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Abstract: Poly(N-isopropyl acrylamide-co-2-acrylamido methyl propane sulfonic
acid) hydrogel was prepared and used as matrix for the fabrication of nickel and
copper nanoparticles. Nickel and copper nanoparticles were fabricated via in situ
reduction of Ni (II) and Cu (II) ions within the hydrogel matrix. The manufactured
hydrogel and its corresponding composites with Ni and Cu nanopatrticles were
characterized by FTIR, XRD, EDX, TEM, and TGA. Thermal stability of hydrogel was
found to be increased upon fabricating with metal nanoparticles. The hydrogel
showed ability to absorb water 63 times of its weight in dried form. The Ni and Cu
nanoparticles were observed to be well dispersed, spherical in shape and most of
them were having diameters in the range of 12.5 to 38.8 nm and 58 to 102 nm,
respectively. The as-prepared hydrogel-nickel and hydrogel-Cu nanocomposite were
used as catalysts for the reduction of a toxic pollutant 4-nitrophenol. At 25 °C, the
reduction of 4-NP was found to proceed with apparent rate constant (kpp) of 0.107
and 0.122 min™ in the presence of composite containing Ni and Cu nanoparticles,
respectively. However, k,,, was increased with corresponding increase in
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temperature and its maximum value was found to be 0.815 min " at 88 °C with catalyst
containing Ni nanoparticles. The formation of well dispersed Ni and Cu nanoparticles
in the prepared hydrogel reflected that this hydrogel system can act as efficient
stabilizing agent along with acting as a reactor medium. Recycling potential of cat-
alysts was studied for five successive cycles.

Keywords: catalysts; copper nanoparticles; hydrogel; nickel nanoparticles.

1 Introduction

Water is potentially a valuable resource because its availability is vital for the
survival of all living creatures on our planet. With the rapid development in tech-
nologies and industries in the last few decades, organic waste contamination in
water has been continuously increased and becoming crucial issue with every
passing day [1]. According to UN assessment report, pure and freshwater supply is a
worldwide issue that has become a challenge for the entire planet in the twenty-first
century since the survival of living organisms is endangered by contaminated water.
Among various water contaminants, 4-nitrophenol (4-NP) is of great concern
because of its wide use. 4-NP persists in water for a long period and its biological
breakdown is very difficult. 4-NP is ecologically harmful substance having highly
toxic and carcinogenic effect on humans [2, 3]. Scientists are seeking for ways
to remove 4-NP from aquatic systems or convert it to less hazardous compound.
Adsorption, catalysis, chemical oxidation and reduction, biological treatment, and
photocatalytic degradation are some of the chemical and physical approaches that
had been employed to treat water containing 4-NP [4-7]. Catalytic degradation or
conversion of water contaminants to less toxic and useful compounds have become
the most suitable of the above-mentioned techniques because it is energy-efficient,
affordable, ecofriendly, and remarkable efficiency for the elimination/reduction of
contaminates. 4-NP can also be reduced to a less toxic and further useful compound
4-aminophenol (4-AP) by using a mild reducing agent and suitable catalyst [8, 9].
4-AP is used in pharmaceutical fields for the synthesis of many antipyretic and
analgesic drugs like paracetamol, phenacetin, and acetanilide [10, 11]. Therefore,
conversion of 4-NP to 4-AP is a valuable way to get rid of toxicity of 4-NP. In this
approach, we cannot only get rid of a toxic material but also obtain a useful com-
pound from that toxin. The metal nanoparticles (NPs) have become fascinated
catalysts for the reduction of 4-NP in the last few decades due to their higher
surface to volume ratio and surface energy. NPs have shown efficient catalytic
potential for a variety of processes. For example, dehydrogenation of alcohol can
be catalyzed with silver NPs [12], electro-oxidation of formic acid can be catalyzed
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with platinum NPs [13], and oxidation of carbon monoxide (CO) can be catalyzed
with platinum-gold NPs [14]. The catalytic activity of metal NPs varies with the
presence of active sites on their surface. When the surface area increases the
number of active sites on the surface increases which in turn enhances the catalytic
activity. As the specific surface area and surface energy of tiny nanoparticles are
higher, they aggregate if not stabilized by suitable stabilizing agent. The aggre-
gation causes a decrease in the active sites which in turn leads to a significant loss
in catalytic activity. This issue greatly limits the implementation of valuable
metallic nanoparticles as catalysts in practical processing [15]. To address this
problem, catalytic nanoparticles are often stabilized by polymers or other suitable
solid supports, which also permit catalyst recycling. Some supporting materials
are dendrimers, silica, alumina, microfiber, collides and hydrogels [16-24].
Among various supporting materials hydrogels got more fascination because of
their hydrophilic character, flexibility/pliability and three-dimensional (3-D) pattern
of structure [25]. Furthermore, hydrogel materials are more beneficial because of their
chemical and physical stability, recyclability, affordable price and non-toxic nature
[25, 26]. Swelling behavior of hydrogel materials make them prominent from other
materials. The swelling behavior of hydrogels is supported by their pliable polymeric
network, enabling them to retain sufficient volume of water without disintegrating
[27]. Cleansing of polluted water [28, 29], tissue engineering [30], targeted medicine
delivery [31], improved oil recovery [32, 33], bio-nanotechnology [34, 35], production
and stabilization of inorganic nanoparticles [36—38], and biomedical implants [39, 40]
have all sparked interests in these hydrophilic material. Hydrogels can be used as
reactor mediums for the controlled synthesis of metal nanoparticles. Hydrogels
contain metal-binding active sites such as -COOH, —SH, —OH, —-SOsH, and —-NH,
depending on their composition, which enable them to load significant quantities of
metallic ions. The loaded metallic ions are securely attached in the hydrogel network
due to electrostatic attractions of the metal binding sites and can be transformed into
nanoparticles via chemical reduction. Hydrogels are also helpful in preparing NPs
with controlled morphology within their 3-D network by changing the cross-linking
density or chemical composition. The 3-D networks of hydrogels and functional
groups present in those networks stabilize the metal nanoparticles and prevent their
aggregation. The as-prepared hydrogel-metal NPs composite can be applied as
catalyst. The porous structure and chemical functional groups support the diffusion of
reactants towards/into the hydrogel network to get adsorbed on the surface of NPs to
react with each other. Moreover, easy separation of hydrogel-metal NPs composite
from the rection mixture via filtration makes them reusable for many times. Precious
noble metal nanoparticles such as gold (Au), pallidum (Pd), and platinum (Pt) have
been explored as catalysts for the reduction of 4-NP to 4-AP [24, 41-46]. Despite of
the excellent catalytic potential, these noble metal NPs could not be considered for
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application at large industrial scale due to their high price. Alternatively, nano-
particles of transition metals are being explored as catalyst. In this regard, we syn-
thesized Ni and Cu nanoparticles using poly(N-Isopropyl acrylamide-co-2-acrylamido
methyl propane sulfonic acid) hydrogel (HG) as a stabilizer and explored their cata-
lytic capability in the reduction of 4-NP.

2 Materials

N-isopropylacrylamide (NIPAM, 97%) and 2-acrylamido-2-methylpropane sulfonic acid (AMPS, 99%)
were purchased from Merck. Ammonium persulphate (APS, 97%), N,N-methylenebisacrylamide
(NNMBA, 99%) and N,N,N,N-tetramethylethylenediamine (TEMED, 100%) were purchased from
Riedel-Dehaan, Panreac, and VWR, respectively. Chemicals were utilized as procured. Nickel chloride
hexahydrate (NiCl,, 98%) and copper chloride (CuCl,, 97%) were purchased from Merck and Sigma
Aldrich, respectively. Deionized water was used wherever it was required in this study.

2.1 Preparation of HG

The bulk HG was prepared at room temperature. The transparent solutions of NIPAM (0.0044 mol
in 3 mL deionized water), AMPS (0.0044 mol in 1 mL deionized water) were first prepared in
separate glass vials and then mixed with each other in a single glass vial. The mixture was added
with 0.088 mmol of each of the MBA and APS and homogenized again. As a last reagent, 200 pL of
TEMED was added in the reaction mixture with the help of a micropipette. The reaction mixture
was homogenized again by high-speed stirring and then transferred to plastic straws. The reaction
mixture was allowed to react without any disturbance for 24 h. The prepared semisolid hydrogel
was taken out from the straws and sliced into small pieces. The hydrogel was washed by plunging
it in deionized water for 4 days to remove the impurities. The deionized water was changed twice a
day after regular intervals. Finally washed hydrogel pieces were shifted to polystyrene plates
which were placed in oven at 70 °C for drying till constant weight. The obtained hydrogel was hard
and uncompressible. Dried hydrogel was preserved in a glass vial with sample code.

2.2 Fabrication of metal nanoparticles in hydrogel

The fabrication of Ni and Cu nanoparticles in the prepared bulk HG was carried out in two steps.
In the first step, the Ni (II) and Cu (II) ions were first loaded in the hydrogel by adding its 0.1 g
separately in 1000 ppm aqueous solution of Ni (II) and Cu (II) ions, respectively. Overnight stirring
was done to load the maximum amount of metal ions in the hydrogel. Filtered out the metal ions
loaded hydrogel and subsequently washed with distilled water. These metal ions loaded hydrogel
samples were transferred to polystyrene plates and dried at 70 °C till constant weight. In the second
step, a 0.02 g of dried Ni (II) or Cu (II) ions loaded hydrogel was weighed and treated with 0.12 g of
sodium borohydride in 30 mL distilled water in a beaker for 30 min. Finally, metal nanopatrticles
loaded hydrogel was filtered out through plankton cloth filter, followed by washing with water and
its addition in the reaction mixture as catalyst or drying of hydrogel at 80 °C till constant weight for
characterization.
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2.3 Catalytic reaction

The catalytic test of the freshly prepared hydrogel-metal nanocomposite was conducted by using itin
the reduction of 4-nitrophenol. The reaction was supervised/examined by UV-Vis spectrophotom-
eter. The reaction was conducted in a temperature-controlled oil bath. The temperature of the oil
bath was adjusted at least 2 h before starting the reaction. A 1000 mL, 0.001 M aqueous solution of
4-nitrophenol was prepared in volumetric flask and its 50 mL was used in a typical reaction. A 0.189 g
of sodium borohydride and 0.03 g of freshly prepared hydrogel-metal nanocomposite was added
into the 50 mL, 0.001 M aqueous solution of 4-nitrophenol as reducing agent and catalyst,
respectively. The reaction was carried out at a desired temperature i.e., 25, 48, 56, or 88 °C and kept
constant till the end of the reaction.

After specific time intervals, 0.5 mL of reaction mixture was withdrawn with micropipette and
transferred into a test tube, already containing 7.5 mL of deionized water dilution. The absorption
spectrum of the diluted sample was recorded in the wavelength range of 300-700 nm with
UV-Visible spectrophotometer. The reaction was allowed to continue in reaction flasks at the set
temperature and its monitoring was continued till minimum absorbance was recorded at 400 nm.
For recycling, the catalyst was separated out from the reaction mixture by filtration and washed with
deionized water. The recycled catalyst was used again for another cycle of the same reaction of
4-nitrophenol reduction under the same conditions.

3 Results and discussion

3.1 Synthesis and morphology of HG fabricated with
nanoparticles

HG was prepared through free radical polymerization. In this polymerization pro-
cess, once the free radicals are generated, the monomers and cross-linking agent
react simultaneously to produce hydrogel network. The prepared hydrogel was used
as stabilizer for the fabrication of Ni and Cu nanoparticles. The fabrication of
nanoparticles was carried out by absorption of these metal ions form their aqueous
solution into the hydrogel network followed by their reduction with sodium boro-
hydride. The tendency of amide and sulfonic acid groups to attract the metal ions
acts as deriving force for the absorption of Ni and Cu ions. The absorption of Ni and
Cu ions was physically observed by the impartation of green and blue color,
respectively, as shown in Figure 1 by image (a) and (b).

After treating with excess amount of reducing agent, the color of metal ions
loaded hydrogel was converted into black as shown by image (c) which indicated the
formation of metal nanoparticles in hydrogel network. The monomers and hydrogel
were subjected to FTIR spectroscopic analysis to identify the polymerization and
chemical composition of the hydrogel. Figure 2(a) and (b) represents the FTIR
spectra of AMPS and NIPAM, respectively, while Figure 3(a—c) represents the FTIR
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Figure 1: Schematic representation for the synthesis of Ni and Cu nanoparticles containing HG
and digital camera images of HG loaded with (a) Ni (1) ions and (b) Cu (Il) ions and (c) Ni or Cu
nanoparticles.

spectra of bare hydrogel, Ni nanoparticles containing hydrogel and Cu nanoparticles
containing hydrogel, respectively.

The monomers (NIPAM and AMPS) contain C=C absorption band at 1619 cm™
and 1612 cm™ respectively, while after complete polymerization C=C absorption
band was disappeared in the spectra of HG. Also, C=C absorption band was not
observed in hydrogel containing Ni and Cu nanopatrticles. To support the presence of
cross-linker in the bare hydrogel there are adsorption peaks at 1647 cm™ and
1531 cm™ correspond to-N-H scissoring and bending of amide group, respectively.
The broad absorption band in the region of 3100 cm™ to 3500 cm™ corresponds to
the overlapping of absorption bands of N-H and O-H. In case of hydrogel, the
appearance of broad band of-OH indicates hydrogen bonding due to imbibed
molecules of water in the network of hydrogel and approves the hydrophilic nature
of HG. The absorption band value of S=0 (asym.) at 1175 cm ' indicates the existence
of sulphonate groups of AMPS monomer in the hydrogel making it hydrophobic in
nature. The peak shifting of S=0 (asym.) at 1182 cm™ indicates the presence of
sulphonate groups of AMPS monomer in both Ni and Cu nanoparticles composite
hydrogel. The shift in the absorption bands associated to NHC=0, N-H (bending) and
C-N (stretching) in the metal nanoparticle containing hydrogel can be observed to
the interaction of these functional groups with metals NPs and hence indicates the
fabrication of metal nanoparticles in the HG.

The amide and sulfonic acid groups in the HG are hydrophilic in nature and
make it capable to absorb water. In the absence of water, the polymer chains in the
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Figure 2: FTIR spectrum of initial monomers (a) NIPAM and (b) AMPS.

HG remain in the globule form due to dominance of polymer-polymer interaction.
However, in the presence of water the hydrophilic groups interact with water mol-
ecules via hydrogen bonding and transformed into starched state resulting in the
swelling of the hydrogel network. The water absorption capacity of HG was analyzed
by adding small pieces of hydrogel in distilled water and allowing the hydrogel to
absorb water at ambient conditions. The swelling was measured in terms of mass of
the water absorbed by hydrogel. The swelling capacity has been represented in
terms of swelling ratio versus time in Figure 4. The hydrogel absorbed distilled water
63 times of its weight in dried form. The swelling can also be observed from
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Figure 3: FTIR spectrum of (a) HG (b) Ni nanoparticles containing HG (c) Cu nanoparticles
containing HG.
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Figure 4: The physical appearance of dried and swollen HG and plot of swelling ratio as a
function of time.

photographs (a) and (b) of hydrogel in the dried and swollen form, respectively, in
Figure 4.

TEM was used to study the morphology of Ni and Cu nanoparticles and their
dispersion in HG. Figure 5(a) and (b) demonstrate the TEM images of Ni and Cu
nanoparticles loaded in HG. These TEM images indicate that the Ni and Cu nano-
particles were almost spherical in shape and well dispersed without any aggregation
in the network of hydrogel. This dispersion of metal nanopatrticles also represents
that HG has not only served as reactor medium but also acted as an effective sta-
bilizing agent for Ni and Cu nanoparticles once they were formed in the HG network.
The average diameter of Ni and Cu nanoparticles loaded in the hydrogel are around
12.5 and 58 nm, respectively. The presence of Ni and Cu nanoparticles within HG
were ensured from EDX spectroscopic analysis.

The spectrum of HG represents that sample material contains elements such as
C, 0, S, and N as shown in Figure 6(a). The EDX spectra of the Ni and Cu nano-
particles containing HG are represented in Figure 6(b) and (c). The spectra repre-
sent that sample material contains elements of hydrogel network as well as a
significant amount of Ni and Cu. The weight percent of Ni and Cu is 14.5% and
10.7% respectively.

The HG and its corresponding composites with Ni and Cu nanoparticles were also
subjected to XRD analysis to an idea about the amorphousity and crystallinity of the
prepared sample. Figure 7 represents the XRD configuration of p(NIPAM-co-AMPS)
hydrogel and its corresponding composites with both Ni and Cu nanoparticles.
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Figure 5: TEM image of (a) Ni and (b) Cu nanoparticles loaded in HG.

The bare hydrogel exhibited a broad diffraction peak around 26 value of 20
degree which matches to amorphous characteristic of the polymeric hydrogel [47].
The XRD pattern of Ni composite hydrogel depicts peaks around 20 values of 20, 30,
43, and 52 degrees which agree with the previous reports for Ni nanoparticles [48, 49].
In XRD pattern of Cu nanoparticles loaded hydrogel, two distinct peaks appear at
around 26 value of 32 and 42 degree which correspond to CuO and Cu nanoparticles
[50, 51]. The CuO can be formed due to oxidation of some Cu nanoparticles present at
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Figure 6: EDX spectrum of (a) HG (b) Ni nanoparticles containing HG (c) Cu nanoparticles

containing HG.

the outer surface of hydrogel upon their exposure to air. Although Ni and Cu nano-
particles have crystalline configuration and therefore exhibit sharp peaks in XRD
spectrum but when these nanoparticles are dispersed as discontinuous medium in an
amorphous continuous medium, then synergistic effects of both the continuous and
discontinuous mediums result in the broadness of peaks associated to Ni nano-

particles up to some extent as can be observed from Figure 7.
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For thermal stability analysis the thermogram of HG in the temperature range of
50-750 °C were recorded and presented in Figure 8(a). The thermogram showed that
bare HG has three distinct degradation temperature ranges of 50-140 °C, 240-335 °C,
335-500 °C with 9.4%, 43.4%, and 35.9% weight loss, respectively. The 1st weight
loss can be associated with loss of water from hydrogel network. The 2nd weight loss
is due to breakage of weakly cross-linked chains of hydrogel at external surface,
while the 3rd weight loss can be related to thermal break down of internal cross-
linked chains (where cross-linking density is high). The total weight loss of bare
hydrogel in the temperature range 50-500 °C was 88.7%. The thermograms of HG
containing Ni and Cu nanoparticles are given in Figure 8(b) and (c), respectively
which show the higher thermal stability and over all lower weight loss ~65%. The
higher thermal stability can be achieved due to the existence of metallic nano-
particles and their possible interaction with polymeric network while the overall
lower weight loss is associated to the presence of metal contents which cannot be
degraded below 750 °C. In the three-step thermal breakdown of the metal nano-
particles containing HG, the first step in the temperature range of 40-200 °C was
associated to water loss. The second and third steps indicate weight loss due to lower
cross-linked and higher cross-linked polymeric networks, respectively. The thermal
degradation of metal nanoparticles containing HG was started around 340 °C. The
initiation of thermal breakdown of HG containing metal nanoparticles at a temper-
ature higher than that corresponding to the HG was obvious to the higher mechanical
strength resulting from the possible interaction of metal nanoparticles with polymeric
network. Irrespective of the mechanism of thermal breakdown, this analysis showed
that these systems can be applied as catalysts below the reaction temperature
of 340 °C.
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3.2 Catalytic activity

4-NP is considered is considered as a toxic pollutant when contaminated in water
from the various industries. To overcome the toxicity, 4-NP can be converted into
4-AP and the process requires the aid of a catalyst. Therefore, we have chosen this as
model a reaction to test the catalytic activity of Ni and Cu metal nanoparticles
containing HG. The reaction can be supervised with UV-Vis spectrophotometer by
recording absorption of 4-NP and 4-AP at their maximum absorption wavelengths. A
broad peak with maximum absorbance at 317 nm as shown in Figure 9(a) represents

(a) 14

1.2 1

00 min

1.0

0.8 1 60 min

0.6
4-NP + NaBH,

Absorbance

0.4

0.2 1

0.0 T T T T
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(b)
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y
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Wavelength (nm)

Figure 9: UV-Vis spectra for (a) the as-prepared aqueous solution of 4-NP, and 4-NP + NABH, as
function of time (b) the reduction of 4-NP to 4-AP in the presence of Ni nanoparticles containing
HG as a catalyst.
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the presence of 4-NP in the aqueous solution. When reducing agent NaBH, was
added in the aqueous solution of 4-NP, the maximum absorption peak was moved to
400 nm as shown in Figure 9(a). This change in absorption peak was observed
because of conversion of 4-NP into phenolate ion upon its reaction with NaBH,. As
shown in Figure 9(a), only a meager amount of this 4-NP was changed into 4-AP
when no catalyst was present in the reaction mixture. This is obvious because of
large kinetic barrier between electron donor and acceptor of this reaction [52]. The
presence of a suitable catalyst assists to overcome this energy barrier and ensures
the proceeding of reaction at room temperature [53, 54]. When Ni or Cu metal
nanoparticles containing HG was used as catalyst a remarkable increase in the
reduction rate was observed and the reaction was almost completed in 20 min at
25 °C as evident from drop off absorbance of 4-NP at 400 nm. The emergence of new
absorbance peak around 300 nm matches up with 4-AP which is the product of the
subject reaction. Color of the reaction mixture changed progressively from yellow to
transparent as shown by corresponding images in Figure 9(b) which also evidenced
the reduction of 4-NP. It is noteworthy that the absorbance of 4-AP at 300 nm was
much lower than that of 4-NP at 400 nm. It is due the difference in the values of
molar absorptivity coefficient of 4-NP and 4-AP which is much higher for 4-NP.
Therefore, although concentration of 4-AP was increased in reaction medium but
only a little increase in its absorbance was observed due to very low value of its molar
absorptivity coefficient. It has been reported in literature that the rate of this reaction
depends on the amount of reducing agent, but the rate becomes independent on the
amount of reducing agent when it is used in 100 times surplus with reference to 4-NP.

In this study, reducing agent was used 100 times more with reference to 4-NP
and the reaction was thought to follow the pseudo first order kinetics. Therefore,
rate of reaction was computed by using this kinetic model. The application of
pseudo first order kinetics for the calculation of rate of reaction, which is apparent
rate of reaction (kpp) in real sense, is shown in Figure 10(a). The value of apparent
rate constant (kapp) was computed as 0.1041 and 0.1225 min™" for the reduction of
4-NP catalyzed by HG containing Ni and Cu nanoparticles, respectively.

The catalytic activity of Ni nanoparticles containing HG was also observed at
48, 65,76 and 88 °C. As expected with the rise in temperature, the rate of reaction was
also enhanced. The rise in rate of reaction with rise in temperature can be reasoned
in a way that average kinetic energy of molecules is enhanced which subsequently
enhances the rate of diffusion of reactant molecules into hydrogel containing metal
nanoparticles as well as collusion frequency of reactants and catalyst. This
enhancement of diffusion rate and collusion number further enhance the rate of
adsorption of reactants on the surface of catalysts and hence the conversion of
reactants into products. However, relatively small increase in the reduction rate
was observed in the temperature range of 48-65 °C as in Figure 10(b). This can be
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Figure 10: Plots of pseudo first order kinetics for the reduction of 4-NP catalyzed by Cu and Ni
nanoparticles containing HG at 25 °C (a) plot for k5, at different temperatures for the reduction
of 4-NP catalyzed by Ni nanoparticles containing HG (b).

observed due to shrinking of hydrogel network in this temperature window. The HG
contains NIPAM which is temperature responsive substance and shrinks at 32 °C.
When NIPAM is copolymerized with hydrophilic substance such as AMPS, then the
volume phase transition is shifted to higher temperature. When hydrogel network
shrinks, the polymer chains come close to each other. As a result, resistance of
the polymer network against the diffusion of reactants into the hydrogel network
increases slightly. Therefore, meager boost in rate of reaction was recorded in this
temperature window. The further enhancement in temperature displayed a larger rise
in rate of reaction showing that there was no more shrinking in hydrogel network. The
kapp Was increased from 0.1041 to 0.8156 m™" with corresponding increase of tem-
perature from 25 to 88 °C. These results demonstrate that catalytic activity of the
prepared catalyst was not damaged by increasing the temperature.
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3.3 Reusability of catalyst

Recovery of the catalyst from the reaction medium and its recycling is an important
feature of a catalyst for real applications. Keeping in view this important aspect, the
catalyst was recycled by separating from the reaction medium via filtration through
a special filter paper known as plankton cloth filter at the end of the reaction. The
filtered catalyst was then washed with plenty of water to ensure the desorption of all
species which were adsorbed on it during previous cycle. The washed catalyst was
transferred in the reaction medium for the next cycle and the reaction was observed
under same reaction conditions. The change in activity was measured in terms of
change in rate of reaction in every successive cycle. In case of Cu nanoparticles
containing HG catalytic activity was increased in second cycle as shown in
Figure 11(a). This increase in the activity may be due to the removal of impurities
from active sites during washing after first cycle.

In the third cycle, the catalytic activity was decreased to 68% which was
almost remained constant till fifth cycle however, almost 100% of the reactants
were converted into the product in every cycle. The decline in catalytic activity may
be associated to the formation of metal oxide layer (because Cu nanoparticles can
oxidize readily) on the surface of catalyst leading to a loss in active sites. Another
reason might be some loss of catalyst during the process of recycling. Surprisingly,
Ni nanoparticles containing HG was observed to be dissolved gradually in the
recycling process as shown in Figure 11(b). Therefore, a 65% loss in the catalytic
activity was observed in the third cycle. This can be observed to weaker interaction
of Ni with functional groups of polymeric networks. In addition to the structural
breakdown and loss of catalytic sites in every cycle, the oxidation Ni nanoparticles
may also contribute to the loss of its catalytic activity. So, the recycling study
revealed that HG containing Cu nanoparticles was more advantageous catalyst
than that containing Ni nanoparticles.

4 Conclusions

A hydrogel was successfully synthesized by simultaneous cross-linking and
copolymerization of NIPAM and AMPS via free radical polymerization at ambient
conditions. The FTIR results identified the polymerization reaction and existence of
corresponding functional groups. The prepared HG showed hydrophilic character by
absorbing water 63 times of its weight in dried form. The prepared hydrogel was
applied as reactor for synthesizing Ni and Cu Nanoparticles. From TEM analysis it
was found that both Ni and Cu nanoparticles were almost spherical in shape and
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Figure 11: Recycling results of (@) Cu and (b) Ni nanoparticles containing HG in the reduction of
4-NP in terms of % activity of catalyst and % conversion of reactants in every cycle.

well dispersed. The diameters of the Ni and Cu nanoparticles were mostly found
around 12.5 and 58 nm, respectively. The formation of homogenous shaped and well
dispersed nanoparticles of both the metals showed that HG has acted as a reactor as
well as an effective stabilizing agent. The as-prepared Ni and Cu nanoparticles
containing HG were found efficient catalysts for the reduction of 4-NP. At 25 °C, the
reduction of 4-NP was found to proceed with apparent rate constant (kpp) of 0.107
and 0.122 min™ in the presence of composite containing Ni and Cu nanoparticles,
respectively. However, k,p,, was increased with corresponding increase in temper-
ature and its maximum value was found to be 0.815 min™ at 88 °C with catalyst
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containing Ni nanoparticles. Although catalytic activity of both the catalysts was
observed almost equivalent but Cu nanoparticles containing catalyst was found to
better recycling ability.
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