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Abstract

Nano-sized Cu** and Ag™ doped sodium trititanate (Na,TizO;) were prepared by a facile acid-free ion-exchange method in an aqueous
solution at room temperature. All the samples were characterized by TGA, FESEM, EDS, Powder-XRD, UV-visible DRS and FT-IR
spectroscopic methods. Both Cu®* and Ag* doped Na,Ti;0, were crystallized in monoclinic lattice with P2,/m space group. The band gap
energies of all the samples were deduced from their UV-visible DRS profiles. Visible light-induced photocatalytic oxidation of the methylene
blue (MB) dye has been examined in the presence of all the trititanates aqueous dispersion. The Ag* doped trititanate exhibited remarkable
photocatalytic activity in the degradation of methylene blue (MB) dye under visible light irradiation. Photochemical degradation of cyclohexa-

1,4-diene and phenol also were examined in presence of these titanates.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Inorganic layered alkali and alkaline titanates are of consider-
able interest because of their potential applications. They are
used as photocatalysts [1-5], fuel cell electrolytes [6], and
cationic exchangers [7], for the treatment of radioactive liquid
waste, dielectric resonators in microwave oscillator's band pass
[8] and as a reinforcing agent of plastic and adiabatic material
[9]. Sodium trititanate (Na,TizO-), for instance, finds use as ion
exchanger, a gas sensor and a ceramic capacitor [10]. A mixture
of Na,Ti30; and Na,TigO;3 is used in gas sensors and as
reference electrode [11]. These titanates belong to the alkali
titanate family with general formula A;Ti,0,,.; (n=3). Its
structure consists of edge and corner shared TiOg octahedra in
units of (Ti3O7)2_ layers held together by sodium ions [11]
forming rectangular tunnels. Alkali titanates are known to have
interesting catalytic, conductive, and ion-exchange properties
that depend on their stoichiometry [12].

Ion exchange provides a powerful technique for the removal
of toxic substances and the collection of valuable elements from
water [13-15]. Fabrication of efficient and cost effective ion
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exchangers has been studied extensively for recovery of heavy
metals from wastewater [16-33] and removal of radioactive waste
originating from uranium mining and nuclear accidents. Several
inorganic materials such as phosphates [16], synthetic micas
[17-19], clay minerals [20], magadiites [21] and titanates
[26-33] have been tested to replace the conventional organic
resins [34]. Among these materials, titanates are found to be
(i) chemically stable, (ii) radiation and temperature resistant and
(iii) inexpensive.

The C-H bond activation is one of the major important
processes in many applications, starting from the synthesis of fine
chemicals in organic chemistry to the industrial conversion of
basic building block materials and decomposition of pollutants
[35,36]. Catalytic conversion of pollutants into less harmful by
products is relatively cheap compared to conventional methods
[37]. Some of the efficient copper-based oxidation catalysts have
been reported in recent years [38—40]. However these catalysts are
expensive and their preparative methods are very lengthy. Thus
there is a need to develop photocatalysts for the degradation of
organic pollutants. Although the metal insertion in Na,Tiz0; is
reported earlier [41,42], their allylic oxidation and photocatalytic
activity of organic pollutants have not been reported.

The aim of the present work is to characterize and explore
the performance of the ion-exchange process involving Cu?*
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and Ag" with layered type sodium trititanate (Na,TizO;) and
study their (a) catalytic activity against the degradation of
methylene blue dye and phenol and (b) catalytic oxidation of
cyclohexa-1,4-diene followed by photodegradation of oxidized
products under visible light.

2. Experimental

2.1. Preparation of transition metal titanates through ion-
exchange method

The powder samples of Cu(Il) and Ag(I) doped Na,Tiz;O,
were synthesized in two stages. First stage: Sodium trititanate,
Na,Tiz0;, (NaTO) was prepared by both sol-gel [43] and
hydrothermal methods [44-48]. We have adopted the sol-gel
method using titanium metal powder (Sigma-Aldrich), sodium
ter-butoxide (Sigma-Aldrich) as the starting materials [49].
All the chemicals were of analytical reagent grade and used
without further purification. Titanium metal powder was
dissolved separately in H,O, (30 %) and ammonia solution
(25%) at 0-5 °C for 4-5h to form titanium peroxo complex.
To this was added an aqueous solution of sodium ter-butoxide
in stoichiometric amount with constant stirring. Citric acid
(CA) was added to this solution such that the mole ratio of
metal ions to CA is 1:2 to obtain the metal in the citrate form.
Then the pH was adjusted to about 7 by adding dilute
ammonia solution. The mixture was stirred for several hours
at room temperature, and the solution was evaporated slowly
till a viscous liquid was obtained. At this stage, a gelating
reagent, ethylene glycol (EG) was added. The molar ratio of
metal ions to EG was kept at 1:2.4. This mixture was digested
on a hot plate/stirrer at 100 °C for 2-3 h with constant stirring.
The temperature was increased to 160—180 °C at the onset of
solidification. The ensuing porous solid mass was ground in an
agate mortar and heated at 400 °C in small amounts in an
electric burner to remove the organic matter. The obtained
black color solid was heated in a muffle furnace at 950 °C for
12 h. The color of the resultant product (NaTO) was white.

2.2. Second stage (ion exchange)

The parent compound, NaTO, was ion-exchanged with a
solution of copper (II) chloride and silver nitrate separately to
form CuTi;O; (CuTO) and Ag,Ti;O; (AgTO) respectively.
Typically, 1 g of sodium titanate powder was stirred with
100 mL of 0.1 M CuCl, (AgNOs) solution at room tempera-
ture. The color of the powders was changed to light blue
(gray), and the stirring was continued for overnight to ensure
complete ion-exchange. The products after ion-exchange were
washed with water and dried at 200 °C for 3 h.

2.3. Oxidation of cyclohexa-1,4-diene

1.0 mmol of cyclohexa-1,4-diene was added to a solution
containing 3 mL of acetonitrile and 3 mL of water. To this
solution 0.2 mol% of a catalyst (NaTO/AgTO/CuTO) was
added. Then the reaction mixture was stirred for 8 h at room

temperature. The sample of reaction mixture was monitored
by liquid chromatography—mass spectrometry (LC-MS), to
confirm the formation of hydroquinone and benzoquinone.
Subsequently, the reaction mixture was diluted with double
distilled water and irradiated with visible light for the photo-
degradation of hydroquinone and benzoquinone.

2.4. Photodegradation of methylene blue dye

The catalyst (50 mg) was added to an aqueous solution
of methylene blue (5 x 107> M, 50 mL) in a 100 mL quartz
reactor. The photocatalysis experiments were carried out under
visible light (300 W Tungsten lamp) for 120 min. Before the
light experiments, dark adsorption experiments were carried
out for 60 min to attain adsorption—desorption equilibrium.
Samples were taken at regular intervals and filtered through the
Millipore filter to remove the catalyst particles and analyzed by
UV-vis spectrophotometer at A,,x =664 nm.

2.5. Photodegradation of phenol

The catalyst (100 mg) was added to an aqueous solution of
phenol (10™* M, 50 mL) in a quartz reactor. The photocatalysis
experiments were carried out under visible light (500 W
Tungsten lamp) for 180 min. Dark adsorption experiments
were carried out as mentioned above. Samples are taken at
regular time intervals and filtered through the Millipore filters
to remove the catalyst particles and analyzed by UV-vis
spectrophotometer by measuring the optical density at 270 nm.

2.6. Characterization

Thermogravimetric analysis profiles (curves) of all the
samples were recorded using Shimadzu differential thermal
analyzer (DTG-60H) with a heating rate of 15 °C min™'. SEM-
EDS images were recorded on the HITACHI SU-1500 variable
pressure scanning electron microscope (VP-SEM). The room
temperature X-ray diffractograms of all the samples were
recorded using Rigaku miniplex powder X-ray diffractometer
(Cu Ka, A=1.5406 A) in the 20 range 10-80° for phase
confirmation. JASCO V650 UV-vis spectrophotometer was
used for UV-vis difffuse reflectance spectra (DRS) measure-
ments in the range 200-800 nm. BaSO, was used as the
reflectance standard. FT-IR spectra were recorded using
Shimadzu spectrometer using KBr pellets. The photocatalytic
activity of the samples was evaluated by photodegradation of
methylene blue (MB) under visible light irradiation of a 300 W
Tungsten lamp using HEBER visible annular type photoreac-
tor. In a typical process, 50 mL of aqueous methylene blue
(MB) solution with initial concentraion, Co=35 x 10> M and
50 mg of catalyst are taken in a cylindrical-shaped glass
reactor at room temperature in air and at neutral pH conditions.
The suspension was stirred in the dark for 30 min to establish
adsorption—desorption equillibrium. At regular time intervals of
20 min, about 3—5 mL of solution was collected and centrifuged
to remove the catalyst particles. The change in the concentration
of MB was obtained by recording the absorbance at 664 nm
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using a JASCO V650 UV-vis spectrophometer. 'H NMR
spectra were obtained on a Bruker AV400 MHz Spectrometer
with chemical shifts referenced using the 'H resonance of
residual ds-DMSO. Mass spectra were recorded by the HR LC-
MS technique on AccuTOF™ LC Liquid Chromatograph
Time-of-Flight mass spectrometer (JEOL, Tokyo, Japan) with
a resolution of 8000 (3000) (5% valley definition) as Mass
Spectrometry Facility.

3. Results and discussion
3.1. EDS studies

The energy dispersive spectra (EDS) of all the samples are
shown in Fig. 1. In the case of NaTO, the area ratio of Na and
Ti was found to be close to 2:3. The absence of peak
corresponding to Na and the area ratio of Cu and Ti (Ag
and Ti) of 1:3 (2:3) in the EDS of CuTO (AgTO) suggest
complete exchange of Na* with Cu®* (Ag™).

Speclrum
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3.2. XRD analysis

The powder XRDs of the all samples were recorded (Fig. 2).
All the diffraction peaks of NaTO are consistent with the
reported data (JCPDS no. 72-0148) and free from impurities
[6]. The intense peak at 20~10° corresponding to (100) planes
is the lamellar interlayer distance of layered NaTO. In this
trititanate, three edge-shared TiOg octahedra connect at the
corner to form stepped AAAA type TizO3~ layers [50].
Sodium ions are present in between these layers and are
exchangeable with ions and/or neutral molecules as shown in
Fig. 3.

The powder XRD patterns of CuTO and AgTO are similar
and comparable with the powder pattern of NaTO. A close
examination of powder patterns shows a slight shift in the d;g
lines indicating a change in unit cell parameters. The powder
patterns of CuTO and AgTO were least square fitted using the
POWD software. The unit cell parameters of NaTO are given
as input parameters for least square fitting. Both AgTO and
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Fig. 1. EDS images of (a) NaTO, (b) AgTO and (c) CuTO.
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CuTO also crystallized in monoclinic lattice. The refined
unit cell parameters are a=8.58 + 0.05 A, b=3.79 + 0.05 A,
c=9.14+0.05A; p=101.58° for AgTO and a=8.60+
0.05A, b=3.80+0.02A, ¢=10.81+0.02A; p=103.09°
for CuTO. The interlayer separations (d;o9) of AgTO and
CuTO are found to be 0.8440.02 and 0.79 4+ 0.02 nm,
respectively.

The crystallite sizes of NaTO, AgTO and CuTO powders
were calculated from the line width of intense line (100), using
Scherrer's formula:

e 0.94
"~ B cost

where ¢ is the thickness in Angstroms (A) and corresponds to
the crystallite diameter assuming a spherical shape, A is the
wave length of the X-ray used, 6 is the Bragg angle and S is
the full width at half maximum measured in radians of (100)
lines in the powder XRD pattern. The crystallite sizes of
NaTO, AgTO and CuTO were found to be 40, 32 and 36 nm,
respectively (Table 1). The exchange of metal ions into
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Fig. 2. XRD patterns of NaTO, AgTO and CuTO.
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nano-crystallites of NaTO can be attributed to its unique
framework structure. The octahedra tunnels running down
the b-axis facilitate the diffusion of precursor into the inner
parts of the small particles giving rise to homogeneous
exchange of metal ions into NaTO lattice.

3.3. Thermogravimertic analysis

Thermogravimetric analysis was carried out to estimate the
water content in the titanates. Cu”" doped NaTO did not show

Table 1
Physical properties of all the photocatalysts.

Catalyst Crystallite Bandgap % Degradation of % % Oxidation
size (nm) energy (eV) MB Degradation  of cyclohexa-1,
of phenol 4-diene
NaTO 40 3.70 45 13 10
CuTO 36 3.12 86 93 92
AgTO 23 2.98 90 95 98
102
CuTO
AgTO
NaTO
100
[]
(7]
o
|
2 98 -
96 -
T T T T T T
200 400 600 800

Temperature (°C)

Fig. 4. Thermogram for the matrices NaTO after ion exchange with Cu*
and Ag*.

L) -
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AgTO

NaTO

CuTO

Fig. 3. Model tunnel structures of AgTO, NaTO and CuTO (gray, yellow, blue and orange balls represent Ag*, Na™, Cu** and H,0 molecules). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. FESEM images of NaTO, AgTO and CuTO.
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Fig. 6. UV-vis diffuse reflectance spectra of NaTO, AgTO and CuTO.

any weight loss up to 400 °C. On the other hand, Ag* doped
NaTO has shown a weight loss of 2.5% up to 400 °C (Fig. 4).
Based on TGA results, the molecular composition of the

NaTO CuTO AgTO
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Fig. 7. Proposed energy diagrams of NaTO, AgTO and CuTO.

titanates can be written as Na,Ti;O0; (NaTO), CuTi;O; (CuTO)
and Ag,Ti30; - xH,0 (x=0.2-0.25) (AgTO).

3.4. FESEM analysis

The morphological characterization of NaTO, AgTO and
CuTO was obtained from FESEM measurements (Fig. 5).
The morphology of all the materials was found to layer type
although predominant stacking is clearly seen in AgTO.
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Fig. 9. Degradation of MB in presence of Blank, NaTO, AgTO and CuTO.

3.5. UV—vis analysis

The optical properties of NaTO, AgTO and CuTO powders
were obtained from UV-vis diffuse reflectance spectroscopy.
These spectra were converted to the absorption spectra by
the Kubelka—Munk method [51]. The band gap energy of a
semiconductor can be obtained from the plot of (ahz/)” 2 versus
hv, where a is the absorption coefficient and /Av is the photon
energy. In a typical plot, the KM function decreases and
becomes almost linear with the x-axis. The perpendicular
drawn from the point of intersection of the two straight lines
on to the x-axis gives an estimation of band gap energy (see

Fig. 6). The band gap energies of NaTO, AgTO and CuTO
powders were found to be 3.70, 2.98 and 3.12 eV, respectively
(Table 1). Shen et al. have estimated the indirect band gap
energy (E,=2.99 eV) of NaTO based on DFT calculations [53].

The valence band of this titanate was formed predominantly
by O2p orbitals while the conduction band is constituted by
Ti3d orbitals [52] (Fig. 7). When Na ions are exchanged with
Ag or Cu ions, the 5s orbitals of Ag (4s orbitals of Cu) are
mixed with O2p orbitals resulting in an up shift of valence
band edge which results in a decrease of band gap energy [53].

3.6. Infra-red spectra

The Fourier Transform Infrared Spectra (FTIR) of all the
samples were recorded in the range 4000-400 cm ™' and shown
in Fig. 8. The IR spectrum of AgTO was characterized by
bands in the region 3200-3500 cm™" corresponding to water
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which is consistent with TGA results. These bands are absent
in the IR spectra of NaTO and CuTO. The bands observed in
the region 1200-400 cm™' are similar to each other and
comparable with reported spectrum [54]. The bands observed
in the range 860-890 cm™" and 920-930 cm™' are due to the
stretching vibrations of Ti—O-Ti bonds while the bands in the

1.2

0.9 | —m— NaTO

—e— CuTO
AgTO
o 0.6
Q
3}
0.3
0.0
T T T T T T T T T T T T
-40 1} 40 80 120 160
Time (min)

Fig. 11. Photodegradation of phenol in presence of NaTO, AgTO and CuTO.
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range 670-685 cm™' and 470-475cm™' arise due to Ti-O
bonds in TiOg octahedra [55].

3.7. Photocatalytic activity

The photocatalytic activity of NaTO, AgTO and CuTO was
evaluated by photodegradation of methylene blue (MB) and
phenol. The absorption spectrum of MB is characterized
by strong overlapping bands at ~600 and 675 nm. These
bands were assigned to conjugated z-system [56-58]. The
photocatalytic activity of all the samples was monitored by
measuring the optical density (OD) at 664 nm and UV-visible
spectra at different intervals of light irradiation. It is observed
that, the decolorization of MB increases with increase in the
irradiation time. The variation of concentration of MB with
irradiation time is shown in Fig. 9. The percentage of MB
degradation after 120 min was found to be 23%, 90% and 86%
for NaTO, AgTO and CuTO respectively (Table 1). It is clear
that both AgTO and CuTO show enhanced photoactivity
compared to that of NaTO. The photoactivity of a material
depends on several factors such as crystallite size of the
catalyst, nature of the pollutant, bandgap energy, rate of
electron-hole recombination etc. In the present investigation,
the higher activity observed for AgTO and CuTO may be due

40 =5
— G0nin
35 —— nin
o
30 s
25 -
20 -
2
< 45 -
10 4
05 -
00 |
T

25 215 30

Wavelength (nm)

Fig. 12. The absorbance spectra changes of phenol solution in the presence of NaTO, AgTO and CuTO under visible light irradiation.
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to (i) newly formed intra-bandgap states close to the conduc-
tion band edge to induce electronic coupling which prevents
the charge recombination and/or (ii) morphology of the AgTO
is nano-rods and each nano-rod consists of several layers
(Fig. 10)

We have also examined the photodegradation of phenol in
the presence of all the catalysts (NaTO, AgTO and CuTO) and
the results are shown in Figs. 11 and 12. The degradation of
phenol in the presence of NaTO is very low (about 13%)
which may be due to high bandgap value. The photoinduced
charges cannot be produced for oxidative degradation of
phenol in the presence of NaTO. Under the same conditions,
the phenol degradation with CuTO and AgTO was found to be
93% and 95 % respectively in 3 h (Table 1). It is observed that
the accumulated holes have a tendency to induce photo-
corrosion of the catalysts in the presence of phenol [59].
However, in the present investigation, all the catalysts have
retained their structure as shown by their powder XRD results.

Klisakova et al. have reported that cyclohexene can be
completely decomposed into water and carbon dioxide in the
presence of TiO, under UV irradiation [60]. In the present
investigation, we have studied the degradation of cyclohexa-
1,4-diene under visible light irradiation. The proposed mechanism

M. Vithal et al. / Ceramics International 39 (2013) 8429-8439

for oxidation of cyclohexa-1,4-diene is shown in Scheme 1 and
confirmed from its '"H NMR spectrum. Allylic oxidation of
cyclohexa-1,4-diene into dione has been carried out in presence of
all the catalysts under ambient conditions according to Scheme 1
and subsequently confirmed by LC-MS. The oxidation reaction
was carried out by using different concentrations (0.1-0.5 mol%)
of catalysts and 0.2 mol% is found to be an optimal catalyst
concentration.

Oxidation of cyclohexa-1,4-diene followed by photodegra-
dation of oxidative products in the presence of all the three
catalysts is studied. The first reaction was monitored using 'H
NMR and LC-MS techniques. The possible reaction pathway
of cyclohexa-1,4-diene into intermediates and their subsequent
degradation is shown in Scheme 1. The chromatograms of
cyclohexa-1,4-diene solution subjected to oxidation for differ-
ent intervals of time are shown in Fig. 13. It is observed that
the chromatograms are characterized by peaks belonging to
parent cyclohexa-1,4-diene and oxidized intermediates (hydro-
quinone and benzoquinone) up to 6 h of stirring when AgTO
and CuTO are used as catalysts. The conversion of parent
compound to oxidized products is completed in 8 h (Fig. 14).
On the other hand the conversion of parent compound to
oxidized products in the presence of NaTO is less even up to

NaTO/ o NaTO/ o)
cuto/ |HO_OH CuTo/
_AgTO | . AgTO | oM CO, + H,0
Acetonitrile, Visible light OH
H,0
HO OH o o

Scheme 1. Photodegradtion pathway of the cyclo-1,4-diene.
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Fig. 13. "H NMR and LC-MS of oxidation reaction of cyclohexa-1,4-diene in presence of AgTO and CuTO after 2 h.
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8 h of stirring. In the second reaction, the oxidized products are
subjected to visible light irradiation using tungsten lamp.
The oxidized products are mineralized to CO, and H,O in
the presence of catalysts (AgTO and CuTO) (Fig. 15).

The mechanism (Scheme 1) of degradation of hydroquinone
and benzoquinone [59] is shown below. For the semiconductor

Aftergh
AGTOQUTO

o< )Q

Fig. 14.
a

20 -

£0min

0mn

Omin

16 - min

90min

Abs

Wavelength (nm)
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photo-catalytic reactions, the generation and separation of the
photo induced electron-hole pairs are important factors to
determine the efficiency of photocatalyst. Under visible-light
irradiation, trititanates are excited to produce photogenerated
electrons and holes. The band gap energies of sodium trititanates
(E,=3.70eV) are more than that of TiO, (E,=3.2¢eV), but

150% 7
125% 1 oH o ]
After 8h .
AgTQIQUTO
100% | H o i 1
5% - b
m Jil -
2% ]
0% L T Ll 1
10 80 90 100 110 120

cic,

00 L—

I L L L L
30 0 0 60 9 120 150 180
Time (min)

Fig. 15. (A) The absorbance spectra changes of hydroquinone (oxidized products) and (B) photodegradation solution in the presence of NaTO, AgTO and CuTO

under visible light irradiation.
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CO,+ H,0

Fig. 16. Probable mechanism of the degradation of phenol on Trititanates.

after ion-exchange with Cu and Ag ions, the band gap energy
decreases by about 0.65 eV. The holes generated in the VB of
the catalyst oxidize water to form hydroxyl radical (OH"),
which has strong affinity to oxidize organic pollutant molecules
as shown below (Fig. 16). Since the band gap energy of both
Cu?" and Ag" exchanged trititanates is less, the photoactivity is
expected to be higher than its parent NaTO as observed
experimentally.

4. Conclusions

We have successfully synthesized layered trititanates
(NaTO, AgTO and CuTO) through a simple sol-gel and ion-
exchange procedures. The phase purity and chemical composi-
tion of the ion-exchanged samples were well-characterized.
The layered crystal structure of CuTO and AgTO were
established by POWD analysis using the X-ray powder
diffraction data. The obtained layered trititanates CuTO and
AgTO have shown high efficiency in photocatalytic degrada-
tion of MB and phenol under visible light excitation. Remark-
able photocatalytic activity of the layered trititanates can be
attributed to their photo induced electron-hole formation
and low band gap energy. Both CuTO and AgTO exhibit
significant oxidation of cyclohexa-1,4-diene and finally all the
intermediates were decomposed into carbon dioxide and water.
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