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Abstract. Silver nanoparticles were synthesized in green route with non-hazardous polyvinyl alcohol and
polyvinylpyrrolidone as stabilizing as well as reducing agents and water as green solvent. This silver
nanoparticle-embedded polymer composite ﬁlm, Ag/PVA–PVP was characterized by UV–Vis spectroscopy,
SEM and TEM. The catalytic activity of this ﬁlm was evaluated in reduction of p-nitrophenol, acylation of
aniline and synthesis of a b-enaminone, 4-phenylamino-pent-3-en-one with appreciably good results. benaminone synthesis reaction was chosen to study the effects of kinetic parameters such as reactant quantity,
catalyst loading, solvents and temperatures. In a typical reaction, 89% conversion was achieved. A probable
chemical reaction mechanism is suggested. Kinetic model ﬁtting for the synthesis of b-enaminone reaction
was done for the ﬁrst time here. Heterogeneous kinetic model following Eley-Rideal pathway showed an
excellent data ﬁtting for the reaction. The rate law parameters were estimated.
Keywords. b-Enaminone; heterogeneous catalyst; microwave irradiation; silver nanoparticles; green
synthesis.

1. Introduction
Silver nanoparticles (Agnp), owing to their unique
chemical and physical properties exhibit wide spread
applications in versatile ﬁelds.1–5 Agnp shows exceptional catalytic efﬁcacy in numerous organic reactions.6–11 The Agnp-based catalyst is somewhat more
favored over other metal nanoparticles, for instance,
palladium, gold, and platinum, because of the ease of
preparation and lower cost.
Enhanced catalytic activity of metal nanoparticles is
the consequence of their high surface to volume ratio,
although the difﬁculty in retrieving the nanoparticles
from product stream creates a considerable disadvantage of their repeated use. Hence, the catalytic
nanoparticles should be provided support grid which
helps in separation and recycle. Well-proven catalytic
performances of polymer composites on noble metals
like Rh, Pt, Pd was observed in nitro aromatics, hydrogenation of cyclohexene, hydrosilylation of alkenes,
unsaturated aldehydes and alcohols. 12–18 Among many
other conventional carriers such as TiO2, C, SiO2,

Al2O3, and zeolites, polymeric supports offer versatile
features as potential carriers. Polymers have high
capability to stabilize uniformly dispersed metal
nanoparticles, hydrophilic/hydrophobic character and
the presence of several functional groups and hence, all
these make them very attractive supporting materials.19,20 As a result, catalytic centers formed in polymer
matrix fundamentally differ from that of conventional
inorganic carrier-supported noble metal catalysts.20
b-enaminones are esters which are profoundly used
as synthons in the synthesis of various natural products,
heterocyclic compounds, and bio-active heterocycles
such as pyridinones, therapeutic agents with antibacterial, antitumor, anticonvulsant, and anti-inﬂammatory
properties.21–26 Considering their immense importance,
it is necessary to have a convenient and effective process
for b-enaminones synthesis. Among the various methods developed for the synthesis of b-enaminones, condensation of dicarbonyl compound with amines in
aromatic solvent followed by azeotropic removal of
water was the most straightforward and simple method.
Non-conventional methods include ultrasound and
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microwave
techniques
for
synthesis
of
27,28
Some other methods were found
b-enaminones.
which applied various catalysts such as Yb(OTf)3,
perchlorates, Zn(OCl)4, InBr3, and CoCl2, etc.29–34
Although these methods are claimed as modiﬁed ones
yet they suffer several drawbacks which include the use
of homogeneous, expensive and non-reusable catalyst,
use of hazardous organic solvent and high temperature
reaction. Therefore, it is important to develop a
heterogeneous, recyclable, and non-toxic catalyst for
synthesis of b-enaminones at mild operating condition.
Polymer-supported Agnp are evaluated in the
reduction of p-nitrophenol or dyes reduction in most of
the studies.35 Polymer supported palladium nanoparticles are found in applications such as Suzuki-Miyaura,
cross-coupling reaction and Sonogashira reaction,
Mizoroki-Heck reaction, reduction of p-nitrophenol and
organic dyes.36–39 Agnp is an established catalyst in
oxidation and reduction of a number of molecules.
Recently, colloidal silver is used in C-C coupling
reaction.40 In the current study, PVA–PVP mixed
polymer matrix is chosen as the support for Agnp. PVA
has excellent ﬁlm forming, emulsifying and adhesive
properties, and PVP helps in reduction of size of
nanoparticles41 PVA–PVP mixed matrix as a support
for Agnp is not only cheap and eco-friendly but this also
serves as reducing and stabilizing agents. In spite of
these advantages, the major inconvenience associated
with this composite catalyst is the reaction of PVA–PVP
ﬁlm with the oxidizing agents when used in oxidation
environment and as a result, the ﬁlm gets dissolved in
the reaction medium. In the present work, PVA–PVP
supported Agnp ﬁlm was successfully used as catalyst in
several other important reactions such as reduction,
condensation and acylation reaction. The composite
polymer ﬁlm PVA–PVP was prepared where Agnp are
embedded, and the ﬁlm was used as a catalyst for the
synthesis of 4-phenylamino-pent-3en-one (a b-enaminone) by the reaction of acetylacetone and aniline at
mild condition. Moreover, the performance of the catalyst was also tested in p-nitrophenol reduction reaction
at room temperature and acylation reaction of aniline
with acetic acid at 373 K as well. The heterogeneous
kinetic model for b-enaminone synthesis reaction has
been proposed and rate law parameters are estimated.
2. Experiment
2.1 Materials
Polyvinyl alcohol (1,46,000–1,86,000 m.w., ? 99% hydrolysis) and polystyrene (280,000 m.w) were purchased from
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M/s. Sigma-Aldrich, India. Polyvinylpryrrolidone (30 K)
and p-nitrophenol (98%) were obtained from M/s. Loba
Chemie, India. Silver nitrate (C99%), toluene (C99%),
sodium borohydride (C95%), acetylacetone (99%), aniline
(C99%) and acetic acid (glacial) (C99.98) were procured
from M/s. Merck India Ltd., India. HPLC grade methanol
(99.8) was purchased from Rankem, India. All the experiments were performed using double distilled water.

2.2 Characterization
SHIMADZU UV 1800, Japan UV–VIS spectrophotometer of
range 200–1100 nm was used to obtain electronic spectra.
Transmission electron microscopy (TEM) was conducted on
TECNAI G2 20S TWIN, FEI, USA TEM at an accelerating
voltage of 120 kV. A thin ﬁlm was placed on copper grid and
vacuum dried. Field emission scanning electron microscopy
(FESEM) was performed on JSM-7610F, JEOL Japan. Silver
concentration in the ﬁlm was evaluated by atomic absorbance
spectroscopy (AAS) using iCE3300 AA Spectro, Thermo
Fisher (USA). Gas chromatography (Perkin Elmer Clarus 480
with DB5, capillary column) was used to monitor the progress
of all the reactions by reaction sample analysis and the conversion was estimated. Products were conﬁrmed by Gas
Chromatogram-Mass Spectroscopy (GC-MS) with Agilent
7890A GC and 240 ion trap MS using DB-5 column.

2.3 Synthesis of PVA/PVP/Agnp ﬁlm
Scheme 1 shows the schematic diagram of synthesis process of
Agnp supported multilayered composite ﬁlm. A solution of
polystyrene (PS, 1 g) in toluene (7 ml) was used for making PS
layer on glass substrate to use that as a sacriﬁcial layer. Three
sets of PVA 6% (w/v) solution at 353 K and similarly three sets
of PVP 6% (w/v) at room temperature were prepared with
deionized water. These solutions were then mixed at 358 K
under stirring for an hour to prepare three solutions with
PVA:PVP ratios of 95:5, 90:10 and 85:15 (wt/wt). AgNO3
solution was prepared and mixed in these solutions to get Ag:
polymer blend (PVA–PVP solution is designated as polymer
blend, PB) ratio of 0.16 (wt/wt). One more mixture was prepared
with PVA and AgNO3 in deionized water with the same ratio of
0.16 (wt/wt) of Ag:PVA to prepare composite of Ag/PVA.
A basic requirement for the catalytic ﬁlm is that it should
be thin enough for reactants to get an easy access to the
nanoparticles spread on that, but thick enough to prevent
rupture. A three-layered ﬁlm with the top and bottom layers
made with Ag-PB and with the middle layer made up of
PVA can provide the sufﬁcient thickness. While preparing
this sandwich-type ﬁlm, a polystyrene (PS) layer is also
required which will act as a sacriﬁcial layer and will not
come as a component of the actual composite catalyst ﬁlm.
Thus, the initial ﬁlm is a PS/(Ag-PB)/PVA/(Ag-PB) ﬁlm
which is prepared on a glass substrate/slide with PS layer
stuck on the slide.

J. Chem. Sci. (2020)132:79

Page 3 of 13

79

Scheme 1. Schematic diagram of synthesis process of Ag-nanoparticles supported multilayered composite ﬁlm.
To prepare this ﬁlm, these solutions were spin coated on
a glass slide to form polymer layer one after another with
such a fashion that a layer of PVA is sandwiched between
two Ag-PB or Ag-PVA layers. The stepwise preparation
process of this complex composite is stated below.
Solution of PS was coated on glass substrate at 1000 rpm
for 20 s with the help of spin coater. The coated ﬁlm was
heated at 333 K for 30 min.
Ag-PVA or Ag-PB solution was spin-coated on this PS
layer at 500 rpm for 10 s followed by 6000 rpm for 10 s and
this composite ﬁlm was heated at 333 K for 30 min.
In the third step, pure PVA solution (5% wt/v) was spincoated at 500 RPM for 10 s followed by 4000 rpm for 10 s
on the previous composite ﬁlm and then heated at 333 K for
30 min.
In the ﬁnal step, Ag/PVA or Ag/PB solution was again
spin-coated as the second layer at 500 rpm for 10 s followed
by 6000 rpm for 10 s to make PS/(Ag-PVA or Ag-PB)/PVA/
(Ag-PB or Ag-PVA) ﬁlm. Now, they altogether were treated
under microwave irradiation for different times to get the
Agnp supported composite ﬁlm of different characteristics.
The ﬁlm prepared, however, is not yet suitable for
reaction, since it is still attached to the glass substrate. This
is where the need of PS sacriﬁcial layer comes to play. The
glass substrate with polymer composite ﬁlm on it is
immersed into toluene, which dissolves the sacriﬁcial layer,
thereby, removing the catalytic ﬁlm from the glass slide
easily and without rapture. The composite ﬁlms thus prepared are kept separately on Teﬂon plate to avoid sticking
up with one another.

3. Test of catalytic activity in different reactions
3.1 Para-nitrophenol reduction reaction
The activity of composite polymer-Agnp catalyst was
evaluated primarily in p-nitrophenol (p-NP) reduction

reaction. Freshly prepared 10 ml of aqueous sodium
borohydride (0.1 M) was mixed with 0.1 ml of aqueous p-NP (0.1 M) taken in a vial and connected with
magnetic stirrer. The polymer ﬁlm (contain 6.2 lg of
Agnp), amount of silver in the ﬁlm was determined by
AAS analysis) wrapped Teﬂon frame was put in the
reaction mixture at ambient temperature for 24 min
and 100% conversion of p-NP was observed. Progress
of the reaction was monitored by UV–Vis spectrometry in the scanning range of 250–500 nm.
3.2 Acylation reaction of aniline
To verify the catalyst performance, aniline acylation
reaction was chosen. 12 mmol aniline was mixed with
12 ml acetic acid (0.21 mol) in a vial connected with
magnetic stirrer. Four (Ag-PB)/PVA/(Ag-PB or AgPVA) composite ﬁlms (22.8 lg of Agnp, as determined from AAS analysis) encased in Teﬂon frame
were placed in sample vial. It was then heated in oil
bath at 373 K. The progress of the reaction was
monitored by GC analysis, and 94% conversion of
aniline was achieved in 4 h.
3.3 Synthesis of b-enaminone
Typical reaction for synthesis of a b-enaminone,
4-phenylamino-pent-3-en-one from acetylacetone and
aniline has been carried out by mixing 1 mmol aniline
and 1 mmol of acetylacetone in 12 ml methanol in a
vial connected with magnetic stirrer (Scheme 2). Four
(Ag-PVA or Ag-PB)/PVA/(Ag-PB or Ag-PVA) composite ﬁlms (22.8 lg of Agnp as obtained from AAS
analysis) Agnp were encased in Teﬂon frame and
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placed in sample vial. The vial was then heated in oil
bath at 333 K. The progress of the reaction was
monitored by GC analysis and product was conﬁrmed
by GC-MS analysis. This reaction has been performed
with parameters study and their estimation.
4. Results and Discussion
In the synthesis of (Ag-PVA or Ag-PB)/PVA/(Ag-PB
or Ag-PVA) composite ﬁlm, hydroxyl group of PVA
reduces Ag? to Ag. Microwave irradiation helps to
accelerate reduction of Ag? to Ag. Silver nanoparticles show optical spectrum in terms of absorption
peak, also known as the surface plasmon resonance
(SPR). Figure 1 shows the UV–Vis absorption spectrum for ﬁlms prepared from PVA:PVP (95:5) solutions and kept for 8 min under microwave irradiation.
A sharp peak was observed at 423 nm which conﬁrms
the formation of mono-dispersed Agnp in the ﬁlm.
The morphology of Agnp supported PVA ﬁlms,
prepared at different time periods of microwave irradiation times is shown as SEM image in Figure 2a–c. All
the SEM images conﬁrm that irradiation time has signiﬁcant effect on the size and dispersity of Agnp in the
ﬁlm. Agnp formed after 6 min irradiation time are found
to be larger in size (20 nm, Figure 2a), compared to that
formed after 8 min irradiation (11 nm, Figure 2b).
Moreover, increase in irradiation time changes the
polydispersed pattern of Agnp into monodispersed form
in the polymer ﬁlm as shown in inset of each image of
Figure 2. The reason behind this phenomenon may be
extent of chemical reduction as well as digestive
ripening (it is process in which larger Ag particles
converted into smaller ones).42–44 The large particles
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(20 nm) obtained at 6 min may be the agglomerated
form of Agnp. The difference in sizes of the Agnp
formed, i.e. 11 nm and 12 nm (Figure 2b, c) from the
synthesis time of 8 min and 10 min respectively is
insigniﬁcant. Hence, 8 min irradiation time is considered to be the most preferred one for synthesis of small
sized nanoparticles with good dispersion. The variation
of particle size of Agnp prepared at different microwave
irradiation times and different PVA/PVP ratios is tabulated in Table 1. The overall thickness of multilayer
composite ﬁlm was found to be 25–26 lm, measured
using a digital micrometer.
The morphology of Agnp embedded polymer ﬁlms
with different concentrations of PVA–PVP is depicted in
Figure 3a–d. The PVP content in PVA is increased from
0 to 15% and the compositions of polymer mixture taken
are 100% PVA (Figure 3a), (95:05), (90:10) and (85:15)
% PVA:PVP (Figure 3b–d) by weight. Agnp are produced in all these polymers using the same concentration
of AgNO3 as Ag precursor. The homogeneously distributed small spherical particles represent Agnp in all
micrographs. The insets in all the pictures show the
particle size distribution for each case and it is clearly
visible that, with increase in PVP from 0 to 15%, the
average size of Agnp shifts from 11 nm to 6.5 nm. This
indicates that PVP prevents agglomeration of nanoparticles and reduces the size of them. The PVP polymer
contains both hydrophilic (pyrrolidone moiety) as well as
hydrophobic (alkyl moiety) components. This effect of
PVP may be explained by the strong afﬁnity of N and O
atoms of its polar group (pyrrolidone group) towards Ag?
ions which stabilizes it. On the other hand, the
hydrophobic methylene and methyne groups in the ring
along with the backbone of PVP molecule prevent the

Scheme 2. Images of (a) ﬁlm wrapped in teﬂon frame, (b) reaction vial with catalyst ﬁlms, (c) overall experimental setup.
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Figure 1. UV–Vis spectra of Agnp supported PVA–PVP
(95:5) ﬁlm at 8 min microwave irradiation time.

agglomeration of Agnp by repulsive force.41,45,46
Because of the presence of PVP, the rate of spontaneous
nucleation increases, as a result, the number of ﬁnal
nanoparticles increases, and therefore the mean particle
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size decreases. More PVP acts as a favorable factor and
the size of Agnps decreases. At the same time, the
resultant metallic silver particles are capped faster by
PVP molecules of higher concentration than by that of the
lower.
TEM image of Agnp supported PVA/PVP ﬁlm of
PVA:PVP (90:10) obtained with 8 min microwave
irradiation time is shown in Figure 4. The image
conﬁrms the formation of mono dispersed and nonaggregated Agnp. Average size of the particles estimated from histogram of TEM image (inset of
Figure 4) was found to be 6±1.6 nm. TEM image
shows somewhat smaller size of the Agnp than that
observed from SEM analysis. The difference in size
may be due to the use of a single thin ﬁlm for TEM
analysis compared to three-layered ﬁlm used for SEM.
4.1 Catalyst test: Reduction of p-nitrophenol
Activity of the prepared composite catalyst was ﬁrst
veriﬁed in the reduction of p-NP to p-aminophenol

Figure 2. SEM images of Agnp supported PVA ﬁlm at different microwave irradiation times (a) 6 min (b) 8 min (c) 10
min.
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Table 1. Particle size of Agnp at variable microwave irradiation times and different PVA/
PVP ratios at constant irradiation time of 8 min as obtained from SEM analysis.
Parameter
Micro wave irradiation time (min)
(Agnp/PVA)
PVA:PVP (8 min irradiation time)

Average Agnp size (nm)
6

20 ± 6

8
10
100:0
95:05
90:10
85:15

11
12
11
10
9
6.5

±
±
±
±
±
±

2
3
2
2
2
2

Figure 3. SEM image of silver nanoparticles supported PVA/PVP ﬁlm at different PVA:PVP ratios (a) 100:0 (b) 95:05
(c) 90:10 (d) 85:15.

(p-AP) with excess of sodium borohydride. This
reaction is used as a model reaction for catalyst
activity test. p-AP is an important raw material for
synthesis of medicine, lubricant and dyes. p-NP is a
hazardous pollutant present in industrial wastewater
which is unwanted for safe water use. Hence, it is
necessary that the catalyst for the reaction should be
such that it can convert p-NP completely at economic
process condition. Figure 5 shows the absorbance of
p-NP at 400 nm wavelength which decreases with time

and simultaneously the absorbance of p-AP at 300 nm
wavelength increases with time. Absorption peak of pNP was completely disappeared in 24 min and this
conﬁrms total conversion of p-NP into p-AP. Plot of
ln(At/Ao) with time (inset of Figure 5) shows a linear
ﬁtting according to equation (1) with good correlation
coefﬁcient (R2 = 0.99), which conﬁrms ﬁrst order rate
kinetics of the reaction. Apparent rate constant (kapp
from equation 1) estimated from the slope of this
linear plot is found to be 0.16 min-1. Reaction was
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Figure 4. TEM image of silver nanoparticles supported
PVA/PVP ﬁlm at PVA:PVP (90:10) obtained at 8 min
microwave irradiation time.

repeated for ﬁve consecutive times with the same
catalyst ﬁlm by washing with water and drying. After
each run the activity of the catalyst is found to remain
same from fresh to 5th time reuse.
dCNP
¼ kapp CNP
dt
ln

At
Ct
¼ ln
¼ kapp  t
A0
C0

ð1Þ

Where CNP is concentration of p-NP, kapp is apparent
rate constant, Ct and Co represent concentrations of pNP at different time and initial absorbance respectively, At and Ao represent absorbance at different time
and initial absorbance respectively. Turnover frequency (TOF) and turnover number (TON) of catalyst
are two signiﬁcant parameters to compare catalyst
efﬁcacy. TON can be deﬁned as number of moles of
reactant consumed per moles of catalyst and TOF is
simply calculated by dividing TON/Time of reaction.
TOF and TON was found to be 0.121 s-1 and 174
respectively, which is higher when compared with
litreature as shown in Table S1 in supplementary ﬁle.
4.2 Catalyst test: acylation reaction
Another veriﬁcation of catalytic activity of the composite ﬁlm was done in acylation reaction of aniline
with acetic acid at 373 K and 94% conversion of
aniline was observed after 4 h. Reusability of catalyst
ﬁlm was tested for two consecutive times with 90%
and 84% conversion, which proves that the catalyst
ﬁlm can be successfully used for acylation reaction.
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Figure 5. UV-spectra of reduction of p-NP to p-AP, inset:
plot of ln(At/Ao) with time.

4.3 Catalyst test: synthesis of b-enaminone
The third reaction to which the performance of catalyst
has been tested is the synthesis of b-enaminone,
4-phenylamino-pent-3en-one, formed by the reaction
of acetylacetone and aniline. The effect of different
kinetic parameters on the reaction has been estimated.
The results of the detailed study are stated and a
heterogeneous kinetic model for this reaction is also
proposed.
4.3a Effect of acetylacetone and aniline amount: Effect of
acetylacetone on conversion of aniline is shown in run 1–7
of Table 2. As the amount of acetylacetone increases from 0
to 2 mmol, conversion of aniline increases from 0 to 96%
for 12 h run, keeping aniline at 1 mmol. Gradual increase in
acetylacetone to 3, 4, and 5 mmol, keeping the aniline (1
mmol) amount constant, 96% conversion was estimated at
much reduced time of 8, 4, and 2 h respectively. Similarly,
the effect of aniline on conversion is shown in run 9–11 of
the table. As the amount of aniline increases from 0.5 to 1
mmol, keeping the amount of acetylacetone ﬁxed at 1
mmol, the conversion of aniline decreases from 93.62 to
67.76%. This indicates that with increase in quantity of
acetylacetone, conversion of aniline increases or reaction
rate is enhanced, whereas, with increase in amount of aniline the conversion decreases or reaction rate reduces. Run 8
reveals the result of the reaction of 1 mmol acetylacetone
with 1 mmol aniline with 89% conversion in 19 h. The
chemical reaction mechanism and stoichiometric reaction
equation are discussed in section 4.3g and shown in
Figure 8.
4.3b Effect of catalyst loading: Figure 6 shows the effect
of amount of catalyst on conversion of aniline. The results
show that as the amount of catalyst increases from 0 to 22.8
lg, conversion increases from 5 to 69% in the reaction time
of 12 h. This result is a clear consequence of the increase in
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active site with the increase in the amount of the catalyst.
More number of active sites result higher adsorption of
acetylacetone on the sites which reﬂects increase in
conversion.
4.3c Effect of temperature: The reaction was carried out in
the temperature range from 303 to 333 K for 12 h and
aniline conversion is found to increase from 0 to 68% with
increase in temperature, which is shown in Figure 7. This
trend follows Arrhenius equation, which says that the rate of
reaction increases with temperature and that reﬂects an
increase in conversion.47 Hence, the temperature has a
pronounced effect on the reaction and the conversion follows the usual trend with temperature.
4.3d Effect of size of silver nanoparticles: PVA and PVP
ratio shows considerable effect on the reaction, as PVP %
increases from 0 to 15%, size of the silver nanoparticles
decreases from 11 nm to 6.5 nm and conversion of aniline
increases from 47 to 70%. Smaller size nanoparticles import
better conversion than the larger ones. As discussed earlier,
PVP concentration has a noticeable effect on the size of
Agnp and size decreases with the introduction of PVP to
PVA. This decrease in Agnp size is also associated with the
increase in conversion of aniline. At 100% PVA with no
PVP, the average particle size is observed to be 11 nm and
the conversion is 47%, whereas, with 95:5 and 90:10 of
PVA:PVP mixture, the particles size become 10 nm and 9
nm with corresponding conversion 51% and 68% respectively. Decrease in particle size of Agnp provides higher
conversion, which may be the result of the availability of
more number of Agnp and hence catalytic centers too.48
Further increase in PVP percentage in 85:15 PVA:PVP
mixture, particle size decreases to 6.5 nm with insigniﬁcant
increase in conversion to 70%. This indicates that further
decrease in size does not help in increasing conversion.
Hence, it can be inferred that, smaller Agnp is responsible
for higher conversion, which is a reﬂection of the effect of

Table 2. Conversion of aniline with different amounts of
acetylacetone§.
Run
no.

Aniline
(mmol)

Acetylacetone
(mmol)

Conversion of
aniline (%)

Time
(h)

1
2
3
4
5
6
7
8
9
10
11

1
1
1
1
1
1
1
1
0.5
0.75
1

0
1
1.5
2
3
4
5
1
1
1
1

0
67.79
71.72
96.21
96.12
96
96.56
89
93.63
82.45
67.76

12
12
12
12
8
4
2
19
12
12
12

Reaction condition: catalyst (PVA:PVP= 90:10, 22.8 lg of
Agnp), 333 K, methanol (12 ml).

§

Figure 6. Effect of catalyst amount on conversion of
aniline. Reaction condition: acetylacetone (1 mmol), aniline
(1 mmol), catalyst (PVA:PVP= 90:10), 333 K, methanol
(12 ml) and time (12 h).

Figure 7. Effect of temperature on conversion of aniline.
Reaction condition: acetylacetone (1 mmol), aniline (1
mmol), catalyst (PVA:PVP= 90:10, 22.8 lg of Agnps),
methanol (12 ml) and time (12 h).

PVP content in the support as well. Although continuous
addition of PVP to the polymer mixture does not produce
any gain to the conversion yet the chance of the polymer
ﬁlm to become soluble in the reaction medium increases.
4.3e Effect of solvent: To investigate the effect of solvent
on the conversion, the reaction was carried out with two
different solvents, methanol and toluene for 12 h, keeping
the amount of the reactant constant for each case. The
reaction in methanol as solvent resulted 68% conversion of
aniline at 333 K, while the same conversion was achieved at
higher temperature, 363 K with toluene as solvent. This
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Table 3. Values of E-R model ﬁtting (polymath 6.0
software).
Variables

Value

95% conﬁdence

k

0.003

8.96E-08

KA (l/mol)
KP (l/mol)

0.020
0.213

3.31E-06
7.16E-06

R

2

2

79

Table 4. Reusability of catalyst.
Number of runs

1st

2nd

3rd

4th

Conversion %

89

70

65

65

Adj. R
0.98

0.99

effect can be explained by comparing the polarity of the two
solvents. Methanol is a polar solvent whereas toluene is
non-polar. The composite polymer catalyst is hydrophilic
and hence it gets a friendly environment in methanol than
toluene. Moreover, strong hydrogen bond interaction in
methanol stabilizes the reaction intermediates and enhances
the rate of reaction.49,50
4.3f Heterogeneous kinetic studies: The effect of variation
in concentration of acetylacetone in the reaction shows that
as the concentration of acetylacetone increases, more and
more atoms are adsorbed on the surface of the catalyst and
easily converted into b-enaminone by the reaction with
aniline. On the other hand, increase in concentration of
aniline hinders the adsorption of acetylacetone molecules

Reaction condition: acetylacetone (1 mmol), aniline (1
mmol), catalyst (PVA:PVP= 90:10, 22.8 lg of Agnp),
methanol (12 ml) and time (19 h).
and lowers the conversion. Hence, it can easily be concluded that aniline remains in the bulk phase and does not
adsorb on the catalyst site. This study helps to select EleyRideal model with surface reaction as rate controlling step,
the best suitable one for the reaction. Moreover, perfect
ﬁtting of the experimental data with adjusted R2 = 0.99
(Table 3) proves the proper selection of the model. Moreover, the 95% conﬁdence values as shown in the table are
small enough to conﬁrm the good ﬁtting of the model with
experimental data. Overall rate of reaction has been calculated by using equation 2. The heterogeneous kinetic
mechanism involves three steps (a) adsorption of acetylacetone (equation 3), (b) surface reaction (equation 4) and
(c) desorption of product (equation 5). The Eley-Rideal
mechanism was represented in equation 6.

Figure 8. Proposed mechanism for synthesis of b-enaminone (4-phenylamino-pent-3en-one).
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Figure 9. SEM image of catalyst ﬁlm after (a) 1st run, (b) 3rd run, (c) 4th run.
Overall rate of reaction can be stated as,

rA ¼

1 dCA
W dt

ð2Þ

Where, rA= rate of the reaction (mol/g.min), W=
weight of the catalyst (mg/l), CA = concentration of
acetylacetone (mM), t = time (min).
Now, considering heterogeneous kinetic model, according to the Eley-Rideal irreversible surface reaction controlling mechanism where aniline is not adsorbed on the
catalyst, the steps involved are,

A þ S $ A:S ðAdsorption of AÞ

ð3Þ

A:S þ B ! P:S

ð4Þ

P:S $ P þ S

ðSurface reactionÞ

ðDesorption of PÞ

ð5Þ

Where, A and B are acetylacetone and aniline
respectively, S is the vacant active site of the catalyst
and P is the product. A.S and P.S are the adsorbed
species on the active sites.
The expression of rate according to this model is stated
as,

r¼

kCA CB
ð1 þ KA CA þ KP CP Þ

ð6Þ

Where, CA, CB and CP are concentrations of acetylacetone, aniline and product (4-phenylamino-pent3en-one) respectively. k constant obtained from combined rate parameters. KA and KP are adsorption
equilibrium constants of acetylacetone and product
respectively.
4.3g Proposed mechanism for synthesis of b-enaminone:
Owing to a single electron in the outermost orbital of Ag
[(Kr) 4d105s1], it attracts the electron cloud of one of the
carbonyl oxygen atoms of acetylacetone and forms a labile
band.47 Carbon in that carbonyl group, becoming an electrophilic center, attracts one of the lone pairs from nitrogen
of aniline molecule and produces an intermediate (II). This
after molecular arrangement in step (III) removes water and
makes the catalyst Ag free with the formation of the product
b-enaminone, 4-phenylamino-pent-3en-one (IV). The
mechanism shows a stoichiometry of 1:1 of aniline to
acetylacetone. This proposed mechanism is depicted in
Figure 8.
4.3h Reusability of the catalyst ﬁlm: A study of
reusability of catalyst for a reaction is an essential part to
fulﬁll the thorough investigation. After each set of run
catalyst ﬁlm was washed with ethanol and vacuum dried for
further use. Hence, the catalyst was reused up to 4th run and
gradual decrease in conversion is observed, from 89% with
fresh catalyst to 65% at 4th run (Table 4). To inquire about
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the particles size of Agnp, SEM was done after the 1st run,
3rd and 4th run it has been found that the Agnp size was
increased from 9 to 16±6 nm after 1st run (Figure 9a) and
increase to 19±6 nm and 20±7 nm after 3rd and 4th run
(Figure 9(b, c)) respectively. The decrease in conversion
may be a result of increase in size of Agnp. The difference
in particles sizes between the Agnp obtained after 3rd and
4th runs is not appreciable and the conversion obtained is
also the same as observed from the table. TON and TOF of
catalyst is calculated for b-enaminone reaction are found to
be 4731 and 249 h-1 or 0.069 s-1 respectively.

5. Conclusions
An environment friendly protocol has been used for
synthesis of silver nanoparticles embedded polymer
composite ﬁlm. Nontoxic and naturally benign PVA
and PVP were used as reducing agents, stabilizing
agents and supports for nanoparticles. Use of microwave irradiation is a part of this green synthesis
method. SEM, TEM and UV–Vis spectrometry analysis conﬁrm the formation of silver nanoparticles in
the polymer composite ﬁlm. Amount of silver
nanoparticles in the ﬁlm was determined by AAS
analysis. This work shows the catalytic activity of the
nano silver/polymer ﬁlm in reduction of p-nitrophenol,
acylation reaction of aniline and b-enaminone (4phenylamino-pent-3en-one) synthesis. The heterogeneous kinetic model for b-enaminone synthesis reaction has been proposed and rate law parameters are
estimated. This study shows that the reaction mechanism follows Eley-Rideal kinetic model with excellent
experimental data ﬁtting.
Supplementary Information (SI)
Supplementary information encloses GC-MS spectra of the
product, b-enaminone (4-phenylamino-pent-3en-one) (Figure S1 & S2). Comparison of catalyst efﬁcacy with literature-reported catalysts in p-nitrophenol reduction reaction is
shown in Table S1. Supplementary information is available
at www.ias.ac.in/chemsci.
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