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ABSTRACT

In the present study, the extract of the plant of Oenothera biennis was used
to green synthesis of silver nanoparticles (Ag NPs) as an environmentally
friendly, simple and low cost method. Additionally, TiO,/SiO, was prepared
via facile sol-gel method using starch as an important, naturally abundant
organic polymer as an ideal support. The Ag NPs/TiO,/SiO, as an effective
catalyst was prepared through reduction of Ag* ions using Oenothera biennis
extract as the reducing and stabilizing agent and Ag NPs immobilization
on TiOZ/SiO2 surface in the absence of any stabilizer or surfactant. Several
techniques such as FT-IR spectroscopy, UV-Vis spectroscopy, X-ray Diffraction
(XRD), scanning electron microscopy (FE-SEM), energy dispersive X-ray
spectroscopy (EDS), and transmission electron microscopy (TEM) were used
to characterize TiO,/SiO,, silver nanoparticles (Ag NPs), and Ag NPs/TiO,/SiO,.
Moreover, the catalytic activity of the Ag NPs/ TiO,/SiO, was investigated in
the reduction of 4-nitrophenol (4-NP) at room temperature. On the basis
of the results, the Ag NPs/TiO,/SiO, was found to be highly active catalyst
according to the experimental results in this study. In addition, Ag NPs/TiO,/
SiO, can be recovered and reused several times in the reduction of 4-NP with
no significant loss of catalytic activity.
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INTRODUCTION

One of the most refractory pollutants in
wastewaters is 4-nitrophenol (4-NP), which is
generated by industrial sources such as companies
manufacturing explosives and dyes [1-4]. It is
proven that 4-NP can damage the central nervous
system, liver, kidney and blood of humans and
animals [1-4].The conventional wastewater
treatment methods including adsorption, reverse
osmosis, or chemical coagulations cannot be
sufficient and effective in the degradation of this

compound to non-dangerous product because
* Corresponding Author Email: Khodadadi@gom.ac.ir

of their high resistance, high stability and low
solubility in water [1-4]. However, 4-NP reduction
product, 4-aminophenol (4-AP), is very beneficial
and important in various applications as corrosion
inhibitor, anti-corrosion lubricant, analgesic and
antipyretic drugs, photographic developer, and
so on. Therefore, an effective method for 4-NP
reduction using metal nano particles has recently
received much attention due to its cost effectiveness
[4-8]. Owing to their unique physical, chemical,
optical and thermodynamical properties, the metal
nano particles (MNPs) such as silver NPs have
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received much attention from researchers for several
applications such as gas sensors, catalysis, batteries,
high temperature superconductors, solar energy
conversion tools, biosensing, antibacterial, antiviral
and antifungal activities, drug delivery, etc. [9-14].
Moreover, heterogeneous catalysts are more and
more used in the form of the M NPs due to their
higher available catalytic surface. Additionally; nano
heterogeneous catalysts can make the products easily
removable from the reaction mixtures and make the
catalysts recyclable [15-17].

However, the agglomeration of the M NPs is
a major drawback, which can be overcome with
the use of an ideal support. In order to stop the
agglomeration of the M NPs and get over the
problems associated with their stability, separation,
and recovery, several inorganic compounds
including zeolite, graphene oxide, TiO, and Fe,O,
have been applied as M NPs supports [18-20].

Among various supports of heterogeneous
catalysts, TiO, has been used widely as an efficient
support and catalyst in organic reactions. However,
to date, there has been no report about TiO,/SiO,
as a support. Thus, the present study is reporting
replacing TiO, by the TiO,/SiO, due to good
chemical and thermal stability, different surface
chemical properties compared to TiO,, low cost,
low toxicity and excellent optical properties, ease
of handling, high photocatalytic activity reusability,
and benign character [21, 22].

Up to now, several methods have been employed
for the synthesis of TiO,/SiO, nanostructures.
Among the various chemical techniques, sol-gel
process is a promising method owing to the notable
advantages of high purity, good homogeneity, low
temperature synthetic conditions, low equipment
cost and easily controlled reaction parameters [23,
24]. Hence, in this study, we report a facile sol-gel
method to synthesize selected support (TiO,/SiO,)
using starch as an important, naturally abundant
organic polymer for controlling the morphology
of nanostructure and preventing agglomeration of
samples [24, 25].

Various physical and chemical techniques have
been applied in the preparation of the M NPs.
However, harsh reaction conditions, the use of
expensive, hazardous and toxic capping agents
or stabilizers to protect the size and composition
of the NPs, high temperature and long reaction
times, and low yields of the products are some
disadvantages of these methods. Recently, plant
extracts have been used as reducing and capping
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agents in the green synthesis of the M NPs with high
yields. These synthetic methods are cost-effective,
environmentally friendly, organic solvent-free, easy
to work up and suitably scaled up. The potential
of different plants as biological materials in the
synthesis of the M NPs and their immobilization
on different supports is still being explored [14,
15, 26-32]. It is found that the extracts of living
organisms act both as reducing and capping agents
in the synthesis of nanoparticles. Several plants
have been successfully used for efficient and rapid
extracellular synthesis of Ag NPs [14-17, 26-32].
The biosynthesis of the Ag NPs using Oenothera
biennis extract has not so far been reported.

Oenotherabiennis (Fig. 1) isa biennial herbaceous
plant commonly known as evening Primroses with a
well-established status in pharmaceutical, medicinal,
cosmetic, and nutritional applications. Oenothera
biennis is widely spread throughout Europe, North
America, and Asia. According to the literature,
phenolic compounds such as flavonoids and
phenol carbonic acids constitute one of the most
important groups in Oenothera biennis. Oenothera
biennis can be used as an important source for
bioreduction of metallic ions and production of
nanoparticles [33, 34].

The synthesis of metal or metal oxide NPs using
plant extracts has been recently reported. Herein,
an environmentally friendly, clean and non-toxic
method is reported for the first time for the green
synthesis of the Ag NPs/TiO,/SiO, nanocomposites
using Oenothera biennis in the absence of any
stabilizer or surfactant. The Ag NPs/TiO,/SiO,
nanocomposite catalytic activity in the reduction of
4-NP using aqueous NaBH, has also been studied.

Fig. 1. Image of Oenothera biennis
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EXPERIMENTAL
Instruments and reagents

Highly pure chemical reagents were obtained
from Merck and Aldrich Chemical Companies.
Characterization of the products was carried
out by comparison of their physical and spectral
data with those of authentic samples. A Nicolet
370 FT/IR spectrophotometer (Thermo Nicolet,
USA) was used to record FT-IR spectra using
pressed KBr pellets. A Shimadzu UV-2500 double
beam spectrophotometer was used to record
UV-visible spectra in the wavelength range of
200-700 nm. The sample shapes and sizes were
identified by transmission electron microscopy
(TEM) using a Zeiss-EM10C operating at an
accelerating voltage of 80 kV. A Philips model
X’Pert Pro diffractometer was used to carry out
X-ray diffraction (XRD) measurements using Cu
Ka radiation (A=1.5418A) at a scanning rate of
2 °/min in the 20 range of 10-80°. A Cam scan
MV2300) was used to perform scanning electron
microscopy (SEM). EDS (energy dispersive X-ray
spectroscopy) performed in SEM was used to
determine the measured chemical composition of
the prepared nanostructures.

Preparation of TiO /SiO,

In a typical synthesis, samples were prepared by
the sol-gel method using the following procedure:

First, 0.2 g of starch was dispersed in absolute
ethanol and stirred 10 min using a homogenizer.
titanium tetra isopropoxide (TTIP) with molar
ratio of TTIP/ethanol = 1.75, was then dissolved in
this solution (solution I). HNO,, deionized water,
and SiO, colloid solution (SiO,) with molar ratio
of ethanol/HNO,/H,0/SiO, = 43/0.2/1/30 were
subsequently dissolved in absolute ethanol (solution
IT). Finally, solution II was added dropwise into
solution I and the resulting mixture was vigorously
stirred for 30 min at room temperature. The
obtained transparent colloidal suspension was
sonicated for 30 min and aged for 48 h to form a
gel. The sample was dried in an oven at 50°C and
ultimately calcinated at 500°C for 4 hours. All the
steps are summarized in Fig. 2.

ITIP

—

Solution IT

-

EtOH +Starch SolutionT

Preparation of Oenothera biennis extract

10 g of dried, powdered Oenothera biennis were
added to 100 mL of 70% (V/V) ethanol solution
at 70°C over a period of 45 min, after which the
mixture was allowed to cool to room temperature.
Then, the extract of Oenothera biennis was
centrifuged at 6500 rpm and the supernatant was
separated by filtration.

Preparation of the Ag NPs using Oenothera biennis
extract

For green synthesis of the Ag NPs, 20 mL of
0.03 M aqueous solution of AgNO, was added
dropwise to 50 mL of Oenothera biennis extract
under constant stirring at 80 °C. Reduction of
silver ions (Ag*) to silver (Ag®) was completed in
about 30 min, as monitored by UV-Vis and FT-IR
spectra of the reaction mixture. The color of the
reaction mixture gradually changed in 15 min at 80
°C, indicating the formation of silver nanoparticles.
The colored solution of silver nanoparticles was
then centrifuged at 6500 rpm for 30 min for
complete separation. The obtained precipitate was
subsequently washed several times with distilled
water and once with ethanol and air dried for 24 h
at 50°C in an oven.

Preparation of the Ag NPs/TiO /SiO,

In a typical synthesis of the Ag NPs/TiO,/
SiO,, 0.5 g of TiO,/SiO, powder was dispersed
into 50 mL of Oenothera biennis extract under
constant stirring at 80 °C. After 5 min, 20 mL of
a 0.03 M aqueous solution of AgNO, was added
dropwise to the extract under constant stirring
at 80 °C. The yellow color of the Ag' solution
immediately changed into dark brown, indicating
reduction of Ag* to Ag® and formation of the Ag
NPs. Reduction of silver ions (Ag*) to silver (Ag®)
was completed in about 30 min, as monitored
by UV-Vis and FT-IR spectroscopy. Finally, the
solution of the Ag NPs/TiO,/SiO, was centrifuged
at 6500 rpm for 30 min for complete separation.
The obtained precipitate was then washed several
times with distilled water and once with ethanol,

Aging Drying calcinating

> > >

Ti0y/Si0)

Fig. 2. Diagrammatic synthesis of TiO2/SiOz samples in the presence of starch via sol-gel method
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Fig. 3. Diagrammatic synthesis of the Ag NPs/TiO,/SiO, using Oenothera biennis extract

and air dried for 24 h at 50°C in an oven. All the
steps are summarized in Fig. 3.

Procedure for the reduction of 4-NP

In typical reduction experiments, the catalytic
activity of the Ag NPs/TiO,/SiO, sample was
evaluated by the degradation of an aqueous solution
of 4-NP. In a typical procedure, 25 mL of the newly
prepared sodium borohydride solution (0.25 M)
was mixed with 25 mL of 4-NP aqueous solution
(2.5 mM) and the mixture was then stirred for 1
min at room temperature. 3.0 mg of the Ag NPs/
TiO,/SiO, was subsequently added to the mixture,
which was then allowed to stir at room temperature
until the deep yellow solution became colorless.
The reaction progress was monitored by UV-Vis
spectroscopy. The yellow color of the solution
gradually vanished, indicating the formation of
4-aminophenol. After completion of reaction, the
catalyst was separated from the reaction system by
brief centrifugation, washed with ethanol and dried
for the next cycle.

RESULTS AND DISCUSSION
Characterization of Oenothera biennis extract and
green synthesized Ag NPs

The UV-Vis analysis of Oenothera biennis
extract and Ag NPs was performed and the results
are shown in Figs. 4 and 5. According to the UV
spectrum of Oenothera biennis extract (Fig.4), the
two bands at around 283 and 332 nm are assigned
to the m > ©" transitions, which can be attributed
to the presence of polyphenolics as antioxidants
for green synthesis of nanoparticles [34,35]. The
reduction of the silver ions (Ag*) was performed
by Oenothera biennis extract. The progression of
the reaction and formation of the Ag NPs were
controlled by UV-Vis spectroscopy as well (Fig. 5).
After completion of the reaction, UV-Vis spectrum
showed a maximum absorbance at about 435 nm
which can be assigned to the surface plasmon
absorption of silver nanoparticles [35- 37].

In order to illustrate the possible functional
groups of Oenothera biennis extract and green
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synthesized Ag NPs using this extract, the FT-IR
analysis was performed and results are shown in
Figs. 6 and 7. As observed in Fig. 6, Oenothera
biennis extract showed some peaks at 3390, 2927
and 1072-1269 cm”, which are related to OH
functional groups, C-H and C-OH stretching
vibrations, respectively. Moreover, the absorption
band at about 1620 cm™ is due to carbonyl group
vibration and the band at 1432 cm™ can be
assigned to the stretching C=C aromatic rings
[35, 36] Owing to the presence of these functional
groups in the structure of polyphenolics, existing
in Oenothera biennis extract, it can be concluded
that the phenolics in the extract are probably
responsible for the reduction of Ag*and formation
of the corresponding Ag.

Absorbance

220 320 420 520 620
Wave length (nm)
Fig. 4. UV-Vis spectrum of Oenothera biennis extract

Absorbance

300 350 400 450 500 550 600 650 700

Wavelength (nm)

Fig. 5. UV-Vis spectrum of the green synthesized Ag NPs
using Oenothera biennis extract
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According to the results obtained from the FT-
IR study of green synthesized Ag NPs by using
Oenothera biennis extract (Fig. 7), the positions
of observed peaks are almost similar to those of
the corresponding peaks in the FT-IR spectrum
of Oenothera biennis extract, showing that the
organic compounds in the extract are absorbed on
the surface of Ag NPs by n-electron interaction [35].
These results show that the polyphenolics could be
adsorbed on the surface of Ag NPs, possibly by
interaction through m-electron interaction in the
absence of other strong legating agents.

Characterization of TiO/SiO, and Ag NPs/TiO/
SiO,

The chemical structures of TiO,/SiO, and the
Ag NPs/TiO,/SiO, were analyzed using Fourier
transform infrared (FTIR) spectroscopy at room
temperature in the range of 400-4000 cm ™ with the
composite powder and the results are shown in Fig.
8. It has been reported that in the TiO,/SiO, and
Ag NPs/TiO,/SiO, samples, wide absorption bands

were observed around 3100-3700 cm™, due to the
OH stretching vibration of surface hydroxyl group
because of a great amount of propanol present
during the hydrolysis of TTIP [31]. Moreover,
physically adsorbed water and hydroxyl group
cause absorption bands to appear around 1635 cm™
[39].

The bands at 1117 cm™ in samples correspond
to asymmetric stretching vibration of the Ti-O
bands [40- 42] and the ones at around 1070-1075
cm! are due to the symmetrical vibration of the Si-
O-Si bands [41- 43]. The peak at 600 cm™ can be
assigned to symmetric stretching vibration of the
Ti-O-Ti group [44]. Exhibited broad peaks in the
range of 400-1000 cm™ are due to the anatase phase
[42- 45]. As observed in Fig. 8, in comparison with
TiO,/SiO,, functional groups have hardly changed
after the immobilization of Ag NPs on the surface
of TiO,/SiO,.

The crystalline structures of the TiO,/SiO, and
Ag NPs/TiO,/SiO, samples were examined by
X-ray diffraction (XRD) analysis and the results are

% Transmitance

T T T T

3900 3400 2900 2400

1900 1400 900 400

Wave number (cm-1)
Fig. 6. FT-IR spectrum of Oenothera biennis extract

% Transmitance

3900 3400 2900 2400

T T T

1900 1400 900 400

Wavenumber ( cm-1)

Fig. 7. FT-IR spectrum of the green Ag synthesized NPs using Oenothera biennis extract
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shown in Fig. 9.

The diffraction patterns of the TiO,/SiO, sample
well match with JCPDS card of TiO, (No. 01-080-
0074). This pattern of samples can be indexed to
that of tetragonal anatase structure phase (the base
peak in the range of 20<260<30 is an evidence of
anatase phase). Moreover, diffraction peaks at 25.3,
37.8,48.2,55.1, 62.9, 70.5, and 82.9 are assigned to
the characteristic anatase phase and those at 27.5,
36.2, 41.5, 45.2, 54.5, 57, and 69.5 are assigned
to the characteristic rutile phase [45, 46]. In the
meantime, XRD patterns of the TiO,/SiO, sample

% Transmittance

3900 3400 2900 2400 1500 1400 900 400

Wavenumber (cm™)

Fig. 8. FT-IR spectrum of the TiO2/SiO2 and Ag NPs/TiO2/SiO>
samples

SEM HV: 15.0 kV
SEM MAG: 150 kx

WD: 8.48 mm

RMRC

MIRAZ TESCAN SEM HV: 15.0 kV
SEM MAG: 150 kx
View field: 1.38 prm Date{midty): 08/1316

showed that the anatase phase is dominant.

Fig. 9 shows the XRD pattern of the Ag NPs/
TiO,/SiO,. On the basis of the above results, the
diffraction peaks at 38.73, 44.26, 64.59°, and 78.12°
are consistent with the metallic silver particles
and well match with JCPDS card of Ag (NO. 04-
0783), which exhibits face centered cubic (FCC)
structure for the metallic silver NPs immobilized
on the surface of TiO,/SiO, without the formation
of impurities such as silver oxide (Ag,0) 35, 36].

Scanning electron microscopy (SEM) analysis
was employed to determine the size and
morphologies of the Ag NPs/TiO,/SiO, samples.
Fig. 10 shows the typical FE-SEM image of the

——Ti02/5i02
—— Ag NPs/ Ti02/Si02

Intensity (a.u.)

10 20 30 40 50 60 70 80
2 0 (degree)

Fig. 9. XRD pattern of the TiO2/SiO2 and Ag NPs/TiO~/SiO:
samples

> .

WD: 8.48 mm I || I

DCet: BSE 200 nm

Fig. 10. FE-SEM image of (a) TiO,/SiO, and (b) Ag NPs/TiO,/SiO, samples
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samples. These images indicate that TiO,/SiO, and
the Ag NPs TiO,/SiO, show spherical morphology
with diameters of less than 20 nm with very narrow
diameter distributions. From SEM images, it is
clear that the Ag NPs are deposited on the surface
of TiO,/SiO, without being incorporated in TiO,/
SiO,.

The elemental composition of Ag NPs/TiO,/SiO,
samples was also characterized by EDS spectrum
(Fig. 11). Fig. 11 confirms the presence of Ti, O, Si
and Ag elements in the Ag NPs/TiO,/SiO, sample.

In order to perform a more detailed study of
the morphology and size of the Ag NPs/TiO,/SiO,
samples, transmission electron microscopy (TEM)
was carried out. Fig. 12 shows the TEM image of

cpsiey

typical Ag NPs/TiO,/SiO, samples, in which Ag
nanoparticles appear as dark dots over the surface
of TiO,/SiO, with average sizes of less than 20 nm.

Catalytic behavior of green synthesized Ag NPs/
TiO /SiO, in the reduction of 4-NP

In this study, the catalytic activity of the Ag NPs/
TiO,/SiO, was evaluated in the reduction of 4-NP to
4-AP in the presence of NaBH,.In the absence of the
catalyst, the reduction process was not completed
in 150 min. The effects of NaBH, and catalyst
concentrations and different amounts of catalyst
and NaBH, on the catalytic reduction of 4-NP to
4-AP were studied and the results are shown in
Table 1. According to Table 1, the catalytic efficacy

Ll B i

5 g 10

Fig. 11. EDS spectrum of the Ag NPs/TiO2/SiO2 sample

Fig. 12. TEM image of the Ag NPs/TiO,/SiO, sample
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increased with an increase in the amount of NaBH,
and catalyst. This means that lower reduction times
were observed for higher NaBH, and Ag NPs/TiO,/
SiO, amounts. The best result was obtained using
250 mM (100 equivalents) of NaBH,and 10.0 mg of
catalyst. The reduction process was monitored by
using UV-Vis measurements at room temperature
and the results are shown in Fig. 13.

According to Fig. 13, after the addition of
NaBH,, a red shift of the peak of 4-NP from
315 to 400 nm was observed, owing to alkaline
conditions for addition of NaBH, and formation of
4-nitrophenolate ions. After the addition of catalyst
into the reaction system, the reduction process was
monitored by using UV-Vis measurements of the
reaction mixture. As observed in Scheme 1 and
Fig. 13, the absorption peak at 400 nm gradually
decreased and disappeared, the solution became
clear in the presence of the catalyst and a new peak

OH 0
a b

appeared at about 295 nm, indicating that 4-NP
has been converted to 4-AP with increasing the
reaction time [35, 36].

It is well known that reduction occurs only in
the presence of a catalyst because the catalytic
reduction happens on the catalyst surface. Thus, in
the absence of a catalyst, no significant reduction
process and color change was observed in the
reaction.

According to the literature, when the Ag NPs/
TiO,/SiO, is used, the BH, ion and 4-NP are both
absorbed on the catalyst surface. This can facilitate
electron transfer from BH, to 4-NP, leading to 4-AP
production. In other words, faster electron transfer
can occur on catalyst surface, giving rise to faster
reaction. Furthermore, as a support, the TiO,/SiO,
prevents the aggregation of Ag NPs, which can play
an important role on increasing the catalyst surface
and ultimately lowering reduction time.

Catalyst
—>

OH

Scheme 1. The reduction reaction of 4-NP to 4-AP

Absorbance

Wavelength (nm)

Fig. 13. UV-Vis absorption spectra of 4-NP (a); 4-NP + NaBH4 (b) and 4-AP (c)
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Table 1 Completion time for the reduction of 4-NP (2.5 mM) to 4-AP
using different amounts of Ag NPs/TiO2/SiO2 and NaBHa

Catalyst (mg) [NaBH4](mM) Time (min)

1 3 125 15"

2 3 187.5 9:13
3 3 250 6:58
4 5 125 11:43
5 5 187.5 6:56
6 5 250 5:12
7 7 125 7:49
8 7 187.5 4:21
9 7 250 2:18
10 10 125 3:49
11 10 187.5 2:59
12 10 250 1:32

*: Not completed

Catalyst recyclability

Obviously, recoverability and reusability are the
advantages of heterogeneous catalysts; especially
for commercial and industrial applications. The
recyclability test of the Ag NPs/TiO,/SiO, was
also carried out. The Ag NPs/TiO,/SiO, can be
easily separated from the reaction mixture by
brief centrifugation and multiple washings with
distilled water followed by drying. The recovered
catalyst was evaluated in the reduction of 4-NP.
The catalyst was recycled five times for 100%
reduction of 4-nitrophenol, as monitored by UV-
Vis spectroscopy. This demonstrates the high
stability and catalytic activity of the catalyst under
the operating conditions.

CONCLUSIONS

In this article, the Ag NPs and Ag NPs/TiO,/
SiO, have been synthesized via an environmentally
friendly method wusing Oenothera biennis
extract as reducing agent without any stabilizer
or surfactant. Moreover, TiO,/SiO, synthesized
via sol-gel method was found to be a valuable
support in this regard. The facile synthesis, the
application of a plant extract as an economic and
effective alternative, cheap, clean, non-toxic and
environmentally benign precursor, and the absence
of toxic reagents or surfactant templates are some
of the remarkable advantages of this method.
SEM, XRD, EDS, FT-IR and UV-Vis spectroscopic
techniques were used to characterize the synthetic
Ag NPs and Ag NPs/TiO,/SiO,. Moreover, the Ag
NPs/TiO,/SiO, catalytic activity in the reduction of
4-NP using aqueous NaBH, at room temperature
has also been studied. The Ag NPs/TiO,/SiO,
has desirable catalytic activity according to the
experimental results in this study. In addition, the
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Ag NPs/TiO,/SiO, nanocomposite could be readily
recovered and reused for several cycles in the
reduction of 4-NP with almost no loss of catalytic
activity.
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