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Abstract

Selective dehydration of 4-methylpentan-2-ol to 4-methylpent-1-ene has been investigated over SiO, supported CeO, and Ce,Zr;_,O, nanocom-
posite oxides in the vapour phase under normal atmospheric pressure. The investigated supported nano-oxides were synthesized by a co-precipitation
method from ultrahigh dilute aqueous solutions of nitrate precursors and colloidal silica. Physicochemical characterization was achieved by X-ray
powder diffraction, Raman spectroscopy, high-resolution transmission electron microscopy and BET surface area techniques. XRD measurements
revealed the formation of nanosized cubic crystallites of CeO, and Ceg 7571250, in CeO,/SiO, and Ce,Zr,_,0,/Si0, catalysts, respectively. The
Raman studies provided evidence for the formation of oxygen vacancies in both the catalysts. The HRTEM results revealed that SiO, acts as an
inert support to stabilize the formed nanosized cubic crystallites of CeO, and Ce—Zr-oxides (~3-5 nm) in case of CeO,/SiO, and Ce,Zr;_,0,/SiO,
samples, respectively. The conversion of 4-methylpentan-2-ol was increased to some extent when CeO, was dispersed over SiO,. After incorpora-
tion of Zr** to Ce0,/Si0,, the conversion was found to increase to a greater extent. The selectivity of the desired product 4-methylpent-1-ene was

observed to be highly dependent on the reaction temperature.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Ceria (CeQy) is an interesting oxide industrially, applied
widely in catalysis, material science, fuel cell processes and gas
sensor technologies [1,2]. In recent years, ceria and ceria-based
composite oxides have been extensively investigated for variety
of reactions such as preferential oxidation of CO [3,4], steam
reforming of ethanol [5], synthesis of dimethylcarbonate from
methanol and CO» [6], direct conversion of methane to synthesis
gas [7], iso-synthesis [8], dehydration of alcohols [9-12], oxida-
tive dehydrogenation of ethylbenzene [13] and low-temperature
water-gas shift reaction [1], apart from the conventional three-
way catalytic applications to reduce the emissions of noxious
pollutants such as CO, NO, and hydrocarbons from automo-
bile exhausts [14,15]. The redox and oxygen storage/release
properties of ceria play a major role in most of these applica-
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tions. There are few attempts in the literature on the application
of CeO,—ZrO, and CeO,-Lay03 composite oxides for dehy-
dration of 4-methylpentan-2-ol to 4-methylpent-1-ene and also
to evaluate the surface acid—base properties of these and other
catalysts [9,10,12]. In fact, acid—base and redox properties of
metal oxides play a vital role in catalysis and there are several
chemical processes that have been industrially exploited for var-
ious applications based on surface acid—base sites of the metal
oxide catalysts [16-21]. The dehydration of 4-methylpentan-
2-ol could represent an alternative route to the preparation of
4-methylpent-1-ene, a starting material for the manufacture
of thermoplastic polymers of high technological significance.
Besides the desired 4-methylpent-1-ene, the alcohol dehydra-
tion always leads to formation of 4-methylpent-2-ene, often
accompanied by skeletal isomers of Cg-alkenes and dehydro-
genated product 4-methylpentan-2-one [10]. It was noticed in
earlier studies that the CeO,—ZrO, catalysts exhibit good cat-
alytic activity with high product selectivity towards the desired
4-methylpent-1-ene [9]. They also help to avoid the formation
of olefins with internal double bonds and the dehydrogena-
tion product, ketone [9]. It is a known fact that unsupported
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forms of ceria and its composite oxides possess several dis-
advantages such as low specific surface area, low thermal and
structural/textural stability leading to easy sintering under high
temperature applications. Therefore, there are some attempts in
the recent literature to disperse ceria-based nanocomposites on
different supports and exploit them for various catalytic reac-
tions [13,22-25]. Silica is one of the most widely used inert
supports with high specific surface area and high thermal sta-
bility which is known to enhance the dispersion and catalytic
activity of most of the deposited active oxides. However, there
are no such attempts in the literature to exploit it for ceria-based
nanocomposite oxides for different catalytic applications.

The present investigation was undertaken against the above
background. In this study highly dispersed nano-oxides of CeO»
and Ce,Zr;_,O, over silica support have been synthesized
and investigated for selective dehydration of 4-methylpentan-
2-0l to 4-methylpent-1-ene in the vapour phase under normal
atmospheric pressure. The CeO,/SiO, and CeyZri—,02/Si0,
nanocomposite oxides were prepared by a deposition co-
precipitation method and the physicochemical characterization
was carried out by X-ray diffraction, Raman spectroscopy, high-
resolution transmission electron microscopy and BET surface
area techniques. An unsupported CeO;, was also prepared and
investigated for the purpose of comparison.

2. Experimental
2.1. Catalyst preparation

The Ce0,/Si0O; (C/S; 1:1 mole ratio based on oxides) and
Ce,Zr1_,0,/Si0; (CZ/S; 1:1:2 mole ratio based on oxides) cat-
alysts were prepared by a deposition co-precipitation method.
A pure CeO; (C) was also prepared by precipitation technique.
The precursors used were (NH4)2Ce(NO3)g (Loba Chemie, GR
grade), Zr(NO3)4-5H>O (Fluka, AR grade) and colloidal SiO,
(Ludox, 40 wt.%, Aldrich, AR grade). Aqueous NH3 solution
was used as precipitating agent. To prepare C/S and CZ/S sam-
ples, colloidal SiO, was first dispersed in 3000 ml deionized
water and stirred for 2h. To this dispersed content, mixture
solutions of cerium and zirconium precursors were added and
stirred for 1 h. Aqueous NHj3 solution was added dropwise to the
aforementioned mixture solutions until pH ~ 8.5 under vigorous
stirring conditions. The obtained precipitates were filtered off,
washed with deionized water until free from anion impurities
and oven dried at 393 K for 12 h and subsequently calcined at
773K for Sh.

2.2. Catalyst characterization

X-ray powder diffraction patterns were recorded on a
Siemens D-500 diffractometer using nickel-filtered Cu Ko
(0.15418 nm) radiation source. Crystalline phases were iden-
tified by comparison with the reference data from PDF-ICDD
files. The average crystallite size was estimated with the help
of Scherrer equation. The Raman spectra were recorded on a
DILOR XY spectrometer equipped with aliquid N cooled CCD
detector at ambient temperature and pressure. The emission line

at 514.5 nm from an Ar* ion laser (Spectra Physics) was focused
on the sample (analyzing spot 1 pm) under microscope. The
power of incident beam on the sample was 3 mW and time of
acquisition varied according to the intensity of the Raman scat-
tering. The wavenumbers obtained from spectra are accurate
to within 2cm™!. The HRTEM images were recorded with a
JEM 2010 (Cs=0.5 mm) microscope. The accelerating voltage
was 200 kV with LaBg emission current with a point resolution
of 0.195 nm. Samples were sonically dispersed in ethanol and
deposited on a holey carbon copper grid before examination.
The BET surface areas were obtained by N, physisorption on a
Micromeritics Gemini 2360 Instrument. Before measurements,
the samples were oven dried at 393 K for 12 h and flushed with
Argon gas for 2 h.

2.3. Activity studies

Catalytic activity measurements were carried out at
523-673 K, in a down flow fixed-bed micro-reactor heated by
means of a tubular furnace in a previously described apparatus
[12,13]. The reactor—catalyst load consisted of 0.5 g of cata-
lyst diluted with quartz fractions. The catalyst was treated using
CO;-free airflow at 773 K for 5 h, prior to the reaction. The 4-
methylpentan-2-ol was fed with Nj stream, into the vaporizer at
aflow rate of 1.5 mlh~!. The flow rate of dry N, was maintained
at 60-70 ml min~!. The liquid products were collected in ice-
cold freezing traps and were analyzed by a gas chromatograph
with flame ionization detector (FID). The qualitative analysis of
the products was performed with the help of NMR and Mass
spectrometry techniques. The activity data was collected under
steady state conditions. The conversions and product selectivity
were calculated as per the procedure described elsewhere [26].

3. Results and discussion

The XRD profiles of C, C/S and CZ/S samples calcined at
773K are presented in Fig. 1. The diffraction profiles of C/S
and CZ/S are relatively broad in comparison to C indicating
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Fig. 1. X-ray powder diffraction profiles of CeO, (C), Ce0,/SiO, (C/S) and
Ce,Zr1_,0,/Si0; (CZ/S) samples.
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smaller particle sizes. All the diffraction peaks could be indexed
to(111),(200),(220),(311),(222),(400),(331)and (420)
crystal faces, corresponding to a face centered cubic fluorite
structure of CeO;. From Fig. 1, it could be observed that pure
ceria and C/S crystallize only as cubic CeO, (PDF-ICDD 34-
0394). In the case of CZ/S, presence of cubic Ce—Zr-oxide with
the composition namely, Ceq 75Zr9 250> (PDF-ICDD 28-0271)
has been identified. No other crystalline phases were observed
which correspond to catalytically inert compounds or mixed
oxide phases between ceria—silica and silica—zirconia in the
present study in contrast to some other earlier reports [27,28].
This can be attributed to a different preparation method adopted
and a lower calcination temperature employed in the present
study.

The N, BET surface areas of all the samples and average
crystallite size, as determined from XRD data, of CeO; in pure
Cand C/S, and Ce 75Zro 2507 in CZ/S are presented in Fig. 2. A
substantial increase in the surface area and decrease in the par-
ticle size could be observed when the amorphous silica support
was introduced. This indicates that the high surface area silica
support enhances the effective dispersion and stabilization of
C and CZ particles over its surface. The use of colloidal silica
as inert support further helps to crystallize C and CZ oxides
with particle sizes in the nanometer range. There are certain
advantages associated with the use of colloidal silica disper-
sions. Firstly, the colloidal dispersions are much less reactive
toward the deposited catalytic materials, and as a consequence,
solid-state reactions are less likely to occur with the colloidal
materials than with the coprecipitated materials from the solu-
ble salts. Secondly, the particles of the colloids are larger than the
particles of the coprecipitated salts. This has a feature of mak-
ing larger pores and more open structures for the final catalyst.
Thus, the precipitation of ceria and ceria—zirconia with colloidal
silica yielded smaller crystallites of C and CZ oxides on the sur-
face of SiO,. Therefore, the colloidal silica support has been
advantageously employed in the present investigation. The term
colloidal silica refers to a stable, dispersion or sols of discrete
nanometric particles of amorphous silica, commonly suspended
in water with a size of about 7-12 nm in diameter. Depending
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Fig. 2. BET surface area and average crystallite size of CeO; (C), Ce0,/SiO2
(C/S) and Ce,Zr_,0,/SiO, (CZ/S) samples.
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Fig. 3. Raman spectra of CeO, (C), CeO,/SiO; (C/S) and Ce,Zr;_,0,/SiO;
(CZ/S) samples.

on the synthesis conditions, the structure of the colloidal parti-
cles may differ from isolated spherical particles to agglomerates
of complex structures. Colloidal silica also exhibits reasonably
high specific surface area ranging between 140 and 345 m? g~ !.

The Raman spectra of C, C/S and CZ/S samples are presented
in Fig. 3. The Raman spectrum of pure CeO; displays only one
prominent peak at 462cm~! due to F2, Raman active mode of
the fluorite structure [22,25,29,30]. The absence of any other
features in the spectra indicates the non-existence of structural
defects or oxygen vacancies in the pure CeO;. The Raman spec-
trum of C/S shows a prominent peak at 457 cm~! and a weak
band at ~600cm™~!. The band at 457 cm™! corresponds to the
triply degenerate F»; mode and can be viewed as a symmetric
breathing mode of the oxygen atoms around cerium ions [31].
In the case of CZ/S sample, the band due to Fog mode has been
observed at 466 cm™!. It is well reported in the literature that
intensity of Raman band depends on several factors including
grain size and morphology. The weak bands noticed for C/S
and CZ/S at ~600 and 620 cm™!, respectively, correspond to a
non-degenerate LO mode of CeO; [32,33]. Normally, this mode
should not be observed by Raman spectroscopy but the presence
of some defects can involve relaxation of selection rules. In par-
ticular, this band has been linked to oxygen vacancies in the
CeOg, lattice [34]. The absence of any other Raman features pro-
vides one more inference that silica is not forming any compound
with ceria or zirconia, in line with XRD measurements.

The TEM-HREM studies were performed on some selected
representative samples to ascertain the structural information
obtained from XRD and Raman measurements. The TEM global
view of the C/S sample is shown in Fig. 4a. A closer inspection
of the image reveals the existence of smaller crystals (~3-5nm)
dispersed over an amorphous matrix with different contrasts. The
corresponding HRTEM image (Fig. 4b) of the sample shows that
the contrast observed in the experimental image is associated
with the face centered cubic fluorite structure of CeO,. Well-
crystallized CeO, grains mixed with amorphous SiO; are mainly
observed [25,27,35,36]. The digital diffraction pattern (DDP)
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Fig. 4. (a) TEM and (b) HRTEM images of CeO,/SiO, (C/S) sample (inset: digital diffraction pattern obtained from the experimental image).

obtained from the experimental image is also shown in Fig. 4b
(inset). The different spots observed account for the existence
of periodic contrasts in the original experimental micrograph,
which correspond to different sets of atomic planes of the crys-
talline structure. The geometric arrangement of these reflections
is directly related to the structural aspects of the analyzed crys-
tals. The spots labeled as 1, 2, and 3 in the DDP correspond
to the interplanar spacings of 3.2, 2.7 and 3.1 A, respectively,
which correspond to the (1 11), (200) and (1 —1 —1) planes of
ceria in cubic fluorite structure. TEM global picture of the CZ/S
sample along with the corresponding selected area diffraction
pattern (SAED) are shown in Fig. 5a. A closer view of the image

reveals the existence of small crystals (~5nm) dispersed over
an amorphous matrix with different lighter contrasts. The broad-
ening of the rings in the electron diffraction patterns account
for the presence of such small randomly oriented mixed oxide
particles. Well-dispersed very small Ce—Zr-oxide particles over
the surface of the amorphous silica are mainly observed from
HRTEM image (Fig. 5b). The HRTEM studies thus provide valu-
able information on the structure of C and CZ oxides, highly
dispersed over amorphous silica support in line with XRD and
Raman measurements.

The conversion of 4-methylpentan-2-ol produces mainly 4-
methylpent-1-ene and 4-methylpent-2-ene with trace amounts

Fig. 5. (a) TEM (inset: selected area diffraction pattern) and (b) HRTEM images of Ce,Zr;_,0,/SiO, (CZ/S) sample.
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of Cg alkenes as dehydration products. Besides dehydration,
dehydrogenation of the reactant alcohol gives rise to 4-
methylpentan-2-one and higher ketones (in very low amounts).
Previous works on zirconia, ceria and lanthana-based oxides
revealed the involvement of three different mechanistic path-
ways (ElcB, El and E2) to form the desired and undesired
products [9-12]. When the acid and base functions of the cata-
lyst are well balanced in terms of site concentrations, a two-point
adsorption of the reactant alcohol occurs, in which the most
acidic hydrogen (i.e., H of terminal methyl group) interacts with
a base site while the acid centre interacts with the OH group of
the alcohol. The fate of this adsorbed species depends on the
relative strength of the acid and base sites. If the acid sites are
weak and the base sites are strong enough, rupture of the C-H
bond with carbanion formation occurs first and an E1cB mech-
anism sets in leading to the preferential formation of 1-alkene
(Hofmann product). If the strengths of the acid and base sites
are comparable, no intermediate carbanion is formed. In this
situation, the transformation of the adsorbed species into the
olefin takes place via concerted mechanism (E2 pathway) and
2-alkene is then the preferred product (Saytzeff product). Such
co-operative action of the sites is disfavored when either the acid
or the base sites are predominant. In the former case, the reaction
is initiated by the attack of the acid sites to the hydroxy group
of the alcohol leading to the formation of a carbocation interme-
diate, which transforms into alkenes with internal double bonds
(E1 mechanism, Saytzeff product). When the base sites on the
catalyst surface are predominant and strong, adsorption occurs
by means of a hydrogen bond involving the OH group of the
alcohol and a base site. Here abstraction of a-H by interaction

(a) 100
90 _523 K —&— 1-Alkene
—w¥— ketone =
80 F —e— 2-Alkene
§ 70k =
2 of a—m
2
5 50
5]
o 40F
w2
EWE e .
= L
QE_. 20
10F " .

0 L 2 1

c /s CZ/S
Catalyst
100
(c)
90 .623 K —&— |-Alkene
—w¥— ketone
S 80F —e— 2-Alkene
< wf
z P
= 60 =
5 I
2 sof
©
i 40k
B
_8 30 - -
-_—____-—__\\_
) v
—‘—\—.._‘_‘*_
10 .
0 1 i L 1
C C/S CZ/S
Catalyst

100

S0F |—®—CZS

sl |~¥—Cs

0F

60

S0

Conversion (%)

0

30+
v

10

0 ) i 1 i L i 1 i 1 i 1 i 1 n 1 i 1

520 540 560 580 600 620 640 660 680

Temperature (K)

Fig. 6. Conversion of 4-methylpentan-2-ol as a function of reaction temperature
over CeO, (C), Ce0,/Si0; (C/S) and Ce,Zr_,0,/Si0, (CZ/S) catalysts.

with a positively polarized H atom on the surface (originating
from the previously split OH group of the alcohol) occurs and a
ketone is formed instead of an alkene.

Based on the above ideas we have investigated the dehydra-
tion of 4-methylpentan-2-ol over C, C/S and CZ/S samples. The
conversion of 4-methylpentan-2-ol over the catalysts as a func-
tion of reaction temperature is presented in Fig. 6. As shown in
the figure, the conversion of alcohol increases with increasing
reaction temperature for all the three catalysts. Up on dispers-
ing ceria over SiO», the conversion of the alcohol is increased
to a little extent, but after incorporation of Zr* to Ce0,/Si0y,
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Fig. 7. Selectivities to 4-methylpent-1-ene (1-alkene), 4-methylpent-2-ene (2-alkene) and 4-methylpentan-2-one (ketone) at different temperatures over CeO, (C),

Ce0,/Si0; (C/S) and Ce,Zr1_,0,/Si0; (CZ/S) catalysts.
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the conversion is drastically increased. A nominal conversion
of 8% was observed over C/S at 523 K, the lowest reaction
temperature studied, which increased to 35% at 673 K. After
Zr+t incorporation to C/S, the conversion raised from 40% at
523 Kt095% at 673 K. The selectivities of the reaction products,
4-methylpent-1-ene (1-alkene; desired product), 4-methylpent-
2-ene (2-alkene) and 4-methylpentan-2-one (ketone) over all the
catalysts at different temperatures are presented in Fig. 7. As
can be seen from this figure, the selectivity of the desired prod-
uct, 1-alkene increases from pure ceria to CZ/S and decreases
with increasing reaction temperature for all the catalysts. On
the other hand, the selectivity of the dehydrogenation prod-
uct, 4-methylpentan-2-one increases with increasing reaction
temperature for all the samples, which leads to a decrease in
the selectivity of the desired product. However, there is no
appreciable change in the selectivity of 4-methylpent-2-ene with
increasing reaction temperature for all the catalysts. The present
study indicates the involvement of the E1cB mechanistic path-
way through the formation of carbanion intermediate to form
the highly selective 1-alkene.

The following observations could be related to the highly
dispersed ceria and Ce—Zr-oxides over SiO, with balanced
acid—base and redox sites. The high dispersion of CeO, over
Si0O; to form ceria crystallites of ~3—5 nm size accounts for an
increase in the conversion of the alcohol, as high dispersion of
active oxide always provides more active sites for the reactant
molecules to interact. By incorporating Zr** to C/S, a more bal-
anced acid—base surface sites could be generated which result
in a large increase of conversion. Simultaneously, after Zr**-ion
incorporation, the redox behaviour of C/S is also changed with
the formation of oxygen vacancies as demonstrated by Raman
measurements. The emergence of Raman band at ~600 cm™!
is related to the oxygen vacancy concentration, which is more
prominent in the case of CZ/S sample. The formation of oxygen
vacancy in CZ/S provides more Ce>* sites, which may lead to an
increase in the ability of O?~ ions to abstract a proton in compari-
son to the O>~ ions connected to Ce**. This facilitates the E1cB
mechanistic pathway to form the desired 1-alkene selectively.
Further investigations are necessary to understand the nature of
acid-base sites of these catalysts and their role on the conversion
and selectivity of this important reaction.

4. Conclusions

Silica supported nanosized CeO, and Ce,Zr;_,O, compos-
ite oxides have been synthesized and characterized by XRD,
Raman, HRTEM and BET surface area methods. XRD results
revealed the formation of cubic CeO; in the case of CeQ,/SiO;
and Ce( 75710 250> phase in case of Ce,Zr;_,0,/SiO; catalysts.
Raman measurements showed the presence of oxygen vacan-
cies and lattice defects in the case of silica supported composite
oxides. HRTEM studies disclosed the presence of ceria and
Ce—Zr-oxide nanocrystallites of the size ~3—5 nm over the amor-
phous silica matrix. The conversion of 4-methylpentan-2-ol to
4-methylpent-1-ene is enhanced after Zr**-ion incorporation to
the CeO,/Si0, composite oxide. The selectivity to 1-alkene has
been observed to decrease with increasing reaction tempera-

ture, while 4-methylpentan-2-one selectivity increases. Further
studies are essential to fully exploit these catalysts for the title
reaction.
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