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Abstract

Poly(2-acrylamido-2-methyl- 1-propansulfonic acid) (p(AMPS) hydrogels were synthesized via free radical polymerization
reaction technique under mild reaction conditions. The chemical structure of synthesized p(AMPS) anionic macroporous
hydrogel was confirmed by Fourier transform infrared (FT-IR), scanning electron microscopy (SEM). Synthesized hydro-
gels were used as template for in situ metal nanoparticle preparation by using Ag(CH;COO) in H,O. Metal nanoparticles
embedded p(AMPS)-Ag were visualized by TEM. The metal content of composites was estimated via atomic absorption
spectroscopy (AAS). This metal-nanoparticle porous hydrogel composite was employed in the reduction of 4-nitrophenol
and H, generation from hydrolysis of sodium borohydride (NaBH,). The activation energies, enthalpy, and entropy for 4-NP
reduction and NaBH, hydrolysis catalyzed by composite were determined. PCAMPS)-Ag composite was also used as cata-
lyst in the aerobic oxidation of alcohols by emphasizing the effects of different parameters such as temperature, substituent
effect, etc. Finally, the catalysts were easily recovered from the reaction media and it could be re-used for the other four runs
without significant loss of activity.
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1 Introduction their high tendency to aggregate since their catalytic activity
decreases upon aggregation due to the reduction in their sur-
face area [1]. Aggregation and other issues regarding metal

nanoparticles can be solved using stabilizing materials such

Due to a highly effective and large number of potential appli-
cations, metal nanoparticles have brought a great revolution

in the field of material science. The high surface energy and
large surface area to volume ratio enable the metal nanopar-
ticles to be applicable in many areas such as sensors, elec-
tronic devices, catalysts in many related fields from chemis-
try, and physics to biotechnology, and material science due
to their nanoscale optical, electrical and catalytic proper-
ties [1, 2]. The surface area of nanoparticles is specifically
important in heterogeneous catalysts. The main issue that
hinders pervasive use of metal nanoparticles as a catalyst is
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as surfactants, linear polymers, zeolites, silicates, alumina,
and zirconia [3-8]. In the metal nanoparticles preparation,
for instance, one of the most commonly employed methods
is the adsorption of stabilization agents such as linear poly-
mer or surfactants onto metal nanoparticles to provide steric
stabilization. The one significant drawback with this method
is the decrease of catalytic activities of the metal nanopar-
ticle as a result of the addition of these new species to its
surface, although new impurities are also generated. There-
fore, there is a great need for versatile and smart support
materials. Hydrogels as smart materials and as huge water
containers that derived from versatile polymeric materials
by crosslinked three-dimensional networks can be suitable
candidates for preparation of different metal nanoparticle
in situ [9]. One of the applications of the metal nanoparticle
containing hydrogel-metal composites is to provide reac-
tion flask for various chemical reactions [10, 11]. Among
all hydrogel networks, the environmentally benign ones are
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particularly important due to three main advantages. First,
they act as a template in which metal nanoparticles are
prepared inside the hydrogel in a way that no aggregation
occurs. Second, they provide an adaptable milieu for cataly-
sis of a variety of reactions. Here, the catalytic reactions are
occurring within the boundaries of hydrogels; therefore, no
dramatic changes in the conditions of reactors are required
in industrial applications [12]. Third, nanocomposite hydro-
gels can effectively combine the unique properties of the
inorganic and organic components to achieve a synergistic
effect [13].

Alcohol oxidation is one of the pivotal functional group
transformations in organic chemistry [14]. Generally, oxida-
tion is performed using stoichiometric amount of transition
metal oxidants or sulfoxides that produces a large number of
undesirable products, being becomes intolerable in today’s
environmentally conscious world [15]. Thus, the develop-
ment of environmentally friendly catalytic oxidation of alco-
hol with molecular oxygen at atmospheric pressure in green
solvent is an important and urgent work [16—18]. Recently,
aerobic alcohol oxidation employing heterogeneous noble
metal nanocatalyst has gained a significant amount of inter-
est since it avoids the use of toxic materials and a large
amount of oxidizing reagents while no by-product other than
water is produced. Of all the noble metal nanocatalysts such
as Ag [19], Au [20, 21], Pd [19, 22, 23], Pt [24] and Rh [25],
Ag containing nanocatalysts have been promising since they
are not prone to leaching as a result of over oxidation, and
partly due to their high efficiency.

The emerging demand of energy along with environmen-
tal concerns regarding extensive fossil fuels usage, have
highlighted the necessity for alternative energy sources
[26-28]. Due to the high gravimetric energy density, ideal
combustion efficiency, zero-emission and non-toxicity,
hydrogen has been considered as a promising energy carri-
ers [29]. The chemical energy per unit mass of hydrogen is
142 MJ kg~! that is almost three times greater than that of
any other fuel. As an example the chemical energy per unit
mass of hydrocarbons is only 47 MJ kg~! [29]. Since water
is the only side-product of the combustion of hydrogen, it
can be an alternative fuel in internal combustion engines,
which would significantly reduce the atmospheric pollu-
tion [30]. However, the technological barriers regarding
the hydrogen storage and delivery as a result of its gaseous
nature and low density at room temperature have restrained
hydrogen’s numerous applications [31, 32]. Hence, solid
hydrogen storage materials exhibiting high capacity and
safety have gained intense attention. Sodium borohydride
(NaBH,) is one of the well-known chemical compounds
with potential application for the hydrogen storage, since
it has high hydrogen content (10.8 wt%), high volumetric
hydrogen density (113 kg m™ H,), low production costs,
potentially safe operation, and high stability under ambient
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conditions [31, 32]. Although hydrogen generation reaction
upon NaBH, hydrolysis is considerably slow, the reaction is
spontaneous at room temperature, and can be accelerated in
the presence of suitable catalysts.

Wastewater mostly discharged from the industrial plants
and metropolis introduces many toxics and persistent pollut-
ants [33]. These pollutants cause severe health problems on
human and ecosystems; consequently, these materials must
be removed to improve water quality and the environment.
Amongst these pollutants, mainly phenols and their deriva-
tives are crucial contaminants in wastewater because of their
high toxicity, carcinogenic nature, high oxygen demand, and
low biodegradability [34]. 4-NP and 2-NP are the two phe-
nol derivatives that are widely used in the production of
insecticide, fungicide, and dyes. The direct exposure to these
pollutants causes inflammation of eyes, skin, and respira-
tory tract. Also, the allergic response may occur in case of
prolonged contact with skin [35]. Various technologies, such
as biodegradation, adsorption, catalytic wet oxidation, and
advanced oxidation processes have been conventionally used
for the treatments of phenols [36]. In spite of the available
biological methods that are widely performed for the treat-
ment of wastewater, the low degradation rate is one of the
major disadvantages of these organic species. Hence, the use
of new, smart materials with high degradation rate to remove
various contaminations is demanded, so, in this investiga-
tion, we prepared 3-D macro hydrogels composites from
2-Acrylamido-2-methyl- 1-propansulfonic acid (AMPS) as
P(AMPS)-Ag as an environmentally benign material.

In the present study, we report a facile and scalable route
to prepare new designed, catalytically active metallic sil-
ver in situ grown on p(AMPS) hydrogels. The resultant
p(AMPS)-Ag catalyst shows an excellent catalytic perfor-
mance for the hydrogen generation from NaBH, hydrolysis,
reduction of 4-NP and oxidation of alcohols. More inter-
estingly, the p(AMPS)-Ag catalyst can be easily separated
after catalytic reaction and readily recycled over four suc-
cessive reaction cycles. Since the eco-friendly and inexpen-
sive p(AMPS)-Ag is catalytically effective with superior
recyclability.

2 Materials and methods
2.1 General considerations

2-Acrylamido-2-methyl-1-propansulfonic acid (AMPS,
aqueous solution containing 50 wt % water) as monomer,
N,N'-methylenebisacrylamide (MBA) as crosslinker (99%,
Across), ammonium persulfate (APS) as initiators (99%,
Sigma Aldrich) and N,N,N'.N'-tetramethylmethylenediamine
(TEMED) as accelerator (98% Across) were used in hydro-
gel preparation. Ag(CH;COO) (Merck) was used as metal
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ion source. Sodium borohydride (NaBH,, 98%, Merck) was
used in the reduction of metal ions to prepare metal nano-
particles. FT-IR spectra were recorded in KBr disks with a
Bruker FT-IR spectrophotometer. The exact amount of the
silver in the composites was determined by AA spectroscopy.
Morphology of swollen p(AMPS), hydrogel was investigated
with scanning electron microscopy (SEM) via MIRA3 TES-
CAN FE SEM and an accelerating voltage of 10 keV. The
sample was swollen and quickly frozen in liquid nitrogen.
The hydrogel was freeze-dried at — 50 °C for 3 days to pre-
serve their porous structure without any collapse. After that,
the dried samples were deposited onto an aluminum stub and
sputter-coated with gold for 60 s to enhance conductivity.
Transmission electron microcopy (TEM, PHILIPLS CM-30)
was used to find out the size of metal nanoparticles inside
the hydrogel nanocomposites. The swollen hydrogel was
finely grounded with the help of a soft ball and the resulted
hydrogel nanocomposite samples were dispersed in 1 mL of
ethanol and dropped on collodion film coated copper grid for
TEM analysis. The atomic absorption analysis was carried
out using Varian spectra AA 220 equipment. The reduction
of nitrophenol was determined using Pharmacia Biotech
Ultrospec 4000 UV-Vis spectroscopy. The specific surface
areas, pore volume and pore size measurements of p(AMPS)
hydrogel were determined using a surface area and porosity
measuring device (Belzorp Japan 926). Dried p(AMPS) par-
ticles were degassed to remove moisture and other contami-
nants at 80 °C for 6 h prior to adsorption analysis using a
Flow Prep 060 Degasser. The reaction products of oxidation
were determined and analyzed using an HP Agilent 6890
gas chromatograph equipped with a HP-5 capillary column
(phenyl methyl siloxane 30 mx 320 pm X 0.25 pm).

2.2 Preparation of hydrogel p(AMPS)

Polymeric hydrogel was synthesized from AMPS via free
radical polymerization reaction techniques in the mild
reaction condition (30 °C), as shown in Scheme 1 [2]. In
the synthesis of p(AMPS) hydrogels, 5 mL AMPS aque-
ous solution containing 50 wt% water, 0.093 g MBA and
5 uL TEMED were mixed with 0.5 mL pure water and to

Scheme 1 Schematic repre-
sentation for the synthesis of
p(AMPS) composite

TEMED
AMPS + MBA ——3» P(AMPS)
APS

Ag(CH;COO0)
—_—

this solution a separately prepared APS solution of 0.028 g
APS in 0.5 mL water was added and vortexed homogene-
ously. The mixture was placed into plastic straws (~4 mm
in diameter), and these plastic straws were immersed in a
30 °C water bath for 4 h to complete polymerization and
crosslinking. Finally, the obtained 3-D hydrogels were cut
in equal shapes, washed with approximately of 2000 mL
of water for 24 h. The wash water replenished every 2 h to
remove un-reacted species (monomer, crosslinker, accel-
erator and initiator). After the cleaning procedure, hydro-
gels were dried in an oven to a constant weight at 40 °C
and kept in sealed containers for further use.

Selected FT-IR (KBr, cm™!): (p(AMPS)): 3423 (br),
3114 (w), 3001 (w), 2950 (w), 1688 (m), 1568 (m), 1476
(W), 1404 (w), 1229 (s), 1053 (vs), 824 (w), 641 (w), 551
(w).

2.3 In situ synthesis of metal nanoparticles
within p(AMPS) hydrogel

For in situ fabrication of metal nanoparticles within
p(AMPS) hydrogel, first silver ions were loaded into
hydrogel network by dispersing 0.2 g of the dried
p(AMPS) hydrogel in 50 mL, 500 ppm aqueous solution
of silver acetate for 24 h at room temperature under con-
tinuous stirring. Ag(I) ions loaded hydrogels were washed
with DI to remove unbound metal ions. Then, to reduced
metal ions within hydrogel network, metal ions loaded
hydrogels were treated with 50 mL, 0.1 M NaBH,. Finally,
the prepared p(AMPS)—Ag hydrogel composites were fil-
tered, washed with DI and used for characterization, as
shown in Scheme 1. The amounts of metal nanoparticles
entrapped in hydrogels were calculated by AA measure-
ments after dissolution of metal nanoparticles embedded
within p(AMPS) hydrogel by treating with 5 M HNO;
aqueous solution.

Selected FT-IR (KBr, cm™!): (p(AMPS)-Ag): 3472 (br),
3028 (w), 2950 (w), 2880 (w), 1677 (m), 1563 (m), 1477
(w), 1412 (w), 1320 (w), 1231 (s), 1051 (s), 797 (w), 638
(w), 539 (w).
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2.4 Swelling behavior of p(AMPS) hydrogel

The swelling experiments for the p(AMPS) hydrogel was
carried out in water (at room temperature). Pre-weighted
hydrogels were immersed in water and the mass increase
was recorded by weighing the soaked hydrogels at certain
time intervals after blot drying with filter paper to remove
the excess solvent on the surface.

2.5 General reduction procedure

NaBH, (17.5 mmol) was added to solution of nitro com-
pounds (0.5 mmol) in 50 mL of distilled water. Certain
amount of dried hydrogel-composite was placed in this
solution. After the addition catalysts (hydrogel composite),
samples were directly withdrawn from the reaction medium
at certain time intervals and diluted up to 15 times with DI
followed by measuring UV—Vis spectra of these solutions
to monitor the decrease in intensity of the absorption peak
at 400 nm. The rate constant of the reaction was determined
by measuring the change in intensity of this peak with time.

To study the effect of temperature on the rate of reduc-
tion of 4-NP, the reduction was carried out at three different
temperatures; 25 °C, 40 °C and 60 °C keeping the amount
of reactants and catalyst constant. Also the effect of amount
of catalyst was investigated on the reduction of 4-NP. For
this, different amounts of catalyst were used and other reac-
tion conditions were kept constant. The reusability of the
catalyst was also investigated by using the same catalyst in
four consecutive runs in reduction reactions and p(AMPS)-
Ag washed with DI water before each usage. All the experi-
ments were repeated at least three times and there average
values are given with standard deviations.

2.6 General oxidation procedure

A mixture of p(AMPS)-Ag in water (3.0 mL) was placed
into a two-necked flask equipped with a magnetic stirrer.
The flask was evacuated and refilled with pure oxygen (bal-
loon filled). Then the benzyl alcohol (0.108 g, 1.0 mmol)
was added into the solution with a syringe. The mixture was
heated to reach the set temperature under O, atmosphere
for 24 h. The resulting mixture was vigorously stirred at
80 °C under O, atmosphere for 24 h. After the reaction, the
catalyst was de-swelled in CH,Cl, (2.0 mL) for 24 h. Then
the organic phase was combined and removed the solvent
and analyzed immediately by GC. The oxidation products
were identified by comparing the retention times with the
literature data. For the blank test with the bare hydrogel
without Ag, the oxidation reaction of benzyl alcohol was
accomplished with p(AMPS). To test the reusability of the
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p(AMPS)-Ag composite, after every usage, the catalyst was
separated from reaction mixture by filtration, washed with
DI and reused in the same reaction conditions again.

2.7 Hydrolysis of NaBH, catalyzed by p(AMPS)-Ag

In the hydrolysis of NaBH, certain amounts of hydrogel
composites containing equal amounts of Ag nanoparti-
cles were placed into 50 mL water at 25 °C. To initiate the
hydrolysis reaction, 0.1 M (0.2 g) NaBH, was added to this
reaction mixture and stirred at 1000 rpm. The volume of gen-
erated H, gas with time was measured in an experimental set
up where the produced H, gas replaced water in an inverted
volumetric cylinder. All the experiments were repeated at
least three times and results are given as the averages of
these three measurements with their standard deviations. To
determine the effect of temperature on NaBH, hydrolysis
and determine the activation parameters, 0.1 g p(AMPS)-Ag
hydrogel composite was used in NaBH, hydrolysis at 25, 40
and 60 °C under the same reaction conditions.

3 Results and discussion
3.1 Synthesis and characterization

The characterization of porous p(AMPS) hydrogels and their
metal composites were carried out with various characteriza-
tion techniques, such as SEM images, FT-IR spectroscopy,
TEM images and AA spectroscopy.

The structure of p(AMPS) hydrogels, were determined
using a scanning electron microscope (SEM, JEOL 2010) on
thin sections of freeze dried p(AMPS) hydrogels. The SEM
image of p(AMPS), shown in Fig. 1, indicates the formation
of homogeneous and highly porous material.

View field: 254 um | 50 ym
SEM MAG: 500 x |

Fig.1 SEM image of p(AMPS) hydrogel
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To determine the swelling behavior of p(AMPS) hydro-
gels, distillation water was chosen as the swelling media.
The swelling ratios were estimated using the following
equation:

Swelling ratio (%) = (W, — Wy) /W4 x 100

where, W is the weight of swollen hydrogel and W, is the
weight of the dried hydrogel at time zero. The swelling per-
cent values of p(AMPS) hydrogel 740% in H,O.

The representative FT-IR spectrum of p(AMPS) is shown
in Fig. 2a. The main characteristic bands for AMPS shown
at3114 cm™!, 2998 and 2950 cm™!, 1688 cm™! corresponds
to N—H stretching, aliphatic -CH stretching, C=0 stretch-
ing, respectively. The bands at 1229 cm™' and 1058 cm™!
represent S—O stretching vibrations of sulfonic acid groups
in AMPS units. As can be seen the bands the NH band of
MBA is overlapped by OH band at about 3200 cm™' [37],
so the related peak is disordered.

In addition, porosity of p(AMPS) has been studied in
dried solid state. Textural characterization of the p(AMPS)
has been investigated using N, adsorption—desorption at
— 196 °C. Figure 2 shows the pore size distribution of hydro-
gel obtained by Barrett—Joyner—Halendar (BJH) method.
According to the isotherms of the sample, the specific sur-
face area, specific pore volume and pore size distribution
of the sample were obtained and the results are shown in
Table 1. It can be seen that the pores are distributed in the
region of mesoporous and macroporous. In the mesoporous
region all samples exhibit a common peak between around
4 nm, indicating the presence of certain mesoporosity. On
the other hand, all macoporous present a size below 100 nm.

0.000045

0.00003

dv,/dr,

0.000015° |

1 10 100

ry/nm

Fig.2 Pore size distribution of p(AMPS) hydrogel

Table 1 Surface area and textural characteristics of samples

Sample Specific surface Pore volume Pore diameter
area (m* g~") (cm® g™h2 (nm)®
P(AMPS) 0.325 0.0748 2.38

4Sggr» calculated with the Brunauer—Emmett-Teller (BET) equation
"Determined by JBH method

A schematic representation of metal loading and in situ
reduction process for the formation of metal nanoparticles
inside hydrogel networks is demonstrated in Scheme 1.
Firstly, the chemical changes in the structure of p(AMPS)-
Ag composites were confirmed via FT-IR spectroscopy
by recording the FT-IR spectra p(AMPS)-Ag as seen
in Fig. 3b. After loading of Ag ions and reduction to
Ag® nano-particles, the small shifts in FT-IR spectra of
p(AMPS)-Ag is related to interactions between Ag and
hydroegl matrix, as shown in Fig. 3b.

To investigate the nanostructure of the sample, TEM
measurement was carried out. The TEM images of metal
nanoparticles-containing p(AMPS) hydrogels are given in
Fig. 4. As can be seen, metal nanoparticles with a uniform
spherical shape, are distributed within p(AMPS) hydrogel
matrices. Also p(AMPS)-Ag has about 20 nm, Fig. 5.

The amount of metal ion within the hydrogels was
determined, by using AAS after dissolution by HNO;
treatment and its amount is 4.3855 mmol/g hydrogel.

T%

T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm*

Fig.3 FT-IR spectra of (a) p(AMPS) hydrogel, (b) p(AMPS)-Ag
composite
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Fig.4 TEM images of metal nanoparticles from p(AMPS)-Ag
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Fig.5 Particle size distribution histogram of p(AMPS)-Ag (detection
of particle average size of about 20 nm)

3.2 The catalytic activity of p(AMPS)-Ag
toward the oxidation reaction of alcohols

The selective oxidation of alcohols, particularly with O,
as the terminal oxidant, is one of the fundamental and
important reactions in organic synthesis [19, 38]. With the
P(AMPS)-Ag catalyst in hand, we aim to evaluate its cata-
Iytic activity for the aerobic oxidation of alcohols.

In the beginning, the oxidation reaction of the benzyl
alcohol as the model substrate was done in water at 80 °C.
The blank experiments without Ag loading exhibits a neg-
ligible benzyl alcohol conversion (<9% at 80 °C and 24 h
reaction time). However, in the presence of the Ag catalyst,
benzyl alcohol conversion increases. Within 24 h and with
0.05 g catalyst (0.22 mmol Ag), 38.5% isolated yield of the
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benzoic acid was acquired. Within 24 h and with 0.1 g cata-
lyst (0.44 mmol Ag), 65% isolated yield of the benzaldehyde
was obtained (Table 2, entries 1-2).

Encouraged by these promising results, we then directed
our attention toward the oxidation of other primary benzyl
alcohols with substituent such as 4-MeO, 4-NO, and 4-Cl
groups (Table 2, entries 3-5). All substrates were oxidized
to the corresponding benzoic acid in good yields and excel-
lent selectivity. The substitution effect on aromatic substrates
was studied. As shown in Table 2, the conversion of alco-
hols, increased in the presence of electron-donating sub-
stituent, such as -OMe at the para- position of benzyl alco-
hol, (Table 2, entry 3), but in contrast, withdrawing group,
such as NO, and Cl (Table 2, entries 4-5) decreased the
conversion [39]. This trend is in accord with Hammett plot
results and suggesting that the formation of the transition
state with a carbocationic character on the benzylic carbon
during the discharge of hydrogen in the rate-determining
step is involved in the oxidation pathway over the current
catalysts [40].

After reaction, the catalyst recovered by filtration was
washed with H,O, dried and reused for the next run with-
out adding any fresh catalyst. The catalytic reusability for
pP(AMPS)-Ag in oxidations of benzyl alcohol was measured by
four-run tests in H,O solvent. The catalytic activity of catalyst
is preserved even after 4 runs and yield of the reaction does not
change significantly. Atomic adsorption spectroscopy of reac-
tion mixture after catalyst separation also confirmed that no
free silver ions are present in the solution. The stability of the
supported catalyst was also investigated. In these experiments,
the catalyst was separated from the reaction mixture after each
experiment, washed, dried and characterized by FT-IR and



Journal of Porous Materials (2020) 27:37-47

43

Table 2 Catalytic activity of p(AMPS)-Ag on the oxidation of benzyl alcohol

Entry Substrate Catalyst amount Conversion * Product Selectivity (%)
(%)
g catalyst (mmol Ag)
1 ©/\0H Q
0.05 g (0.22 mmol) 38.5 ©)‘\0H >99
o i
0.1g (0.44 mmol) 65 @oH >99
3 (0]
0.1 g (0.44 mmol) 80 /@)J\OH 50
OH
/©/\ H;CO
H;CO
o)
H3;CO
4 O
0.1 g (0.44 mmol) 42 /©)‘\OH >99
OH
o o
Cl
5 o)
0.1 g (0.44 mmol) 27 OH >99
OH
O,N

Catalyst (0.1 g, 0.44 mmol Ag), substrate (1.0 mmol), H,O, (5 mL) as solvent, K,CO; 1.2 mmol, temperature 80 °C, Time=24 h under O,

atmosphere

#Conversions are based on the starting substrate

T%

11 W‘A

4000 3500 3000 2500 2000 1500

Wavenumber / cm™

Fig.6 FT-IR spectra of (a) fresh catalyst, (b) recycled catalyst

1000 500

Fig.7 TEM image of recycled p(AMPS)-Ag composite
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TEM, as shown in Figs. 6, 7. FT-IR spectrum for the recovered
P(AMPS)-Ag in Figs. 6 and 7 was well consistent with that
of the fresh one, demonstrating a durable catalyst structure
accounting for the steadily catalytic reuse.

3.3 The catalytic activity of p(AMPS)-Ag
toward the reduction reaction of 4-nitrophenol

A reduction reaction relating the conversion of 4-NP to 4-AP
was chosen as a model reaction to evaluate the catalytic activ-
ity of synthesized p(AMPS)-Ag composite. For this purpose,
NaBH, was added as a reducing agent and p(AMPS)-Ag
hydrogel composite as a catalyst. It should be noted that con-
version of 4-NP to 4-AP cannot be carried out by NaBH, with-
out assist of any catalyst [41]. According to thermodynamic
studies, the reduction of nitro compounds is possible in the
presence of excess amounts of aqueous solution of NaBH,,, as
reducing agent, with large kinetic barrier [42]. But, the attend-
ance of a catalyst helps to overcome this energy barrier and
makes these reactions feasible under mild conditions such as
room temperature. In all the catalytic reduction of nitro aro-
matic compounds 0.02 g of hydrogel-Ag composite contain-
ing 0.088 mmol of Ag was used as catalyst.

Reduction of nitro compound was tracked by measuring
the decrease in its absorbance peak in UV—Vis spectra taken
at various intervals of times. Only a small amount of 4-NP was
reduced in the absence of catalyst even after 3 h as shown in
Fig. 8a. But after the addition of catalyst almost all of the 4-NP
present in the reaction mixture was reduced within 70 min as
demonstrated in Fig. 8b.

As reduction of NP was carried out in large excess of
NaBH, so this reaction was supposed as pseudo first order and
values of k,,, were calculated by plotting In(C/C,) versus time
as shown in Fig. 9. In order to evaluate the effect of tempera-
ture on the catalytic activity of p(AMPS)—Ag composite the
reduction of 4-NP was investigated at three different tempera-
tures; 25 °C, 40 °C, 60 °C keeping the amount of reactant and
catalyst constant. Dependence of reaction rate on temperature
is displayed in Fig. 9, (In(C/C,) versus time at different tem-
peratures). The reduction rates were increased linearly as tem-
perature rise. Because at higher temperature, rate of diffusion
of reactant molecules into hydrogel composites and collision
frequency of reactant and catalyst increase due to enhance in
the average kinetic energy of molecules.

Activation parameters can be calculated from the data
obtained by the reduction reactions carried out at different
temperatures catalyzed by p(AMPS)-Ag composite. Energy of
activation (E,) was calculated from Arrhenius equation which
is given below

Ink =InA — (E,/RT) (1)

According the Arrhenius equation In k,,, was plotted
against //T as shown in Fig. 10a, E, was calculated from the
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Wavelength (nm)
b
1.0 4
Abs
0.5 1 A
0.0

War elength (nm)

Fig.8 a UV-Vis spectra of 4-NP in the absence of catalyst and
presence of NaBH,. b UV-Vis spectra for the reduction of 4-NP
catalyzed by p(AMPS)-Ag composite and NaBH,. Reaction condi-
tions; 0.01 M 4-NP 50 mL, NaBH,=0.2 M, 0.02 g catalyst equal to
0.088 mmol Ag, 25 °C

slope of this plot and found to be equal to 35.267 (+0.375)
kJ mol~".

The activation enthalpy (AH%) and entropy (AS%) were
calculated by using Eyring equations (Eq. (2)).

Ink/T =In (kg/h) + AS* /R — AH* /R(1/T) )

According to Eyring equation In k,,, /T was plotted
against //T as shown in Fig. 10b. The value of AH” was
calculated from the slope of this plot and was found to be
32.649 (+0.375) kI mol~'. The positive value of AH* shows
that the formation of an activated complex in the reduction
of 4-NP is an endothermic process [43]. The value of AS*
was calculated from the intercept of plot of In(k,,,/T) versus
1/T and was found as — 158.875 (20.889) I mol~! K~!.The
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Fig.9 The determination of apparent rate constants (k,,,) for the
reduction 4-NP catalyzed by p(AMPS)-Ag composites with tempera-
ture

25 4

35
0.0029

0.0031 0.0032 0.0033 0.0034

=72

76

84

38 T T T T
0.0029

0.0030 0.0033 0.0034

Fig. 10 The determination of apparent rate constants (k,,,) for the
reduction 4-NP catalyzed by p(AMPS)-Ag with temperature, a plot
of In(kapp) versus 1/T, b Plot of ln(kapp/T) versus 1/T for the reduc-
tion 4-NP catalyzed by p(AMPS)-Ag with temperature

negative value of AS” shows that the reduction of 4-NP is
entropically unfavorable which can be made favorable by
adding catalyst [43]. The value of AG" was calculated from
the following equation, AG*=AH” - TAS*

The values of AG” at 298 K, 313 K and 333 K were calcu-
lated as 79.994 kJ mol~', 83.377 kJ mol~!, 85.554 kJ mol~!,
respectively. The positive values of AG” shows that reduc-
tion of 4-NP is a non-spontaneous process [44] and it needs
an input energy to proceed which is provided by the addition
of the catalyst.

The effect of catalyst amount on the reduction rate of
4-NP was also investigated. The reaction was studied at
three different amounts of catalyst viz. 0.01, 0.02, 0.04 g.
As shown in Fig. 11a, with an increase in catalyst amount,
the increase in rate of reaction was observed, as expected.
As with the increase in amount of catalysts, the available
catalytic sites are also increased. According to availability
of greater number of catalytic sites, greater numbers of reac-
tants are adsorbed on the surface of catalyst at the same
time, which results in an increase in rate of formation of
the products.

In order to investigate the effect of amount of reducing
agent on the reduction rate, different amounts of NaBH,

01z
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Fig.11 a The change in reduction rate constant of 4-NP with the
amount of Ag catalyst inside p(AMPS)—-Ag composites; b Change in
values of k, , with the change in of concentration of NaBH, during
the reduction of NP
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were used by assuming all other parameters constant. For
evaluation the effect of NaBH, on the reduction rate, dif-
ferent amounts of NaBH, (0.1-0.4 M) were used in reduc-
tion of 4-NP. As can be seen from Fig. 8b, there is a linear
increase in the reduction rate of 4-NP with the increase in
the amount of NaBH, at 25 °C. The same trend has been
reported in several literatures [45].

The reusability of p(AMPS)—-Ag catalyst system was stud-
ied by using the same catalyst in 4-NP reduction repeatedly
up to four times. After every use, the catalyst was filtered
and washed with DI, and used again for the same reaction
under the same reaction conditions without significant loss
of activity.

3.4 H, production by hydrolysis of NaBH,

Finally, metal nanoparticle containing hydrogel composites
was used in hydrogen generation reactions from hydrolysis
of NaBH, under stable reaction conditions of 50 mL 0.1 M
NaBH,, at 25 °C. Each hydrolysis reaction in this study was
repeated at least three times and the average of these meas-
urements was calculated with standard deviation.

NaBH, + H,0 — 4H, + NaBO,

The H, generation reactions from hydrolysis of NaBH,
were performed at three different temperatures to under-
stand the effect of temperature and calculate the activation
parameters. It was found that temperature is highly effective
on H, generation reactions from hydrolysis of NaBH,. The
effect of the temperature on the hydrolysis of NaBH, was
determined by using 0.1 g p(AMPS)-Ag metal composites
(containing 0.44 mmol nanoparticles) at different tempera-
tures which changed between 25 and 60 °C under certain
reaction conditions as given in experimental section. As the
temperature of the reaction medium is increased, the times
to produce the same amount of H, was decreased as demon-
strated in Fig. 12a. As can be seen the H, generation reaction
was completed within about 110 min at 25 °C whereas the
same reaction was completed within about 30 min at 60 °C.
The thermodynamic parameters of the hydrolysis reaction
of NaBH, were calculated by using the very well known
Arrhenius (Eq. (1)) and Eyring (Eq. (2)) equations associ-
ated with the graphs In k versus 1/T and In (k/T) versus 1/T
graphs as given in Fig. 12b, c, respectively.

As can be seen from Fig. 10, In k versus 1/T and In (k/T)
versus 1/T provide good linear relation. However, the acti-
vation energy was calculated by applying Eq. (1) for differ-
ent temperature, the same data were also used by applying
Eq. (2) for in calculation of activation enthalpy and entropy.
The activation parameters of energy, enthalpy and entropy
of p(AMPS)-Ag metal composite systems were deter-
mined as E,=29.95 kJ mol™!, AH*=27.33 kJ mol™' and
AS*=—-94.23 T mol~! K™, respectively (Fig. 13).
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4 Conclusion

Synthesis of p(AMPS) hydrogel was accomplished by a very
simple and easy method of free radical polymerization and
Ag nanoparticles were prepared within the hydrogel network
by in situ reduction method. FT-IR spectroscopy, AA meas-
urement and TEM images demonstrated the existence of
silver nanoparticles in p(AMPS) hydrogel matrix. The pre-
pared composites were found to be very effective catalysts
toward oxidation reaction of benzyl alcohols, reduction of
4-nitrophenol and hydrogen generation from the hydrolysis
of NaBH, under green conditions such as easy separation
of the catalyst, using water as solvent and relatively low
temperature. Reuse of the catalysts can be achieved, without
significant loss of catalytic activity.

Acknowledgements Authors are thankful to University of Zanjan for
financial support of this study.
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