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a b s t r a c t

Catalytic performance of ceria–silica and ceria–zirconia mixed oxides for dehydration of 4-methylpentan-
2-ol has been investigated. The reaction was carried out in the temperature region 523–673 K in a
fixed-bed microreactor at normal atmospheric pressure. The investigated mixed oxides were prepared
by a rapid microwave-assisted combustion synthesis method by using metal nitrates as precursors. X-ray
diffraction (XRD), Raman spectroscopy (RS) and temperature programmed desorption (TPD) techniques
were used to investigate the structural and surface properties of the mixed oxides. XRD studies revealed
eywords:
ehydration
-Methylpentan-2-ol
icrowave dielectric heating

olution combustion synthesis
eO2

the formation of a specific Ce0.5Zr0.5O2 solid solution in case of ceria–zirconia sample, and the ceria–silica
mixed oxide is found to be in amorphous form. RS measurements suggest the presence of oxygen vacan-
cies and lattice defects in the ceria–zirconia mixed oxide sample. TPD of ammonia and CO2 results reveal
that ceria–silica exhibits strong acid–base properties compared to ceria–zirconia mixed oxide. Good alco-
hol conversion and excellent 4-methylpent-1-ene selectivity were observed on both the mixed oxides.
cid–base properties
atalyst characterization

. Introduction

Since the pioneering work of Pines and Pillai [1] on alumina,
he dehydration of secondary alcohols over metal oxides has been
idely investigated [2,3]. Thoria and other actinide or lanthanide

xides have been reported to be selective towards alk-1-ene for-
ation [4–6]. Ceria-based catalysts are known to exhibit a high

electivity towards the formation of 1-alkenes in the dehydra-
ion of secondary alcohols [7]. A useful application seems to be
he dehydration of 4-methylpentan-2-ol, which could represent
n alternative route to the preparation of 4-methylpent-1-ene, an
ntermediate for manufacturing thermoplastic polymers of high
echnological significance. Besides the desired 1-alkene, the alcohol
ehydration always leads to the formation of 4-methylpent-2-
ne, often accompanied by skeletal isomers of C6-alkenes [8].
n addition, dehydrogenation to 4-methylpentan-2-one can occur

imultaneously with dehydration [8]. Pure ceria did not exhibit
ood catalytic behaviour leading preferentially to 2-alkenes, while
high selectivity to 1-alkene could be reached by doped ceria-based
aterials [9]. Previous results on several oxide [10,11] and zeolite
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catalysts [12] showed that the high selectivity to 1-alkene requires
fine-tuning of the acid–base properties of the catalyst, in order
to avoid dehydration to the undesired 2-alkene, as well as para-
sitic formation of ketone through the competing dehydrogenation
pathway. As known from literature, doped ceria-based materials
exhibit better acid–base properties compared to pure ceria [7].
Recent results reveal that zirconia and silica containing ceria-based
materials exhibit good activity for dehydration reactions [9,13].

It was noticed that the CeO2–ZrO2 catalysts exhibit good cat-
alytic activity and the acid–base character of the catalyst is most
important in order to obtain high selectivity to the desired 1-alkene
and to avoid the formation of olefins with internal double bonds
and the dehydrogenation product ketone [11]. It is a well-known
fact in the literature that synthesis methodology and process con-
ditions strongly influence the acid–base properties of the mixed
oxides [14,15]. So far various methods have been employed to
prepare ceria-based mixed oxides, which include precipitation
[16], precursor modification [17], sol–gel [18], surfactant-assisted
[19], micro-emulsion [20], hydrothermal–solvothermal [21], spray
pyrolysis [22], sputtering [23], chemical vapor deposition [24] and

supercritical water synthesis [25]. It is well established that prepa-
ration methods like coprecipitation can lead to high specific surface
area materials; however, the temperature stability of these oxides
is characterized by severe loss of surface area at elevated tempera-
tures. Further, the wet chemical routes require calcination at high

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:bmreddy@iict.res.in
mailto:mreddyb@yahoo.com
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from this figure, the ceria–silica mixed oxide exhibits amorphous
nature. It is difficult to resolve the peaks. Formation of solid solu-
tion of specific composition Ce0.5Zr0.5O2 (PDF-ICDD 34-1436) has
been conferred in the case of ceria–zirconia mixed oxide. This is pri-
B.M. Reddy et al. / Journal of Molecul

emperatures for prolonged times which lead to crystallite growth
nd decrease in the reactivity. Synthetic methodologies based on
ol–gel and related routes require expensive precursors, such as
lkoxides. Among the various solution routes employed, the solu-
ion combustion process is simple, fast, yields high surface area
roducts of desired composition [26]. The solution combustion pro-
ess is an attractive synthetic route particularly for the preparation
f multicomponent oxide materials, since the homogeneity of the
queous solution of the salts is preserved in the combustion residue
27]. In addition to better homogeneity and purity of the prod-
cts, the solution combustion method has the advantage of doping
esired amounts of impurity ions and a low processing temperature

eading to uniform crystalline particle size at superfine dimensions
28].

In the present paper we report on the synthesis of CeO2–SiO2
MWCS) and CeO2–ZrO2 (MWCZ) mixed oxides by a solution com-
ustion synthesis method using microwave dielectric heating. The
esultant catalysts were characterized by BET surface area, XRD,
aman, TPD of NH3 and CO2 techniques, and evaluated for dehy-
ration of 4-methylpentan-2-ol.

. Experimental

.1. Catalyst preparation

Ceria–silica and ceria–zirconia mixed oxides (1:1 mole ratio
ased on oxides) were prepared by a simple and rapid microwave-
ssisted solution combustion synthesis method. Metal nitrates
amely, Ce(NO3)3, SiO(NO3)2 and ZrO(NO3)2 were used as precur-
ors since nitrates favor combustion. To prepare ceria–silica mixed
xide, the requisite quantities of cerium(III) nitrate (Aldrich, AR
rade) and silica(IV) oxinitrate (Fluka, AR grade) were dissolved
eparately in deionized water and mixed together in a Pyrex glass
ish. A stoichiometric quantity (as per the concept used in propel-

ant chemistry) of solid urea (Fluka, AR grade) was added to the
forementioned mixture solution and stirred rigorously to obtain a
lear solution. The dish containing the reaction mixture was intro-
uced into a modified domestic microwave oven having an exhaust
pening at the top of the oven and working at atmospheric pressure
BPL, India Limited, BMO-700T, 2.54 GHz, 700 W). Initially, the solu-
ion boils and undergoes dehydration followed by decomposition
nd spontaneous combustion with the evolution of large amounts
f gases, including N2, CO2 and H2O along with some small traces
f NH3 and NO2, followed by a rapid flame resulting in a light
ellow residual mass. The entire process in the microwave oven
rom dehydration to combustion took around 40 min. Three to four
xperiments were conducted under identical conditions to check
or reproducibility. Properties of all the synthesized powders were
ound to be identical. Ceria–zirconia mixed oxide was also prepared
n the same way.

.2. Catalyst characterization

The BET surface areas of the powders were determined by N2
dsorption at liquid nitrogen temperature using a Micromeritics
emini 2360 instrument. Prior to analysis, samples were oven dried
t 393 K for 12 h and flushed with Argon gas for 2 h. XRD patterns
ere recorded on a Bruker (Karlsruhe, Germany) D8 advanced sys-

em using a diffracted beam monochromated Cu K� (0.15418 nm)
adiation source. The intensity data were collected over a 2� range

f 3–80◦ with a 0.02◦ step size and using a counting time of
s per point. Crystalline phases were identified by comparison
ith the reference data from the International Centre for Diffrac-

ion Data (ICDD). The average crystallite size of the oxide phases
as estimated employing Scherrer equation and considering the
alysis A: Chemical 319 (2010) 52–57 53

XRD data of all prominent lines [29]. The Raman spectra were
recorded on a triple subtractive Jobin Yvon T64000 Raman spec-
trometer equipped with a liquid nitrogen-cooled charge-coupled
device (CCD) detector. The emission line at 514.5 nm from the Ar+

Ion laser was focused on the sample under the microscope, with the
width of the analyzed spot being about 1 �m. The power of the inci-
dent beam on the sample was about 5 mW. The TPD measurements
were performed on a Micromeritics AutoChem 2910 instrument. A
thermal conductivity detector was used for continuous monitor-
ing of the desorbed ammonia and the areas under the peaks were
integrated. Prior to TPD measurements, samples were pretreated at
573 K for 1 h, after pretreatment the samples were saturated with
4% ultra-pure anhydrous ammonia for 1 h and subsequently flushed
with He to remove the physisorbed ammonia.

2.3. Dehydration activity

Dehydration activity measurements were carried out in a down
flow fixed-bed microreactor heated by means of a tubular furnace
in a previously described apparatus [30,31]. The reactor–catalyst
load consisted of 0.5 g of catalyst diluted with quartz fractions. The
catalyst was treated using CO2-free airflow at 673 K for 5 h, prior
to the reaction. The 4-methylpentan-2-ol was fed with N2 stream,
into the vaporizer at a flow rate of 1.5 ml/h. The flow rate of dry
N2 was maintained at 60–70 ml min−1. The reaction was carried
out in the temperature region 523–673 K. The liquid products were
collected in ice cold freezing traps and were analyzed by a gas chro-
matograph with flame ionization detector (FID). The activity data
was collected under steady state conditions. The conversions and
product selectivity were calculated as per the procedure described
elsewhere [32].

3. Results and discussion

The X-ray powder diffraction patterns of the two mixed oxides
prepared in the present study are shown in Fig. 1. As can be noted
Fig. 1. X-ray powder diffraction patterns of ceria–silica and ceria–zirconia mixed
oxides (MWCS: ceria–silica, MWCZ: ceria–zirconia).
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Table 1
BET surface area, crystallite size, and total amount of NH3 and CO2 desorbed pertaining to ceria–silica and ceria–zirconia mixed oxides (MWCS: ceria–silica, MWCZ:
ceria–zirconia).

Sample BET surface area (m2/g) Crystallite size (nm) Total NH3 desorbed (� mole/m2) Total CO2 desorbed (� mole/m2)
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Acid–base properties of the synthesized mixed oxides were
determined by conducting temperature programmed desorption of
CO2 and ammonia experiments. In general, TPD measurements pro-
vide meaningful information about the available adsorption sites as
well as the way in which the key species are chemisorbed on the
MWCS 125 n.d.
MWCZ 56 12.5

.d.: not determined.

arily due to incorporation of Zr4+ cations into the cubic fluorite
tructure of ceria as reported by several authors [33,34]. To confirm
ts presence, the synthesized sample was again subjected to ther-

al treatments at 773 and 1073 K. An increase in the intensity of
ines due to better crystallization of the phase was noted as shown
n Fig. 1. No big change was noted in the case of ceria–silica sample.
here is no evidence for the formation of t-ZrO2 or m-ZrO2 phases
f zirconia within the detection limits of the XRD technique. As
nown from the literature, substitution of some of the Ce4+ ions by
r4+ favors the formation of defects in the ceria–zirconia lattice that
nduces a distortion of the oxygen sublattice. If the ceria–zirconia
olid solution contains less zirconium, it cannot induce sufficient
tress and the oxygen mobility within the bulk. On the other hand
f the zirconium content is too high (more than 50%) it will reduce
he quantity of the redox element Ce [35]. Therefore, for an inter-

ediate composition range i.e. Ce0.5Zr0.5O2 there is an optimum
alance between amount of redox elements and number of defects
nd consequently the oxygen storage capacity (OSC) of the mixed
xide is maximum. Formation of Ce0.5Zr0.5O2 solid solution is an
nteresting observation from the present study. However, in our
revious reports formation of Ce0.75Zr0.25O2 solid solution was
bserved for ceria–zirconia mixed oxides prepared by conventional
oprecipitation method with the same presently used composi-
ion [33]. Crystallite sizes of CeO2 in CeO2–SiO2, and Ce0.5Zr0.5O2 in
eO2–ZrO2 are summarized in Table 1. As can be noted from Table 1,
he crystallite size depends on the type of foreign oxide present. In
eneral, as expected the crystallite size of ceria in ceria–silica mixed
xide is relatively small compared to ceria–zirconia. This may be
ue to stabilization of smaller ceria particles over the surface of
ilica. The N2 BET surface values of two mixed oxides prepared
n the present study are presented in Table 1. Both the mixed
xides exhibit relatively high specific surface areas. As expected
eria–silica mixed oxide (125 m2/g) exhibits more specific surface
rea than ceria–zirconia mixed oxide (56 m2/g).

To understand thermal stability and phase segregation, the
s synthesized ceria–zirconia mixed oxide sample was subjected
o thermal treatment at two different temperatures (773 and
073 K). The X-ray powder diffraction patterns of as synthesized
eria–zirconia and calcined ceria–zirconia at two different temper-
tures are represented in Fig. 1. The crystallinity was increased as
e go from as synthesized sample to 773 K and increased further

fter calcination at 1073 K. The increase in the crystallite size is
ue to better crystallization during prolonged heating. During the
reparation of the mixed oxide the precursor solution was exposed
o microwaves for 40 min. But additional calcination was done by
sing conventional heating source for 6 h. Formation of a monopha-
ic solid solution of composition Ce0.5Zr0.5O2 has been clearly
stablished. Interestingly, no phase segregation phenomenon was
bserved with increasing treatment temperature in the present
tudy. However, in our previous studies, an unambiguous phase
egregation phenomenon was noted with increasing calcination
emperature from 773 to 1073 K for the same samples prepared

y conventional coprecipitation method [33]. As known from liter-
ture, phase segregation leads to decrease in the activity as well as
tability [36].

Raman spectra of the two samples prepared in the present study
re shown in Fig. 2. As presented in Fig. 2, the Raman spectrum of
3.82 5.08
2.31 3.20

ceria–silica shows a prominent peak at 464 cm−1. The Raman band
at 464 cm−1 corresponds to the triply degenerate F2g mode and can
be viewed as a symmetric breathing mode of the oxygen atoms
around the cerium ions [37]. As reported in the literature, silica did
not show any Raman features [38]. In case of ceria–zirconia, the
band due to F2g mode has been observed at 474 cm−1. The slight
shift in the Raman frequency to higher wave numbers could be
due to the incorporation of zirconium ions into the ceria lattice, as
evidenced by XRD results. No Raman lines due to ZrO2 could be
observed, which is consistent with XRD measurements. According
to literature, six Raman active modes (A1g + 3Eg + 2B1g) are expected
for t-ZrO2 (space group P42/nmc), whereas, for the cubic fluorite
structure of CeO2 (space group Fm3m), only one mode is Raman
active. Along with the intense peak at around 465 cm−1, weak and
broad bands at 600 and 620 cm−1 are noticed for ceria–silica and
ceria–zirconia samples, respectively. These bands correspond to
a non-degenerate LO mode of CeO2 [38,39]. 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 CeO2
lattice [39]. In addition to these two bands ceria–zirconia exhibited
another band at 300 cm−1. This band is due to the displacement of
oxygen atoms from their ideal fluorite lattice positions [40].
Fig. 2. Raman spectra of ceria–silica and ceria–zirconia mixed oxides (MWCS:
ceria–silica, MWCZ: ceria–zirconia).
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exhibited a conversion of 25% at 523 K, which increased to 43% at
673 K. The increase in the conversion in case of ceria–silica may
be due to better balance of both acid–base properties as well as
high surface area. After dispersing ceria over silica, a more balanced
ig. 3. NH3 TPD profiles of ceria–silica and ceria–zirconia mixed oxides (MWCS:
eria–silica, MWCZ: ceria–zirconia).

atalyst surface. It is a well known fact in the literature that the
electivity of a product in the dehydration reaction depends on the
cid–base properties of the catalysts [30]. NH3 TPD profiles of both
he mixed oxides are shown in Fig. 3. As shown in Fig. 3, ceria–silica

ixed oxide exhibits two narrow desorption maxima at around 693
nd 899 K. The peak at 693 K represents the acidic sites of medium
trength and the narrow peak at 899 K corresponds to NH3 released
rom strong acidic sites corresponding to strongest Lewis acid sites
resent on the catalyst surface. Ceria–zirconia mixed oxide exhibits
broad peak at 462 K and a narrow peak at 625 K. The broad peak
t lower temperature corresponds to weak acid sites and the nar-
ow peak at higher temperature is due to strong Lewis acid sites.
he amount of NH3 desorbed is always high for the sample that has
igh surface area and it is not possible to compare the acidity of
he samples by calculating the total amount of ammonia desorbed
or each sample. So in the present study the amount of ammonia
esorbed per m2 of surface area was used to compare the acidity of
he mixed oxides and the values are presented in Table 1. As shown
n Table 1 and Fig. 3, the MWCS sample exhibits more acidity com-
ared to MWCZ sample. More acidity for silica sample might be due
o stabilization of nanosized ceria particles over the surface of sil-
ca. Fig. 4 represents the CO2 TPD profiles of both the mixed oxides
repared in the present study. A relatively narrow CO2 desorption
eak at 673 K is observed for the ceria–silica mixed oxide. On the
ther hand ceria–zirconia mixed oxide exhibits broad desorption
eaks. The amount of CO2 desorbed per m2 of surface area is given

n Table 1. Here too silica sample exhibits more basicity compared
o zirconia sample and it can be explained as due to high surface
rea as well as stabilization of the ceria particles over the silica
urface. Interestingly, the amount of CO2 desorbed is more for both
he mixed oxides compared to the amount of NH3 desorbed. On the
hole, more balanced acid–base sites are generated when ceria is
ispersed over the surface of silica.

The dehydration of 4-methylpentan-2-ol may lead to different

roducts and the composition of the product mixture depends on
he mechanistic pathway of the reaction over the catalyst surface.
his involves three types of mechanisms viz., concerted elimination
athway (E2), formation of carbocation (E1) and carbanion forma-
Fig. 4. CO2 TPD profiles of ceria–silica and ceria–zirconia mixed oxides (MWCS:
ceria–silica, MWCZ: ceria–zirconia).

tion via two-point mechanism (E1cB) [8,41]. These mechanisms
should be regarded as limiting cases, since intermediate situations
can occur. Conversion of 4-methylpentan-2-ol has been carried out
as a function of temperature and the results are displayed in Fig. 5.
No significant changes in the conversion were observed in the runs
where both the flow rate and the catalyst amount were signifi-
cantly changed while keeping the same W/F value; accordingly, the
occurrence of external diffusion limitations was ruled out. In gen-
eral, an increase in the conversion with an increase of temperature
was observed. Activity of pure ceria is negligible when compared to
silica- and zirconia-based mixed oxides, hence these results are not
included in the figures. A nominal conversion of 10% was observed
over ceria–zirconia at 523 K, the lowest reaction temperature stud-
ied, which increased to 20% at 673 K. On the other hand ceria–silica
Fig. 5. Alcohol conversion versus temperature dependence curves of ceria–silica
and ceria–zirconia mixed oxides for dehydration of 4-methylpentan-2-ol (MWCS:
ceria–silica, MWCZ: ceria–zirconia, WHSV: 1.5 ml/h).
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Ce0.5Zr0.5O2 was formed in case of CeO2–ZrO2 sample. Raman spec-
ig. 6. Product selectivity versus temperature dependence curves of ceria–silica and
eria–zirconia mixed oxides for the dehydration of 4-methylpentan-2-ol (MWCS:
eria–silica, MWCZ: ceria–zirconia, WHSV: 1.5 ml/h).

cid–base surface sites could be generated which result in a large
ncrease of conversion.

As regard to selectivities, it can be noted that two catalysts tend
o favor the formation of the desired 1-alkene, which is the most
bundant product, together with some amounts of 2-alkene and
etone (Fig. 6). As can be observed from Fig. 6, the selectivity of the
esired product, 1-alkene decreases with increase of reaction tem-
erature on both the catalysts. On the other hand, the selectivity
f the dehydrogenation product, 4-methylpentan-2-one increases
ith increasing reaction temperature leading to a decrease in the

electivity of the desired product. However, there is no apprecia-
le change in the selectivity of 4-methylpent-2-ene with increasing
eaction temperature. If the mechanism of reaction is considered,
he first step of alcohol transformation on metal oxide catalysts
s the adsorption of the reactant on the surface. The selectivity of
econdary alcohol dehydration depends on the competition among
he above specified mechanisms: when the acid and base functions
f the catalyst are well balanced in terms of site concentrations, a
wo-point adsorption of the reactant alcohol occurs, in which the

ost acidic hydrogen (i.e., H of terminal methyl group) interacts
ith a base site while the acid centre interacts with the OH group
f the alcohol. In this situation, the transformation of the adsorbed
pecies into olefin takes place via concerted mechanism (E2 path-
ay) and 2-alkene is then the preferred product (Saytzeff product).

f the acid sites are weak and the base sites are strong enough, rup-
Fig. 7. Alcohol conversion versus time-on-stream dependence curves of ceria–silica
and ceria–zirconia mixed oxides for the dehydration of 4-methylpentan-2-ol
(MWCS: ceria–silica, MWCZ: ceria–zirconia, WHSV: 1.5 ml/h).

ture of the C–H bond with carbanion formation occurs first and an
E1cB mechanism sets in leading to the preferential formation of
1-alkene (Hofmann product). If the acid sites are predominant, 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 inter-
mediate, which transforms into alkenes with internal double bonds
(E1 mechanism, Saytzeff product). The acid–base properties of the
surface govern the competition among the mechanisms, by deter-
mining the adsorption mode of the reactant alcohol and the timing
of bond rupture [42]. An E1cB mechanism has been proposed for
secondary alcohol dehydration on ceria-based mixed oxides in the
present study. Both the ammonia and CO2 TPD results indicate that
basic sites are dominating in the mixed oxides compared to the
acidic sites. This has previously been shown for the dehydration of
4-methylpentan-2-ol over zirconia, as well as on ceria and lanthana
catalysts prepared through the traditional wet inorganic routes
[43,44]. Recently, it has also been confirmed over ceria–zirconia
solid solutions prepared by ball-milling [11]. The present results
are well corroborating with the literature reports. Slightly more
selectivity towards 1-ene in case of ceria–zirconia mixed oxide
compared to ceria–silica may be due to lower conversion levels. As
presented in Fig. 7, both the composite oxide catalysts show some
initial deactivation in the time-on-stream experiments, afterwards
they exhibit quite stable activity without deactivation. Imbalance of
carbon may be the reason for initial deactivation. Recent literature
reveals that ceria-based mixed oxides are highly coke resistant and
exhibit promising stable activity without deactivation during time-
on-stream runs in various reactions [34,45–47]. This was mainly
attributed to the availability of lattice oxygen due to oxygen storage
and release property of the ceria-based mixed oxides [11,34].

4. Conclusions

Ceria–silica and ceria–zirconia mixed oxides were prepared by
a simple and rapid single step microwave-assisted combustion
synthesis method with sufficiently high specific surface area. X-
ray diffraction results revealed that the CeO2–SiO2 mixed oxide
exhibits amorphous nature, and a cubic fluorite type solid solution
troscopic measurements conclude the presence of lattice defects,
oxygen vacancies and displacement of oxygen ions from their ideal
lattice positions in CeO2–ZrO2 mixed oxide. TPD of NH3 and CO2
results suggest that the silica-based mixed oxide exhibits more
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cidity as well as basicity compared to the zirconia-based mixed
xide. Both the mixed oxides provided excellent selectivity towards
-ene. Among the two catalysts investigated, the MWCS sample
xhibited better conversion.
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