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Abstract

TiO»-assisted photocatalysis is used in numerous environmental applications and for the manufacturing of different products. Ag-
doped TiO2 nanoparticles were synthesized by impregnation using silver nitrate solution on TiO2 obtained by sol-gel method and
on commercial Degusa P25 (Evonik). Silver is widely studied as a dopant for semiconductor materials, due to its antibacterial
properties. In addition to this, it acts as electron sink and donor for photogenerated electrons, enhancing the photocatalytic activity.
The physical properties of the samples calcined at different temperatures were investigated by XRD, XRF, SEM, TEM, SAED and
EDAX techniques. The calcination temperature of 650°C led to the total transformation of titanium dioxide (anatase) to rutile phase
when commercial P25 was doped with Ag. In the case of samples produced by sol-gel method, the anatase is still the major phase
even at this temperature. The photocatalytic activity of the synthesized catalysts was evaluated in the UV-assisted photodegradation
of Rhodamine 6G and Congo Red dyes. The conversion yield of Rhodamine 6G reached 66.5% and that of Congo Red was 53%
after 120 minutes of irradiation.
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1. Introduction photocatalytic ~ performances, easy availability,

stability in time, low toxicity etc.

During the past years, the nanomaterials have
attracted high interest in research and practical
implementations, due to their special and interesting
properties. The most common applications concern
their use as adsorbents, (photo) catalysts, magnetic
materials, ceramics, drug carriers, semiconductors,
biomaterials etc. Considering also the specific
properties related to nanoscale structure, the
nanomaterials are often remarkable for their high

The synthesis of nanocomposites by doping
with noble metal nanoparticles (Pt, Pd, Au and Ag)
was employed to modify semiconductors as TiO»,
Zn0O, CuO, Bi;WOg, La,Ti0; (Favier et al., 2016;
Lutic et al., 2017; Ma et al., 2018, Mahmoodi et al.,
2017) aiming to improve their behavior in the
photocatalytic reactions. Due to the good electron
collection/transport abilities and UV response
properties of titanium dioxide and noble metal
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nanoparticles, these nanocatalysts exhibit combined or
synergistic effects in enhancing their individual
performances in many photocatalytic applications
(Cantarella et al., 2016; Qian et al., 2018; Zhao et al.,
2016).

The photocatalysts derived from titanium
dioxide are extensively used due to their convenient
band gap value, chemical and thermal stability, good
photocatalytic activity, low cost etc. (Djoki et al.,
2012; Ivanova et. al., 2013; Liu et al., 2017).

Titanium dioxide exists in three main
polymorphs: rutile, anatase and brookite. Anatase and
rutile are the most common for the photocatalytic
applications, having band gap values of 3.23 and 3.02
eV respectively. The electron promotion from the
valence band to the conduction band can be promoted
by UV and visible radiation (Tobaldi et al., 2013). This
is a premise for the oxidative degradation of persistent
organic compounds in aqueous media, in the presence
of photocatalytic solids activated by light. The
photocatalytic activity is highly increased by the
incorporation of noble metals nanoparticles in
semiconductive oxides (Guo et al. 2009; Lee et al.,
2005; Liu et al., 2004). Noble metals as Pt, Pd, Au, Ag
can be used for TiO» doping, because they increase the
photocatalytic activity, by avoiding the recombination
of electron-hole pair (He et al., 2013; Ran et al., 2018,
Sarina et al., 2013). On the other part, silver is a noble
metal with exceptional antibacterial performance.
Silver nanoparticles exhibit numerous applications: it
acts as a disinfection agent in biomedicine, where it is
used in various therapies, as catalyst in photovoltaic
applications and chemical sensing (Sanzone et al.,
2018). Silver nanoparticles are usually prepared by the
chemical reduction of a silver salts.

The sol-gel method is a simple and effective
technique to be used for obtaining various new TiO,
nanoparticles with controlled properties (Nutescu
Duduman et al.,, 2016, 2018). The impregnation
method is a convenient, simple and cheap way to
introduce noble metals into the oxide structures, with
good dispersion of the metal on the surface of the
parent oxide (Van Dillen et al., 2003).

The formation of titanium dioxide by sol-gel
method generally comprises the use of a titanium
organic salt via hydrolysis with the formation of Ti —
OH groups, followed by the condensation step, when
bonding of the titanium species by oxo (Ti — O — Ti)
and hydroxo (Ti — OH - Ti) bridges occurs, by
progressive and finally deep elimination of water
molecules (Galkina et al., 2011). The TiO»-Ag
photocatalyst with controlled metal particle size can
be obtained by the sol-gel and impregnation methods
(Amin et al., 2009; Guo et al. 2009). The TiO,-Ag
nanocatalysts are cost-effective, efficient,
environmentally friendly and highly efficient catalysts
for the oxidation of organic compounds from
wastewaters (Harja et al., 2018; Hussain et al., 2016).

The photocatalytic activity of TiO, is
influenced by several factors: the nature of the
crystalline phase, the crystallinity degree, the particle
size, the nature and dispersion degree of the doping
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species etc. (Hu et al., 2017; Lutic et al., 2018; Vajda
etal., 2016).

Many stable organic compounds are widely
used in pharmaceutical production, textile treatments
and dyeing, plastic and rubber manufacturing and
several industrial processes (Harja et al., 2017; Khalik
et al., 2018). These processes have a strong impact on
the environment, since the use of water is ubiquitous
and the formation of wastewaters contaminated with
stable and dangerous species represents a continuous
problem (Ciobanu et al., 2013; Harja et al., 2011;
Harja et al., 2016; Harja and Ciobanu, 2018). The
advanced recovery and/or destruction of organic
compounds from wastewaters became a priority in the
last decades. The constant increasing demand for
water and, therefore, the higher wastewater production
with hardly degradable pollutants generates severe
environmental problems (Ciobanu et al., 2014; Rusu
etal., 2014).

Rhodamine 6 G (R6G) and Congo Red (CR)
are organic compounds with complex structures,
which can be used as model molecules in the research
aiming at to test new materials as adsorbents and
photocatalysts with applications in the advanced
wastewater treatment (Bhakya et al., 2015; Ghazzal et
al., 2012; Lutic and Cretescu, 2016; Lutic et al., 2012).

In this work, we have synthesized TiO,-Ag
nanocomposites by the sol-gel method from titanium
tetra-isopropoxide and silver nitrate and compared its
photocatalytic performance with a sample prepared by
the wet impregnation of commercial titanium dioxide
P25 with silver nitrate. The samples were
characterized by XRD, XRF, SEM and TEM and
tested in the UV-assisted photocatalytic degradation
of R6G and CR dyes from aqueous solutions
simulating wastewaters. The decomposition yield of
Rhodamine 6G reached 66.5 % in 120 minutes, while
Congo Red conversion was 53 % under the same
period of time.

2. Experimental part
2.1. Sample preparation

Titanium tetraisopropoxide (TIP), Panreac was
used as TiO, nanoparticles precursor. Titanium
dioxide P25 (Degussa) was used for the experiments
without any purification procedure and silver nitrate
(AgNO;, Sigma Co.) was used for Ag doping. The sol-
gel synthesis under acidic conditions was employed
for the preparation of TiO nanoparticles, following a
procedure reported in a previous work (Nutescu
Duduman et al., 2018), using nitric acid as a
hydrolysis-condensation ratio potentiation. The
sample was further treated with silver nitrate solution,
ammonia and hydrazine, to complete the hydrolysis
and precipitation. Thus, reduced Ag on the TiO;
nanoparticles was obtained. The chemicals ratios were
chosen to allow obtaining an 1/10 weight ratio of
Ag/TiO,. The sample was dried at 110°C overnight
(labelled as Ag_TiO,). Half of the sample was used as-
synthesized in the photocatalytic tests and half was
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thermally activated. The activation was carried out by
calcination at 650°C for 2 hours (heating rate of 1°C
min') (labelled as Ag_TiO, Calc 650).

The sample based on commercial titanium
dioxide P25 was prepared by incipient wetness
impregnation (IWI) with AgNOj; solution prepared in
water and ethanol. The recipe was adjusted to provide
the same 1/10 weight ratio between Ag and TiO;
particles as in the case of the sol-gel method. The P25
powder (2 g) was dried for 2 hours at 200°C in a
crucible. The AgNO; solution was prepared in the
proper amount of water allowing the complete
dissolution according to the salt solubility, then
ethanol was added to reach a solution volume of 3 mL.
The AgNOj; solution was rapidly poured onto the hot
P25 powder and the crucible was covered to avoid the
powder spreading. The sample was let to cool down to
room temperature and then dried at 100 °C for several
hours. The sample activation was made for half of the
powder amount at 500°C (labelled as Ag P25 Calc
500) and for the other half at 650°C (labelled as
Ag P25 Calc 650), heating rate of 1°C min! for 2
hours.

The morphology and the chemical composition
of the sample were determined by SEM-EDAX
analysis, by using JEOL 6400 apparatus with Oxford
Link EDAX microanalyser and Pentafet light sensing
with coupled EDSX-max (Oxford Instruments)
device. The elements concentrations were obtained by
averaging the individual values of five parallel
determinations at different points. X-ray diffraction
(XRD) patterns were obtained on a Shimadzu D6000
apparatus, in the range 5-80 °(2 theta), under CuKo
radiation (A = 1.5406 A). X-Ray Fluorescence (XRF)
is the emission of characteristic secondary fluorescent
X-rays from a material having been excited by
bombardment with high-energy X-rays or gamma
rays. The two expecting elements (Ag and Ti) were
monitored and analyzed by this procedure for each
sample. The samples were scanned two times for 60 s
each. The investigation of the porous structure was
performed by BET nitrogen adsorption at 77K, on a
Nova 2200e machine.

2.2. Photocatalytic activity

The photocatalytic degradation was performed
in a 500 mL cylinder glass reactor, equipped with a
central quartz tube hosting an Osram UV-A lamp of
9W. Details about this setup are available elsewhere
(Lutic et al, 2012). The stirring was made
magnetically. During the photocatalytic run, an
aluminum foil was wrapped around the reactor several
times to protect the operator, as well as to keep as
much as possible the UV irradiation inside the ring-
shaped reaction space between the reactor body and
the lamp’s tube. The solutions were prepared by using
deionized water. The pH value during the reactions
was the native value of the dye. Before the
photocatalytic run, the photocatalyst powder was
finely grounded, dispersed in the dye solution and
stirred for 30 min in dark at room temperature, in order

to allow reaching the adsorption/desorption
equilibrium. The moment when the UV lamp was
turned on after achieving the adsorption equilibrium
was counted as zero-time. Samples of approximately
4 mL were withdrawn after defined time durations (0,
5,10, 15, 30, 45, 60, 90 and 120 min), filtered through
045 pm syringe filter and analyzed by
spectrophotometry, for measuring the remaining dye
concentration. All the experiments were carried out at
ambient temperature.

The concentrations of the organic compounds
were measured based on the intensity of the
characteristic peaks from the visible range of the UV—
Vis spectra, obtained on a Shimadzu UV-1700
spectrophotometer, in 1 cm optical length plastic
cuvettes. If the absorbance values were higher than the
limits used in the calibration curves obeying the
Lambert-Beer law, the solutions were diluted
accordingly before the measurements. The dye R6G
concentrations for the tests were comprised between
15-65 ppm and the tests with dye CR were made at 40
ppm concentration.

The efficiency of the photocatalyst was
quantified as the degree of the dye conversion
calculated with the Eq. (1):

Conversion(%) = % -100 (1)

0

where: C, and C; are, respectively, the initial dye
concentrations and the dye concentrations measured at
time t (ppm).

3. Results and discussion
3.1. Sample characterization

The XRD analysis was used for the
identification of the crystalline structure of the
samples and the evaluation of the solids phase purity.
The XRD diffraction patterns are given in Fig. 1.

The samples Ag TiO, Calc 650 and Ag_ P25
Calc 500 mainly consist of anatase phase, as shown by
the peaks due to the following characteristic planes
and corresponding 20 angles: (101), 25.5°; (004),
38.8% (200), 48.1% (105), 53.7° and (204), 62.8°
(Sakurai and Mizusawa, 2010). The sample Ag_TiO,
also contains anatase phase, but its peaks have much
lower intensity and higher half height width than that
of the calcined sample, indicating the formation of
smaller particles and lower crystallinity degree. The
main peaks assigned to rutile phase due to the
following planes and 20 angles of (110), 27.4°, (101),
36° (200), 39.5°, (111), 41.2°, (210), 44.2°, (211),
54.3° and (220), 56.6° appear in the pattern of sample
Ag P25 Calc 650. This indicates that it consists of
almost pure rutile (Wetchakun et al., 2012). The
sample Ag P25 Calc 500 is a mixture of anatase and
rutile, as in the parent P25 powder. The metallic silver
displays peaks at 38.2; 45 and 63° owning to planes of
(111), (200) and (222) (Waterhouse et al., 2001). The
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peaks due to silver and silver oxides at 20 of 38° and
63° partly overlap with the maxima of anatase,
therefore the peak at 20 angles of 45° could be
considered the main indication for the presence of
important amounts of silver deposited as an individual
phase on titanium dioxide. This peak cannot be seen
on the XRD pattern of sample Ag_TiO,, due probably
to the weak crystallization degree and very small
particle size. The XRF study allowed to determine the

chemical composition of the samples surface. The
results are displayed in Table 1.

During the high calcination temperature
process, the silver concentration on the surface
decreases from an average of 9.87 % (calcination at
500°C) to 6.34 % (calcination at 650°C), while the
titanium concentration increases correspondingly.
This is due to the increase in silver particle size (as see
in the TEM images, Fig. 2).

3000
—— Ag_TiO2
- Ag TiO2 Calc 650
2500 1 ——— Ag P25 Calc 650
— Ag_P25 Calc 500
5 2000
<
z
g
E 1500 -
o
2
=
& 1000
500 A
0 T T T T T T s S |
0 10 20 30 40 50 60 70 80
2 Theta, degrees
Fig. 1. XRD patterns of Ag_TiO: based samples
Table 1. Chemical composition and BET specific surface areas values
Sample label Ag Ti BET specific surface area, m* g’
Ag TiO2 - - 7.8
Ag TiOz Calc 650 6.34+0.48 54.88+0.38 6.9
Ag P25 Calc 500 9.87+0.06 52.40+0.37 30.0
Ag P25 Calc 650 - - 7.3

(@
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The values of the BET surface areas for all the
samples are rather low (except the sample Ag P25
Calc 500), indicating that the structure of the solids is
rather compact (Table 1).

The TEM analysis of the samples (Fig. 2)
indicates that the crystallization degree of the sample
Ag TiO, Calc 650 during the thermal treatment
becomes significantly higher than in the uncalcined
sample Ag TiO,, as shown by the strong light spots
from the SAED image.

The silver particles can be seen as dark dots of
about 5-7 nm only in the calcined samples, confirming
the outcome of the interpretation of the XRD patterns.

3.2. Photocatalytic performance

The behavior of the samples as photocatalysts
was investigated in the oxidative decolorization of
Rhodamine 6G (R6G) and Congo Red (CR) dyes. The
chemical structures of the dyes are shown in Fig. 3.

The samples Ag_TiO, and Ag_TiO, Calc 650
were used at a dose of 1 g/L, while the P25 based
samples were tested at 0.5 g/L. The particle sizes of
P25 are very small, therefore the turbidity of the
photocatalyst suspension is too high to allow the
radiation to pass through the complete dye solution
volume in the photoreactor.

The R6G concentration was measured by the
intensity of the main peak showing up in the visible
region of the UV-Vis spectrum at 525 nm. The
experiments carried out with dye R6G and the spectra
registered during the irradiation up to 120 minutes are
given in Fig. 4.

The spectra show a constant decrease of the
main peak from the visible region of the spectrum,
while the peak around 230 nm from the UV region of
the spectrum increases gradually due to the nitrate
anion formation due to the oxidation of the amine
group. This is an indication that the decomposition
reaction splits the dye molecule into smaller

(d)

Fig. 2. TEM analysis for samples: Ag_TiO2-(a) TEM and SAED (b) image; Ag_TiO2 Calc 650- (c) TEM and SAED image (d)

fragments, however, this did not result in complete
mineralization.

CH,
N ol
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Fig. 3. Rhodamin 6G (a) and Congo Red (b) chemical
structures

An experiment performed as a reference using
P25 as photocatalyst on a R6G solution of 30 ppm
gave a conversion degree of only 23% after 120
minutes. However, the photocatalyst-solution
suspension was very turbid and therefore, the
irradiation eficiency in the whole volume must have
been viciated due to the shielding.

The calcination temperature has a tremendous
influence on the thermodynamic stability of the
crystalline phases of TiO,. The literature mentions
that, depending on the preparation procedure and/or
dopants, the transformation of anatase to rutile phase
occurs at temperature values comprised between 600-
800°C (Hanaor and Charles, 2011; Suetal. 2011). The
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photocatalytic activity is related to the formation of
the electron-hole pair on the influence of irradiation
and on the delay of their recombination, which occur
in high yields on anatase-rutile mixtures, while pure
rutile is inactive, despite its convenient band gap value
of 3.02 eV (Atitar et al., 2015). This fact was
confirmed by our experiments: on the sample Ag_ P25
Calc 650 which transformed totally into rutile phase
by calcination, as shown by the XRD pattern, the
photodegradation of dye R6G did not occur at all. The
behavior of the sample obtained from TIP was
noticeably different: the anatase remains the main
phase even if the calcination was carried out at 650°C.
The remaining organic phase and the presence of
silver stabilized in high extent resulted in the
hindrance of the transformation of the anatase phase
into rutile. Several researchers, as reviewed by Hanaor
and Sorrell (2011) had reported this behavior. The
interesting behavior from the point of view of phase
stability of sample Ag_TiO, Calc 650 motivated us to
test it in several experiments, in order to explore its
adsorptive and photocatalytic potential. Therefore,
several R6G concentrations between 15-65 ppm were
used to test its performance. The conversion values for
different initial dye concentrations and irradiation

time values are shown in Fig. 5. The results indicate,
as expected, that the extent of dye decolorization is
higher in case of the lower initial concentration
values. After 60 min of irradiation, the decolorization
was over 52%, while additional 1 h time-on-stream
resulted only a conversion degree of 66.5%. Even the
decolorization degree values was not very high, for all
the initial concentration values, a constant increase of
the decolorization was observed in time. The
preparation method did not support the formation of
a porous structure, therefore the initial dye uptake by
adsorption reached only 11-16 % at all the
concentation values tested.

The behavior of the photocatalysts in the
decomposition of Congo Red dye was consistently
different than in case of dye R6G. The decolorization
was quantified by measuring the absorbance at the
characteristic wavelength of 497 nm. An example of
the UV-Vis spectra evolution in time for the
decomposition of dye CR is shown in Fig. 6.

Both preparations Ag_TiO, and Ag_TiO, Calc
650 were totally inactive for the conversion of this
dye. In turn, very similar behaviors between the
samples Ag P25 calc 500 and Ag P25 Calc 650 were
noticed (Fig. 7).
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Fig. 4. R6G spectra during the photocatalytic test (catalyst: Ag_TiO2 Calc 650, initial dye concentration
15 ppm, photocatalyst dose: 1 g/L)
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Fig. 5. Conversion degrees on sample Ag_TiO2
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Fig. 6. Evolution of UV-Vis spectra of CR during the photocatalytic decomposition
(sample Ag_ P25 Calc 500, 0.5 g/L photocatalyst, 40 ppm initial dye concentration)
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Fig. 7. CR photocatalytic decomposition on P25 based samples

4. Conclusions

In this paper a simple sol-gel method was
described for obtaining Ag-doped TiO, nanoparticles.
Titanium isopropoxide was hydrolyzed with nitric
acid, precipitated by ammonia solution, doped with
silver nitrate and reduced with hydrazine to silver. The
samples used for comparison were prepared by
incipient wetness impregnation of P25 commercial
titanium dioxide with silver nitrate. The activation of
the samples was made at 650°C.

The XRD analysis indicated that anatase was
the main phase for the sample prepared by sol-gel
method, even if the calcination temperature was
650°C. For the sample prepared from P25 commercial
titanium dioxide, rutile was the only phase at this
activation temperature. The TEM images confirm the
incorporation of silver as distinctive grains on the
surface of the calcined sample.

The photocatalytic decomposition tested by
using Rhodamine 6G (R6G) and Congo Red (CR) as
test compounds highlighted very different behaviors.
The dye R6G was decomposed up to a yield of 66.5%

on the sol-gel prepared sample, activated at 650°C.
The dye CR was decolorized in turn only in the
presence of the P25 based solid.
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