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Abstract. An ultrasonication based green synthesis approach was used to prepare curcumin-stabilized silver
nanoparticles (c-AgNPs). Nanoparticles thus obtained were characterized by UV-Visible spectroscopy, X-ray
diffraction (XRD), Transmission electron microscopy (TEM) and Fourier transform infrared spectroscopy
(FTIR). Two different size distributions of c-AgNPs were obtained by changing the ratio of curcumin to
silver salt precursor. These c-AgNPs were used as catalysts in the catalytic reduction of p-nitrophenol to
p-aminophenol. The c-AgNPs with narrower size distribution exhibited better catalytic activity as well as lower
activation energy. Variation of apparent rate constant with the reactant concentration agreed with the Langmuir-
Hinshelwood (LH) model. Consequently, the surface rate constant related to the rate-determining step and the

respective adsorption constants of p-nitrophenol and of borohydride were determined as per this model.

Keywords.
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1. Introduction

Noble metal nanoparticles have many applications in
optical, electronic, chemical, biological, and medical
fields due to their characteristic properties.'”” While
there are many techniques for obtaining these nanopar-
ticles, for environmentally friendly synthesis protocols,
many researchers have turned toward natural substances
such as vitamins, sugars, plant extracts, biodegradable
polymers, and microorganisms as reducing and capping
agents. Plant based materials seem to be the best can-
didates and they are suitable for large-scale ‘biosyn-
thesis’ of nanoparticles.®® The key or active agent in
some of these synthesis are believed to be polyphe-
nols, like in the case of tea, wine and winery waste,
red grape pomace.!®!! Similarly, curcumin, the main
polyphenol in turmeric has recently been used as a
stabilizing and reducing agent in synthesis of Au and
Ag nanoparticles.”>”'* To the best of our knowledge,
there is no study on whether curcumin stabilization of
such noble metal nanoparticles has any effect on their
catalytic properties.

Keeping the foregoing in perspective, this communi-
cation presents a detailed study on the catalytic activity
of curcumin stabilized silver nanoparticles (c-AgNPs).

*For correspondence

Green synthesis; curcumin stabilized silver nanoparticles; p-nitrophenol; catalytic kinetics;

The catalytic efficiency of curcumin stabilized nanopar-
ticles was tested by using them as catalysts in the
model reaction of reduction of p-nitrophenol (Nip) to
p-aminophenol (AP). This is a well-known model reac-
tion which occurs in ambient conditions and without
any side reactions. Using such a standard reaction could
make possible the study of the catalytic kinetics from
the perspective of elucidating the mechanistic details.
Furthermore, this reaction results in the removal of
nitrophenols, which are regarded as one of the most
widespread environmental pollutants, while nitro to
amino conversion process is of high industrial relevance
such as for production of aniline, paracetamol, etc.'® It
is worthwhile to mention here that there are only a few
reports in literature on reduction of Nip over AgNPs but
with little or no kinetic studies. !¢

In the present study, therefore, the first step was
the preparation of c-AgNPs by an ultrasound assisted
synthesis protocol. We explored ultrasound assisted
or sonochemical reduction route for this synthesis to
overcome the general disadvantage of longer reaction
time,'> generally associated with such green synthe-
sis. In the sonochemical technique acoustic cavitation
due to high intensity ultrasonic irradiation of water
leads to formation of highly reactive He and OHe rad-
icals. Sonochemically generated He radicals or sec-
ondary radical species from organic additives in the
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reaction mixture are considered to act as reductant in
such metal nanoparticle synthesis.'® c-AgNPs with two
different size distributions were prepared by taking dif-
ferent amounts of curcumin in the synthesis. Next, we
applied these two c-AgNPs samples as catalysts in the
model reduction reaction of Nip to AP. These c-AgNPs
exhibit excellent catalytic activity for Nip reduction. At
a fixed reactant concentration, the effect of temperature
on the kinetics was investigated.

Recent publications from Ballauff’s and Meijboom’s
groups have shown that such data for some catalysts
can be modeled by the Langmuir-Hinshelwood (LH)
mechanism.!”?* The LH model implies that first both
reactants adsorb on the surface of the catalyst. In the
rate determining step, the metal nanocatalyst surface
acts as the electron conduit for transfer of electrons
from the donor BH, to the nitrophenolate ions for its
reduction. Therefore, detailed studies on the effect of
reactant concentrations on catalytic kinetics were also
carried out and the kinetic data generated were sub-
jected to the LH model to understand the catalytic
mechanism better.

2. Experimental
2.1 Synthesis of curcumin stabilized AgNPs (c-AgNPs)

Materials used for the synthesis of c-AgNPs were
AgNO; (Merck), Curcumin (Sigma Aldrich) and NaOH
(Merck). All reagents used were of analytical reagent
grade and used without further purification. Curcumin
solutions of 0.01 M and 0.001 M concentration were
prepared by dissolving suitable amount of curcumin in
2 mL of 10 mM aqueous NaOH solution and then the
volume was made up to 10 mL by water. Next, 5 mL
each of these freshly prepared curcumin solutions were
added to 0.05 mmol of AgNO; taken in 40 mL water
and subjected to ultrasonication for 5 min (with 25 s
‘on’ and 10 s ‘off” cycles). On completion of this treat-
ment the reaction mixture turned from yellowish red
to greenish yellow which indicated the formation of
c-AgNPs. Hereafter, we denote the c-AgNPs sample
prepared as S1 when the precursor silver salt to cur-
cumin ratio was taken as 1:1 and as S2 when this ratio
was taken to be 1:0.1.

2.2 p-nitrophenol reduction

For this purpose, 0.1 mL of 1.2 x 10~* M Nip was
diluted by adding 1.85 mL water and taken in a stan-
dard quartz cuvette of 1-cm path length. To this 50 uL
of aqueous 0.1 M NaBH, and 40 uL of the as-prepared
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c-AgNPs sol solution were added. The absorption spec-
trum of this reaction mixture was recorded after every
two minutes interval. The same procedure was repeated
to monitor the kinetics of the c-AgNPs catalyzed reac-
tion at four temperatures 297, 301, 305 and 309 K. The
reaction kinetics was also studied by varying the reac-
tant concentrations at constant temperature 301 K. To
study the effect of NaBH, concentration on the reaction
kinetics, 0.1 mL of 1.2 x 1072 M Nip, diluted by adding
1.85 mL water, was taken. To this 50 uL of aqueous
NaBH, solution of different concentrations (0.05, 0.1,
0.2, 0.3, 0.4 M) were added. Then, 40 uL of the as-
prepared c-AgNPs sol sample was added. Similarly, the
effect of increasing Nip concentration on the kinetics of
the reaction was also investigated. Here, the concentra-
tion of NaBH, was fixed at 0.1 M while that of Nip con-
centration was varied as 0.6, 1.2, 1.8,2.4,3.0 x 107> M.

3. Results and Discussion
3.1 Characterization of c-AgNPs

Figure 1 shows the UV-Visible absorbance spectrum of
the as-prepared (diluted) c-AgNPs sols, S1 and S2. For
both S1 and S2, the maximum UV-Visible absorbance
was found to be 408 nm in agreement with the well-
known LSPR absorbance of aqueous dispersion of sil-
ver nanoparticles.!”-? The X-ray diffraction pattern of
the nanoparticle powder samples S1 and S2 (Figure 2)
show five peaks at 38.18°, 44.40°, 64.66°, 77.07° and
81.25°. As per XRD data reported for silver in JCPDS-
ICDD (card no. 87-0720), these correspond to the
[111], [200], [220], [311] and [222] planes of fcc silver.
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Figure 1. The UV-VIS absorption spectra of aqueous

dispersion of samples S1 (10 times diluted) and S2 (as prepared)
c-AgNPs sols.
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Figure 2. X-ray powder diffraction pattern of S1 and S2
c-AgNPs.

A typical TEM micrograph and the respective particle
size distributions of S1 and S2 samples are shown in
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uniformly spherical in shape with an average size of
~17 nm as indicated by the size distribution histogram
(Figure 3b). On the other hand, c-AgNPs of sample S2
have narrower size distribution as well as finer average
particle size (12 nm). The size of nanoparticles was
calculated from the TEM micrographs. The average
size was calculated by measuring approximately 300
nanoparticles. For analyzing the interactions between
c-AgNPs and functional groups associated with cur-
cumin, the FTIR spectra of both pure curcumin and
solid powder c-AgNPs (S2) sample (Figures 4a and 4b)
were recorded in the range of 4000-400 cm™! in the dif-
fuse reflectance mode operating at resolution of 1 cm™!
using Perkin Elmer Spectrum 100 FT-IR spectrometer.
To obtain a good signal to noise ratio, 16 scans of
AgNPs were taken using KBr pellets. As can be seen
from a comparison of the FTIR spectra of curcumin and
c-AgNPs, the bands at 2922 cm™!, 1462 cm™!, 1030
cm'and 959 cm™! that appear in c-AgNPs are due to
vibrations of aliphatic C—H stretches and mixed vibra-
tions of CH;3, aromatic CCC and CCH of curcumin.

Figure 3. The c-AgNPs of sample S1 are found to be  This confirms that curcumin acts as a capping agent.'?
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Figure 3. TEM image of samples S1 and S2 of c-AgNPs (a, c), and the corresponding size

distributions (b, d), respectively.
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Figure 4. FT-IR spectra of (a) pure curcumin and (b)
curcumin stabilized AgNPs (sample S2).

3.2 ¢-AgNPs catalyzed p-nitrophenol (Nip) reduction

The UV-Visible spectrum of the Nip solution exhibited
a strong absorption peak at 317 nm. On addition of
NaBH, to the Nip solution, the absorbance peak shifted
to 401 nm due to conversion of Nip to p-nitrophenolate
ion. Then, the UV-Visible spectrum of a blank exper-
iment of Nip reduction by NaBH, (without c-AgNPs)
was recorded (Figure 5a). In this case, the peak absor-
bance at 401 nm showed no change with time confirm-
ing that there is no Nip reduction in the absence of
c-AgNPs. Next, the reaction kinetics was studied after
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the addition of c-AgNPs. Figure 5b displays decrease
in the intensity of the absorption peak at 401 nm after
addition of c-AgNPs with progress of time. Simultane-
ously, a smaller absorbance peak at 300 nm emerged
and gradually increased due to the formation of the
reaction product p-aminophenol (AP). Also, the spec-
trum showed two isosbestic points at 280 and 312 nm
which indicate that Nip was fully converted to AP with-
out any side reaction. We observed that on comple-
tion of the reaction, the absorption peak originally at
401 nm undergoes slight blue shift and also its inten-
sity did not go to zero. The remaining absorbance at
this slightly blue shifted maximum is due to the LSPR
of the c-AgNPs since the intensity of this absorbance
was the same as that of the aqueous dispersion of
c-AgNPs used (shown in Figure 5b). As is well-known,
the blue shift of the LSPR absorbance is due to the
adsorption of phenolate ions on the surface of the silver
nanoparticles.?®-?’

Monitoring of the absorbance of p-nitrophenolate
ion showed that it initially did not change for some
interval of time. The time during which no reduction
took place is known as induction time (#,4) and it was
observed that the reaction started only after the elapse
of #,q. For both samples S1 and S2 of c-AgNPs, after
the elapse of #,4, linear plot of In(A/Ay) versus time
was obtained. Here, A and A, denote the absorbance of
p-nitrophenolate ion at time ¢ and £, respectively. The
reaction, therefore, followed pseudo first-order kinetics
since the concentration of NaBH, (taken in large excess
relative to Nip) was virtually constant throughout the
reaction. These observations are in agreement with pre-
viously published data in literature on Ag nanoparticle
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Figure 5. UV-VIS absorption spectraof p—nitrophenol and NaBH, versus time of (a) the blank sample
(without c-AgNPs catalyst) and (b) in presence of c-AgNPs (sample S2) catalyst.
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catalyzed reduction of Nip.?®-?° The rate expression for
this reaction is given by the equation (1).
d[Nip]
dt

Here, [Nip] is the concentration of p-nitrophenol, while
k, is the surface area normalized rate constant. Sur-
face area (S) of the nanoparticles was calculated by
using average radius obtained by TEM micrographs and
their total mass per particle. The bulk density of the sil-
ver nanoparticle was taken into consideration as 10.49
g/cm’. The rate constant (k,,,) was determined in a
straightforward manner from the slope of the linear fit
of In(A/Ap) with time ¢ (after excluding #;,,4 as shown
in Figure 6a). We observe that the k,,, for sample S2
is much greater than S1. Owing to the finer particle
size as well as narrower size distribution, sample S2 has
a higher surface area than the c-AgNPs in sample S1.
The difference in k,,, may therefore be either due to
the increased surface area of the S2 catalyst or due to
activation energy of catalytic reaction or both. To find
the activation energies involved, rate constants at differ-
ent temperatures were analyzed in accordance with the
Arrhenius equation. The linearized form of Arrhenius
equation is given below.

Ink=InA— E,/RT

—kapp[Nip] = =k S[Nip] (1

2)

The activation energy (E,) was calculated from the
slope (— E,/R) of the linear fit of the In k versus 1/T plot
which presented in Figure 6b. The activation energy E,
when the reaction is catalyzed by S1 was found to be
~94 kJ mol~! and ~64 kJ mol~! when catalyzed by S2.
We may, therefore, conclude that the much greater k),
for sample S2 is due to a combination of increased sur-
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face area as well as lower activation energy. It is worth-
while to note that the activation energy value reported
for sample S2 in the present study is comparable to
those reported earlier for catalytic p-nitrophenol reduc-
tion.’*3* As mentioned earlier, this reaction occurs on
the surface of catalyst nanoparticles as per the LH
model. In the LH mechanism, the two reactants adsorb
onto adjacent active sites. The reactants then react and
product thus formed desorbs leaving behind empty
active sites on the catalyst surface. This model, there-
fore, requires that the reaction between the adsorbed
species on the catalyst should be the rate determin-
ing step which is well-established for the nanoparticle
catalyzed Nip reduction reactions. On the other hand,
the adsorption/desorption equilibration is assumed to be
fast. In view of the aforementioned assumptions, the
rate constant is given by equation (1).1:%

kSK 3y, INipl"™ (Kpu,[BH4)"
(1 + (Knip[Nipl)" + (Ko [BH)")’

In the above equation, k is the molar rate constant per
square meter of the catalyst surface or the true rate con-
stant related to the surface reactivity of the adsorbed
species,’’*?* is the total surface area of metal nanoparti-
cles normalized to the unit volume of the solution, K y;,
is the equilibrium adsorption constant of Nip, Kpy,
is the equilibrium adsorption constant of borohydride,
while [Nip] and [BH,] are the concentrations of Nip and
borohydride, respectively. Exponent n and m are indica-
tive of the heterogeneity of adsorbent active sites. Thus,
while the value of 1 represents the classical Langmuir
adsorption isotherm, lower values indicate increasing
heterogeneity.
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Figure 6. (a) Variation of In(A/A0) [absorbance (A) was measured at A = 401 nm] versus time for S1 and

S2 samples of c-AgNPs. (b) Arrhenius plots for Nip reduction reaction catalyzed by S1 and S2 samples of
c-AgNPs (Error bars cannot be seen because in most cases they are smaller than the symbol size).
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Figure 7. (a) Variation of k as a function of different initial

concentrations of Nip (0.6, 1.2, 1.8, 2+— .4, 3.0 x 1073 M), at
[NaBH4] = 0.1 M, mass (sample S2 c-AgNPs) = 0.004 mg.
(b) [NaBH4] (0.05, 0.1, 0.2, 0.3, 0.4 M) at [Nip] = 1.2 x
10> M and mass (sample S2 c-AgNPs) = 0.004 mg. The
solid line shows the fit of LH model (eq. 3) with the expe-
rimental data. The surface area of c-AgNPs is 3.79 m*> L~

The experimental data required for fitting with equa-
tion 3 were obtained by conducting kinetics experiments
by investigating the effect of reactant concentration on

Table 1.
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the rate of reduction. These experiments were carried
out at the constant temperature at 301 K, only on sample
S2 as the catalyst in view of its much better catalytic
activity. Figures 7a and 7b show the effect of concen-
tration variation of Nip and NaBH, on k,,,. Figure 7a
displays the decrease in k,,, with increase in the Nip
concentration. On the other hand, k,,, increased with
the concentration of NaBH, on going from 0.05 to 0.3 M,
but on further increasing the NaBH, concentration (i.e.,
0.4M) slight decrease in k,,, was observed (Figure 7b).
It appears that at higher concentration of NaBH,, the rate
constant reaches a saturation value. These observations
are as per the Langmuir-Hinshelwood mechanism
(LH) model.*** The solid lines in the figures are
fits to the experimental data as per equation (1). To
obtain the solid line fits, the parameters were optimised
until the best fit was found such that both figures (7a
and 7b) could be fitted with same set of values and
errors involved were the minimum. Table 1 gives these
Langmuir-Hinshelwood parameters for the present cat-
alytic reduction and also compares them with those
available in literature. Now, we discuss the observa-
tions in the context of the above-mentioned LH mech-
anism. In this context, it is important to note that large
[NaBH, ]/[Nip] ratio was used and the fact that increase
in [Nip] led to decrease in k,,,. This is explained by
the fact that the adsorption constant of Nip is much
larger than that of NaBH, (Table 1). As seen from
Table 1, other authors have also found that this is typi-
cally the case. Owing to the larger adsorption constant
of Nip on nanoparticle surface, increasing its concen-
tration results in blockage of active sites on the catalyst
surface. Thus, at some Nip concentration, nearly full
coverage of the catalyst is possible. This would be man-
ifested by very low catalytic activity,*® as happens in our
observations as well. Combined information pertain-
ing to respective adsorption constants of the reactants
with LH mechanism implies that in the present system
competition between reactants for active sites on the
catalyst surface slows down the reaction. An optimum

Comparison of surface rate constants, k, and adsorption constants of both Nip and BH4™ (Ky;, and Kpps—)

obtained by fitting the experimentally determined &, to the LH equation (1).

Catalyst k x 107 (mol.m~2.s71) Knip(L/mol) K4 (L/mol) n m Reference
Pt 460 4 60 2300 £ 500 89 £+ 10 0.6 £ 0.1 14+0.1 19
Au 160 £ 60 5500 £ 1000 58+5 0.6 £ 0.1 1+0.1 19
Pd 55+ 50 2300 + 400 48+ 5 0.6 1 20
Auy5Pdys 2900 + 300 1450 &+ 300 122 £ 15 0.6 1 20
G4 RuDENs 18 +3.9 90+ 6 3.6£1.1 0.37 £ 0.1 0.85 £ 0.08 21
G5 RuDENSs 24 + 6 87+ 4 54+1.1 0.56 = 0.1 0.57 £0.11 21
Au 730 £ 100 5300 £ 800 79 + 12 0.6 £0.1 1+0.1 2
c-AgNPs 3190 £ 72 217.92 £7.36 1.65 £0.23 1 1 This work
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Table 2. Comparison of apparent reaction rate constant and turnover frequencies (TOF) for p-nitrophenol reduction.
Apparent reaction rate Turnover Frequency
Sr. No. Catalyst constant (kgp,) (s7) (TOF) (min~ 1) Reference
1 CuNPs 1.588 x 1073 0.0122 8
2 Au/Graphene hydrogel 3.17 x 1073 68.36 37
3 Au on PMMA 79 x 1072 0.506 38
4 Au NCs 2.1 x 1073 0.264 39
5 Au on Carbon nanotubes 1.10 x 10~ 0.116 40
6 AgNPs 3.28 x 1073 40.2 4
7 AgNPs/PANINF 21.39 x 1073 201.5 4
8 AgNP-PG-5K 5.50 x 1073 320 2
9 Au-MgO 7.6 x 1073 0.487 3
10 CuNPs 43 x 1073 671 “
11 c-AgNPs (S1) 6.60 x 10~* 1081 This work
12 c-AgNPs (S2) 6.66 x 1073 1600 This work

concentration of Nip and NaBH, is therefore required
for the achieving the maximum reaction rate. Both m
and n exponent values found from our fits are equal to
1 which agree with the Langmuir isotherm or uniform
adsorption sites.

As is evident from the above description of equa-
tion (1), for catalytic systems which follow the LH
mechanism, the true or the surface rate constant k is
the most appropriate quantity to compare the catalytic
activities of various catalysts. One can see that among
the catalysts for which such data is available in litera-
ture (Table 1), the present c-AgNPs catalyst has the best
kvalue. On the other hand, generally in most publica-
tions, the catalytic activities of the different nanocata-
lysts are compared on the basis of their apparent rate
constants. However, in this approach the influence of
the amount of the catalyst is ignored. Therefore, in
Table 2, we present a comparison of the turnover fre-
quency (TOF) of c-AgNPs with values obtained in
some recent studies. The turnover frequency (TOF) was
calculated using the following expression.

Number of moles of reactant
TOF =

vield /Time
Number of moles of catalyst

From the Table we see that the TOF obtained for
c-AgNPs are better than other systems reported in liter-
ature. Earlier Chang ef al., and Baruah et al., reported
the use of Ag nanoparticles of comparable size as cat-
alysts for Nip reduction. The TOF values calculated
from their publications are much lower than those found
for c-AgNPs in the present investigation.*'*> A possi-
ble reason could be that curcumin on being attached to
the metal acts in some synergistic way (with respect to
the catalyst being an electron conduit for Nip reduc-
tion) to increase number of catalytic active sites per unit
surface area of the catalyst.*> The extended conjugated

electronic structure of curcumin means that the 7 - elec-
tron cloud is delocalized over the entire molecule. It is
possible that this feature of curcumin may be related to
the enhancement of catalytic activity of c-AgNPs.

4. Conclusions

Two different size distributions of fine curcumin stabi-
lized silver nanoparticles have been synthesized using
a sonochemical protocol. Nanoparticle size distribution
became narrower and average sizes finer ‘on increas-
ing the ratio of precursor silver salt to curcumin. The
catalytic activities of these nanoparticles were investi-
gated on the p-nitrophenol reduction model reaction.
Silver nanoparticles with finer size distribution (sample
S2) demonstrated significantly better catalytic activity
parameters. However, the activation energy as per the
Arrhenius equation for the reaction catalyzed by S2 was
also lower than that for sample S1. Thus, better cat-
alytic activity of the reaction catalyzed by sample S2
was because of the lower activation energy as well as
increased catalyst surface area. It is important to note
that curcumin stabilization of the AgNPs significantly
enhances the turnover frequency value and the value
obtained (for S2) is better than those reported in lit-
erature till date for p-nitrophenol reduction. Also, the
analysis of the effect of reactant concentration on the
rate constant shows that the reduction of p-nitrophenol
by borohydride in presence of curcumin stabilized sil-
ver nanoparticles occurs by the Langmuir-Hinshelwood
mechanism. Using this model we were able to calcu-
late the surface reactivity of the adsorbed species given
by the kinetic constant k, and also the thermodynamic
adsorption constants Ky;, andK gy, which are used to
understand the mechanism better.
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