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ABSTRACT

oxides ranged from 0.07-0.2 mmole/g.

Keywords: BET, nano-structured oxides, mixed oxides, nanoparticles.

The aim of this study is to synthesize high surface area structured oxides, which can behave as good support for various catalytic
reactions. Structured oxides were developed by sol-gel method by the intercalation of silica with other metal oxides, viz. alumina,
zirconia and titania. The properties of structured oxides were examined using FE-SEM, PXRD, BET and ammonia TPD studies. All the
structured oxides were mesoporous in nature with BET surface area in the range 325-390m’/g and pore size in the range 4.3-5.2nm.
The evaluation indicated the formation of nano-structured oxides with average particle size range 12-18nm. The total acidity of the

INTRODUCTION

ixed-metal oxide systems are of great

significance and are generated by the

interaction of materials at the atomic level.
Such systems have the potential for exhibiting chemical
properties that differ notably from those of the
corresponding single component oxides. They possess
high catalytic suitability and thermal stability than the
single component. In addition, they generate new surface
acid sites to participate in the reaction. Owing to their
excellent properties, mixed metal oxides are attracting
considerable attention as advanced materials for various
applications, one of the very important being as supports
for heterogeneous catalysts. Mixed oxide systems are
found to be highly efficient for acid-catalyzed reactions
such as phenol amination’, ethene hydrationl, butene
isomerization'®, cumene dealkylation4, 2-propanol
dehydration4 and 1, 2-dichloroethane decompositions.
The structure of mixed zirconia—silica oxides is very
interesting because zirconium cannot substitute silicon,
due to the different atomic radius and coordination
number between these two elements. Thus, zirconia will
develop as distinct phase in the nanocomposites, the
formation of only monoclinic zirconia®.

Zirconia-containing mesoporous frameworks have been
explored for both catalytic and adsorptive desulfurization
Kwon and coworkers showed 20% greater sulfur
adsorption for a mesoporous silica/zirconia material
compared to the pure silica version, even though the
latter had a higher surface area’.

Klein have reported sol-gel-prepared TiO,-SiO,
amorphous solids in which the surface polarity was
modified by partial methylation of the surface of silica
through the use of Si(OMe);Me precursor, the surface
polarity can affect not only the reaction rate and the

selectivity but also the overall conversion and catalyst
lifetime®,

Selection of the synthesis procedure gives the prospect to
synthesize high surface area mixed oxides with a wide
variety of compositions and pore structures. Various
strategies have been developed for the synthesis of
oxides, which typically include co-precipitationl'z' * flame
hydrolysis9 and sol-gel hydrolysislo'11 In the present
paper, we have prepared a series of mixed oxides by sol-
gel method and the oxides were characterized by various
techniques as Fourier transform infrared (FTIR),
powdered X-ray diffraction (PXRD), scanning electron
microscopy (SEM) etc. in order to illustrate their
structure. The surface properties were evaluated by
Brunauer—Emmett-Teller (BET) and ammonia
temperature programmed-desorption (TPD) in order to
study the surface area, pore size, pore volume and total
acidity.

MATERIALS AND METHODS

Fresh solutions were employed for all synthesis work.
Tetraethyl orthosilicate (TEOS) was purchased from Sigma
Aldrich, while Aluminium nitrate [Al(NO3)3] from Fisher
Scientific. Zirconium oxychloride (ZrOCl,.8H,0) and
titanium chloride (TiCl,;) were of SDfine. All the chemicals
were of AR grade. Ethanol used was of analytical grade
(China) and ammonium hydroxide was supplied by SD
fine chemicals, India.

Synthesis of Structured Oxides

Structured oxides were synthesized by sol-gel method.
For all the structured oxides, TEOS was used as precursor
for silica. In a flat bottom flask, TEOS was diluted two
times with ethanol and stirred vigorously for 15 minutes
at room temperature. Dilute solution of precursor for
other metal was then added slowly with continuous
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stirring. The resulting solution was precipitated by the
drop-wise addition of ammonium hydroxide until pH 10
and then kept in water bath at 60°C for 24 hr. The
resulting mixed oxide gel was carefully filtered under
vacuum, washed with distilled water followed by drying
at room temperature overnight, followed by at 120°C for
12 hrs. The product was calcined at 550°C for 5 hours at
ramp rate of 40°C/hr. The complete flow scheme for the
synthesis of structured oxides is given in Scheme-1.

‘ Other metal precursor

\/

‘ Silica-metal precursor mixture

NH.OH solution

Y
‘ pH of misture ~ 10.0 ‘

Water bath at 60°C for 24 hrs
¥

‘ Silica-metal oxide sol ‘

Filteref washed & dried

| Silica-metal oxide support ‘

L:alcined at 550°C for s hrs

‘ Structured metal oxide |

Scheme 1: Sol-gel Method for the Synthesis of Structured
Metal Oxide

Three different structured oxides (SiO,-Al,0;, SiO,-ZrO,
and SiO,-TiO,) were synthesized in a ratio of 70:30.
Details of precursor and experimental set up are
described in Table-1.

Characterization

The surface morphology of the structured oxides was
characterized by Field emission scanning electron
microscopy (Fe-SEM, SERON Technology, Korea) on 1 um
and 5 um using 20 KVA on a magnification of 2x. The
powder X-ray diffraction patterns were measured on
Rigaku XPert Pro X-ray diffractometer and CuKa2
contribution was eliminated by DIFFRAC/AT software
(Cuko radiation with A =1.541 A). Fourier transform
infrared spectroscopy (FTIR; Perkin Elmer) was performed
to examine the linkages between silica and heterometal
oxide network. The Brunauer-Emmett-Teller (BET) surface
area, pore size distributions, pore volumes, and average
particle size was measured by nitrogen adsorption at 75 K
using Accelerated Surface Area and Porosimetry System,
Micromeritics, ASAP 2020. All the samples were degassed
at 250°C for 6 hours prior to actual measurements.

The profile of temperature-programmed desorption of
ammonia (NHs-TPD) over the catalysts was carried out in
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a U type quartz reactor (ID = 6 mm) packed with about
0.1 g catalyst with a Micromeritics Chemisorb 2750. The
samples were pre-treated for two hours at 150°C, under
argon flow of 20 ml min™ followed by cooling to room
temperature in order to remove any physisorbed impurity
on the surface of the sample. After pre-treatment, the
samples were subjected to chemisorption step using
ammonia in helium (9.8%, mol/mol) flow of 20 ml min™ at
room temperature, for 30 minutes. Thereafter, the
system was purged with helium at room temperature for
two hours. In order to remove extra ammonia molecules,
the material was treated for 30 minutes at 120°C under
helium flow (20ml min™). This step was followed by
thermal programmed desorption analysis, in which the
sample was heated from 100 to 600°C, at a rate of 10°C
min™ and under helium flow (20 ml min™). The amount of
desorbed ammonia was detected with thermal
conductivity detector. The strength of the material was
analyzed in terms of bulk density by pore filling method.

RESULTS AND DISCUSSION
Morphology and X-Ray Diffraction
SEM analysis

All the samples (before and after calcination) were
colorless. Surface morphology and nature of oxides was
investigated by scanning electron microscopy. Typical
SEM photographs are given in Figure 1. From SEM images
it can be seen that the morphology changes with the
addition of another metal oxide to silica is observed in all
the samples with respect the grain size and particles
distributed with irregular in shape corresponding to the
different metal oxide particles, in the case of Al,O3;
particles are appeared to be hallow in shape, and in the
case of zirconia particles are irregular geometry and
whereas in the case of titania particles are appeared to be
spherical grains, which on aggregates with irregular
shapes and uniform distribution as the silica composition
is large in quantity.

Figure 1: Fe-SEM image of samples (a) Pure silica (b) SiO,-
A|203 (C) SiOz-ZrOZ (d) S|02-T|02
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PXRD Characterization

The PXRD pattern of pure silica, SiO,-Al,03, SiO,.ZrO, and
Si0,-TiO,, dried at 550°C were studied.

There is a new line in the PXRD patterns of (a), (b), (c) as
shown in the Figure 2, when compared to the pure silica
PXRD pattern of (d), which may be due to the generation
of interlinkages between the two oxides. Sharp line at 20
= 28°%is due to the incorporation of other metal oxide on
silica network. Other lines with variable intensities at
different 20 values are observed in pattern (a) at 26 = 46°,
68° and slight changes are observed for other patterns of
(b) and (c).

Intensity (a.u)

20 ' 30 ' 40 ' 30 ' &0 ' 70 ' 31
2 theta (deg)

Figure 2: XRD patterns of (a) SiO,-Al,03, (b) Si02-ZrO,, (c)

Si0,-TiO,, (d) pure SiO,

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR graphs for structured oxides are reflected in Figure 3.
Sharp peak at 1632cm™ in the spectrum of pure silica
marks the presence of H-O-H bending vibration of
water®.

Peak at 1111cm™ reflects asymmetric stretching of Si-O-
Si; 820cm™ indicates symmetric stretching of Si-0-Sit*™e.

Decrease in the intensity of 1111cm™ in structured oxides
indicates the involvement of silica in linkage with other
metals.

Among the FTIRs of structured oxides, occurrence of peak
at 1088cm™ corresponds to Si-O-Al bonding® in Si-Al
oxide and at 1075cm™ for Si-0-zr'® in Si-zr oxide,
confirming the synthesis of structured oxides.

Occurrence of new peak at 969cm ™ is the characteristic of
Si-O-Ti bridge in the structure™™. Based upon the
linkages present, it is very well confirmed that Si-O-M
(where, M = Al, Zr, Ti) linkage exists in the structured
oxides (Figure 4).
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Figure 3: FTIR of samples (a) SiO,-ZrO, (b) SiO,-TiO, (c)
SiO,-Al,03 (d) Pure silica
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Figure 4: Skeletal structures of structured oxides
N, Adsorption - Desorption Studies

N, adsorption-desorption isotherms for structured oxides
are given in Figure 5a. Well defined hysteresis loops were
obtained for all the samples. The occurrence of
conspicuous hysteresis loops at high relative pressures
indicates the presence of mesoporous material, being
related to capillary condensation associated with large
pore channels®. Among the synthesized structured
oxides, it has been observed that the relative pressure
point (where adsorption and desorption branches
coincide) is affected by the type of the metal oxide
present with SiO,. Pure SiO, showed hysteresis at highest
relative pressure, showing the presence of maximum
pore volume. Among various structured oxides, SiO,-ZrO,
was found to have hysteresis at highest relative pressure,
followed by SiO,-Al,0; (slightly lower than SiO,-ZrO,) and
then SiO,-TiO,. Thus, it can be inferred that the pore
volume decreased during the process of synthesizing
structured oxides, which was further confirmed by pore
size distribution (PSD). The PSD of the final products
indicate that SiO,-TiO, has a wider PSD than SiO,-Al,03
and SiO,-ZrO,. The intercalation of oxides and reduction
of particle size to nano range could help in achieving high
surface area with appreciable pore volume. The surface
area of structured oxides in the order: SiO,-TiO,
(388m°/g) > Si0,-Zr0O, (364m°/g) > Si0,-Al,0; (325m*/g),
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however pore volume is maximum in case of SiO,-ZrO,
(0.62cc/g).

Bulk density is an indicative of the strength of the
material, which was contributed by both silica and other
metal moiety; however acidity was mainly due to the
incorporation of aluminium, zirconium and titanium
moiety in the samples. The BET surface area, pore volume
(Vp), average pore diameter, average particle size, total
acidity and bulk density of the structured oxides are given
in Table-2.

Ammonia Absorption

The absorption of ammonia (NHs-TPD) on the supports
prepared was performed to obtain the acidity of the
surface. The amounts of ammonia desorbed are plotted
in Figure 6. The results show different extent of ammonia
absorbed for the structured oxides. In NH; —=TPD profile,
peaks generally are distributed into two regions, high
temperature (HT) region (T > 400°C) recognizing the
desorption of ammonia from strong acid sites and low
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temperature (LT) region (T < 400°C) recognizing the
desorption of ammonia from weak acid sites”%.

TPD profile for all the samples were taken from 100-
650°C (Figure 6). All the samples displayed peaks between
100 to 500°C.

The desorption peaks of TPD profiles located at 100-
200°C, 200-400°C and 400-500°C can be assigned to
weak, moderate and strong acid sites, respectively”*>*.
Peak above 500°C corresponded to the decomposition of
strongly absorbed ammonia to nitrogen.

Total acidity of the samples is given in Table-2. Aluminium
being most acidic in nature provided maximum acidity to
oxides. Pure SiO, contained 2.5mmol/g total acidity.
While the SiO,-Al,0; SiO,-ZrO, and SiO,-TiO, catalyst
prepared in over study contained 6.38, 5.04, 4.01 mmol/g
total acidity respectively. Thus, from these values the
order of total acidity of these mixed metal oxides is given
by SiO,-Al,03 > SiO,-ZrO > SiO,-TiO,.

1000 4

800

—Si0z

——Si0z2Ti0z
——Si02A202
——Si02Zr0z

600

400 -|

Quartity Adsorbed (em /g STP)

200

0.0 0.2 0.4 06 08 10
Relative Pressure (F/Fq)

(b)

Figure 5: (a) N, adsorption/desorption isotherms (b) Pore size distribution of samples
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Figure 6: Ammonia desorption pattern of Structured Oxides and Pure Silica

Table 1: Details of Precursors for Structured Oxides

Structured oxide Composition Component
Si0,-Al,03 70:30 Sio,
Al,O3
Si0,-Zr0, 70:30 Sio,
Zr0,
Si0,-TiO, 70:30 Sio,
TiO,

Precursor Amount of Precursor  Solvent (ml)
TEOS 65 ml 65ml
AI(NO3); 55.16g 110ml
TEOS 65 ml 65ml
Zr0Cl,.8H,0 19.5g 39ml
TEOS 65 ml 65ml
TiCl, 10.48ml 21ml
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Table 2: Characteristics of Structured Oxides

Sample Sa (m’/g) Vs (cc/g) Dy (nm)
Pure Si0, 578 17 10.0
$i0,-Al,0; 325 0.54 5.02
$i0,-2r0, 364 0.62 5.19
$i0,-TiO, 388 0.51 4.33

Sp (nm)
11.0
15.80
17.36
12.25

A; (ml/g) D; (g/cc) Crystallinity
2.50 0.2 Amorphous
6.38 0.53 Slightly crystalline
5.04 0.52 Slightly crystalline
4.01 0.54 Slightly crystalline

Sa: Surface area, Vp: Pore volume, Dp: Average pore diameter, Sp: Average particle size, Ar: Total acidity, Dg: Bulk density.

CONCLUSION

Nano-structured oxides of silica and heterometal (SiO,-
Al,03, Si0,-ZrO, and SiO,-TiO,) have been prepared by
sol-gel method. Results indicate the viability of the
method to obtain mesoporous structured oxides with
larger pores. Variations in the metal combinations
affected the characteristics of the oxides and
incorporation of Al,03;, ZrO, and TiO, influenced the
texture, structure and morphology of the samples. All the
nano- structured oxides comprised of high surface area,
good pore volume and acceptable acidity and bulk
density. The surface area of structured oxides in the
order: Si0,-TiO, (388m?/g) > Si0,-Zr0, (364m’/g) > SiO,-
Al,O; (325m’/g), however pore volume is maximum in
case of Si0,-ZrO, (0.62cc/g). It is important to mention
that high surface area is the foremost required
characteristic of an effective catalyst. In summary the
order of total acidity of these mixed metal oxides is given
by SiO,-Al,03 > Si0,-ZrO > Si0,-TiO, Hence acidity of the
oxides is in lower range, but being associated with high
surface area the synthesized nano-structured oxides can
be a good choice to be used as support material for
various catalytic reactions. This will help the active
ingredient to disperse uniformly resulting in a suitable
catalyst with required characteristics for a particular
reaction.
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