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Abstract Nanoporous sponges have many advantages
over bulk catalyst structures in terms of providing regular
framework of pores and conformational stability. In this
paper, precise tuning of porosity and surface morphology
in silver sponges for the catalytic reduction of p-nitro
phenol to p-amino phenol was explored. The silver
spongy catalysts are reusable and stable. The porous
catalysts were characterized before calcination by FTIR
and TGA and after calcination by XRD, SEM and BET
techniques. Catalytic performance of the silver sponges
was confirmed by spectrophotometric technique, and it
was concluded that the porosity and adsorption capability
of silver sponges were responsible for their outstanding
catalytic performance.
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Graphical Abstract The calcined silver monoliths dis-
played a potential catalytic activity against the reduction of
4-nitrophenol which is a serious environmental pollutant to
4-aminophenol which is an important intermediate in the
synthesis of various analgesic and antipyretic drugs.
Fig. (a)—(e) Time-dependent successive UV-vis spectra
showing the reduction of 4-nitrophenol catalyzed by
0.06 mg of different silver monolith catalysts (a) Ag/Triton
X-100, (b) Ag/Triton X-100/dextran, (¢) Ag/Triton X-100/
TMB, (d) Ag/Triton X-100/Ludox (HF treated). (e) Plots of
A/A versus time of different Ag monoliths for catalytic
reduction of 4-nitrophenol (A) Ag/Triton X-100 (B) (C) Ag/
Triton X-100/dextran Ag/Triton X-100/TM (D) Ag/Triton
X-100/Ludox (HF treated).


http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-015-3807-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-015-3807-0&amp;domain=pdf

J Sol-Gel Sci Technol (2015) 76:572-581

573

201 20+
20+ J
a
b 0 sec
/ \ 0sec 0 sec
1.54 154 1.54
] @
c e e
8191 § 104 €104
‘8- 1550 secs g £
0
ﬂ § 1320 secs | 2 900 sece
0.5+ 054 Losd
S < ~———|
004 —_— 0.0 r . : - 00 —
300 400 500 300 400 500
Wavelength (nm) Wavelength (nm)
2.0 - 1.0
d
0 sec
0.8
1.5+ / \
° \ 0.6
2
§ 1.0 4 <o
] 750 secs < 044
2
< 0.5
0.2 4 \-Q:
1 il >.\I
]
0.0 . v v v . . T
300 400 500 0 200 400 600 800 1000 1200 1400 1600
Wavelength (nm) time (sec)
Keywords Porous materials - Triton X-100 - Ag fuel cell electrodes [21] and chemical separation [11, 12,

monoliths - Catalysis - Reusability

1 Introduction

In recent years, silver-based materials have been gaining
significant research interest due to their unique shape and
size-dependent optical [1], antimicrobial [2] and catalytic
properties [3]. Nanostructures of silver such as monodis-
persed nanoparticles [4], nanoprisms [5], nanocubes [6],
nanowires [7] and nanodisks [8] have potential applications
in optics, catalysis and SERS detection [9].
Hierarchically porous materials with multi-scale porous
structure, generally of micro—meso—macroporous nature,
have attracted great attention recently due to their dynamic
properties such as low density, considerable thermal con-
ductivity [10], gas permeability, bio-filtration capability
[11, 12] and adsorption [13, 14]. Hence, such materials are
extensively used in heterogeneous -catalysis [15-22],
biosensor technology [23, 24], electrochemical superca-
pacitors [25-29], tissue engineering [30], photonic crystals,

31].

Stucky et al. [32] reported the low-temperature liquid
crystal like arrays formed by organic molecules and inor-
ganic species like tetraethylorthosilicate. Recently,
macroporous monoliths of silver, gold and copper oxide
with Triton X-45 have been reported by Khan and Mann
[33]. Here we have gone through facile, cost-effective and
benign sol-gel method to fabricate different silver mono-
liths using non-ionic surfactant Triton X-100 as a porogen
with different additives to affect the shape and size of
pores and hence to modify the surface area which is a
prerequisite criterion for heterogeneous -catalysis like
reduction of 4-nitro phenols. Nitrophenols are severe
environmental pollutants due to its anthropogenic, toxic
and inhibitory nature so their reduction is very important.
But they are used extensively in chemical industries for the
manufacture of pesticides, pharmaceutical and synthetic
dyes [34-40].

P-aminophenol (PAP) is an important intermediate in
the synthesis of various analgesic and antipyretic drugs
such as paracetamol, acetanilide and phenacetin. It is also a
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Scheme 1 Synthesis of series
of porous silver sponges by
using modified sol-gel route

Triton-X-100

AgNO3

main ingredient in the synthesis of industrial dyes, mar-
keted as a photographic developer, and its oxalate salt is
used as a corrosion inhibitor [41]. Based on requirements
such as greener route and safer operation, environmentally
benign direct catalytic conversion routes have been
developed for the conversion of p-nitrophenol to p-
aminophenol in aqueous medium under mild conditions.
One such route by which p-aminophenol is obtained
involves direct hydrogenation of p-nitrophenol using
sodium borohydride which is a milder agent, and the
reaction can be carried out in aqueous medium [42]. But
the sluggish self-hydrolysis of NaBH, [43] affects the rate
of hydrogenation of the nitro compound:

Studies reported that the presence of suitable catalysts
accelerated the hydrolysis [44]. In this report, catalytic
activity of different silver monoliths for the reduction of
p-nitrophenol to p-aminophenol process is documented.

2 Experimental
2.1 Materials

Silver nitrate (Sigma-Aldrich as a precursor), soft tem-
plates (Triton X-100 Sigma-Aldrich), additives like dextran
(Sigma-Aldrich 2 x 107° M), 1,3,5-trimethylbenzene
(TMB, Merck), Ludox [silica nanoparticles (As-40, col-
loidal silica, 40 wt% suspension in water, Sigma-Aldrich)]
were used as received.

@ Springer
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2.2 Synthesis of silver monoliths

In a typical synthesis process, 3.2 g AgNO; (51.61 wt%,
6.27 M) was dissolved in 3.0 g of water (48.38 wt%) in a
100-ml beaker and added 3.2 g Triton X-100. The resulting
gel was stirred for 15 min to form a paste which gradually
converted dark in color. The gel was aged for 72 h at room
temperature and then calcined at 650 °C for 2 h at a
heating rate of 2 °C/min followed by cooling at a rate of
2 °C/min to room temperature in an ELITE furnace. In
case of Ag/Triton X-100/dextran, Ag/Triton X-100/TMB
and Ag/Triton X-100/Ludox, monoliths were prepared by
adding 3.2 g dextran (Mw =2 x 10° 44.44 wt%,
4x107*M) in 4 g water, 346 g TMB (86.5 wt%,
28.78 M), 0.21 g Ludox (4.03 x 10? M, 40 wt% suspen-
sion in water) to above protocol separately to Ag/Triton
X-100 gel. The whole synthetic procedure is given in
Scheme 1.

2.3 Characterizations

FTIR studies were performed on Shimadzu-8400S spec-
trometer. X-ray diffraction patters were obtained for
information regarding the crystallinity of the resultant
powders. The measurements were carried out on Bruckner
D8 advance diffractometer in the diffraction angle range
from 20 = 10°-90°, using Cu-Ka radiation at 40 kV and
40 mA. TGA curves were obtained on Perkin-Elmer ther-
mal analyzer using alumina reference crucible at the
heating rate of 10 °C/min. The macropores in the mono-
liths were analyzed using scanning electron microscopy



J Sol-Gel Sci Technol (2015) 76:572-581

575

(SEM). Images were taken on a JEOL 5600 microscope.
Nitrogen adsorption—desorption measurements for the
surface area determination were performed by an Auto-
sorb-1 instrument (Quantachrome instruments, Inc.) at
77 K.

2.4 Catalytic test

The catalytic activity of the synthesized Ag monoliths was
studied by carrying out the reduction of 4-NP in the presence
of NaBH,. In a typical catalytic reaction, 50 pl of aqueous
4-NP (0.005 M), 0.0038 g NaBH, (0.0001, 0.010 mol%)

S powder and 3.05 ml ultrapure water were added in a quartz
cuvette, followed by the addition of 0.06 mg of catalyst, and
4 the mixture was quickly subjected to UV—vis measurements
(Systronics UV-vis spectrophotometer, 2201). The color
s change of the solution from yellow to colorless could be
8 clearly observed as the reaction proceeds [45]. The catalytic
£ conversion of 4-NP to 4-aminophenol (4-AP) in presence of
5 excess amount of NaBH, is shown as:
©
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3 Results and discussion
3.1 FT-IR study

The FTIR frequencies 3480, 2900 and 1680 cm~! corre-
sponding to OH (stretching), CH (stretching) and CO
(stretching) of pure surfactant Triton X-100 are shown in
Fig. la. As the silver ion is reduced to silver monolith by
reducing agent Triton X-100, the corresponding frequen-
cies in Ag/Triton X-100 with and without additives are
shifted to lower side which is clear from Fig. 1b—d and,
hence, confirms the complexation of Ag+ with the used
surfactant and additives.

3.1.1 Thermogravimetric analysis (TGA analysis)

TGA curve Ag/Triton X-100 monoliths (Fig. 2a) revealed
initial weight drop of 14 % from room temperature to
165 °C due to removal of moisture. A weight drop of 32 %
between 190 and 340 °C was shown due to decomposition
of AgNO; and Triton X-100. Finally, 20 % mass of porous
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Fig. 3 X-ray diffraction patterns of silver monoliths with Triton
X-100 as templates, a Ag/Triton X-100 monolith, b Ag/Triton X-100/
dextran framework, ¢ Ag/Triton X-100/TMB monolith and d Ag/
Triton X-100/Ludox monolith (after HF treatment)

silver was left. In case of Ag/Triton X-100/dextran gels
(Fig. 2b), initial weight drop of 22 % corresponds to
removal of unbounded Triton X-100 from temperature
range of 150-180 °C and left 12 % of silver at the end. In
case of Ag/Triton X-100/TMB monoliths (Fig. 2c), initial
7 % weight drop was observed up to temperature of
22-160 °C due to loss of moisture followed by weight drop
of 18 % at 160-190 °C due to removal of unbounded
Triton X-100 and TMB and started leaving 12 % of the
silver at the end. Similar TGA curves were obtained when
silica nanoparticles were added to Ag/Triton X-100 gels
(without HF treatment). Major weight loss about 52 % was
observed and left 14 % of silver with silica (Fig. 2d).

3.2 Powder X-ray diffraction

The composition and phase purity of the as-prepared
samples were examined by XRD (Fig. 3). X-ray studies of
silver monoliths showed reflections at d spacings of 2.37,
2.06, 1.45, 1.23 and 1.18 A which correspond to {111},
{200}, {220}, {311} and {222} lattice planes of a face-
centered cubic unit cell structures (JCPDS No. 4.783)
associated with Fm3 m symmetry. The high crystallinity of
the synthesized samples is quite clear from the intense and
sharp peaks [46]. From P-XRD, d spacing, lattice param-
eters for all the four synthesized samples were calculated as
given in Table 1.

3.2.1 SEM and nitrogen sorption study

SEM images in Fig. 4 depict the morphological behavior of
the samples. Figure 4a shows the disordered network of
pores with average diameter of 1.5 pm of Ag/Triton X-100.
On adding dextran to above gel, pore size increased to
3 pm Fig. 4b, but pore density showed a marked increase
in Ag/Triton X-100/dextran than Ag/Triton X-100. As
swelling agent TMB was added to Ag/Triton X-100, pore
size increased to 3.5 um Fig. 4c. However, when Ludox
was used, the pore size decreased to 1 pum Fig. 4d in Ag/
Triton X-100/Ludox framework (after HF treatment). The
absence of silica nanoparticles was confirmed by energy-

Table 1 Physicochemical properties and reaction conversion time for the reduction of p-nitrophenol of Ag monoliths synthesized by using

Triton X-100 non-ionic surfactant as a sacrificial agent

Sample “d” spacing BET surface Average pore Pore volume Conversion
(/0%) area (mzlg) diameter (um) (cm3/g) time (s)
Ag/Triton X-100 2.355 20.451 1.2 0.000387 1550
Ag/Triton X-100/dextran 2.353 32.602 3.0 0.000574 1320
Ag/Triton/X-100/TMB 2.356 44452 3.5 0.000697 900
Ag/Triton X-100/Ludox (HF treated) 2.357 60.621 1.0 0.062100 750
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Fig. 4 SEM images of a Ag/Triton X-100 sponge, scale bar 10 pm,
b Ag/Triton X-100/dextran, scale bar 20 pm, ¢ Ag/Triton X-100/
TMB, scale bar 5 pm. d Ag/Triton X-100/Ludox (HF treatment),
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Fig. 5 Nitrogen adsorption—desorption isotherm for silver monolith
prepared by the calcination of Ag/Triton X-100/silica nanoparticles
(after HF treatment) gel

dispersive X-ray (EDX) analysis Fig. 4e. For further
studies, nitrogen sorption isotherms of the synthesized
calcined monoliths were closely investigated and displayed
sorption isotherm of type II as shown in (Fig. 5) which is
the isotherm of Ag/Triton X-100/Ludox (after HF treat-
ment). The sample exhibits type II isotherm of the [UPAC
classification which features the macroporous characteristic
of the silver monolith [47] with BET surface area of 60 m?/
g highest among the synthesized samples which show a
dramatic increase from 20 to 60 m%/g as given in Table 1.
The sorption isotherms show rise when P/Py is above 0.8 or
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showing absence of silica nanoparticles

close to 1 [48], revealing the existence of macropores
which is in complete agreement with SEM results.

3.3 Catalytic performance

A number of catalytic methods have been used to carry out
the reduction of nitroaromatics as aminoaromatics like 4-AP
are significant intermediates for different industrial products
is well documented [45]. Therefore, we used the reduction
of 4-NP to 4-AP with an excess amount of NaBH, as a
model system to evaluate the catalytic activity of different
silver monoliths at room temperature. As shown in Fig. 6a,
4-NP solution exhibits a strong absorption peak at 317 nm in
neutral or acidic conditions at 273 K. When treated with an
aqueous solution of NaBHy,, it is remarkably red shifted to
400 nm corresponding to the formation of an intermediate
nitrophenolate ion. This peak remains unaltered with time,
which suggests that the reduction did not take place in the
absence of a catalyst Fig. 6b [49].

However, the addition of a small amount (0.06 mg) of
the as-prepared different silver monoliths to the above
mixture causes fading and ultimate bleaching of the yellow
color of the reaction mixture in quick succession. The
kinetics could be easily monitored by taking time-depen-
dent UV-vis spectra of this reaction mixture associated
with gradual disappearance of peak at 400 nm and a con-
comitant appearance of a new peak at 302 nm, demon-
strating the formation of 4-AP Fig. 7a—d. It clearly shows
the excellent catalytic activity of the as-prepared

@ Springer
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Fig. 7 a—e Time-dependent successive UV—Vis spectra showing the
reduction of 4-nitrophenol catalyzed by 0.06 mg of different silver
monolith catalysts a Ag/Triton X-100, b Ag/Triton X-100/dextran,
¢ Ag/Triton X-100/TMB, d Ag/Triton X-100/Ludox (HF treated).

@ Springer



J Sol-Gel Sci Technol (2015) 76:572-581

579

2.0~ 204 2.0+
a b c
- 0 sec 0 sec
154 151 154
g g :
c c S 104
8 104 § 101 3"
5 1650 secs 5 1220 secs o
2 2 3 960 secs
q < ~ 054
054 054, A
P— l_’ {\
0.0 ‘\v\._._. 0.0 T T T
00 . . . h > X ! T T " T ) 300 400 500
300 400 500 300 400 500 Wavelength (nm)
Wavelength (nm) Wavelength (nm)
. 900 -
20 d e
0 sec
7/
— 850+
1.54 / 8
/ \ Q
8 / \ g
§ 1.0- =
_e c
) 750 secs 0
2 4
< S
054 6
\ ) o
A —
0.0 - ~ \
300 2 500 0 1 2 3 4 5 6 7 8 9 10

400
Wavelength (nm)

Fig. 8 a—e Time-dependent successive UV-vis spectra showing the
reduction of 4-nitrophenol catalyzed by different doses of Ag/Triton
X-100/Ludox catalyst (a) 0.01 mg, (b) 0.03 mg, (c) 0.04 mg,
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(d) 0.06 mg. e Conversion time against number of cycles for
0.06 mg Ag/Triton X-100/Ludox (HF treated)

Table 2 Reaction time for the complete conversion of 4-NP to 4-AP and their rate constants over different doses of Ag/Triton X-100/Ludox (HF

treated)
Sample Weight of catalyst (mg) Conversion time (s) Rate constant (s*')
Ag/Triton X-100/Ludox (HF treated) 0.01 1650 47 x 1074

0.02 1220 1.0 x 1073

0.04 960 14 x 1073

0.06 750 1.7 x 1073

HF-treated Ag/Triton X-100/Ludox catalyst as this takes
lesser time for the completion of reaction as compared to
other synthesized silver monoliths. The larger surface area
of this catalyst among the all above tested may be the cause
of such an excellent catalytic activity as the heterogeneous
catalytic reaction depends on the surface area. Because an
excess of NaBH, was used, pseudo-first-order kinetics with
respect to the reduction of 4-NP was set in this case to
evaluate the catalytic rate [50-53]. The correlation of
reduction is shown by the plot A/A, versus time for

different catalysts as shown in Fig. 7e. The comparative
investigation of the rate of reduction of 4-NP with NaBH,
using different doses of Ag/Triton X-100/Ludox frame-
work (after HF treatment) was also studied. The rate of
reaction increases as the concentration of catalyst is
increased which is clear from the time-dependent UV-vis
spectra shown in Fig. 8a—d. The pseudo-first-order rate
constants (Ka) calculated for each used Ag/Triton X-100/
Ludox framework (after HF treatment) catalyst dose are
given in Table 2. Here, we also made a reusability test for
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HF-treated Ag/Triton X-100/Ludox catalyst. From the
solution, the used catalyst was separated by centrifugation,
washed, dried and used for next operation. After the first
cycle, the conversion time, however, slightly increases, but
the test clearly confirms that the catalyst is highly active
even for tenth cycle as shown in Fig. 8e.

4 Conclusion

We have successfully synthesized a series of silver
monoliths by environmentally benign and reliable sol-gel
method using Triton X-100 as a sacrificial agent. The
additives showed a drastic change in the pore size and
surface area of monoliths particularly silica nanoparticles.
The calcined silver monoliths displayed a potential cat-
alytic activity against the reduction of 4-nitrophenol which
is a serious environmental pollutant to 4-aminophenol
which is an important intermediate in the synthesis of
various analgesic and antipyretic drugs. Furthermore, the
high reusability of the catalysts proved them competitive
for the catalysis. Results obtained in this work open an
avenue to the fabrication of highly efficient porous silver
metal sponges for serving as an ideal platform to study the
various heterogeneous catalytic processes. Such interesting
porous metal sponges can be expected to have promising
potential for applications in electrocatalysis, electrochem-
ical double layer supercapacitors, effective materials for
disinfection agents and catalysts in organic synthesis.
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