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Abstract

In this study, a single-step preparation method for producing silver nanocatalysts was
developed based on the silver-mirror reaction, and the prepared nanocatalysts were
used in catalytically reducing nitroarenes. Sintered glass-filter discs were used as
supports for the silver nanocatalysts not only to prevent the immobilized silver
nanoparticles from aggregating but also to increase the loading capacity of the catalyst
supports more effectively. Parameters that affect the morphologies of the prepared
silver nanocatalysts, including the concentration of Ag' in Tollen's reagent and
porosity of the glass-filter supports are studied to obtain the appropriate morphologies
for catalytically reducing 2-nitroaniline. Other factors that vary the efficiencies of the
catalytic reduction, such as pH, temperature, the ability to reduce different nitroarenes,
and the reusability of the silver catalysts were also studied to obtain a further
understanding of the characteristics of the silver nanocatalysts prepared by conducting

a silver-mirror reaction.
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Introduction

Noble metals are generally considered to be stable and inert in bulk. However, the
physical and chemical characteristics of nanosized noble materials are quite different
from those in a macroscopic form, such as the quantum-tunneling effect,’
surface-plasmon resonance,”* and photothermal property.”” Because of the unique
and fascinating properties that can be observed after the nanonization of noble metals,

noble metal nanomaterials have been applied extensively in various fields, including

2-4.8-10 11-16 7,17-19

in sensing, catalysis, medical diagnosis, surface-enhanced Raman

3,20-22 23-25

scattering, surface-enhanced fluorescence spectroscopy, photothermal

17,26-28 29,30 31-33

therapy, antimicrobial agents, and even for water purification. In

addition, the reduction of nitroarenes to aromatic amines is attracting increasing
attention because of their industry importance and pharmaceutical neccessity.34'37
Various approaches have been investigated for reducing nitroarenes more efficiently
and more rapidly, such as using noble-metal nanoparticles as catalysts,'>'®>**!
combining graphene oxide (GO) or reduced graphene oxide (rGO) with noble

393742483 and using other hybrid nanocatalysts.36’44’45 All of

nanoparticles as catalysts,
the aforementioned catalysis approaches are efficient and selective. However, the
procedures for preparing nanocatalysts are rather complicated and time consuming.
Besides, some of the reaction conditions are rather critical, e.g. refluxing. In this study,
a simple but facile method was applied in preparing silver nanoparticles for use as
catalysts for reducing nitroarenes. To prevent the reduced silver nanoparticles from
aggregating, but also to increase the loading capacity of the catalyst supports, sintered
glass-filter discs were used as the supports for the silver nanocatalysts. An additional
advantage is that the recovering of the silver nanocatalysts from the reaction medium

is easier comparing to load with other supports, such as silica gel. In fabricating silver

nanocatalysts, silver-mirror reaction (Tollen's reagent) was engaged to simplify the
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preparation procedure so that the nanocatalysts could be prepared in one-pot with a
single step. Parameters that affect the morphologies of the prepared silver
nanocatalysts and the efficiencies of the catalytic reduction, such as the concentration
of Ag’, porosity of the glass filters, pH, and temperatures, were studied systematically
to acquire a broader understanding of the characteristics of silver nanocatalysts
prepared by conducting a silver-mirror reaction.

Experimental Section

Materials

Sintered glass-filter discs with different pore sizes (14 to 40 um with the average
weight of 4.476 g, 40 to 100 um with the average weight of 3.670 g, and 100 to 160
pm with the average weight of 3.762 g; diameter: 30 mm; thickness: 3.5 mm) were
obtained from DURAN® (Mainz, Germany). Silver nitrate, o-nitroaniline (0-NA),
m-nitroaniline (m-NA), and p-nitroaniline (p-NA) were purchased from Alfa Aesar.
Sodium borohydride and dextrose were obtained from Acros Organics. Ammonium
hydroxide and nitric acid were purchased from Fisher Scientific. Sodium hydroxide
was obtained from Showa Chemical. All of the chemicals are reagent grade and were
used as received without further purification. Deionized Milli-Q water (Simplicity™,
Millipore) was used throughout the study.

Preparing Glass-Filter-Disc Supported Silver Nanocatalysts

All glass-filter discs were cut in half as the supports of the Ag nanocatalysts and
treated with 3 h of 10% (v/v) ammonium-hydroxide aqueous solution followed by
several times of rinsing with deionized water before loading with Ag nanocatalysts.
Silver nanoparticles on glass-filter discs were reduced according to relevant
literature.*® *” In brief, the glass-filter discs were immersed into 30 mL of Tollen’s
reagent, which consists of AgNO; ranging from 37.5 to 225 mM in concentration

along with ammonia and dextrose, for 10 min. The concentration ratio of the
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Ag :ammonia:dextrose was fixed at 1:6:10, and the deposition temperature was held
in a 55 °C water bath. Field-emission scanning-electron microscopy (FE-SEM) was
employed using a JSM-6330 TF microscope (Jeol) with an accelerating voltage of
10.0 kV to observe the morphologies of the prepared silver nanocatalysts. BET
specific surface area of glass-filter discs were measured by an ASAP 2020
physisorption analyzer (Micromeritics Instrument Corporation).

Reduction of Nitroaniline Catalyzed by Silver Nanocatalysts

The catalytic efficiency of the porous glass filter-supported silver nanocatalysts was
evaluated using the as-prepared silver nanocatalysts (half of a porous glass filter
loaded with Ag nanocatalysts was used per reaction) in catalytically reducing o-NA.
The prepared porous glass filter-supported silver nanocatalyst was gently placed in the
15 mL of aqueous solution consisting of 1 mM o0-NA and 30 mM NaBH4. UV/Vis
spectra of the solution were recorded at chosen intervals; all UV/Vis spectra in this
study were measured using a Thermo scientific Genesys 10S Bio UV/Visible
spectrometer with a 1 nm resolution. A wavelength range from 250 to 550 nm was
recorded, and the path length of the UV-Vis cell was 1 mm.

Results and Discussion

Effect of Ag” Concentration in Preparing Ag Nanocatalysts

Figure 1 depicts the SEM images of silver nanocatalysts prepared with different Ag"
concentrations in Tollen’s reagent (SEM images of smaller magnification are provided
as Figure S1 in the electronic supplement information). As shown in the figure, the
concentration of Ag' affected the morphologies of silver nanocatalysts considerably.
When the concentration of Ag" was higher than 187.5 mM, the sizes of the reduced
silver nanoparticles were larger than 100 nm, and an aggregation of silver
nanoparticles was observed in which a continuous film was nearly formed when the

Ag' concentration was 225 mM. In contrast, the sizes of formed silver nanoparticles
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were approximately 100 nm, and no aggregation was found when the Ag’
concentration was less than 150 mM. Moreover, the density of a silver nanoparticle
depends on the Ag" concentration; the density approaches the maximum but the silver
nanoparticles remain uncoagulated when the Ag" concentration is as high as 150 mM.
Figure 2A shows the UV/Vis spectra of the reduction of 0-NA catalyzed by silver
nanocatalysts with increasing time when the as-prepared Ag nanoparticles
immobilized glass filters are used as the catalysts for reducing o-NA. The absorbance
peak located at 412 nm, which corresponded to the characteristic peak of 0-NA,*
decreased as the reaction proceeded. In addition, the absorbance peak located at 280
nm gradually shifted to 290 nm. These two spectra variations indicated that o-NA was
reduced to 1,2-phenylenediamine.'>**** The absorbance at 412 nm was recorded
against the reaction time using the silver nanocatalysts prepared with different Ag"
concentrations, and the results are plotted in Figure 3. For comparison, the results of a
parallel experiment are also plotted in Figure 3. The reduction of 0-NA can proceed
only in the presence of silver nanocatalysts. In the absence of silver nanocatalysts, the
reduction of 0-NA is suspended even when the reaction is performed under refluxing
for more than 8 h (the data between 30 min and 8 h are not shown). In addition, the
reduction of 0-NA was completed within 6 min when a Ag" concentration of 150 mM
was used in Tollen’s reagent, which has the best catalytic ability. It can also be
deducted from Figure 1 and Figure 3 that the unaggregated silver nanoparticles
exhibited superior efficiencies in reducing o-NA because the reduction of o-NA
became slower as the concentration of the Ag" became higher than 187.5 mM in the
preparation of the Ag nanocatalysts. The measured silver nanocatalysts mass loading
prepared with different Ag" concentration are 2.29 % (w/w) for 225 mM Ag", 2.13 %
(w/w) for 187.5 mM Ag', 2.11 % (w/w) for 150 mM Ag', 1.66 % (w/w) for 75 mM

Ag’, and 1.57 % (w/w) for 37.5 mM Ag’, respectively. Although the silver
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nanocatalysts mass loading increased as the Ag' concentration increased, the catalytic
reduction efficiency didn’t improve as well, which reveal that the size and the
morphology of the prepared silver nanoparticle dominate the catalysis efficiency.
Effect of Glass-Filter-Disc Porosity

In catalytically reducing o-NA, the reaction was accelerated because the Ag
nanocatalysts act as an electron relay between BH, and 0-NA.*** The absorption of
BHy4 on the surface of the Ag nanocatalysts reduced the Fermi potential of the Ag
nanocatalysts and resulted in an increase in the catalytic reduction rate. In addition,
the catalytic reduction rate also depended on the number of Ag nanocatalysts.” To
increase the number of Ag nanocatalysts on the glass-filter disc but also to increase
the total surface area of the Ag nanocatalysts, three porosities of glass-filter discs were
used as supports to prepare the silver nanocatalysts and were used in the catalytic
reduction of o-NA. However, the larger the surface area the glass filters with a smaller
pore size have, the larger the sizes and less dense the Ag nanoparticles observed on
the glass-filter support, according to the SEM images (Figure S2 in the electronic
supplement information). The smaller pore size may slow the rate of Tollen’s reagent
diffusing into the inner parts of the glass-filter supports. Figure 4 plots the absorbance
of 0-NA versus the reaction time by using Ag nanoparticles deposited on different
porosities of glass-filter supports as catalysts. The figure indicates that the reduction
of 0-NA can be completed in 6 min by using both pore sizes of 40-100 um and
100-160 pum sintered glass filters as the supports, whereas the reduction rate of the
0-NA was decreased to 10 min by using a pore size of 40-100 um glass-filter as the
support. According to the SEM images, the prepared silver nanoparticle with the size
of approximately 100 nm exhibits superior catalytic ability in reducing o-NA, which
coincided with observations in the previous section. Meanwhile, the obtained BET

surface area of the porous glass filter disc are 0.7854 m*/g, 1.965 m*/g, and 0.1265
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m?/g corresponded to the pore sizes of 100-160 um, 40-100 pum, and 10-40 pm,
respectively. The relative small BET surface area of the glass filter with the porosity
of 10-40 pm may also limited the catalyst loading capacity and resulted in the longer
reduction time.

Effect of Temperature and pH on the Catalysis Reaction

As described above, the main function of the silver nanocatalysts is to act as a relay
between the nucleophile and electrophile. The catalyzed reduction rate is therefore
affected by the electron abundance of the reaction system. To further confirm the role
played by the Ag nanocatalysts in this study, the catalysis reaction was carried out
under different pH conditions, and the absorbance at 412 nm was recorded against the
reaction times under different pHs, with the results plotted in Figure 5. The pH played
a key role in the catalysis reaction. When the pH was 10, the reduction of the 2-NA
finished within 6 min while the reduction rate decreased dramatically when the pH
was set at approximately 9, and only approximately 50 % of the 2-NA was reduced
after 30 min of reduction. As the pH was tuned to be lower than &, nearly no reduction
of 0-NA could be found. Therefore, the alkaline condition richened the electron
densities on the Ag nanocatalyst surfaces, which promoted the reduction of the 2-NA.
In addition, the temperature of the catalytic reaction also influenced the rate of
reduction because the reactants have a higher kinetic energy at higher temperatures
and can more readily cross the activation state. Figure 6 depicts the relation between
the absorbance at 412 nm and the reaction times under different reaction temperatures.
As shown in Figure 6, the higher the temperature of the reaction system is, the faster
the reduction of 0-NA observed. In addition, the catalytic reduction of 0-NA by using
the Ag nanocatalysts prepared in this study could be accomplished quickly under
rather mild conditions, which are more efficient and applicable in real utilities.

Capability of Ag Nanocatalysts in Accelerated Reduction of Other Nitroaniline
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Isomers.

After examining the characteristics and the catalytic properties of the Ag
nanocatalysts, the other two isomers of nitroaniline (m-NA and p-NA) were also
catalytically reduced, according to the procedures established in the previous sections,
to investigate the capability of the studied Ag nanocatalysts in promoting the
reduction of other nitroarenes. Figure 2B and 2C plot the UV/Vis spectra of m-NA
and p-NA reduced in the presence of Ag nanocatalysts with increasing times. The
absorption maxima, which was located at 360 nm m-NA and 380 nm for p-NA,16’3 6.44
decreased as the catalytic reduction proceeded. The relation between Cy/C, (Cy:
absorbance at the initial time, C;: absorbance after the specific reaction time) of three
nitroanilines against the reaction time under the optimal condition was plotted as
Figure 7. As the figure indicated, the reduction of 0-NA and p-NA finished within 10
min where the reduction of m-NA finished with 20 min, which implies that the Ag
nanocatalyst fabricated in this study is useful in catalytically reducing various
nitroarenes. In order to compare our results to those of other studies, table 1 tabulated
the catalytic activities of several supported noble nanoparticles systems. As can be
observed in the table, the conversion efficiency of the porous glass filters supported
silver nanocatalysts is as good as other reported noble nanoparticle catalysts.
Furthermore, as reported in other works, the catalytic reduction of nitroarenes follows
the pseudo-first-order reaction kinetics.”*” The relation between In(Co/Cy) of three
nitroaniline isomers against the reaction time was also plot (Fig. S3) and the linear
relations of all three nitroanilines were observed, which coincided with the behaviors
of the pseudo-first-order reaction. The rate constant (k) at 50°C calculated from the
slope to be 0.00940 s, 0.00354 s, and 0.00709 s for the catalytic reduction of
0-NA, m-NA, and p-NA by the silver nanocatalysts prepared in this study,

respectively.
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Recyclability of Ag Nanocatalysts.

Reusability of the silver nanocatalysts prepared in this study was evaluated by
consecutively reusing the silver nanocatalyst for three times. According to Figure S4’;
(a.), it’s found that the about 70% of o-NA was converted to 1,2-phenylenediamine
after 10 min of reaction in the second trial and only about 45% of 0-NA was reduced
after 10 min of reaction in the third time of usage where the reaction conditions were
the same as the first run. The possible reason may be the adsorption of o-NA or
1,2-phenylenediamine on the surface of silver nanocatalysts, which decreased the
electron transferability of the silver nanocatalysts. To further confirm this assumption,
the silver nanocatalyst was soaked in a water solution with pH=3 for 20 min then
immersed with neutral water in order the remove the adsorbed o-NA or
1,2-phenylenediamine before reusing the silver nanocatalyst. As can be seen in Figure
S4(b.) in the electronic supplement information, more than 90% of o-NA can be
reduced within 10 min after the second run, which coincided with the a assumption
above. Therefore, the silver nanocatalysts fabricated in this study can be recycled after
treated with acidic water solution, which extend the practical applicability of the
silver nanocatalysts significantly.

Conclusion

In this study, silver nanoparticles were deposited on the surfaces of sintered glass
filters by using a silver-mirror reaction and were used as the facile catalysts for
reducing o-NA. Using the glass filters as the catalyst supports has the advantages of
both keeping the morphologies of silver nanoparticles from aggregating and
increasing the loading capacity of the silver nanocatalysts. An additional benefit of
using the sintered glass-filter discs as supports is that the high cross-section prepares
them for advanced application, such as for surface-enhanced Raman scattering. The

results indicate that the morphologies of the deposited silver nanoparticles can be
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varied by adjusting the concentration of Ag" in Tollen's reagent. In catalytically
reducing 0-NA, the reduction rate was affected by the pH of the system, temperature
of the system, and porosity of the Ag nanocatalyst support. In addition, the prepared
Ag nanocatalyst was effective in catalytically reducing other nitroarenes and can be
recycled after treated with acidic water solution (pH=3). Finally, the proposed Ag
nanocatalyst demonstrates the advantages of facile preparation, relatively mild
catalytic conditions, and high catalytic ability, thus making it appropriate for use in
advanced applications, which are currently undergoing further study.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

SEM images of silver nanoparticles reduced on the sintered glass filter with a
Ag" concentration of (a) 225 mM, (b) 187.5 mM, (c) 150 mM, (d) 75 mM, and
(e) 37.5 mM. The concentration ratio of the Ag :ammonia:dextrose was fixed
at 1:6:10, and the deposition was held in a 55 °C water bath for 10 min. The
porosity of the glass filter was 407100 g m, and the magnification of the
images were all 50000x.

UV/Vis spectra of 1 mM (a) o-NA, (b) m-NA, and (c) p-NA reduced by 30
mM NaBH; at 50 °C in the presence of glass-filter supported silver
nanoparticles with increasing times where the pH was 10. The Ag
nanoparticles immobilized glass-filter fabrication condition was the same as
described in Figure 1(c).

The absorbance of 1 mM 0-NA (412 nm) versus the catalytic reduction time in
the presence of 30 mM NaBHy and glass-filter supported silver nanoparticles
prepared with (m) 37.5 mM, (e) 75 mM, (A) 150 mM, (4) 187.5 mM, and
(V) 225 mM Ag'. The concentration ratio of the Ag:ammonia:dextrose in
Tollen’s reagent was fixed at 1:6:10. The deposition was held in a 55 °C water
bath for 10 min, and the porosity of the glass filter was 407100 um. The
catalytic reductions proceeded at 50 °C; and the pH was 10, whereas the
parallel experiment (3 ) in the absence of silver nanocatalysts was refluxed.
The absorption time profile of 1 mM o-NA reduced by 30 mM NaBHy, in the
presence of glass-filter supported nanoparticles with (m) 100-160 pm, (e)
40-100 um, and (A) 16-40 pm of porosity. The Ag" concentration in Tollen’s
reagent was 150 mM, and the concentration ratio of the Ag :ammonia:dextrose
in Tollen’s reagent was fixed at 1:6:10. The deposition was held in a 55 °C

water bath for 10 min, whereas the catalytic reductions proceeded at 50 °C and



Figure 5.

Figure 6.

Figure 7.
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a pH of 10.
The absorption time profile of 1 mM o-NA reduced by 30 mM NaBHy, in the

presence of glass-filter supported nanoparticles under different pH conditions
where (m) pH=10, (e) pH=9, (A) pH=8, (V) pH=7, and (%) pH=6. The

catalytic reductions proceeded at 50 °C, and the silver nanoparticles
immobilized glass-filter fabrication condition was the same as described in
Figure 1(c).

The absorption time profile of 1 mM o-NA reduced by 30 mM NaBHj, in the
presence of glass-filter supported nanoparticles at different temperatures where
(m) 50 °C, (®) 44 °C, (A) 38 °C, (V) 25 °C, and (%) 0 °C. The pH of the
solution was 10, and the silver nanoparticles immobilized glass-filter
fabrication condition was the same as described in Figure 1(c).

The relation between C/Cy (Co: absorbance at the initial time, C: absorbance
after the specific reaction time) of three nitroanilines (m: 0-NA, ®: m-NA, and
A : p-NA) against the reaction time reduced by 30 mM NaBHy in the presence
of glass-filter supported nanoparticles at 50 °C. The pH of the solution was 10,
and the silver nanoparticles immobilized glass-filter fabrication condition was

the same as described in Figure 1(c).
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Fig. 1
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Fig. 2
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Fig. 3

Absorbance

0 5 10 15 20 25 30



RSC Advances Page 20 of 24

Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7
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Table 1
Catalysts Nitroarenes (final concentration)  Temperature Convetsion time Ref.
AgNPs¥polydopamine/anodic aluminun oxide 0-NA (1.33 mM) RT? 20 min 12
AgNPs/rice husk-SiO,-aminopropylsilane Pp-NA (1.00 mM) 100°C 75 min 41
ApNPs/partially reduced graphene oxide p-NA (0.10 mM) RT. 4 min 35
AuNPs%reduced graphene oxide nanosheets o-NA (0.66 mM) R.T. 14 min 37
p-NA (0.66 mM) RT. 40 min 37
AuNPs/gelatin mesoporeus composite thin films 0-NA (0.43 mM) RT. 10.5 min 40
AgiNPs/Poly(vinylpyrrolidone) modified glass p-INA (0.20 mM) -4 27 min 50
AgNPs/ALO; P-NA (4.30 mM) RT. 26 min 51
This study 0-NA (1.00 mM) 50°C 6 min
p-NA (1.00 mM) 50°C 10 min

a. silver nanoparticles; b. room temperature; c. gold nanoparticles; d. not mentioned.



