
Contents lists available at ScienceDirect

Catalysis Today

journal homepage: www.elsevier.com/locate/cattod

Ultra-Small Silver Nanoparticles Immobilized in Mesoporous SBA-15.
Microwave-Assisted Synthesis and Catalytic Activity in the 4-Nitrophenol
Reduction

Roberta Mannoa,c, Victor Sebastiana,b,c,*, Silvia Irustaa,b,c, Reyes Malladaa,b,c,*,
Jesús Santamariaa,b,c

aNanoscience Institute of Aragon and Chemical and Environmental Engineering Department, University of Zaragoza, 50018, Zaragoza, Spain
bNetworking Research Center CIBER-BBN, 28029, Madrid, Spain
c Aragón Materials Science Institute, ICMA, CSIC – University of Zaragoza, Pedro Cerbuna 12, 50009, Zaragoza, Spain

A R T I C L E I N F O

Keywords:
Microwave
Silver Nanoparticles
Mesoporous SBA-15
Catalyst
4-Nitrophenol

A B S T R A C T

Despite the continuous developments in the synthesis of noble metal nanoparticles, the uniformity of particle
size distribution still represents a critical aspect. A fast and homogeneous nucleation is a key requirement to
achieve a monodisperse particle size distribution and in this scenario, the application of alternative energy
sources may constitute a winning strategy for the development of highly active nanocatalysts with unique
properties. Here we present several approaches to control the synthesis of Ag nanoparticles stabilized by an
anionic template, and the results evidence the advantages of adopting unconventional heating techniques such
as microwave heating. The fast and selective electromagnetic heating strongly reduced the nucleation and
growth times, impacting on the homogeneity of the resulting particle size distribution. In this work, we have
carried out the microwave-assisted synthesis of Ag nanoparticles and the resulting nanoparticles were compared
to those synthesized under conventional heating using an oil bath, showing that the differences in temperature
profile and heating rates between the two synthesis pathways had a clear effect on the size distribution of the
resulting nanoparticles as well as on their stability under long term storage. Finally, the synthesized ultra-small
Ag nanoparticles were deposited on a mesoporous substrate, reducing undesired Ostwald ripening and facil-
itating their reusability. This nanocatalyst was adopted for the abatement of 4-nitrophenol, a well-known car-
cinogenic pollutant with adverse effects on human beings and aquatic life. The catalytic results confirm the high
activity of the catalyst thanks to the high dispersion achieved afforded by ultra-small Ag nanoparticles and the
accessibility provided by the wide SBA-15 mesoporous channels.

1. Introduction

A crucial problem of the synthesis of nanostructured catalytic ma-
terials is still the poor control of their size distribution. The generation
of secondary products or particles with different diameters may
strongly affect not only their long-time stability but also their catalytic
properties [1,2]. In 1935 Becker and Döring introduced a thermo-
dynamic model, known as Classical Nucleation Theory (CNT), which
expresses the Gibbs free energy of a spherical particle as function of its
radius. If the radius is higher than a critical value rc, which depends on
the ratio of the surface energy per unit area and the Gibbs free energy
per unit volume, the energy of the system exceeds the activation energy
and enhances the particle growth [3,4]. The nucleation rate can be

described by the Arrhenius equation as a function of the Gibbs free
energy and the temperature of the system. As reported by Graham et al.
[5], longer nucleation time or higher temperature may promote the
simultaneity of nucleation and coalescence mechanisms, reducing the
homogeneity of the particle size distribution. This is especially im-
portant when monodisperse ultra-small nanoparticles (NPs) with a
diameter smaller than 2 nm are the objective. These are desirable be-
cause their high surface to volume ratio, together with unusual
quantum size effects are the hallmarks of an innovative category of
highly active nanocatalysts [6–8].

The way the energy needed for particle nucleation is supplied is key
in the growth process and a wide range of alternative energy sources
have been proposed for the controlled production of ultra-small Ag-
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NPs. Generally, the aim is to achieve a rapid nucleation step, and
sources such as γ-irradiation [9–11] microwave heating [12,13], UV-
irradiation [14] or sonochemical method [15] have been studied. From
their comparison, microwaves (MW) seem most advantageous, giving a
noticeable reduction of the synthesis time down to 70 s and a strong
improvement of the size distribution [12]. Despite these encouraging
results, considerable room for improvement exists, especially con-
cerning the analysis of the heating patterns and the possibility of
temperature gradients in the system. Furthermore, the deposition of
small nanoparticles on a suitable substrate needs further study as it may
both stabilize the NPs and facilitate their application in heterogeneous
catalytic reactions, allowing its reusability [16–18].

In this work, we report an investigation of a rapid MW-assisted
synthesis of ultra-small Ag-NPs. After studying the effect of irradiation
time, we compared the nanoparticles obtained under MW heating with
those under conventional heating (immersion in an oil bath), focusing
the discussion on the differences of the temperature patterns in both
systems. We have also studied the stability of the NPs formed upon long
term storage i.e. 18 months. Finally, the homogeneous ultra-small Ag-
NPs were deposited on a porous substrate and used in the catalytic
reduction of 4-Nitrophenol (4-NP) in water. This is often used as a test
reaction since 4-NP is widely used in a number of manufacturing pro-
cesses, including drugs, pesticides and leather treatment, resulting in
environmental and health hazards [19–21].

2. Materials and Methods

2.1. Synthesis of amine grafted SBA-15

A traditional sol-gel procedure was adopted for the synthesis of
mesoporous SBA-15 nanorods, previously reported by Uson et al. [22].
Summarily, 1.2 g of Poly(ethylene Glycol) – block – poly(propylene
glycol) – block – poly(ethylene glycol) (Pluronic P-123, Sigma-Aldrich)
and 14mg of ammonium fluoride NH4F (Sigma Aldrich, ≥ 98%) were
dissolved into 40mL of HCl 1.75M (AnalaR NORMAPUR 37%), main-
tained at 20 °C until complete dissolution of the copolymer. Then, a
mixture of heptane (Sigma-Aldrich, 99%) (8.5mL) and TEOS (Fluka,
98%) (2.75mL) was added, keeping the reaction under vigorous stir-
ring for 4min. After 10min of static conditions, the solution was
transferred to a PTFE-lined autoclave for hydrothermal treatment at
100 °C for 24 h. The washed and filtered product was calcined in a
muffle furnace at 550 °C for 5 h with a heating rate of 1 °C/min to re-
move the template. For subsequent amine-grafting, a mass of 1 g of
calcined SBA-15 nanorods was dispersed into 20ml of toluene (Fisher
Chemical, General Purpose Grade). The system was purged with argon
for 15min and mechanically stirred at 800 rpm. Then, 400 μL of (3-
aminopropyl)triethoxysilane (Sigma-Aldrich, ≥ 98%) were added and

the system was maintained at 110 °C for 1 h. Finally, the product was
filtered, washed with a mixture of dichlorometane/ diethyl ether (1:1 in
volume) and dried at 80 °C overnight.

2.2. Synthesis of Ag nanoparticles

Microwave-assisted synthesis of Ag NPs was conducted in CEM
Microwave Discover® Cavity. The quartz reactor (ID 20.8 mm, OD
24.0 mm) was precisely fixed in the centre of the open vessel cavity. For
the synthesis of Ag NPs, 85 mg of silver nitrate (Aldrich 99.9999%)
were dissolved under mechanical stirring at room temperature in 10mL
of deionized water (50mM) and covered with aluminium foil. Then,
500 μL of poly (acrylic acid, sodium salt) solution (Na-PAA Sigma
Aldrich MW 1200, 45 wt % in water) was added and high stirring was
applied to enssure a complete mixing of the reagents. The mixture was
irradiated by microwaves, with and input power of 200W, for three
different time-lapses (17 s, 35 s and 70 s) under high stirring condition
(magnetic stirrer bar of Ø4mmx 10mm). Na-PAA played the dual role
of reducing and stabilizing agent. For conventional heating (CH) we
adopted a traditional oil bath previously set at the desired working
temperature, i.e. 74.6 °C. Accurate monitoring of reaction temperature
was performed both by a thermographic camera (Optris PI-
400038T900) that recorded the radial temperature profile on the top
surface and by an optical fiber at three different axial points (10, 20 and
30mm) of the 35mm of the height occupied by the liquid volume as
reported in Fig. 1 a and b respectively. The observed temperature
gradient is due to a non-uniform distribution of the electromagnetic
field, already observed by other authors with the same cavity [23].

To stabilize the synthesized NPs and to allow their application for
heterogeneous catalytic reactions, 100mg of amino-functionalized
SBA-15 nanorods were impregnated by 400 μl of the as-made PAA-Ag
colloid (1 h x1500 rpm). Afterward, the catalyst was centrifuged with
distilled water (12000 rpm x20min), eliminating non-grafted NPs, and
dried in an oven at 50 °C overnight.

2.3. Characterization techniques

The effects of PAA-Ag NPs grafting on specific surface area and pore
volume distribution of amine-functionalized SBA-15 were evaluated by
nitrogen adsorption analysis at 77 K in a Micrometrics ASAP 2020. The
samples were out-gassed at 26.7 Pa and 383 K for 5 h before the mea-
surement. The analysis of the adsorption branch by Brunauer-Joyner-
Halenda (BJH) method was adopted for the calculation of mean pore
diameter (MPD) and pore size distribution. Brunauer-Emmett-Teller
(BET) method was applied for the determination of specific surface area
from the adsorption isotherm in the range of relative pressure 0.06-
0.19.

Fig. 1. (a) Quartz batch reactor (I.D. 20.8 mm,
O.D. 24.0 mm) with the evidence of the IR
camera for the analysis of radial temperature
profile and (b) Evolution of temperature in a
representative synthesis of Ag NPs (synthesis
time of 70 s, input power of 200W) as a func-
tion of MW irradiation time at different posi-
tions of the optical fiber 10, 20 and 30mm
from the bottom part, (see inset optical image)
ensuring total immersion of the fiber since the
total height of the liquid corresponds to
35mm.
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Transmission Electron Microscopy (TEM) analysis was conducted to
characterize the synthesized Ag nanoparticles and their dispersion on
Ag-NPs/SBA-15 nanorods. A 10 μl drop of colloidal nanoparticles was
deposited onto a Formvar TEM copper grid covered by a continuous
carbon film. After complete evaporation, the sample was analysed in a
FEI TECNAI T20 microscope with an operating voltage of 200 keV. A
similar procedure was adopted for the characterization of ultra-small
Ag-NPs before and after grafting on silica substrate, dropping 10 μL
suspension of the PAA-Ag NPs onto a holey carbon TEM grid. In this
case, a high-angle annular dark-field scanning transmission electron
microscope FEI Titan™ (80–300 kV) was adopted and elemental ana-
lysis was carried out with an EDS detector that allows performing EDS
experiments in the scanning mode. These two microscopes belong to
the Laboratory of Advanced Microscopies (LMA) at the Institute of
Nanoscience of Aragon (INA), University of Zaragoza.

The optical properties of PAA-Ag particles were evaluated by UV-Vis
Spectroscopy (Agilent 8453 UV-Visible Spectrophotometer). 500 μL of
the sample was diluted into 2.5 mL of deionized water. The measure-
ment range adopted was from 1000 to 200 nm with a scan speed of
400 nm/min.

The quantification of Ag metal loading in the mesoporous channels
was determined by Microwave Plasma Atomic Emission Spectroscopy
(MP-AES) (Agilent 4100 MP-AES). Firstly, 30mg of the catalyst were
microwave digested (200 °C for 20min in Milestone Ethos Plus micro-
wave cavity) in 5ml of nitric acid (HNO3) and hydrochloric acid (HCl)
in a volume ratio of 1:3. Then, the digested sample was diluted with
Milli-Q water obtaining a final volume of 30ml. To discard any frag-
mented particle, the sample was centrifuged (12000 rpm x20min) and
the supernatant was filtered by hydrophilic syringe filters of 0.2 μm.

The presence of Agm+n
m+ species was verified by X-ray photo-

electron spectroscopy (XPS), performed with an Axis Supra spectro-
meter (Kratos Tech). The samples were mounted on a sample rod placed
in the pre-treatment chamber of the spectrometer and then evacuated at
room temperature. The spectra were excited by a monochromatized
AlKα source at 1486.6 eV and subsequently run at 12 kV and 10mA.
Survey spectrum was measured at 160 eV pass energy and for the in-
dividual peak regions, spectra were recorded with a pass energy of
20 eV. CasaXPS software was adopted to analyse the peaks adopting a
weighted sum of Lorentzian and Gaussian component curves after
Shirley background subtraction. The binding energies were referenced
to the internal C1s standard at 284.9 eV.

2.4. Catalytic Activity

Reduction of 4-Nitrophenol by an excess of NaBH4 in water was
selected to test the catalytic activity of PAA-Ag nanoparticles supported
on SBA-15. In a typical reaction, 1.44mmol of NaBH4 was added into
30ml of a fresh solution of 4-Nitrophenol (0.125mM). After collecting
the UV-Vis spectrum as a reference of time zero, 1 mg/l of the catalyst
was added keeping the reaction in stirring condition, covered with
Aluminium foil. The absorbance peak was analysed every 40 s in a
continuous UV-Vis Spectrophotometer (Agilent 8453). For reusability
test, the solution was centrifuged after each cycle, observing the de-
position of the nanocatalyst as a pellet. The supernatant solution was
eliminated, the residue was dried and then reused for a different cycle.

3. Results and discussion

3.1. Synthesis of Ultra-Small Ag nanoparticles

Firstly, we performed a detailed analysis of the microwave-assisted
synthesis of PAA-Ag NPs, evaluating the effects of three different irra-
diation times (17 s, 35 s and 70 s). A poor control of particle size dis-
tribution was observed for nanoparticles synthesized at 70 s and 35 s, as
reported in Fig. 2 a) and Fig. 2 c), respectively. While more than 85% of
nanoparticles presented a diameter smaller than 3 nm, a significant

proportion of particles with a size around 10 nm were observed in both
cases. Instead, a uniform size distribution of (1.6 ± 0.7) nm was ob-
served for NPs produced with an irradiation time of 17 s, Fig. 2 e. In
accordance with LaMer model, the fast microwave heating (2.8 °C/s as
reported in Fig. 1-b and Figure S1) enhanced uniform nucleation of
small particles. However, the subsequent, or even simultaneous, Ost-
wald ripening and diffusion mechanisms are responsible of the growth
of the initial nuclei which may be strongly accelerated by higher tem-
peratures [3]. For this reason, we fixed reagents concentrations, reactor
configuration, heating rate and the procedure for the characterization
of the samples, focusing on final temperature and synthesis time. At a
heating time of 17 s, the maximum temperature reached was of
(74.6 ± 6.6) °C, 23% lower than the maximum temperature used for
35 s and 70 s (Fig. 1 and Figure S1). According to studies using in situ
SAXS at a millisecond time resolution, colloidal silver nanoparticles
grow via the cluster-aggregative nucleation pathway [24]. This
pathway implies that silver ions are reduced to produce Ag13 clusters
that subsequently form small silver nanoparticles by agglomeration of
Ag13 clusters. Temperature significantly influences the nucleation
event, modifying the maximum concentration supersaturation and the
diffusion mobility of Ag13 clusters. Considering this fact, it was ob-
served that increasing the temperature from 60 °C to 92 °C resulted in
the presence of successive nucleation that introduced non-uniformity in
the growth kinetics of Ag NPs due to unavoidable random coagulations/
aggregations events [25]. In fact, the aggregation kinetics increase with
temperature [26]. In our analysis, no relevant aggregation was reported
up to 75 °C, where a unique population was observed. Instead, a con-
sistent cluster-aggregative nucleation mechanism occurred as tem-
perature increased (100 °C as reported in figure S1), confirmed by the
heterogeneous distribution of Ag NPs obtained after 35 s and 70 s of
MW irradiation. It is also likely that an increase of reaction temperature
gives rise to the desorption of the negatively charged ligand chains
[27], promoting aggregation and polydispersity.

Furthermore, the uniformity of the PAA-Ag NPs synthesized under
17 s of MW irradiation was reflected in a higher stability for longer
storage time, due to a reduction of Ostwald ripening and coalescence
mechanisms [28]. The evolution of ultra-small particles in water sus-
pension is still a common critical factor [29,30]. In fact, after a storage
period as long as 18 months an evident alteration of the colloidal so-
lution colour was observed for all the colloids synthesized. However,
while at 35 s and 70 s a gradual transition to green colour was observed,
the NPs produced in 17 s still presented a blue tone (optical images in
Fig. 2). The TEM analysis confirmed that a drastic variation of particle
size distribution was observed for 70 s and 35 s respectively, where
particle size distribution shifted from a distribution centred in 2 nm
with few NPs of around 12 nm to a wide distribution from 2 to 26 nm
(Fig. 2b and d respectively). Instead, a higher uniformity was observed
for the 17 s sample as clearly seen in Fig. 2f, where still 51% of the
particles presented a diameter smaller than 3 nm and no particles
bigger than 7 nm were observed after 18 months. The higher the
homogeneity the lower the particles growth, confirming the theoretical
model reported by Reiss [3] who theorized that smaller particles may
grow faster in the presence of bigger particle. The results were also
confirmed by UV-VIS spectroscopy. After synthesis (Fig. 2g) there was a
unique long-wave absorption band at λ > 600 nm indicating the
complexes of small particles with the carboxylate group of the polymer
[27], without significant differences between the three samples. No
variations were observed after 3 days (figure S2). On the other hand,
after 18 months a secondary Ag NPs signal at a wavelength of 430 nm
appeared exclusively for 70 s and 35 s.

Considering the results reported above, we adopted the reference
temperature of 74.6 °C with a conventional heating (CH) using an oil
bath, to evaluate the different heating mechanisms. The evolution of
the average synthesis temperature and its corresponding deviation,
considering the measurements at the three different points of the vessel
(see Fig. 1), under CH and MW is presented in Fig. 3. It shows different
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heating pattern and heating rate for the two heating systems to reach
the same final set point. MW heating not only reached the final tem-
perature 10 times faster, but a completely different heat transfer me-
chanism was observed. For CH (see Fig. 3b), it was possible to ap-
preciate how the heating proceeded from the wall of the quartz reactor

towards the centre with the hottest region close to the vessel wall. In-
stead, an opposite gradient was observed for MW heating, where the
centre of the sample was rapidly heated and then the rest of the liquid
underwent fast heating, with the high temperature wave moving to-
wards the reactor wall. From LaMer theory [5], a control of the

Fig. 2. TEM, HAADF-STEM and optical images of Ag nanoparticles for three different MW irradiation times (70 s, 35 s and 17 s) monitoring the evolution between
time zero (respectively a, c and e) and after 18 months (b, d and f).Insets, optical images of the colloids and particle size histograms. Comparison of UV-VIS
spectroscopy for three different MW irradiation times (70 s, 35 s and 17 s) between time zero (g) and after 18 months (h).
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nucleation step, without the presence of successive nucleations, can be
considered as essential to better control the homogeneity of the re-
sulting NPs, and this gives a clear advantage to MW-heated systems,
where the whole system is heated up to the required temperature in
about 15 s, while under conventional heating the centre of the vessel is
still at (58.7 ± 5.7)ºC after one minute of reaction. The fast nucleation
under MW irradiation indeed results in a more homogeneous product,
with a reduction of 70% of the NPs size deviation and a decrease of 58%
of the NPs average diameter, as reported in Fig. 3c and d respectively. It
can be concluded that fast, volumetric heating is able to produce almost
simultaneous nucleation in the whole reactor volume, while the slower
conventional heating process gives rise to a heating wave that moves
towards the centre of the vessel, producing new nucleation events as
the heat front reaches inner regions. In the meantime, the nuclei formed
at the outer regions continue to grow, consuming precursors and giving
rise to a non-homogeneous growth in the vessel. These results are in
agreement with the previous work of Liu et al. [31] confirming the
thermal advantages of microwave heating. Indeed, the ability of MW
heating to provide fast heating throughout the sample volume can be
the key to control nanoparticle production in systems where fast ki-
netics are involved, such as in the production of noble metal nano-
particles where it is estimated that nucleation occurs in less than

100ms [32].
In order to confirm the influence of the heating rate, we gradually

reduced the microwave power adopted for reaching a temperature of
around 75 °C decreasing the heating rate from 2.8 to 0.2 °C/s as re-
ported in Fig. 4 a), which evidently results also in an increase of
synthesis time. A relevant variation of the size distribution was con-
firmed by UV-VIS spectroscopy in Fig. 4 b), where we observed a gra-
dual increase of secondary signal of bigger silver nanoparticles at a
wavelength of 425 nm. The presence of bigger agglomerates was con-
firmed by TEM analysis in Fig. 4, where the slower the heating rate the
higher the polydispersity. This result may confirm that the enhance-
ment of the homogeneity of ultra-small nanoparticles reported by mi-
crowave heating is exclusively connected to a thermal effect, which is
the fast heating rate that is difficult to achieve with other heating
sources following conventional heating mechanisms.

3.2. Supporting of Ultra-Small Ag nanoparticles on a mesoporous substrate

Supporting metal NPs is essential to increase their stability and also
to facilitate their application for heterogeneous catalysis. In this case,
Ag-NPs produced under MW heating for 17 s, were deposited on amino-
functionalized SBA-15 by wet impregnation. As reported in Figs. 5 a)

Fig. 3. Evolution of temperature profile with time and IR images of temperatures at the top surface of the liquid respectively for CH (a and b) and MW heating (d and
e). HAADF-STEM images and particle size histogram of Ag NPs for CH (c) and MW heating (f) respectively.
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and b), a homogeneous arrangement of particles along the channels of
the porous substrate was evidenced by HAADF-STEM analysis without
relevant variation of their size distribution. The percentage of metal

loading was quantified by MP-AES analysis as a total of (0.98 ± 0.05)
% wt. Furthermore, no obstruction of the pores was evidenced by N2

adsorption analysis before and after the deposition of the NPs, as

Fig. 4. (a) Microwave temperature profile at different heating rates, from 2.8 to 0.2 °C/s. (b) Comparison of UV-VIS spectroscopy for four different MW irradiation
powers (200W, 100W, 20W and 10W). (c) TEM images at 100W, (d) TEM images at 20W and (e) TEM images at 10W.

Fig. 5. A uniform distribution of PAA-
Ag NPs over the channels of meso-
porous SBA-15 substrate was evidenced
by HAADF-STEM analysis (a and b). No
relevant variations of pore diameter
were observed after the grafting of Ag-
NPs (c). Furthermore, XPS analysis
confirmed the presence of both Ag(0)
and Ag(I), complexed by the poly-
carboxylate group of PAA (d).
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confirmed by the type IV isotherms in Fig. 5 c). The total pore volume in
the sample containing the PAA-Ag NPs (0.76 cm3/g) decreased only by
15% respect to the original SBA-15 support (Table S1 and Figure S3). A
uniform organization of the PAA-Ag NPs, together with an average pore
size of 8.6 nm is highly desirable to ensure the access of a wide range of
organic molecules to the active sites. N2 adsorption analysis details are
presented in table S1 and Figure S3. The XPS analysis confirmed the
presence of a core structure (55% of Ag(0)) surrounded by a high
concentration of uncoordinated atoms (45% of Ag(I)), as reported in
Fig. 5 d). The presence of a large proportion of atoms with a higher
oxidation states around a noble metal core is not surprising, given the
high surface to volume ratio of the NPs prepared in this case, and has
been observed for other noble metals, e.g. Pt [33].

3.3. Catalytic Activity

Considering the adverse effects on human beings and aquatic life of
the carcinogenic pollutant 4-Nitrophenol, the catalytic activity of Ag-
NPs was tested for the reduction of 4-Nitrophenol in an excess of
NaBH4. As reported in Fig. 6a), we firstly observed the formation of 4-
nitrophenolate ion (wavelength absorbance at 400 nm, see the time 0 s
curve in Fig. 6a and 6b). Only after the addition of the nanocatalyst the
characteristic absorbance peak of 4-nitrophenolate gradually decreased
while the peak of 4-aminophenol (294 nm) increased [34]. The reaction
was concluded after 440 s, as confirmed by the disappearance of the
absorbance signal of sodium phenolate and the transparency of the
solution, Fig. 5b. No reactions occurred in the absence of catalyst or
with the pure mesoporous substrate SBA-15 (Fig. 6 c), confirming that
Ag-NPs are responsible of the catalytic reaction. Langmuir- Hinshel-
wood kinetics were employed to quantify the catalytic performance
[35]. The catalytic reduction reaction of 4-Nitrophenol to 4-Amino-
phenol has been well studied and considering that NaBH4 is in excess (C

NaBH4/C4-nitrophenol = 400) it can be considered constant during the
reaction process, and the reaction kinetics can be treated as pseudo-
first-order with respect to 4-Nitrophenol. The apparent kinetic constant
corresponded to the slope of the linear relation between the ln(At/A0)
and the reaction time. The linear correlation was excellent, with a fit-
ting regression coefficient r2 higher than 0.9935 for the three different
batches, confirming the pseudo-first-order reaction kinetics (Figure S4).
As confirmed by reusability test, the catalyst presented a good activity
even after 8 cycles as reported in Fig. 6 b. We reported a reduction of
33% of kinetic constant if compared to fresh catalyst, with a kinetic
constant of (5.91±0.07)E-03 (l∙mg-1∙s-1) (Fig. 6d). However, the lower
catalytic activity observed after 8 cycles could be also attributed to
gradual slight losses of catalyst in the recovery process with a cen-
trifugation step between the different cycles.

Table 1 compares the normalized kinetic constant of several works
reported in literature where Ag NPs were used as a catalyst for 4-Ni-
trophenol abatement. The low diameter (1.6 ± 0.7) nm and the uni-
form distribution of the Ag NPs on the surfaces of the mesoporous
substrate strongly impacted on the resulted catalytic activity, which
was around two times higher than the best Ag-based catalyst listed in
Table 1 [36]. This in turn allowed to operate with a considerable re-
duction of metal loading leading to enviromental and economical ad-
vantages [37].

4. Conclusions

The fast heating rate and volumetric character of MW heating were
essential for the synthesis of ultra-small Ag NPs with a uniform size
distribution of (1.6 ± 0.7) nm, obtained after 17 s synthesis time. An
increase of the synthesis temperature and time may lead to a lower
homogeneity of the product which is likely due to a higher number of
clusters coalescing that would lead to a broader particle size

Fig. 6. (a) Gradual decrease of 4-nitrophenolate ion (400 nm) concentration and formation of 4-aminophenol at a wavelength of 298 nm for cycle 0. The inset shows
optical images that evidence the difference of colour between 4-nitrophenolate ion (dark yellow for t= 0 s) and 4-aminophenol (transparent solution at 440 s). (b)
Gradual decrease of 4-nitrophenolate ion (400 nm) concentration and formation of 4-aminophenol at a wavelength of 298 nm for cycle 8. (c) No hydrogenation of 4-
nitrophenol when pure support of SBA-15 was adopted (d) Linear fitting curve of pseudo-first order kinetics of 4-NP reduction for pure support, Ag@SBA-15 cycle 0
and Ag@SBA-15 cycle 8.
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distribution, as observed for longer heating times of 35 s and 70 s.
Furthermore, the homogeneity of the suspension formed with small
nanoparticle clusters assured a longer storage life-time of the product,
without the observation of the characteristic plasmon peak of silver
nanoparticles at 400 nm, after 18 months storage. MW heating resulted
in a 10 times faster heating rate, compared to CH in an oil bath. MW
heating resulted in higher homogeneity of NPs with a 70% reduction of
the particle size deviation and also a reduction of 58% of the average
diameter. The Ag NPs were deposited on the porous surface of SBA-15
(1%wt.) by wet impregnation, giving rise to a homogeneous particle
distribution both inside and outside the pores, while preserving acces-
sibility of the reactants to the mesoporous structure. The catalytic ac-
tivity of the Ag-NPs/SBA-15 was tested in the reduction of 4-
Nitrophenol. A high value of the kinetic constant for the pseudo-first
order reaction was observed of (7.90±0.58)E-03 (l∙mg-1∙s-1) which is
above the values previously reported for this reaction.
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