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Abstract

TiO, modified with silver nanoparticle catalysts was prepared by radiolysis method using gamma ray from Co-60 source.
The characteristic of prepared samples was determined by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
and transmission electron microscopy (TEM). XRD patterns of Ag/TiO, catalysts indicated the peak of silver metal, the XPS
analysis showed that Ag existed as Ag metallic in structure of Ag/TiO, catalyst, and the size of Ag nanodeposited on TiO,
surface was about 1 to 4 nm. The size of silver nanoparticle increased when the initial concentration of dopant increased.
Photocatalytic activity of TiO, and Ag/TiO, for azo dye methyl red (MR) under visible light was conducted. The compari-
son results of MR degradation efficiency of TiO, and Ag/TiO, showed that Ag/TiO, catalysts were higher than that of TiO,
under the same conditions. TiO, doped with 2% Ag content has the highest photodegradation efficiency and showed a 49%
increase in the MR photodegradation as compared to the pure TiO,. In addition, Ag/TiO, prepared by radiolysis method

was highly reusable.
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Introduction

Among toxic organic substances, textile dyes and industrial
dyes are one of the groups of organic substances that are
increasingly harmful to the environment [1]. Azo dyes are
one of the most dangerous textile wastes. There are numer-
ous methods for effectively degrading textile dyes from
wastewater including advanced oxidation processes [1, 2],
biodegradation [3], ozonation [4], adsorption, and the mem-
brane process [5-10].

Currently, the method of degrading toxic organic sub-
stances using semiconductors is an effective method that
has been widely studied. Semiconductors are materials that
have a band gap between their valence band and conduction
band. When they absorbed energies greater than or equal
to their band gap, electrons from the valence band transfer
to the conduction band, forming generated electrons in the
conduction band and generated holes in the valence band.
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Charge carriers react with substances absorbed on surface of
the semiconductor. Among semiconductors, TiO, is the most
commonly used because of its numerous advantages, includ-
ing low cost, nontoxicity, and high photocatalytic efficiency
[11-13]. The limitation of TiO, is a large band gap energy
and the recombination of the generated holes and electrons.

There are several studies that have been conducted to
lower the band gap energy and avoid recombination of the
generated holes and electrons [14], including the modifica-
tion of TiO, with noble metals, such as Au, Ag, and Pt.
Suwarnkar et al. synthesized TiO, doped with Ag using
sol-gel method-assisted microware and found that increas-
ing Ag contents from 0.0 to 0.25% mol resulted in smaller
crystallite size. The highest methyl orange degadation effi-
ciency was discovered in TiO, doped with 0.25 mol% Ag
[15]. The nanosized Ag-TiO, were prepared by a single-step
sol—gel method using titanium tetraisopropoxide (TTIP) and
silver nitrate as precursors and aqueous ammonia as a reduc-
tion agent. The results of phathlic acid degradation showed
that TiO, doped with 0.75% Ag had the highest phthalic
acid degradation efficiency under UV irradiation [16].
Nagaraj et al. synthesized Ag-doped TiO, using photon-
induced method and the photodegradation of methylene blue
revealed that Ag/TiO, completely degraded methylene blue
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[17]. Grabowska et al. used irradiation method to modify
titanium dioxide with silver nanoparticles for phenol degra-
dation. The results showed that titania modified with silver
nanoparticles demonstrated higher photocatalytic activity
than pure TiO, under both UV and visible irradiation [18].
Radiolysis is a powerful method for synthesizing nanopar-
ticles with control over their size and shape [18-21]. The
size of the particles can be easily controlled by varying the
concentration of silver ion [18]. The choice of the absorbed
dose must be carefully chosen in order to control cluster size
and crystal structure by adjusting the nucleation and growth
steps for metallic cluster [22].

Among Ag/TiO, synthesis methods, radiolysis method
has many advantages including the ability to synthesize Ag-
modified TiO, at room temperature without the use of other
reducing agents, and the aqueous solvent was dissociated

Table 1 Crystallite size of TiO, and Ag-modified TiO, from XRD
data

Sample Crystal plane 20 FWHM () Crystallite
size (nm)
TiO, 101 25.25 0.401 20.33
ATO.5 101 25.28 0.398 20.46
AT1.0 101 25.29 0.391 20.79
AT1.5 101 25.27 0.393 20.75
AT2.0 101 25.27 0.392 20.74
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by y-ray into reducing radical (e™,,) which reduced silver
ions to Ag®. In the irradiated solution, the reduction process
is uniform, resulting in small, monodispersed Ag particles
[23].

Methyl red is an azo dye that is commonly found in the
textile industry. A significant amount of wastewater contains
methyl red, which is potentially toxic to the environment and
some of these toxic substances can be stored in food, causing
human toxicity. Among methyl red degradation methods, the
method using Ag/TiO, to degrade methyl red was reported
to be highly effective in completely degradating methyl red
[24, 25].

For the aforementioned reasons, the study has synthe-
sized TiO, (P25) modified with silver nanoparticles prepared
by radiolysis method (using y-%°Co as a resource), and the
photocatalytic activity of TiO, and Ag/TiO, in methyl red
degradation under visible light and the reused of Ag/TiO,
photocatalysts were also investigated and discussed.

Materials and methods
Sample preparation

TiO, with diameter ranging from 10 to 40 nm (Degussa,
Germany) were added into 5 mL ethanol (>99.9%, China)
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Fig.2 XPS diagram of pure
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and 95 mL distilled water. Then, AgNO; (>99.8%, China)
was carefully added into the above mixture with differ-
ent mass ratios of Ag/TiO, of 0.5; 1.0; 1.5 and 2%. After
60 min of stirring, the mixture was placed into a gamma
chamber with y-°°Co source on GC-5000 (BRIT, India)
with dose rate of 3.0 kGy/h. The absorbed radiation dose
is determined by the concentration of Ag, and the saturated
absorbed radiation dose for 1 mmol/L Ag* is 2 kGy [23].
The mixtures were centrifuged, then washed with distilled
water until pH constant and dried at 60 °C for 12 h. The
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obtained TiO,-modified Ag were named as AT0.5, AT1.0,
AT1.5, and AT2.0, respectively.

Characterization of TiO, and TiO, modified with Ag
catalysts

The phase identification of a crystalline material was deter-
mined using X-ray diffraction (XRD) on D8 Advanced dif-
fractometer (Brucker, Germany) with a Cu Ka radiation
(A=0.15418 nm). The sizes of pure TiO, and Ag-doped
TiO, catalysts were characterized by transmission electron

Fig.3 XPS diagram of AT1.5 25000
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Fig.4 XPS diagram of Ag3d of AT1.5 catalyst

microscopy (TEM) on JEM 1010 instrument (JEOL, Japan).
The elemental composition and chemical state of catalysts
were obtained by X-ray photoelectron spectroscopy analyses
(XPS) using a ULVACPHI instrument outfitted with Al Ka
X-ray source. The weight percentage of Ag in Ag/TiO, was
analyzed using an atomic absorption spectrometer (AAS) on
AA-6300 instrument (Shimadzu, Japan).

Photocatalytic degradation activity

Photocatalytic degradation of methyl red by TiO, and TiO,
modified with Ag catalysts were carried out under visible
light using a 150-W halogen lamp as the light source. Firstly,
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Fig.5 XPS diagram of Ti2p of AT1.5 catalyst
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0.05 g of the catalyst was added to a 50-mL beaker contain-
ing methyl red (MR) at a concentration of 107> M. After stir-
ring the mixture in the dark for an hour to achieve adsorption
and desorption equilibrium, it was illuminated with halogen
lamp. After period of irradiation time: 20, 40, 60, 80, 100,
and 120 min, the mixture was centrifuged at 6000 rpm for
15 min to remove catalysts particles. The methyl red solu-
tion that remained after the reaction was measured using
absorbance spectroscopy method (UV-Vis) to determine the
concentration (at wavelength 410 nm). The experiment was
carried out three times.

Results
Catalyst characteristic

The crystalline phases of pure TiO, and Ag/TiO, were
determined by X-ray diffraction. Typical XRD diagrams for
TiO, (P25), ATO0.5, AT1.0, AT1.5, and AT2.0 are shown in
Fig. 1. The XRD patterns of Ag/TiO, samples exhibited all
of typical TiO, peaks. Diffraction peaks located at the 26
values of 25.25, 37.85, 48.16, 53.86, 55.01, 62.68, 68.95,
70.37 and 75.24 corresponding to the crystal planes (101),
(004), (200), (105), (211), (204), (116), (220) and (215) of
anatase phase of TiO, [26], whereas the peaks at 26 values
of 27.38, 36.02, 41.22, and 56.48 correspond to the crystal
planes (110), (101), (111), and (220) representing the rutile
phase of TiO, (JCPDS card no. 21-1276) [26]. The XRD
patterns of AT1.0 and ATO.5 have weak peak at 20 value
of 44.21. Furthermore, XRD patterns of AT1.5 and AT2.0
revealed two peaks at 26 values of 38.05 and 44.21, which
correspond to the crystal planes (111) and (200) shown for
metallic silver (JCPDS card no.04—0783) [24]. The crystal-
lite size of TiO, and Ag-modified TiO, was calculated from
XRD data by using the Debye-Scherer formula [27]:

kA
= BcosH @)

where L is the crystallite size (nm), #is FWHM, k=0.89,
andA=0.15418 nm. The results illustrated in Table 1 showed
that the crystallite sizes of TiO, in the pure TiO, and Ag-
modified TiO, samples were about 20-21 nm.

For further evidence of the composition and chemical
state of the elements, TiO, and AT1.5 samples also were
measured by XPS analyses. The XPS results of TiO, in
Fig. 2 showed that pure TiO, contained elements Ti and O.
The XPS diagram of AT1.5 in Fig. 3 indicated that the sam-
ple contains elements Ti, O, and Ag. For more information
on the state of Ag, the XPS measurement result of element
Ag is shown in Fig. 4. The Ag3d XPS diagram showed the
presence of two peaks with binding energy states (BE) of
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Fig.6 TEM images of TiO,
(a), ATO.5 (b), AT1.5 (¢), and
AT2.0 (d) photocatalysts

368.25 and 374.25 eV, which are typical for the binding
states of Ag 3d5/2 and 3d3/2 spin-orbital splitting photoelec-
trons of Ag. According to the splitting values, the chemical
state of silver in AT1.5 sample is metallic silver (Ag®) [18].
There are no other chemical states of Ag. This is consistent
with XRD results. Furthermore, two peaks with the binding
energies of 459.55 eV and 465.40 eV indicated to Ti 2p3/2
and 2p1/2, respectively, that specify Ti*" chemical states in
these samples shown in Fig. 5 [28].

The morphology of TiO,, AT0.5, AT1.5, and AT2.0 sam-
ples was determined by transmission electron microscopy
(TEM). The results in Fig. 6 showed that the shape and size
of TiO, particles do not change among these samples. The
size of TiO, from TEM was about 20 nm, which is similar
to the result of crystallite size of TiO, from XRD data. TEM
image of ATO0.5, AT1.5, and AT2.0 sample also showed that
Ag particles with the size of 1-4 nm are attached on the sur-
face of TiO, particles. In general, increasing the percentage
of silver precursor content from 0.5 to 2.0% increased Ag
content in Ag/TiO, samples resulting in larger the size of sil-
ver nanoparticle. Under the influence of reducing agent gen-
erated by gamma rays, Ag* ions were reduced to Ag metallic
with nanosize and these silver nanoparticles were modified
on the TiO, surface [29]. The Ag weight percentage in

| e—1),0)1)11)

B

— )11}

ATO0.5, AT1.0, AT1.5, and AT2.0 was 0.39, 0.62, 1.2, and
1.41%, respectively, according to the AAS results. Accord-
ing to Grabowska et al., the size of Ag particles attached
to the TiO, surface increases from 1.3 to 1.5 nm when the
initial Ag™ concentration increases from 0.5 to 1.0% [18].

Photocatalytic activity

The photodegradation activity of MR 10™> M by TiO, and
Ag/TiO, in visible light was investigated, with the results
shown in Fig. 7. The MR degradation efficiency of all Ag/
TiO, samples were higher than that of TiO,. After 120 min
of irradiation, the degradation efficiency of MR 107> M by
TiO, was 23.45% while AT0.5, AT1.0, AT1.5, and AT2.0
samples had MR degradation efficiency of 58.24%, 62.53%,
68.26%, and 71.96%, respectively. When the Ag content in
the sample is higher, the photocatalytic activity under visible
light improves. It was found that TiO, doped with 2% Ag
content has the highest photocatalytic efficiency. With 2 h of
irradiation, the AT2.0/TiO, catalyst showed a 49% increase
in the MR photodegradation when compared to the pure
TiO,. The ability of nanosize-doped metal to lower the band
gap energy and thus shift the optical response to the visible
light region was attributed as the reason. Furthermore, the
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nanosize TiO,-doped Ag particles inhibited the instinctive
recombination of photogenerated electrons and holes within
the catalysts, thereby increasing the photocatalytic efficiency
[30].

In comparison to other studies, the photodegradation
efficiency of Ag/TiO, obtained in this study was found

80
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Number of cycle

MR degradation efficiency (%)

Fig.8 Reuse of the AT2.0 photocatalyst

@ Springer

to be lower. After 90 minutes, the photodegradation effi-
ciency of MR 7.4 x10™> M by Ag/TiO, synthesized by lig-
uid impregnation method under solar radiation was greater
than 85% [24]. The photodegradation efficiency of MR
7.5% 107 M by Ag/TiO, synthesized by sol-gel method was
83% after 60 minutes of solar irradiation [25]. However, the
experiments for MR degradation by Ag/TiO, in the preced-
ing studies were conducted under solar and UV radiations,
which typically offer higher removal efficiency than visible
light. Furthermore, the radiolysis method for noble metal
nanoparticle synthesis has the advantage of allowing nano-
materials to be synthesized at room temperature and this is
a green method because toxic chemical-reducing agents are
not used. Moreover, the radiolysis method has been shown
to be a faster synthesis method, which aids in the reduction
of power consumption and product prices [31].

Reuse of the photocatalyst

To determine the reusability of TiO, modified by Ag nano-
synthesized by gamma irradiation method, AT2.0 sample is
then used to degrade MR and the photocatalytic degradation
of MR was repeated up to four cycles. The results in Fig. 8
showed that after 5 times of using AT2.0 material, it still
has a high catalytic activity, with the MR degradation effi-
ciency of the fourth reused material sample yielding 66.2%
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compared to 71.96% of the initial material. After degrada-
tion of MR, AT2.0 material was reused four times and the
catalytic activity decreased gradually but not significantly
compared to the original sample.

Mechanism of photocatalysis of Ag/TiO,

The proposed schematic illustration of photocatalytic mech-
anism of MR degradation by Ag/TiO, under visible light
in Fig. 9. Under visible light, electrons in the valence band
were excited to the conduction band and formed photogen-
erated holes in the valence band of TiO,. These photogen-
erated electrons will be captured by Ag (due to the fact that
the Fermi energy level of Ag is lower than the conduction
energy of TiO,, forming a Schottky barrier in the contact
zone of Ag and TiO,) and then reduced O, on the surface to
form *O,” radicals. Meanwhile, the photogenerated holes
oxidize water on the surface to form *OH. The oxidized
radicals *OH and *OOH are then formed as a result of the
°0," reaction. These oxidized radicals oxidize methyl red to
degradation products [1].

Conclusions

Ag modified with TiO, catalysts have been successfully syn-
thesized by radiolysis method at room temperature. XRD
and XPS results showed the presence of Ag metallic, while
the TEM results revealed the small and homogeneous silver
nanoparticles with sizes ranging from 1 to 4 nm attached
to the surface of TiO, nanoparticles. When increasing per-
centage of precursor content of silver from 0.5 to 2.0%, the
size of silver nanoparticle increased. Under visible light, the
photocatalytic activities of TiO, and Ag/TiO, in degrada-
tion of methyl red were studied. Under the same conditions,

MR

H,0

TiO, modified with silver nanoparticles has higher photo-
catalytic activity than TiO,. TiO, doped with 2% Ag has the
highest photocatalytic efficiency, and it has an increase in
MR degradation efficiency of 49% compared to pure TiO,.
Furthermore, Ag/TiO, catalysts are highly reusable. After
four times of reuse, the MR degradation efficiency decreased
by only 5.76%.
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