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Abstract—Well-dispersed silver nanoparticles (AgNPs) were synthesized using a benign, one-pot process based on a
low-cost wet chemistry technique. Monoethanolamine was used as a strong reducing agent and poly(acrylic acid)
(PAA) was used as a stabilizing agent. After the addition of these reagents to a reaction system, one-pot synthesis of
AgNPs was completed in ~45 min at 75 °C with a reaction efficiency of 92.4%. The average particle size of the aqueous
dispersion of AgNPs was 14.83+5.96 nm, and the dispersion remained stable even after 14 months in an ambient dark
environment, which may be due to the electrostatic repulsion of the carboxylate anions of the stabilizing agent. The
role of PAA in the stabilization of the AgNPs was analyzed via Fourier transform infrared spectroscopy and energy-dis-
persive X-ray spectroscopy. The highly stable AgNPs in the aqueous system showed high catalytic activity for the
reduction of methylene blue and p-nitrophenol in the presence of sodium borohydride as the reducing agent based on

pseudo-first-order kinetics.
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INTRODUCTION

Metallic nanoparticles have attracted attention because of their
many desirable and unique properties [1,2]. Among the numer-
ous metallic nanoparticles that have been investigated to date, sil-
ver nanoparticles (AgNPs) are well known for their wide range of
applications, such as in optics [2], electronics [3,4], highly stretch-
able circuits, localized surface plasmon resonance (SPR) [5], sen-
sors [6], and medicine [7], in addition to their excellent catalytic
[8] and antimicrobial [9,10] properties. However, nanoparticles have
a high tendency to undergo oxidation and aggregation in practi-
cal applications, which suggests a need for enhancement of their
colloidal stability [11]. Researchers have been keen to develop highly
concentrated and stable dispersions of AgNPs with uniform parti-
cle size because they potentially have versatile applications in the
industry. However, the development of a highly stable dispersion
of AgNPs is a challenge, given the importance of stabilization of
nanoparticles in numerous applications [12]. Usually; the synthesis
of narrow-sized AgNPs involves the thermolysis of a silver source
in nonpolar and toxic solvents, which can lead to environmental
issues [13,14]. The hydrophobic nature of nanoclusters limits their
practical applications, especially in biological systems, in which water
solubility of nanoparticles is an important requirement. Additional
surface modifications are required to make the hydrophobic nano-
particles water-soluble [15,16].
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In view of the increasing demand for AgNPs, many researchers
have attempted to synthesize highly concentrated, stable dispersions
[17,18]. AgNPs can be synthesized by various chemical, physical,
and biological methods [19]. However, research on the synthesis
of highly concentrated, stable colloids of AgNPs is limited. Stabili-
zation of highly concentrated AgNPs is difficult because of their
high surface energy and high surface-area-to-volume ratio. Recently,
numerous studies have been conducted on the synthesis of highly
concentrated, stable dispersions of AgNPs (Table 1). However, the
utilization of these synthesis techniques in industrial applications is
hindered by low reaction efficiency, high energy input, use of toxic
and environmentally hazardous chemicals, high cost, complex reac-
tion, large size distribution, and long reaction time [4,16,20-27].

The carboxylate groups in poly(acrylic acid) (PAA), which is
inherently biocompatible, confer good surface binding properties
[28] for enhanced colloidal stability of silver nanocrystals in aque-
ous phase [29-31]. Highly stable, low-concentration core-shell nano-
particles have been synthesized at high temperatures by a polyol
process. However, this synthesis process is rather complex and
requires relatively expensive reagents in addition to involving a long
reaction time [32]. The synthesis of concentrated AgNPs and their
conductive properties have been reported [20,21]. However, their
industrial applications are limited because of their long reaction
time, complex synthesis processes, and broad size distribution. Fur-
thermore, the large size of synthesized AgNPs inhibits their use in
enhanced catalytic and antibacterial applications [10,33].

In the present study, we synthesized highly concentrated, stable,
and uniform colloids of AgNPs by an environmentally benign and
facile wet chemistry technique. We used monoethanolamine as a
reducing agent because it is relatively inexpensive and commercially
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available and has low toxicity. PAA was used as a capping agent.
The colloidal dispersion of AgNPs was stable for more than 14
months under ambient environmental conditions. The concentra-
tion of the synthesized AgNPs was ca. 83,070 ppm after washing.
Our developed synthesis approach has several distinct advantages:
use of relatively inexpensive starting reagents, a short reaction time,
high reaction efficiency; and a high concentration of the synthe-
sized product. Thus, the synthesis process can be characterized as
being environmentally friendly, which makes it ideal for industrial
applications. We also investigated the catalytic properties of the
synthesized AgNPs in terms of the reduction of pollutants, such as
p-nitrophenol and methylene blue (MB).

EXPERIMENTAL SECTION

1. Materials

Silver nitrate (AgNO;, 299% purity), monoethanolamine (>99.5%
purity), PAA (M,: 1800), 4-nitrophenol (pNP), MB, and sodium
borohydride (NaBH,) were used as received without any further
purification. These analytical-grade materials were purchased from
Sigma- Aldrich. Ultra-pure deionized water prepared using a Milli-
Q SP reagent water system (Millipore, Milford, MA) was used in
all experiments.
2. Synthesis of Silver Nanoparticles

First, 4.1 mL of monoethanolamine, 10 mL of AgNO; (0.83 M),
and 0.55 g PAA were mixed at room temperature, which yielded a
nearly transparent mixture. The mixture was heated to 75°C at
500 rpm. The nucleation process began after 10 min and the solu-
tion turned light yellow in color. As the reaction proceeded, the
concentration of AgNPs increased, which resulted in color changes
at different intervals (Fig. S1, supplementary file). The entire reac-
tion was completed in approximately 45 min, after which the nano-
particle solution was cooled to room temperature. The nanoparti-
cles capped with PAA were collected by centrifugation at 11,000
rpm for 15 min and then rinsed 5 times with water. The pH of the
AgNP dispersion was 8.84.
3. Characterization

A UV-Vis spectrophotometer (JASCO V-770) was used for meas-
urement of the characteristic absorbance peak of the AgNPs in the
range of 300-900 nm, in addition to examination of the catalytic
properties of the as-prepared AgNPs. The surface morphology of
the particles was analyzed using a field emission scanning elec-
tron microscope (JEOL JSM-7600F) at an accelerating voltage of
15kV and a high-resolution transmission electron microscope (JEM-
3010). The particle size distribution were analyzed using image
processing software (Image J bundled with 64-bit Java 1.8.0-112,
available for download at https://imagejnih.gov/ij/indexhtml). Ele-
mental analysis of the AgNPs was performed using an energy-dis-
persive X-ray spectrometer (X-MAX 50). A high-power thin-film
X-ray diffractometer system (D8 Advance) was utilized to charac-
terize the structure of the synthesized nanoparticles. Samples for
X-ray diffraction (XRD) analysis were prepared by dropping the
aqueous AgNPs onto a silicon wafer and subsequently drying the
wafer in an oven at 65°C. A sample was scanned in the 26 range
of 20-80° with a scanning speed of 26/min. The concentration of
the synthesized AgNPs in solution was determined using an induc-

tively coupled plasma mass spectroscopy (ICP-MS) apparatus (Agi-
lent 7500).

The synthesized nanoparticles with a PAA-modified surface were
analyzed using a Fourier transform infrared (FTIR) spectropho-
tometer (JASCO, FT/IR-4700). The nanoparticles were washed
with deionized water, and a powder sample for FTIR analysis was
obtained after drying the washed nanoparticles at 65 °C. The sam-
ple was scanned in the range of 300-4,000 cm™" with a scanning
speed of 4 mm/min. Zeta potential analysis of the sample in water
was performed using a Zetasizer Nano ZS (Malvern Instruments).
4. Catalytic Reduction Activity of AgNPs@PAA

The catalytic activity of the synthesized AGNPs@PAA was exam-
ined using a modified version of the process developed by Zeng et
al. [34]. The catalytic activity was examined against pNP and MB
using NaBH, as a reducing agent. In a typical procedure for exam-
ining the catalytic activity against MB, 2 mL of freshly prepared
NaBH, aqueous solution (0.02 M) was mixed with 20 uL of MB
aqueous solution (5mM), and the final volume was increased to
3 mL in a standard quartz cell by using distilled water. Finally, 5 or
10 uL of the as-prepared AgNPs@PAA catalyst (0.152 mg/mL) was
added to the mixture and UV-Vis spectroscopy was immediately
performed at different time intervals in the range of 500-800 nm.
To investigate the catalytic activity against pNP, 2 mL of deionized
water was added to 1 mL of freshly prepared NaBH, (1 M) and
100 pL of pNP (5mM) in a standard cuvette. To examine the cat-
alytic reduction of pNP, 2 or 4 uL of the as-prepared catalyst (0.152
mg/mL) was added to the mixture, which was then scanned using
the UV-Vis spectrophotometer in the range of 250-550 nm.

RESULTS AND DISCUSSION

1. Characterization of AgNPs@PAA

The wet chemical reduction method was used to convert the
high concentration of AgNO; (0.83 M) into AgNPs by using PAA
as a stabilizing agent to produce AgNPs@PAA. The morphology
of the synthesized AgNPs@PAA was investigated by FE-SEM and
high-resolution transmission electron microscopy (HR-TEM), and
the results are shown in Figs. 1(a) and 1(b), respectively. Fig. 1(a)
demonstrates the uniform and spherical morphology of the as-
prepared AgNPs@PAA, which was confirmed by HR-TEM (Fig.
1(b)). The SEM image was analyzed using the Image J image pro-
cessing software to determine the size distribution; the analysis
results indicated that the particles had a narrow size distribution
with an average size of 14.83+5.96 nm, as depicted in Fig. 1(c). The
Zeta potential of the synthesized AgNPs@PAA was determined to
be —21+1.3mV. This is also indicative of their high aqueous sta-
bility. The concentration of the acquired AgNPs@PAA was deter-
mined by ICP-MS to be 83,070 ppm with a synthesis yield of 92.4%;
this value is listed in Table 1 along with previously reported values
for comparison purposes. To the best of our knowledge, this is the
first time that such a high concentration of AgNPs has been obtained.
Fig. 1(d) shows the UV-Vis spectra of the as-prepared AgNPs@PAA.
The UV-vis data shows a sharp absorbance band at A=422 nm,
indicating the formation of monodispersed AgNPs with a narrow
size distribution. The sample was diluted 800 times before the UV-
Vis measurement.
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Fig. 1. (a) FE-SEM image of highly concentrated AgNPs@PAA; (b) HR-TEM image of AGNPs@PAA; (c) analysis of AgNPs@PAA size distri-
bution calculated using Image J software; (d) UV-Vis spectra of dispersed suspension of AgNPs@PAA, where the inset shows an opti-
cal image; (€) XRD pattern of highly crystalline AgNPs@PAA; and (f) FTIR spectrum of AgNPs@PAA.

Table 1. Characteristics of AgNPs synthesized in previous studies in comparison with those synthesized in the present study

Initial AgNO; Synt.h'esis time/ Drawbacks of synthesis process 'AgNP Reactio.n efficiency Reference
conc. (M) stability size (nm) (yield %)

1.65 2 h/3 months Long reaction time, broad size distribution (20-230 30 - [4]
nm), and no reproducibility

1.9 25h/- Long reaction time with extreme precautions 30 - [20]

0.94 45 min/6 months ~ Requirement of relatively high temperature, two steps, 11 - [21]
and high pH of 9.5 to ensure stability. Broad size
distribution (5-80 nm)

0.16 4.5h/- Two phases and a complex reaction 4 - [22]

0.27 7 min/- Stable only below concentration of 0.3 M 26 - [23]

0.1 4 h/8 months Lengthy process and low reaction efficiency 30 25 [16]

043 10h Long reaction time, high power of 200 W, and non-  20-30 - [25]
environmental solvents

0.025 6.5h/- Long reaction time and complex and expensive pro- 4 82 [26]
cess

0.02 2 min/- Low concentration and use of hazardous and highly 10 94 [27]
toxic chemicals

0.83 M 45 min/14 months - 14 924 This study

The well-crystallized structure of AgNPs detected by the XRD
analysis is shown in Fig. 1(e). The four sharp peaks at 39.7, 44.3, 64.5,
and 774" can be attributed to the (111), (200), (220), and (311) crys-
talline planes, respectively; of the face-centered cubic (FCC) struc-
ture of metallic silver. These distinct peaks indicate that metallic
silver particles were successfully obtained. In accordance with the
Joint Committee on Powder Diffraction Standards (JCPDS) data-

firmed by FTIR spectroscopy; as shown in Fig. 1(f). The results
clearly confirm that the surface of the nanoparticles was capped by
PAA. The broad band at 3270 cm™ is attributed to the -OH stretch-
ing of the carboxylic group, and the sharp absorbance bands at
2,964 and 2,823 cm™ can be assigned to CH- asymmetric and sym-
metric stretching, respectively; occurring in PAA. The strong signal at
1,700cm™" is a characteristic of the C=O stretching of COOH,

base (file no. 00-004-078383), the synthesis of pure and well-crys-
tallized AgNPs@PAA is confirmed from this XRD result.
Next, the role of PAA in the capping process of AgNPs was con-

June, 2019

and the peak at 1,255cm™" can be attributed to the C-O stretch-
ing coupled with O-H in-plane bending. The band at 1,098 cm™
is attributed to the C-O stretching. The absorbance band at 804



One-pot synthesis of highly stable and concentrated silver nanoparticles with enhanced catalytic activity 991

—
(1]
—

1.6 1
1.4 1
1.2]
1.0]
0.8
0.6 -
0.4]
0.2 §

—— Fresh sample
— After 14 months

Absorbance (a.u.)

300 400 500 600 700
Wavelength (nm)

Fig. 2. (a), (b) FE-SEM image of dispersed AgNPs: (a) Freshly prepared AgNPs and (b) AgNPs after 14 months of storage in dark ambient
environment. (c) UV-Vis spectra of as-synthesized AgNP solution and AgNP solution after 14 months of storage.

cm™ can be attributed to the -CH, twisting and C-COOH stretch-
ing. It is noteworthy that the FTIR results agree well with previ-
ously reported findings [35], thereby confirming that the surface
of the AgNPs is capped with PAA.

Additional evidence of PAA capping was obtained via elemen-
tal analysis of the synthesized AgNPs by energy-dispersive X-ray
spectroscopy (EDS), whose results are shown in Fig. S2 (supple-
mentary file). The EDS results reveal that the nanoparticles con-
tained Ag, C, and O chemical elements. A sharp peak was observed
at 3keV because of the SPR of the nanoparticles, which is a char-
acteristic of metallic silver [10]. Other small peaks at 0.1-0.7 keV
were the characteristic peaks of the capping agent, PAA. The per-
centages of Ag, C, and O in the prepared AgNPs@PAA were 54.18,
14.53, and 31.28%, respectively. Hence, it can be concluded that
the nanoparticles have an Ag core and a PAA layer capping the
surface of this core. Our results agree well with those reported by
other researchers [35,36].

The stability of the prepared AgNPs@PAA was monitored by
SEM and UV-Vis spectroscopy; and the results are shown in Fig. 2.
This figure depicts a comparison between freshly prepared AgNPs@
PAA and AgNPs@PAA after 14 months of storage in a dark ambi-
ent environment. Figs. 2(a) and 2(b) reveal that despite the long
storage period of the synthesized AgNPs, their morphology and
dispersion in solution remained unchanged. Fig. 2(c) shows the
UV-Vis spectrum of the freshly prepared AgNPs@PAA in compari-
son to that of AgNPs@PAA after 14 months of storage. A slight
change in the absorbance is observed. As stated earlier; the sample
was diluted 800 times before UV-Vis measurements. Fig. 2 demon-
strates that the prepared AgNPs@PAA have good stability in a col-
loidal phase after 14 months.

2. Catalytic Performance

The catalytic performance of the as-prepared AgNPs@PAA cat-
alyst was studied in terms of reduction of organic pollutants, such
as pNP and MB to p-amino phenol (pAP) and leuco-methylene
blue (LMB), respectively, using NaBH, as a reducing agent. The
catalytic behavior was evaluated by UV-Vis spectroscopy at differ-
ent time points and catalyst doses. The concentration of the reduc-
ing agent was kept much higher than those of pNP and MB to
ensure that the NaBH, concentration remained constant through-
out the reduction process. According to this stipulation, the cata-
lytic reduction reaction can be considered as a pseudo-first-order
reaction [37,38]. Hence, the reaction rate constant (k,,) for the
reduction of pNP and MB can be determined using the following

equation:

1n(%) —kyyt M

where C, and C, denote the initial concentration of the pollutant
(pPNP or MB) and the concentration at a certain time t, respec-
tively. According to the Beer-Lambert law; the C/C, ratio can be
obtained from the corresponding absorbance ratio, A/A,. Conse-
quently, Eq. (1) can be redefined as follows:

1{8—9 - 1n(j:—:) —k,t @

According to Eq. (2), k,, corresponds to the slope of the linear
relationship between t and C,/C,.
2-1. Catalytic Reduction of MB

The catalytic performance of the as-prepared AgNPS@PAA cata-
lyst was examined by studying the influence of the catalyst dose in
the reduction of the MB dye under a high concentration of NaBH,
to ensure a pseudo-first-order reaction. In the absence of the
AgNPs@PAA catalyst, the maximum absorption peak intensity of
MB at A=664 nm decreased slightly with time, without an obvious
change in the solution color even after more than 1 h. Under the
same conditions, the addition of the AgNPs@PAA catalyst to the
reaction mixture resulted in a gradual decrease in the peak inten-
sity of MB at =664 nm with time, indicating the reduction of
MB to LMB. The peak intensity continued to decrease gradually,
indicating a decrease in the MB concentration. This occurred until
complete reduction of the MB dye was accomplished in 17 and
4.5 min for AgNPs@PAA doses of 5 and 10 pL, respectively (0.152
mg/mL, as shown in Figs. 3(a) and 3(b), respectively).

The effect of the catalyst dose on the reaction kinetics was as-
sessed by varying the dose in the presence of excess NaBH,. The
reduction rate of MB was found to increase with an increase in
the amount of AgNPs@PAA added to the reaction mixture. The
kinetic rate was found to follow a pseudo-first-order reaction as
outlined in Fig. 3(c), where k,,, was found to increase with an in-
crease in the amount of added catalyst. The k,, values for the reduc-
tion of MB to LMB under the investigated conditions were 0.199
and 0.756 min”' for AGNPs@PAA doses of 5 and 10 pL, respectively
(Table 2).

To compare the catalytic efficiency of the synthesized AgNPs@
PAA in the reduction of MB with previously reported values, the
obtained rate constant for the reduction reaction was normalized

Korean J. Chem. Eng.(Vol. 36, No. 6)
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Fig. 3. (a), (b) Typical absorption spectra for catalyzed reduction of MB in the presence of NaBH, for different amounts of AgNPs@PAA: (a)
5uL and (b) 10 pL. (c) Plot of In(A/A,) versus time for reduction of MB dye to LMB. (d) Scheme of reduction of MB to LMB in the
presence of AgNPs@PAA.

Table 2. Comparison of rate constants obtained in present study with previously reported values

Catalyst structure Pollutant Final amount of Rate constant Normalized rate constant Reference
catalyst (mg/mL) K, (min™) K, (L/min"'-g™")
AgNPs@PAA MB 2.54x10°* 0.199 7835 This study
AgNPs@PAA MB 5.07x10°* 0.756 1566.9 This study
Fe,0,@PDA-Ag MB 0.48 0.430 09 [40]
Au@PPy/Fe,0, MB 0.57 0.266 0.47 [41]
D-graphene/Ag(40%) MB 0.049 0.2523 5.1 [42]
CF-AuNPs-2.87 MB 0.2 8.1x107° 4.02x10°* [43]
Au@TA-GH MB 0.077 0.31 4.03 [44]
Ni@C(N) MB 0.08 1.93 24.12 [45]
AgNPs@PAA pNP 1.014x10™* 0.089 881.2 This study
AgNPs@PAA PNP 2027x10°* 0.461 2270.1 This study
Ag-p(NIPAAm-HEMA-AAc) pNP 0.04 0.873 21.83 [39]
Ag/Triton X-705/TMB pNP 24 0.312 0.13 [46]
Ag-CAHB PNP 2 0.894 0.45 [47]
Pt@AgNPs pNP 0.01667 0.355 214 [48]
GO@NH,-AuNCs PNP 0.004 2.136 534 [49]
GOAFe;0,AAuNPs PNP 0.0066 1.93 289.7 [50]
Co-CoFe,O, nanobrushes PNP 0.1 2.75 27.4 [51]
AgNPs/MWCNTs@S. L. pNP 0.06 1.152 19.2 [52]
(K,) according to the following equation [39]: tions [40-45]. The data summarized in Table 2 show that K;,, for
K the catalytic reduction of MB using 10 pL (0.152 mg/mL) of the
int S2E 3) highly stable AgNPs@PAA is higher than that using a dose of 5 uL

~ m/Volume of reaction mixture’ .. ; .\
under the same conditions. From the K, values in Table 2, it is

where m is the final amount of catalyst added in the catalytic reduc- determined that the synthesized AgNPs@PAA catalyst has supe-
tion reaction. Table 2 lists the calculated K, values for our catalyst rior catalytic activity when compared to other previously reported
in comparison to those reported previously under similar condi- catalysts for MB reduction.

June, 2019
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MB and BHj; are adsorbed onto the surface of the AgNPs@PAA
catalyst, which acts as a transmitter of electrons from the electron
donor BHj to the electron acceptor MB. Hence, the reduction
reaction of MB is catalyzed as outlined in Fig. 3(d). The increase
in the reduction rate with an increase in the amount of the
AgNPs@PAA catalyst, as revealed in Table 2, is due to the increase
in the number of active sites on the AgNPs@PAA surface. The
high catalytic activity of the prepared AgNPs@PAA is a result of
the uniform and small particle size of the AgNPs. Consequently,
the synthesized catalyst provides a high surface area-to-volume
ratio for high adsorption of MB with a great electronic transport
capability.

2-2. Catalytic Reduction of pNP

The catalytic activity of the AGNPs@PAA catalyst for the reduc-
tion of the pNP pollutant to pAP using a high concentration of
NaBH, as a reducing agent was also evaluated. It is known that
PNP has a strong absorption band at A=317 nm. Moreover, upon
the addition of a reducing agent, the solution color changes from
pale yellow to bright yellow along with a peak shift to A=400 nm
because of the conversion of p-nitrophenol into p-nitrophenolate.
In the absence of the AgNPs@PAA catalyst, the absorption peak at
A=400 nm shifted very slightly over a 60-min period, without any
obvious change in the solution color. In the presence of the AgNPs@
PAA catalyst, the intensity of the absorption peak at 1=400 nm
decreased gradually with time, indicating the reduction of pNP
with the formation of a new band at A=300 nm. The newly formed
band is associated with the formation of pAP, whose concentra-
tion increases with time in the case of addition of 2 and 4 uL of
AgNPs@PAA (0.152mg/mL), as depicted in Figs. 4(a) and 4(b),
respectively.

The effect of the amount of catalyst on the reaction kinetics was

—
O
—

Time (min) (b)
0

assessed by varying the catalyst dose in the presence of excess
NaBH,. The reduction rate of pNP increased with an increase in
the amount of added AgNPS@PAA catalyst. The reduction reac-
tion was predicted to follow a pseudo-first-order reaction because
of the use of a high concentration of NaBH,. According to Eq. (2),
the kinetic rate was found to follow a pseudo-first-order reaction,
as outlined in Fig. 4(c). The k,,, values for the reduction of pNP to
PAP were 0.089 and 0.461 min~" for AQNPs@PAA doses of 2 and
4 UL, respectively.

The K, value for the catalytic reduction of pNP was calculated
according to Eq. (3), and the calculated data are listed in Table 2.
The calculation results show that K, for the catalytic reduction of
PNB, increased with an increase in the amount of added catalyst.
This indicates that the use of 4 uL of the AgNPs@PAA catalyst
(0.152 mg/mL) resulted in better catalytic activity than the use of
2 uL of the catalyst. The calculated K, values for our catalyst in com-
parison to those reported in the literature [39,46-50] are summa-
rized in Table 2.

Both pNP and BH, were adsorbed onto the surface of AgNPs@
PAA; this facilitated the transportation of electrons from BH; to
PNP via their respective active sites, as outlined in Fig. 4(d). The
reduction rate increased with an increase in the amount of added
AgNPs@PAA catalyst, as revealed in Table 2. This behavior was
due to the increase in the number of active sites on the AgNPs@
PAA surface.

The synthesized AgNPs@PAA catalyst utilized for the pNP reduc-
tion was recyclable. After completion of the reduction process, the
catalyst was separated by centrifugation. The catalytic efficiency
was evaluated after repeated use for up to seven cycles, and it was
determined to be stable with a conversion of approximately 99.7%
(Fig. 4(e)). This significant recyclability may be a result of the high
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Fig. 4. (a), (b) Typical absorption spectra for catalyzed reduction of pNP in the presence of NaBH, for different amounts of AgNPs@PAA: (a)
2uL and (b) 4 pL. (c) Plot of In(A/A,) versus time for reduction of pNP dye to pAP. (d) Scheme of reduction of pNP to pAP in the
presence of AgNPs@PAA catalyst. (e) Catalytic efficiency of synthesized AgNPs after repeated use (error bars represent the standard

deviation of four replicates).
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stability of the AgNPs in aqueous solution, which, in turn, was
believed to be caused by the carboxylate anions of PAA that acted
as a stabilizing agent. The supernatant of the centrifuged solution
was analyzed via ICP-MS to determine whether the nanoparticles
were leached out. Further, a quantitative analysis of the released
silver was performed after seven cycles of use and no significant
amount of silver was detected. Therefore, it can be concluded that
our synthesized AgNPs@PAA catalyst remained stable even after
seven cycles of use.

CONCLUSION

A benign, one-pot, low-cost, and environmentally friendly pro-
cess based on a wet chemistry technique was developed for syn-
thesizing AgNPs. In particular, a highly concentrated, stable colloid
of AgNPs with a high reaction efficiency (92.4%) was synthesized
using a wet-chemical strategy. The technique employed in this study
is advantageous over those used in other studies in that it yields
highly concentrated nanoparticles with a narrow size distribution
(14.83+5.96 nm). The coating of AgNPs with PAA was found to
enhance their colloidal stability (that is, they were stable even after
more than 14 months), and these coated AgNPs showed improved
catalytic performance in the reduction of pNP and MB to pAP
and LMB, respectively, in the presence of NaBH,. The prepared
AgNPs@PAA showed high catalytic activity with good recyclabil-
ity. It can be concluded that the nanoparticles synthesized by this
simple process have potential for use in diverse industrial applica-
tions; for example, they can be used as antimicrobial agents; for
localized SPR; and in sensors, catalysts, medicine, electronics, and
even flexible circuits.
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Fig. S1. Photographs of the AgNP solutions at different reaction
times: (a) 5min, (b) 10 min, (c) 20 min, (d) 30 min, (e) 40
min, and (f) 45 min.
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Fig. S2. EDX spectrum of the synthesized AgNPs@PAA.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


