni-P(NMA-MAa) = 85.71 mg mL−1], (B) MOr, NaB
9.65 mg mL−1, [NaBH4] = 9.65 mM] (C) MOr and NaBH4 [conditions: [MO
and Ag/Ni-P(NMA-MAa)], (D) MOr and Ag/Ni-P(NM) [conditions: [MOr]
NaBH4].

© 2023 The Author(s). Published by the Royal Society of Chemistry
presence of Ag/Ni-P(NMA-MAa) (catalyst) and NaBH4 (reduc-
tant). Then, some controlled experiments were performed to
nd the true catalyst. For this purpose, the solutions of MOr,
NaBH4 and P(NMA-MAa) were mixed into a cuvette and run the
reaction mixture. In the lmax (460 nm) value, no decline was
aBH4, MOr, and Ag/Ni-P(NMA-MAa) [conditions: [MOr] = 0.080 mM,
H4 and P(NMA-MAa) [conditions: [MOr] = 0.080 mM, P(NMA-MAa) =
r] = 0.080 mM, [NaBH4] = 9.65 mM, without addition of P(NMA-MAa)
= 0.080 mM, Ag/Ni-P(NMA-MAa) = 85.71 mg mL−1, in the absence of
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observed till 50 min as shown in Fig. 8(B). Then, only NaBH4

solution was added into the MOr solution and run this mixture.
No degradation was observed till 40 min as shown in Fig. 8(C).
In the last, only Ag/Ni-P(NMA-MAa) was put into the MOr
solution and run. The results showed that no degradation
occurred as shown in Fig. 8(D). All these results indicated that
Ag/Ni nanoparticles were true catalyst, and their catalytic
performance required the presence of reductant (NaBH4) to
degrade organic dyes. Ag/Ni nanoparticles provide the surface
for catalytic degradation of dyes.16

The Ag/Ni nanoparticles loaded in P(NMA-MAa) microgels
are stabilized for long time with the help of P(NMA-MAa)
microgels. This system has excellent catalytic activity for
degradation of organic dyes. That is why, herein, Ag/Ni nano-
particles loaded in P(NMA-MAa) were synthesized and used for
degradation of dyes as shown in Fig. 8(A) (catalytic degradation
of MOr).

To study the effect of concentration of Ag/Ni nanoparticles
loaded into P(NMA-MAa) microgels on kinetic study was
observed by increasing the concentration of Ag/Ni-P(NMA-MAa)
from 54.74 mg mL−1 to 118.22 mg mL−1 in the reaction mixture
while concentrations of NaBH4 and MOr was keeping constant
at 9.65 mM and 0.080 mM respectively at pH = 5.56 and
temperature 26 °C. The ln(A0/At) vs. time (T) graph was plotted to
study the kinetics as shown in Fig. 9(A). The initial time, in
which degradation of MOr was not observed, is called induction
time (Ti). Aer induction time, MOr was started to degrade and
this time during which dye starts to degrade to complete
degradation is called reaction time (Tr). This is the time which is
used for study of kinetic of catalytic degradation of dyes. Aer
this time, no further degradation of dye occurs. This time is
called completion time (Tc). The k0 value was calculated by
applying linear equation ln(At/A0) = k0Tr + c. The k0 value is
equal to the slope of linear equation. The value of Ti decreased
with increasing the concentration of Ag/Ni-P(NMA-MAa) as
shown in Fig. 9(A). The value of k0 was decreased as increasing
the amount of Ag/Ni-P(NMA-MAa). The k0 vs. time graph was
also plotted to study the relationship of time with slope of
Fig. 9 Degradation of MOr dye (A) time vs. ln(At/A0) plot under various co
= 5.56, concentration of MeOr = 0.080 mM, Ag/Ni-P(NMA-MAa) = (54.

3014 | RSC Adv., 2023, 13, 3008–3019
catalytic degradation. The k0 value increased linearly with time
as shown in Fig. 9(B). The results showed that catalytic degra-
dation rate of MOr was increased with increasing the dose of Ag/
Ni-P(MNA-MAa). This behavior is due to increasing the active
sites of catalyst with increasing the amount of Ag/Ni-P(NMA-
MAa). Similar result was obtained in our previous article.29

The effect of concentration of MOr on catalytic degradation
rate was also studied. During this study, the range of concen-
tration of MOr was 0.070–0.100 mM while the other parameters
were kept constant (temperature = 26 °C, pH = 5.56, Ag/Ni-
P(NMA-MAa) = 85.71 mg mL−1 and NaBH4 = 9.65 mM). The Ti
and Tc values were decreased rst and then increased as shown
in Fig. 10(A). The ln(At/A0) vs. T dependent graph of catalytic
degradation reaction of MOr was shown in Fig. 10(A). The
apparent rate constant (k0) catalytic degradation was obtained
by applying pseudo rst order kinetic equation. For calculation
of k0, only reaction time was used. The k0 vs. T dependent graph
was shown in Fig. 10(B).

This graph showed that the value of k0 increased as
increasing the concentration of MOr from 0.070 mM to
0.085 mM while k0 value decreased for further increasing the
concentration from 0.085 mM to 0.100 mM. Initially, as
increasing the concentration of MOr, more substrate reaches on
the surface of Ag/Ni-P(NMA-MAa) and degradation rate
increased but aer further increment in concentration of MOr
cased the increasing the number of collision and hence, less
chance to the substrate to reach on the surface of Ag/Ni nano-
particles loaded P(NMA-MAa). So, the value of k0 was started to
decrease aer certain concentration.42

Similarly, the effect of concentration of NaBH4 on catalytic
degradation rate of MOr was also studied. The Ti and Tc values
were decreased initially and then increased again as shown in
Table 1. The ln(At/A0) vs. T dependent graph was shown in
Fig. 11(A) and k0 vs. concentration of NaBH4 dependent in
Fig. 11(B). The value of k0 increased from 7.52 mM to 10.33 mM
of concentration of NaBH4 and then decreased on further
increasing the concentration of NaBH4 from 10.33 mM to
12.98 mM as shown in Fig. 11(B). Initially, the value of k0
ncentrations of Ag/Ni-P(NMA-MAa) [conditions: NaBH4= 9.65mM, pH
74–118.22) mg mL−1] and (B) catalytic dose vs. k0 at 26 °C.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Kinetics of catalytic degradation of MOr at 26 °C (A) ln(At/A0) vs. T function for degradation of MOr (0.070–0.100 mM) in the presence of
NaBH4 (9.65 mM) and Ag/Ni-P(NMA-MAa) (85.71 mg mL−1), (B) the k0 vs. MOr concentration dependent graph.
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increased due to rapidly reach of NaBH4 on the surface of Ag/Ni
nanoparticles through crosslinked network from bulk region
but this behavior was possible only for certain concentration
above which the concentration of NaBH4 occupied more active
sites of catalyst and less possibility for substrate (MOr) to reach
on catalytic surface and hence, the value of k0 were started to
decrease.22

The comparison study of this system along with other bime-
tallic nanoparticles loaded in smart microgels are given in Table
2. Mostly, the bimetallic nanoparticles loaded smart microgels
reported in literature have low catalytic activity than our system.
The value of k0 for catalytic reductive reaction of Ag/Ni-P(NMA-
MAa) was better than previously reported similar systems.

3.4 Proposed catalytic degradation mechanism

The data of kinetic study was discussed in Section 3.3. This data
revealed that the catalytic degradation process of MOr in the
presence of Ag/Ni nanoparticles loaded in P(NMA-MAa)
Table 1 The values of concentrations of MOr, NaBH4 and Ag/Ni-P(NMA

Reaction conditions pH MOr (mM) NaBH4 (mM) Cata

NaBH4 5.56 0.08 7.52 85.
5.56 0.08 8.23 85.
5.56 0.08 9.65 85.
5.56 0.08 10.33 85.
5.56 0.08 11.14 85.
5.56 0.08 12.07 85.
5.56 0.08 12.98 85.

Catalyst 5.56 0.08 9.65 54.
5.56 0.08 9.65 69.
5.56 0.08 9.65 85.
5.56 0.08 9.65 98.
5.56 0.08 9.65 118.

MeOr 5.56 0.070 9.65 85.
5.56 0.075 9.65 85.
5.56 0.080 9.65 85.
5.56 0.085 9.65 85.
5.56 0.090 9.65 85.
5.56 0.095 9.65 85.
5.56 0.100 9.65 85.

© 2023 The Author(s). Published by the Royal Society of Chemistry
microgels and reductant (NaBH4) followed “Langmuir–Hin-
shelwood mechanism”. In this mechanism, both reactant
species (MOr and hydrogen produced from NaBH4) are come
through crosslinked network of polymer to the surface of Ag/Ni
nanoparticles from aqueous medium and adsorbed on the
surface of Ag/Ni nanoparticles. The reactants are then converted
into degraded product and then desorbed from the surface of
nanoparticles. The proposed mechanism of catalytic degrada-
tion of MOr in the presence of Ag/Ni-P(NMA-MAa) and NaBH4 is
shown in Fig. 12. In rst step, NaBH4 is reacted with water to
produce NaB(OH)4 and hydrogen molecules. These molecules
diffuse to the surface of nanoparticles. The nitrogen atoms of
azo group have lone pair. The nitrogen atom of azo group gains
a proton from water molecule and resonance occurs to form (a).
Then hydride attacks on electron decient nitrogen atom of (a)
to form (b). In the next step, nitrogen atom again gains a proton
from water to form (c) and amine aryl compound. At the same
time, hydride attacks on electron decient nitrogen to form
-MAa), k0, pH, Ti, Tc and half-life period

lyst (mg mL−1) Ti (min) Tc (min) k0 (min−1) t1/2 (min)

71 5 14 0.609 1.642
71 4 11 0.706 1.416
71 4 9 0.915 1.093
71 2 6 1.083 0.923
71 3 8 0.925 1.081
71 3 10 0.782 1.279
71 5 12 0.694 1.441
74 5 11 0.553 1.808
37 4 9 0.72 1.389
71 3 7 0.892 1.121
68 2 5 1.006 0.994
22 1 4 1.152 0.868
71 6 13 0.596 1.678
71 4 12 0.756 1.323
71 4 9 1.011 0.989
71 3 7 1.127 0.887
71 3 8 0.951 1.052
71 4 10 0.857 1.167
71 4 12 0.678 1.475
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Fig. 11 Effect of concentration of NaBH4 on catalytic degradation of MOr at 26 °C (A) ln(At/A0) vs. T function for degradation of MOr (0.080mM)
in the presence of NaBH4 (7.52–12.98 mM) and Ag/Ni-P(NMA-MAa) (85.71 mg mL−1), (B) the k0 vs. NaBH4 concentration dependent graph.

Table 2 Comparison of Ag/Ni-P(NMA-MAa) with other similar systems

Catalyst Abbreviations Substrate

Apparent rate
constant (k0)
(min−1) Reference

Ag/Co nanoparticles loaded into poly(N-isopropyl
methacrylamide)

Ag/Co-P(NMA) MOr 0.481 43

Ag/Au nanoparticles loaded in poly(N-isopropyl
acrylamide-co-3-methacryloxypropyltri
methoxysilane)

Ag/Au-P(NA-MPS) 4NPe 0.174 min−1 27

Ag/Au nanoparticles in poly(N-isopropyl acrylamide co
acrylic acid)

Ag/Au-P(NA-AA) 4NPe 0.215 26

Polystyrene surrounded by Ag/Pd nanoparticles loaded
in poly(N-isopropyl acrylamide)

Ag/Pd-P(ST@NA) 0.120 min−1 44

Ag/Ni nanoparticles in poly(N-isopropyl
methacrylamide-methacrylic acid)

Ag/Ni-P(NMA-MAa) MOr 0.925 min−1 This work
CRe 0.486 min−1 This work
EBlT 0.540 min−1 This work
MRe 0.525 min−1 This work
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product. The OH− ions, produced aer donation of proton to
MOr, combines with boron to form B(OH)4

−1 ions. Aer
conversion of MOr into product, detach from the surface and
diffuse towards the aqueous medium from the surface of Ag/Ni
nanoparticles through cross linked network of P(NMA-
MAa).16,26,45–48 The degraded product was characterized by 1H
NMR which supported this mechanism as shown in Fig. 1S.†
3.5 Catalytic degradation of other dyes

The EBlT, CRe and MRe were also catalytically degraded in the
presence of Ag/Ni nanoparticles loaded in P(NMA-MAa) micro-
gels and reductant (NaBH4) from aqueous medium. The cata-
lytic degradation reaction data was shown in Fig. 4S(A–C).† The
Ag/Ni nanoparticles showed good result for catalytic degrada-
tion of organic dyes from aqueous medium.
3.6 Catalytic reduction recycling process

The catalytic activity of Ag/Ni nanoparticles loaded P(NMA-MAa)
microgels was also studied aer regaining by centrifugation
3016 | RSC Adv., 2023, 13, 3008–3019
aer complete degradation of dye. For this purpose, MOr dye
was used as model of catalytic degradation reaction.

The Ag/Ni-P(NMA-MAa) was recovered aer complete
degradation of MOr and then again used as catalyst to degrade
further molecules of MOr present in new solution of MOr dye.
The k0 values were calculated for each catalytic degradation
cycle. The eqn (1) was used to calculate percentage catalytic
activity of Ag/Ni-P(NMA-MAa).

Percentage catalytic activityð%Þ ¼ k0ðnth cycleÞ
k0ð1st cycleÞ � 100 (1)

The percentage catalytic activity of Ag/Ni-P(NMA-MAa) was
shown in Fig. 13. The catalytic activity of Ag/Ni nanoparticles
loaded P(NMA-MAa) microgels were almost same aer recy-
cling. The catalytic activity was obtained 92 percent aer ve
cycles as shown in Fig. 13. Slight decline in catalytic activity of
Ag/Ni-P(NMA-MAa) hybrid microgels may be due loss of cata-
lytic contents during decantation and centrifugation steps of
recycling process.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 The catalytic activity percentage of Ag/Ni-P(NMA-MAa)
system used for catalytic degradation of MOr [conditions: Ag/Ni-
P(NMA-MAa) = 85.71 mg mL−1, concentration of MOr = 0.080 mM,
NaBH4 = 9.65 mM].

Fig. 12 Proposed mechanism of catalytic degradation reaction of MOr in the presence of Ag/Ni-P(NMA-MAa) and NaBH4.
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4 Conclusion

The P(NMA-MAa) microgel particles were synthesized by radical
precipitation polymerization method and then Ag/Ni nano-
particles into crosslinked network of P(NMA-MAa) by in situ
reduction method. The bimetallic (Ag/Ni) nanoparticles loaded
P(NMA-MAa) microgel system showed swelling and deswelling
behavior by external stimuli. The P(NMA-MAa) system exhibited
the excellent stabilizing property towards the bimetallic nano-
particles. The Ag/Ni-P(NMA-MAa) hybrid microgels were found
an excellent catalyst for degradation of organic dyes in aqueous
© 2023 The Author(s). Published by the Royal Society of Chemistry
medium. The catalytic degradation reaction followed “Lang-
muir–Hinshelwood mechanism”. Under mild conditions, Ag/
Ni-P(NMA-MAa) system can be used for catalytic degradation
of all type of organic dyes from aqueous medium. The Ag/Ni-
P(NMA-MAa) system showed 92 percent catalytic activity even
aer ve cycles.
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