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Abstract

In this work, the degradation of 4-nitrophenol (4-NP) was investigated by using plasmonic gold nanoparticles decorated
magnetic-porous silica microspheres (AuNP@Mag—SiO,) as catalyst in the presence of excess sodium borohydride (NaBH,)
in batch fashion. Magnetic silica microspheres (Mag—SiO,), 6.20 um in size synthesized with high surface area and good
magnetic properties were functionalized with amine groups. Using these particles as support, immobilization of gold nano-
particles (AuNP) was performed. The morphological, chemical and magnetic properties of the catalyst were analyzed by
Scanning electron microscopy (SEM), Surface area and pore size analyzer, X-ray diffraction spectroscopy (XRD), Vibrating
sample magnetometer (VSM) and X-ray photoelectron spectroscopy (XPS). The plasmonic catalytic activities of AuNP@
Mag-Si0O, microparticles were investigated by the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) monitored by
UV-Vis spectroscopy by changing the reaction parameters such as amount of catalyst, Au loading, initial 4-NP concentration,
and reaction temperature. Reaction times ranging between 5 and 30 min were obtained in the quantitative reduction of 4-NP
using gold nanoparticles decorated magnetic silica (AuNP@Mag—SiO,) microspheres. The plasmonic catalyst was recovered
efficiently by magnetic separation and highly stable without exhibiting no significant activity decrease with the repeated use.
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1 Introduction

The rapid developments in nanotechnology have led to prod-
ucts developed to gain an important place in many fields
such as imaging, biosensing, photothermal therapy and
catalysts [1-15]. There has been a growing interest in the
use of gold nanoparticles (AuNP) as catalysts due to their
high plasmonic catalytic activity, better selectivity, unique
and tunable optical properties and longer stability proper-
ties [16-22].

In general, nanoparticles in solution tend to aggregate
due to their high surface energies, which leads to a signifi-
cant reduction in catalytic activity [23, 24]. Although gold
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nanoparticles show plasmonic catalytic activity, they tend
to agglomerate in the reaction medium [25]. In order to
increase the catalyst stability, AuNP can be immobilized to
different support materials (such as carbon nanotubes, silica,
titanium) [26-29]. Among them, porous silica microspheres
are preferred because of their good compatibility, chemi-
cal and thermal stability. In particular, the mesoporous of
compartment of silica based materials provides high surface
area and large pore volume that can increase the active sites
of the catalysts, while the macroporous compartment pro-
vides efficient mass transfer [30-32]. Due to its inert struc-
ture, silica also gives high catalytic activity by reducing the
metal-support interaction. To increase the amount of nano-
particles on the surface of the support material, the support
material surface can be functionalized with groups such as
—NH, [33, 34]. However, the isolation of the catalysts from
the reaction medium (centrifugation or filtration) is a time-
consuming and difficult process. Magnetic particles are used
to overcome this problem. For facile recyclability, magnetic
catalysts can be rapidly separated from the reaction mixture
by applying an external magnet [35-37].
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The reduction of 4-NP to 4-aminophenol by NaBH, which
have been widely used as a model reaction in the investiga-
tion of the catalytic properties of different nanoparticles, were
first reported in 2002 [38—43]. 4-aminophenol is an important
intermediate in the preparation of antipyretic drugs such as
acetaminophen and various painkillers such as acetanilide and
phenacetin. It is also used as corrosion inhibitor in paints and
fuels. It is important to develop a cheap and efficient cata-
lyst for catalytic reduction of 4-NP in aqueous solution under
mild conditions. Hence, the removal of 4-nitrophenol from
the contaminated samples is particularly important for reduc-
ing the pollution in aquatic media. Pt nanoparticles carrying
bimetallic supported catalysts were efficiently used for reduc-
tion of 4-nitrophenol to 4-aminophenol [44—46]. Au/m-SiO,/
Fe;0, catalyst was developed for the catalytic reduction of
p-nitrophenol with NaBH, by Liu et al. [47]. In other work, the
reduction of nitroaromatic compounds was examined by using
Fe;0,@8S10,-Au@mSiO, in the presence of sodium borohy-
dride [41]. Li et al. reported that Au@Fe;0,/m-SiO, yolk@
shell nanocatalysts showed high catalytic activity with high
stability and recyclability due to the synergetic effect of Au
and Fe;0, interactions [48]. Wang et al. prepared Au@SiO,
nanocatalyst by a typical Stober method and the catalytic
performances of nanocatalyst was investigated in 4-nitrophe-
nol reduction [49]. Deng et al. proposed Fe;0,@SiO,~Au@
mSiO, microspheres as catalyst with high activity for the cat-
alytic reduction of 4-nitrophenol in room temperature [40].
Dong et al. prepared AuNP decorated magnetic fibrous silica
microspheres and investigate their catalytic activity in the
reduction of 4-NP [50]. In another study, AuNP were grafted
on the amine or thiol functionalized magnetic silica nanopar-
ticles and their catalytic activities were tested in the catalytic
reduction of 4-NP with NaBH, [36]. Zhang et al. reported the
synthesis of Au-decorated silica spheres as a catalyst for use
in the reduction reaction [51]. Zhou et al. evaluated the cata-
lytic activity of gold catalyst immobilized on ordered arrays of
multilamellar silica nanoparticles in reduction of 4-NP [52].

In this work, the catalytic activity of gold nanoparticles
decorated magnetic, monodisperse-porous silica (AuNP@
Mag-SiO,) microspheres were proposed as a catalyst with
high activity, magnetic separability and good reusability for
the reduction of 4-NP in batch fashion. The effects of amount of
catalyst, Au loading, initial concentration of 4-NP and reaction
temperature on the catalytic activity were investigated in the
presence of excess amount of NaBH,, in the reaction medium.

2 Experimental Section
2.1 Chemicals and Materials

For the synthesis of monodisperse-porous poly(methacrylic
acid-co-ethylene glycol dimethacrylate [poly(MAA-co-EDMA)]
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microspheres; the monomers, glycidyl methacrylate (GMA),
methacrylic acid (MAA), the crosslinking agent, ethylene
dimethacrylate (EDMA) and the diluent, ethylbenzene (EB)
were supplied from Aldrich Chem. Corp., USA. The initia-
tor, benzoyl peroxide (BPO), the stabilizer, polyvinyl alco-
hol (PVA, 87-89% hydrolyzed, Mw = 85,000-146,000) and
polyvinylpyrrollidone (PVP K-30, Sigma, average molecular
weight: 40,000 Da), the emulsifier, sodium dodecyl sulfate
(SDS) were supplied from Aldrich. The initiator, BPO was
dried under vacuum at 30 °C before use. 2,2-azobisisobu-
tyronitrile (AIBN) supplied from Across Organics, USA
were recrystallized from methanol before use. Ethanol
(EtOH, HPLC grade, Merck A.G., Darmstadt, Germany),
isopropanol (Iso-PrOH, HPLC grade, Aldrich) and tet-
rahydrofuran (THF, HPLC grade, Aldrich) were used as
the solvents. Tetraethyl orthosilicate (TEOS) as precursor,
tetrabutylammonium iodide (TBAI) and ammonium hydrox-
ide solution (NH,OH, 26% w/w) were also purchased from
Sigma. Distilled deionized (DDI) water (Direct-Q 3 UV
(Type 1), Millipore, USA) with a resistivity of 18 MQ cm
was used during all synthesis runs. For the magnetization
of poly (MAA-co-EDMA) microspheres, iron(IIl) chloride
hexahydrate (FeCl;-6H,0) and iron(II) chloride tetrahy-
drate (FeCl,-4H,0) were obtained from Sigma-Aldrich Co,
USA. For the derivatization of magnetic silica microspheres
with amine groups, aminopropyltriethoxysilane (APTES,
Sigma Chemical Co., St. Louis, MO, USA) and triethyl-
amine (TEA, Sigma Chemical Co., St. Louis, MO, USA)
were used. For the synthesis of gold nanoparticles, chlo-
roauric acid trihydrate (HAuCl,-3H,0O, Sigma Chemical
Co., St. Louis, Mo., USA), trisodium citrate (TSS, Sigma
Chemical Co., St. Louis, Mo., USA), sodium borohydride
(NaBH,, Sigma Chemical Co., St. Louis, MO, USA) were
used. Sodium hydroxide (NaOH, Sigma Chemical Co., St.
Louis, Mo., USA) and hydrochloric acid (HCI, 37% w/w,
Sigma Chemical Co., St. Louis, Mo., USA) were used to
prepare NaBH, and HAuCl, solutions, respectively. In order
to determine the degradation of 4-nitrophenol (4-NP, Sigma
Chemical Co., St. Louis, Mo., USA), the absorbance was
observed at 400 nm by using a UV-Vis Spectrophotometer
(UV-1601, Shimadzu, Japan).

2.2 Synthesis of Mag-SiO, and AuNP@Mag-SiO,
Microspheres

Monodisperse-porous poly(MAA-co-EDMA) micro-
spheres were prepared by a multi-step microsuspension
polymerization developed in our previous study [30, 53,
54]. Polymeric microspheres used as template for the syn-
thesis of magnetic silica microspheres were synthesized
according to multistage microsuspension polymerization
as described elsewhere [55]. Typically, FeCl;-6H,0 (0.8 g)
and FeCl,-4H,0 (0.54 g) were mixed in 20 mL of distilled
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water at ice bath. Then, the solution was poured into a
flask containing the aqueous dispersion of poly(MAA-co-
EDMA) microspheres and stirred at ice bath for 30 min
under nitrogen blanket. The solution was then evacuated
in vacuum and heated to 85 °C under mechanic stirring.
Ammonium hydroxide solution (25 mL) was then added
into the above solution mechanically stirred at 85 °C for
1 h. After being cooled, magnetic poly(MAA-co-EDMA)
microspheres were magnetically separated, and followed
by washing with deionized water several times.

The magnetic silica microspheres (Mag—SiO,) were
fabricated by a staged-shape template hydrolysis and
condensation protocol by using magnetic poly(MAA-
co-EDMA) microspheres as template synthesized with
different Fe(III)/Fe(II) molar ratios [56]. Typically, mag-
netic poly(MAA-co-EDMA) microspheres (0.4 g) were
dispersed in a solution containing 50 mL of Iso-PrOH
and 5 mL of water. TBAI (0.25 g) and NH,OH (0.25 mL,
%25 wl/w) were added into the mixture and sonicated for
5 min. The mixture was kept under mechanical stirring
for 1 h and 5 mL of TEOS/Iso-PrOH solution (25/75 v/v)
was added slowly into the mixture. The final medium was
stirred for 20 h at 30 °C. The silica/polymer composite
microspheres obtained were washed with Iso-PrOH and
water and then dried at 80 °C for 12 h. Finally, monodis-
perse-porous magnetic silica microspheres were obtained
after being calcinated at 450 °C for 3.5 h at a heating rate
of 2 °C/min.

Fig. S1 in Supporting Information shows the proce-
dure for the synthesis of AuNP@Mag—SiO, microspheres.
Mag-SiO, microspheres (0.4 g) were modified by 3-ami-
nopropyl triethoxysilane (APTES) (3 mL) within Iso-PrOH
(20 mL). The resulting amine-functionalized magnetic sil-
ica microspheres were washed repeatedly with Iso-PrOH
and water and then dried at 80 °C. Gold nanoparticles
were prepared according to Martin method [57]. The flask
containing an aqueous solution of HAuCl, (5.0 X 1073 M
in the same molar amount of HCI, 24 pL) was mixed with
an aqueous stock solution of NaBH, (5.0 x 1073 M in the
same molar amount of NaOH, 100 pL) followed by add-
ing a total volume of 10 mL distilled water. The light
yellow solution turned to an orange color and then red
in <1 min. Amine-functionalized magnetic silica micro-
spheres (0.02 g) were put into the mixture solution and the
solution was stirred at room temperature for 6 h to obtain
AuNP@Mag-SiO, microspheres.

2.3 Characterization

The median pore size, pore size distribution and the spe-
cific surface area of Mag—SiO, and AuNP@Mag-SiO,

microspheres were determined by using Surface area and
pore size analyzer system (Quantochrome, Nova 2200e,
U.S.A.). The size and morphology of Mag-SiO, and
AuNP@Mag-SiO, microspheres were investigated by Scan-
ning Electron Microscopy (SEM, FEI,Quanta 200 FEG,
U.S.A.). X-ray photoelectron spectroscopy (Thermo Scien-
tific™ K-Alpha™ XPS spectrometer, MA, U.S.A.) was used
to determine the surface composition. Magnetic measure-
ments of Mag—SiO, and AuNP@Mag—SiO, microspheres
were performed using a vibrating sample magnetometer
(VSM, Quantum Design) at room temperature. X-ray diffrac-
tion spectrophotometer (XRD, Ultima IV X-ray diffractom-
eter, Rigaku Ultima IV, Tokyo, Japan) measurements were
performed to determine the crystal structures of Mag—SiO,
and AuNP@Mag—SiO, microspheres.

2.4 Catalytic Activity of AuNP@Mag-SiO,
Microspheres

The catalytic reduction of 4-NP to 4-AP was performed to
evaluate the catalytic activity of AuNP@Mag-SiO, micro-
spheres. The reaction was carried out at room temperature
by monitoring the UV—-vis spectra at 1 min intervals. Firstly
4-nitrophenol (0.027 g) was dissolved in 10 mL of distilled
water. 4-NP solutions of certain concentration was prepared
by diluting from stock solution. NaBH, (0.2 g) was added to
the solution. After adding the catalyst developed to the 4-NP
solution, the degradation rate was observed by reading the
spectra at a wavelength of 400 nm as a function of time in
the presence of excess amount of NaBH,,.

The catalytic reduction of 4-NP as a function of reaction
time (Eq. (1)) is given by:The catalytic reduction of 4-NP:

([4 = NPJ, — [4—=NP],)/[4 = NP], x 100 1)

where [4NP], is the concentration of 4NP at the initial time
of the reaction, and [4-NP], is the concentration of 4NP at
time t.

It is thought that the concentration of NaBH, remains
constant during the reaction in the presence of an excess
of NaBH, compared to 4-NP. Therefore pseudo first-order
kinetics was used with respect to 4-NP to determine the cata-
lytic rate of the reaction. The rate constant, k (min~") can be
calculated by using Eq. (2):

In (C/C,) = In(A/A,) = —k x t )

k is the pseudo-first-order kinetic rate constant and is calcu-
lated by a linear fitting. C, is the concentration of 4-nitrophe-
nol during the reaction at any time and C, is the initial con-
centration of 4-nitrophenol. A, is the maximal absorbance
of 4-NP at any time and A, is the initial absorbance of 4-NP.
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3 Results and Discussion

The monodisperse porous polymer microspheres were
obtained by multi-stage microsuspension polymerization to
be used as the template material for the synthesis of mag-
netic silica microspheres. In the presence of Fe** and Fe**
salts, the magnetic microspheres were obtained by using
binary precipitation protocol [55, 56]. Monodisperse porous
Mag-SiO, microspheres were obtained by calcination of
silica-polymer composite in an oven at 450 °C for 3.5 h.
Mag-SiO, microspheres were modified by APTES because
of the increased interaction with AuNP through coordinated
bonds, resulting in effective deposition of AuNP on silica
support.

The SEM photographs showing the surface morphol-
ogy, the average size and size distribution for Mag-SiO,
and AuNP@Mag-SiO, microspheres are given in Fig. 1.
The pore size distribution curves of magnetic silica micro-
spheres synthesized with different Fe(IlT)/Fe(Il) molar ratios
and AuNP@Mag-SiO, microspheres are given in Fig. S2

in Supporting Information. The porous properties calcu-
lated based on the pore size distribution curves, size and
the saturation magnetization values of synthesized magnetic
microspheres are included in Table 1. As seen in Fig. 1 and
Table 1, the obtained microspheres are uniform with a mean
diameter of 6.20—6.80 pm with the coefficient of variation
was 4.0-5.5%. The photographs also demonstrate the pres-
ence of both the meso and the macroporous structure of the
silica microspheres. These pores provided immobilization
of the gold nanoparticles on the porous surface. Although
the highest saturation magnetization (i.e. 50 emu/g) was
obtained with Fe(III)/Fe(IT) molar ratio of 2.2, the pore vol-
ume and the specific surface area of this sample were con-
siderably lower with respect to the other formulations. On
the other hand, the saturation magnetizations and the spe-
cific surface areas of magnetic microspheres obtained with
Fe(III)/Fe(II) molar ratios of 0.5 and 1.1 were very close
(Table 1). By considering its higher porosity (i.e. higher
pore volume), magnetic silica microsphere sample obtained
with Fe(III)/Fe(II) molar ratio of 1.1 was chosen as the
appropriate support for the attachment of Au nanoparticles.

Fig.1 SEM photographs of (a—c¢) Mag-SiO, and (d—f) AuNP@Mag-SiO, microspheres, Magnification: a, d~x4000, b, e~x 15,000, c,

f~x70,000

Table 1 The size and porous

Fe(Illl)/Fel) D, (pm) CV (%) D, (am) Vp (cc/g) SSA (rnz/g) M (emu/g)

. X Microspheres
properties of Mag—SiO, molar ratios
synthesized with different
Fe(IlI)/Fe(11) molar ratios Mag-SiO, 1.1
aqd AuNP@Mag-Si0O, Mag-SiO,-1 05
microspheres
Mag-Si0O,-2 2.2

AuNP@Mag-SiO, 1.1

6.20 5.2 38.92 0.40 194.87 33.6
6.28 4.02 40.30 0.30 205.70 36.0
6.80 4.95 52.60 0.12 86.61 50.0
6.23 55 42.71 0.38 90.40 29.3

D, Average particle size, CV coefficient of variation for size distribution, SSA specific surface area, Vp Pore
volume, D,, Median pore size, M saturation magnetization
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As revealed by the pore size distribution curves given in
Fig. S2 in Supporting Information, the surface area and the
pore volume decreased as a result of loading of AuNP into
the porous silica matrix. The concentration of AuNP on
the surface of Mag-SiO, microspheres was determined as
2.09% w/w by XPS spectrometer (Table S1 in Supporting
Information).

The microspheres must have sufficient saturation mag-
netization to perform a facile and efficient removal from the
reaction medium by the application of an external magnetic
field. Saturation magnetization values measured at room
temperature were found to be 33.6 and 29.3 emu g~! for
Mag-SiO, and AuNP@Mag-SiO, microspheres, respec-
tively (Fig. S3A in Supporting Information). The decrease
in the magnetic saturation is a result of the deposition of
AuNP into silica matrix. The trials showed that the AuNP@
Mag-SiO, microspheres could be separated from the reac-
tion medium by the use of an external magnet within the
time-periods less than 1 min. XRD measurement result
of AuNP@Mag-SiO, microspheres is given in Fig. S3B
in Supporting Information. XRD diffraction peaks were
observed at 20 values of 30.10°, 35.54°, 43.09°, 53.46°,
56.98°, and 62.58° due to the magnetic iron oxide content of
the microspheres. The four characteristic peaks at 26 values
of 38.18°, 44.39°, 64.58°, and 77.55° obtained for AUNP@
Mag-SiO, microspheres confirm the presence of Au loaded
into the microstructure.

3.1 Catalytic Reduction of 4-NP

The catalytic activity of AuNP@Mag—SiO, microspheres
was tested in the reduction of 4-NP to 4-aminophenol
(4-AP). In the reaction, while the 4-NP solution gave the
characteristic absorbance peak at 320 nm, it was shifted
to 400 nm due to the 4-nitrophenolate ions formed by the
addition of NaBH, to the solution. After adding AuNP@
Mag-SiO, microspheres to the reaction, the peak at 400 nm
decreases with time, resulting in the formation of 4-AP
at 300 nm, which increases gradually with time (Fig. 2a).
Gold nanoparticles as a plasmonic catalyst acts as an elec-
tronic relay system to overcome the kinetic barrier caused
by the large potential difference between 4-nitrophenolate
and BH4™ ions. Thus AuNP have the ability to catalyze the
formation of 4-aminophenol [58]. The Langmuir—Hinshel-
wood (LH) mechanism of reduction of 4-NP to 4-AP in the
presence of excess amount of NaBH, using the AuNP@
Mag-SiO, microparticles is shown in Fig. 2b.

In the mechanism, the borohydride ions are adsorbed onto
the catalyst surface, transferring hydrogen to the catalyst
surface. At the same time, 4-NP is adsorbed onto the catalyst
surface. 4-NP reacts with the hydrogen atoms on the surface
to form the 4-AP product. After desorbing 4-AP product

Time (min)
— 00
— 05
—1.0
—20
— 40
6.0
12.0

Absorbance
o
(-2}
!

200 400 600 800
Wavelength (nm)

H 4-NP) ~ H ) /H

B
@@ 5@ e
BH, H @ H

Fig.2 a UV-Vis absorption spectra obtained during the catalytic
chemical reduction of 4-NP. b Langmuir-Hinshelwood mechanism of
the reduction of 4-NP by using AuNP@Mag-SiO, microspheres in
the presence of NaBH,

from the surface, the catalyst can be separated and reused
due to its magnetic properties.

3.1.1 Effect of Temperature on Reduction

The variation of 4-NP concentration with the reaction tem-
perature is given in the Fig. S4A in Supporting Information.
The results given in the Fig. S4 in Supporting Information
show that the conversion of 4-NP at 40 °C is significantly
faster. It is also seen that almost complete conversion of
4-NP is achieved with reasonably short reaction periods at
all temperatures, by using AuNP@Mag-SiO, microspheres.
The rate constants are calculated for the degradation of 4-NP
between 10 and 40 °C (Fig. S4B in Supporting Information).
As expected the rate constant increases with the increase
in temperature as the probability of collision frequency of
molecules increases at higher temperatures.

3.1.2 Effect of Amount of Catalyst on Reduction

The effect of the catalyst amount on the reaction rate was
investigated in the 4-NP degradation performed at room
temperature. As shown in the Fig. 3, when the amount of
catalyst is too low (0.5 mg) the reaction period becomes so
long (30 min). At a high catalyst amount (4 mg), almost 99%
of 4-NP degradation is completed in a short period such as
4 min. As seen in Fig. 3b, the reaction rate linearly increases
with increasing catalyst amount as also shown by different
researchers [5, 59].

@ Springer
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Fig.3 a The variation of 4-NP concentration (ppm) with the time
using AuNP@Mag-SiO, microspheres as catalyst, b Plot of In(C/C)
versus time for the reduction of 4-NP with different catalyst amount
(the kinetic rate constans (min~!) are shown on the graph). Reaction
conditions: Au loading (w/w%): 5%; Catalyst amount: 0.5, 1, 2, 4 mg;
4-NP concentration: 2.5 ppm, and reaction temperatures of 20 °C

3.1.3 Effect of Initial 4-NP Concentration on Reduction

The effect of the initial 4-NP concentration on the reaction
rate was investigated by changing initial phenol concentra-
tion between 1.25 and 15 ppm. When 1.25 ppm phenol con-
centration was used, the degradation process was completed
in a short time such as 5 min, while the time of degradation
increased for other 4-NP concentrations (Fig. 4a). These
studies confirm that the rate of reduction of 4-nitrophenol
decreases with the increasing initial 4-nitrophenol concen-
tration probably due to the limiting number of active sites
on the AuNP@Mag-SiO, catalyst (Fig. 4b).

3.1.4 Effect of Au Loading on Reduction

In a typical catalytic reaction, these steps (1) adsorption of
the reactant to the catalyst surface, (2) diffusion of the reac-
tant into the pores (3) reaction from the reactant to the prod-
uct (4) desorption of the product, are carried out. The rate
of reaction is directly proportional to the catalytic activity
of Au, which is most dependent on the amount of Au load-
ing. As seen in the Fig. S5 in Supporting Information, the
reaction rate decreases and reaction time increases with the
increasing Au loading probably due to the increased aggre-
gation of AuNP on the porous silica support.
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Fig.4 a The variation of 4-NP concentration (ppm) with the time
using AuNP@Mag-SiO, microspheres as catalyst with differ-
ent 4-NP concentration. b Plot of the kinetic rate constants (min™")
versus 4-NP concentration (ppm). Reaction conditions: Au loading
(W/w%): 5%; Catalyst amount: 1 mg; 4-NP concentration (ppm):
1.25, 2.5, 5.0, 15, and reaction temperatures of 20 °C

3.2 Comparision of Catalytic Activities

The catalytic activity of the developed plasmonic catalyst
was compared to the activities of other plasmonic catalysts
developed for the degradation of 4-NP in the literature
(Table 2). For the correct evaluation of the catalytic per-
formance, k/m (the reaction rate constant per the Au con-
tent of the used catalysts) was used as the activity param-
eter. The results showed that the developed catalyst had a
competitiveness with other catalysts used in the literature
[40, 60-63]. In addition, the magnetic properties of the
catalyst and the use of silica as a support material have
enabled the catalyst to have superior properties than some
catalysts used in the literature [40, 60-63].

Table 2 Comparison of pseudo-first-order rate constant for nitrophe-
nol reduction by using Au based catalysts

Catalyst k (min™") k (min~! g ) Ref.
Fe;0,@Si0,~Au@m SiO, 0.35 5830 40
Au-Fe;0, 0.63 1657 61
Au@SiO, 0.234 720 62
TiO,@GOS@Au 0.90 3214 63
Au/TiO, hybrid nano fibers 0.244 244 64
AuNP@Mag-SiO, micro- 1.380 6900 This work

spheres
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Fig.5 Reusability of AuNP@Mag-SiO, microspheres for reduction
of 4-NP. (Calcination temperature: 450 °C, temperature: 20 °C, cata-
lyst amount: 1 mg, 4-NP concentration: 2.5 ppm, Au loading (w/w%):
5%)

The catalyst was prepared using monodisperse-porous
silica spheres in micron-size range as the base material.
The saturation magnetization of magnetic silica micro-
spheres was determined as 33.6 emu/g. With respect to
the commonly used magnetic nanoparticles, the selection
of a micron-size support with satisfactorily high satura-
tion magnetization allowed fast separation of synthesized
catalyst from the reaction medium. As seen in Fig. S3 of
Supporting Information, the catalyst could be completely
removed from the reaction medium by using an external
magnet within 2-3 s. On the other hand, the selection of
porous support with high specific surface area allowed
the deposition of high number of AuNP onto per mass of
base material (i.e. porous silica microspheres). Extremely
higher reaction rate constants achieved with respect to
similar catalysts in Table 2 should be likely explained by
this property of the synthesized catalyst.

3.3 Recyclability and Stability

The stability and reproducibility of the catalyst developed
is an important parameter. For this purpose, the catalyst
was separated from the reaction mixture by using exter-
nal magnet and used again in 4-NP degradation under the
same reaction conditions. The results showed that the
catalyst could be repeatedly reused with high conversion
(>90) over five runs (Fig. 5).

4 Conclusion

The plasmonic catalytic activity of AuNP@Mag-SiO,
microspheres in the reduction of 4-NP was investigated
by changing Au loading, reaction temperature, amount

of catalyst and initial concentration of 4-NP. AuNP@
Mag-SiO, microspheres demonstrated high catalytic activ-
ity with good repeatability and magnetic separation ability.
The use of magnetic porous SiO, microspheres as support
material provided high surface area, large pore volume and
efficient mass transfer. The kinetics of degradation of 4-NP
was pseudo-first-order and the degradation was completed
within the reaction periods <4 min in the catalytic runs
performed by using AuNP@Mag—SiO, microspheres as a
plasmonic catalyst. AuNP@Mag-SiO, microspheres are
promising as a new Au-based catalyst for the degradation
of 4-NP.

On the other hand, when the core—shell BaTiO;@SiO,
nanostructures and Fe;O,/silica/Fe;O, nanoparticles previ-
ously developed are considered, AuNP@Mag-SiO, micro-
spheres can be evaluated as the promising materials which
is potentially capable of providing a high insulating SiO,
layer and a large interface for high polarization particu-
larly for energy storage applications [64, 65].
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