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Abstract

Er,TioO7 pyrochlore structure was successfully prepared by solid-state method. The prepared
microstructure mixed-metal oxide was characterized by XRD, SEM, EDX, FT-IR and BET. X-ray powder
diffraction revealed a Cubic crystal system with Fd3m space group for Er,Ti,O7. The morphology and mean
particle size of the sample was characterized by the scanning electron microscope. The elemental analysis
or chemical characterization of the sample was determined by Energy Dispersive X-ray microanalysis. The
absorption bands between the A and B sites in the pyrochlore structure were confirmed by Fourier
transmission infrared spectra in (400-4000 cm™) range. The specific surface area and the pore size
distributions of the sample were calculated using Brunauer—-Emmett-Teller (BET) method and Barrett—
Joyner—Halenda (BJH) method respectively. The complex has been used as a catalyst for epoxidation of
cyclooctene with TBHP (tert-butyl hydroperoxide). Various parameters including catalyst amount, solvent
type and amount, oxidant/substrate ratio and time have been optimized and almost. Considerable catalytic
activity and high epoxide selectivity has been found.
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1. Introduction

RE,Ti,0 titanates (RE stands for rare earth) belong to
the family of pyrochlore mixed-metal oxides with
general formula A2B;0; in which, the crystal structure
could be considered as the superstructure of defect
fluorite lattice [1-4]. Among various applications of
RE,Ti,O; mixed-metal oxides are their applications as
electrolytes for solid oxide fuel cells [5,6], catalysis [7-
9], Photocatalytic activity, photoluminescence, and
several other potential applications have also been
investigated which has made them as suitable
candidates for industrial applications [10-15].
Different synthetic approaches have been used for the
synthesis of Ln,Ti,O; oxides. Solid state reaction at

elevated temperatures is the most widely studied route

[16-18]. Other methods including sol-gel [19-23],
polymerized complex method [24,25], high energy ball
milling [26,27] and pulsed laser deposition [28,29]
have also been well explored, however, the formation
of undesirable side products and the left-over starting
materials, as well as the requirement of complicated
equipment and long reaction times caused by multiple
steps are the drawback of such methods. Epoxidation
of alkenes, on the other hands, is a very important
industrial reaction which has received great attention
[30-35]. Various catalyst have been explored for such
reactions including metal oxides [36], supported metal
oxides [37], transition metal complexes [38-40] and
immobilized transition metal complexes [41-43], etc.

TiO; is one of the metal oxides which is extensively
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used both as unsupported and supported catalyst for
epoxidation of alkenes and cycloalkenes. On the other
hand, our literature survey did not show the use Er,Os
as alkene epoxidation catalyst. Besides, to the best of
our knowledge, mixed metal oxides-catalyzed
epoxidation of cyclooctene is also very scarcely or not
explored in literature. Hence, in this work we report the
solid state synthesis of Er,Ti;O; micro-structured
material. Er,Ti,O; was characterized by PXRD, SEM,
EDX and FTIR. The synthesized material was used as
potential catalyst for the epoxidation of cyclooctene.
Several reaction conditions were optimized by a one-
at-a-time approach. Considerable catalytic activity was
achieved at the optimized conditions. Besides high
epoxide selectivity was also obtained.

2. Experimental

2.1. Catalyst preparation

Powders Erbium oxide Er,O3 (99.99% purity), titanium
oxide TiO; (99.99% purity) were pre-annealed at
various temperatures to remove hydroxides before
mixing. Then 3.7 mmol (1.41g) of Er,0; and 7.5 mmol
(0.59g) of TiO, were mixed, ground into a uniform
powder using a mortar and pestle, and made into rods
using cylindrical balloons. A vacuum pump was used
to remove any air inside the balloon, and the rods were
pressed in a hydrostatic press at 60 MPa for 10 minutes,
and sintered with O, Pressure at temperatures 1350 °C
for 48 hours. 1.95g (98.00%) of the pink colored target
material was collected.

2.2. Spectroscopic Characterization

Powder diffraction data was taken in a PANalytical
X'Pert system, which uses copper K-alpha radiation
with wavelength 1.5406 A. The morphology of the
sample was characterized by the scanning electron
microscope (SEM) on a TESCAN Vega LSU
microscope equipped with an Oxford X-Max detector.
Energy Dispersive X-ray microanalysis (EDX) was
taken by the Oxford detector. Fourier transmission
infrared spectra (400-4000 cm?) of KBr powder
pressed pellet was obtained on a Shimadzu 8400S FT-
IR instrument. The Brunauer—Emmett—Teller (BET)

surface area (Seer) was obtained by nitrogen

12

adsorption—desorption test of the sample at 77 K on a
BELSORP MINI II system.

2.3. General oxidation reaction

Er,Ti;O; has been used as a catalyst in different
reaction condition for oxidation of cyclooctene by tert-
butyl hydroperoxide (TBHP) as oxidant. In the absence
of the complex, a little oxidation product has been
observed. The retention times for the starting materials
and the products have been obtained by pure and Merck
samples. The progress of the reaction has been
The

conversion percentages (%) and Selectivity have been

monitored by GC (Gas chromatography).

calculated according to the following equations, that

Cinitia 1S initial concentration and Cgina is final
concentration of cyclooctene (substrate). In a typical
experiment, 10 pmol of pyrochlore catalyst was
dissolved in 5 mL of freshly distilled methanol and then
10 mmol of cyclooctene and 20 mmol of TBHP were
added. The reaction mixtures were refluxed while
being stirred and the reaction progress was monitored
at 60 min intervals.

Cinit(alkene)—c firlal(alkene)
x 100

Conv.(%)= Cinit(alkeng)
C final(epoxidg

%100
Cinit(alkene)—Cﬁnal(alkene)

Sel.(%)=

3. Results and discussion

3.1. XRD analysis

The crystalline phase structure between 10 to 90° with
step size and step time 0.017, 120 s respectively was
determined by powder X-ray diffraction technique. All
the reflections in the diffractogram of the sample are
recorded to the cubic phase of space group Fd3m
without any impurity phase (JCPDS: 73-1647). The
result of the Qualitative phase analysis obtained from
the X’Pert High Score program has been shown in
Table 1. Powder XRD data Structural analysis has been
done by the Rietveld refinement method using MAUD
software [44]. Factor R was obtained after a few cycles
of refinement of zero-point correction, scale factors,
background polynomial coefficients, peak width, and

the pseudo-Voigt profile parameters.
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The output of the refinement of the Er,Ti,O; oxide has
been shown in Table 2. The black circles for the
experimental peaks and the red lines for the calculated
peaks and the blue lines represent the difference
between the experimental peaks and the calculated
ones. Perpendicular black lines correspond to Bragg
reflections in Fig 1. The mean crystallite size of the
sample was calculated from the XRD (2 2 2) peak with
Scherrer equation [45-48]. D = 0.89\/B cos ©, where D
is the average crystallite size in nm, A is the Cu Ka
wavelength, B is Full width at half maximum of the
peak in rad and O is the corresponding diffraction
angle.

3.2. Scanning electronic microscopy

The mean particle sizes of Er,Ti,O; powder obtained
by a scanning electron microscope (SEM) is estimated
to be about 1.5 wm by Digimizer program. SEM
micrograph and Histogram diagram have been shown
in Fig 2. The Sample consists basically of micron size
agglomerates of irregular shape. EDX micrograph of
Er,Ti;O; sample has been shown in Fig 3. Energy
Dispersive X-ray microanalysis is an analytical
technique used for the elemental analysis or chemical
characterization of a sample. Chemical composition
from EDX analyses confirms Er/Ti molar ratio close to
1. Table 3 shows Weight percent and atomic percent of

elements.
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Fig 2. Scanning electron micrographs and Histogram diagram of
the Er,Ti,O; powder.
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Fig 3. EDX analysis of the Er,Ti,O; sample.
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Fig 1. X-ray powder diffraction pattern of the prepared pyrochlore at 1350°C

Table 1. Results of Qualitative phase analysis obtained from X’Pert High Score program.

Formula JCPDS Code Cell Parameters Space Group Crystal Structure
Er,Ti, 07 01-73-1647 a=10.0762A Fd3m Cubic
Table 2. Results of Rietveld Quantitative phase analysis obtained from MAUD.
Phase Cell Parameters ~ Crystallite size Rwe Rexp GOF Reragg
Er,TiO7 a=10.0776A 116 nm 74 5.6 1.32 4.68

3.3. Infrared spectral studies

FT-IR spectroscopy has been used for studying the
nature of metal-oxygen bonds in the pyrochlore oxides.
There are usually seven IR-active optic modes in the
pyrochlore compounds in the range of 100-1000 cm™.
The band (v1) at about 100 cm™ is related to the O'—A—
O’ bending vibration. The band (v,) at about 150 cm™
is related to the O—A-O bending vibration. The band
(vs) at about 200 cm™ is related to the A—-BOs stretching
vibration. The band (v4) at about 300 cm™* is related to
the O-B-O bending vibration, the band (vs) at about
400 cm is related to the A—O stretching vibration in
the AOgO’ polyhedron of A,B,0;. The band (vg) at
about 500 cm? is related to the A-O' stretching
vibration. The band (v7) at about 600 cm is related to
the B-O stretching vibration in the BOs octahedron
[49-52]. Peak position and types of the corresponding
vibrational modes in erbium titanate pyrochlore in the

400-4000 cm? range has been shown in Fig 4 and
Table 4.

Table 3. Results of the Weight percent and atomic percent of
elements of the Er,Ti,O; sample.

Weight% Atomic%
Atoms (0] Ti Er (0] Ti Er
Er,Ti,0; 3593 1491 49.15 78.77 1092 10.31

Table 4. Peak position and types of the corresponding
vibrational modes (cm™).

Chemical Formula v (Re-0") v (Ti-O)

ErzTi207 473 576

14
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Fig 4. IR spectra of the synthesized sample at 1350°C.

3.4. BET surface area

The specific BET surface area of the Er,Ti,O; sample
obtained from N adsorption—desorption test at 77 K is
0.841 m?gt. The small surface area was consequences
of used specific method during the synthesis of
pyrochlore. Surface area, Total pore volume and Mean
pore diameter from BET method and radius pore,
volume pore and area pore from BJH method have been
shown in Tables 5 and 6. Nitrogen adsorption-

desorption isotherm plot has been shown in Fig 5.

Adsorption / desorption isotherm

V,Jam?|STP) g*
~

Fig 5. N, adsorption-desorption isotherm plot

Table 6. The BJH analysis results of Er,Ti,O; sample
Volume pore Radius pore Area pore

0.0018 (cm®g™) 1.22 (nm) 0.947 (m’g™)

Table 5. The BET analysis results of Er,Ti,O; sample

Surface area Total pore volume Mean pore
(as) (p/p0=0.99) diameter
0.841 (m?g™)  0.0017 (cm3g™) 8.310 (nm)
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3.5. Catalytic activity

Various reaction conditions including amount of
catalyst, solvent type, solvent amount, reaction time,
and oxidant to substrate ratio were optimized. In a
typical experiment, 10 pumol of the complex was
dissolved in 5 mL of freshly distilled methanol and then
10 mmol of cyclooctene and 20 mmol of TBHP were
added. The reaction mixture was refluxed while being
stirred and the reaction progress was monitored at 60
minute intervals by GC up to 30 h. The optimized
reaction time was found to be 24 hours. Then, the
amount of the catalyst was optimized and the optimized
amount was found to be 15 pumol. The catalytic reaction
was also performed in different solvents such as
ethanol, methanol, acetonitrile and chloroform.
Methanol was found as the best solvent. Then, the
amount of solvent was optimized and Solvent-free had
the best result. The oxidant to substrate ratio was then
optimized and 2:1 oxidant: substrate ratio was found as
the optimized ratio. The results of the optimization of
parameters such as catalyst amount, the solvent type,
solvent amount and the oxidant to substrate ratio have
been shown in Fig 6. And the result of epoxidation

selectivity has been shown in Table 7.

Table 7. The result of the epoxidation selectivity of sample

Selectivity
Conversion . Other
Pyrochlore Epoxide
percent products
Er,Ti,O; 7 84.4 15.6

Conditions: 15 pmmol of catalyst, 10 mmol cyclooctene, 20

mmol TBHP, reflux 24h without solvent.
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Fig 6. The results of the optimization: (a) Catalyst amount (b) Solvent type (c) Solvent amount (d) Oxidant: Substrate

To show the merit of the work, a comparison is made
with some previously reported metal oxide catalysts
and the results are collected in table 8. As could be
seen, the studied catalyst has shown almost better
catalytic performance both in terms of conversion
percent and epoxide selectivity.

4. Conclusions

Er,Ti,O7 pyrochlore was successfully synthesized by
solid state method without any impurity with cubic
system and Fd3m space group in region 10 to 90 with
low step size and high step time. The existence of (331)
and (511) peaks confirm pyrochlore structure [55]. The

analysis results show that the sample had similar
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microparticle sizes, small specific surface area, and
porous structure. Er.Ti,O; shows the high catalytic
activity for epoxidation of cyclooctene. The activity of
epoxidation of Er,Ti,O7 seems to be due to Er and Ti
elements on the surface of pyrochlore. Observed
catalytic activities for Er,Ti,O; could be related to
crystal structure, high crystallinity and Er 4f shell.
Acknowledgement
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Table 8. Comparison of the epoxidation performance of the studied catalyst with some literature data.

Catalyst Substrate Oxidant Solvent Approximate Epoxide Reference
conversion% selectivity%
Mesoporous synthetic Cyclohexene  H,0, tert-Butanol 39 58 53
TiO,
Commercial Ishihara ST-  Cyclohexene  H,0, tert-Butanol 17 30 53
01 TiO,
Commercial Degussa ST-  Cyclohexene  H,0, tert-Butanol 24 35 53
01 TiO,
RuO,/TiO, Cyclohexene  H,0, tert-Butanol 34 78 53
Anatase TiO, Cyclooctene  H,0,/ UV CH3CN 35 97 54
light
Er,Ti,O7 Cyclooctene ~ TBHP 77 84.4 This work
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