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Abstract Vapour phase selective hydrogenation of ace-
tophenone has been performed over a series of Pt/CeO,—
MO, (MO, = SiO,, Al,03, TiO,, and ZrO,) catalysts. The
controlled hydrogenation was carried out in the 453-533 K
temperature range at normal atmospheric pressure. The
ceria-based mixed oxides were prepared through a
co-precipitation or deposition-precipitation route. Platinum
was deposited by a wet impregnation method. The obtained
catalysts were calcined at 773 K and characterized by
means of X-ray diffraction, Raman spectroscopy, BET
surface area, temperature programmed reduction, temper-
ature programmed desorption, thermogravimetry, and
scanning electron microscopy. XRD analyses suggest that
Ce0,-Si0, and CeO,-Al,03 primarily consist of CeO,
nanoparticles dispersed over the amorphous silica or alu-
mina surface. In the case of CeO,-TiO,, presence of
segregated nanocrystalline CeO, and TiO,-anatase phase
were noted. Formation of cubic Ceg 75Zry250, solid solu-
tion was observed in the case of CeO,—ZrO,. No peaks
pertaining to platinum could be detected from XRD
profiles. Formation of zirconia rich tetragonal phase
(Cep.4Zry60,) was observed in the case of Pt/CeO,~ZrO,
sample. Raman measurements revealed the fluorite struc-
ture of ceria and presence of oxygen vacancies in all
samples. TPR results suggest that the presence of Pt
facilitates the reduction of ceria. The catalytic performance
of Pt-based catalysts was found to depend strongly on the
nature of the support oxide employed. Among various
catalysts investigated, the Pt/CeO,—SiO, catalyst exhibited
better product yields.
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1 Introduction

The catalytic hydrogenation of organic derivatives con-
taining a carbonyl group is an important reaction widely
used in the preparation of intermediates for fine chemicals
and pharmaceuticals. The selective hydrogenation of a
molecule containing both C=C and C=0 bonds possesses
commercial importance and has been investigated inten-
sively [1-5]. However, the other interesting aspect of
competitive hydrogenation between phenyl and carbonyl
groups within a molecule has not been significantly dis-
cussed in previous publications so far. The hydrogenation
of acetophenone is particularly important because of the
enormous industrial use of two of the possible products:
1-phenyl ethanol (PE) and 1-cyclohexyl ethanol (CHE). In
fact, CHE is employed in the manufacturing of various
polymers, while PE finds use in the pharmaceutical and
perfumery industries [6—8].

Conventional reduction processes employ inorganic
hydrides (LiAlH; and NaBH,) as reducing agents and
produce a considerable amount of toxic residues, some-
thing unacceptable on the industrial scale from the
environmental point of view. Heterogeneous catalytic
hydrogenation offers the possibility to recover the catalyst
and to use it again, thus minimizing the production of
undesirable residues. These features make it a highly viable
enviro-economic option for the reduction of aromatic
ketones. In general, the reaction is carried out at low
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hydrogen pressures and in the presence of supported
metallic catalysts based on transition metals. Hence many
by-products are formed during the course of the hydroge-
nation; achieving high selectivity towards a desired product
is the major goal. However, use of monometallic platinum
with hydrogen gas leads to the formation of phenyl ring
hydrogenated product. Therefore, one needs to modify
hydrogenating ability of Pt by promoting with another
metal or supporting over a suitable carrier to improve
selectivity towards alcohol. The promotion could involve
either C=0 double bond polarization and/or inhibition of
phenyl ring adsorption through C=C bond. This promotion
can be achieved by the addition of second, more electro-
positive metal like iron [9] or tin [10, 11] or by the use of
supports such as CeO, [12-15], TiO, [16, 17], ZnO, [18],
MgO [19] or SnO, [20], which are able to interact with
platinum.

Support plays an important role in the catalytic activity
and product selectivity of precious metals. In fact the
metallic sites, usually active for hydrogenation of phenyl
ring, are transformed into polar sites to activate the car-
bonyl group by interacting with the support. Cerium oxide
is one of best applied promoters in heterogeneous catalytic
reactions, mainly due to its critical role in the performance
of three-way catalysts for automotive exhaust gas treatment
and other applications [21]. The existence of metal-support
interaction in CeO,-promoted noble metal catalysts can be
assessed not only by following the inhibition of H, or CO
chemisorption ability of the catalyst when the reduction
temperature is increased, but also with the help of probe
reactions such as hydrogenation, for which both the activity
and the selectivity are generally dependent on the reduction
temperature. However, it has been reported that addition of
CeO; to Ru and Co enhances production of long chain
hydrocarbons and alkenes [22]. In all cases, effect of ceria
seems to be related to the activation of C=0 bond through
the interaction of oxygen atom with oxygen vacancies,
which are created at the ceria surface up on the reduction
treatment. It was also reported that Pt catalysts prepared
from chloride precursors are more selective towards
hydrogenation of C=0 than analogous catalysts prepared
from tetramine platinum nitrate [13, 18, 23]. So far several
reports have appeared on the liquid phase hydrogenation of
acetophenone under different reaction conditions. Studies
on the gas phase hydrogenation of acetophenone with well-
defined metal surfaces are scarce in the literature. There-
fore, the present systematic investigation was undertaken to
resolve some of the aforesaid issues.

In the present study, a series of Pt supported CeO, and
Ce0,-MO, (MO, = SiO,, Al,03, TiO,, and ZrO,) cata-
lysts were prepared by precipitation and impregnation
methods and characterized by using TGA, BET-SA, XRD,
Raman, TPR, TPD, and SEM techniques. The synthesized

catalysts were evaluated for hydrogenation of acetophe-
none in vapor phase at normal atmospheric pressure. For
the purpose of better understanding, characterization
results pertaining to pure ceria-based supports are also
presented in this manuscript.

2 Experimental
2.1 Catalyst Preparation

The Ce0,-SiO, and CeO,—Al,O3; mixed oxides were pre-
pared by a deposition precipitation method, whereas CeO,,
Ce0,-TiO, and Ce0O,—Zr0O, mixed oxides (1:1 mole ratio
based on oxides) were prepared by a precipitation or
coprecipitation method. More detailed description of vari-
ous preparative steps involved during the synthesis can be
found elsewhere [24]. The platinum loaded catalysts were
prepared by a standard wet impregnation method. To
impregnate Pt (1 wt%), the requisite quantity of H,PtCly
(SD fine chem., AR Grade) was dissolved in distilled
water. To this clear solution, the finely powdered (773 K
calcined) supports were added. The excess water was
evaporated on a water bath under constant mechanical
agitation. The obtained materials were washed thoroughly
with hot water until free from chloride impurities, subse-
quently dried at 373 K for 10 h and calcined at 773 K for
5 h in a closed muffle furnace.

2.2 Catalyst Characterization

The DTA-TGA curves were obtained on a Mettler Toledo
TG-SDTA apparatus. Sample (ca. 12 mg) was heated
from ambient to 1,173 K under nitrogen flow and the
heating rate was 10 K/min. Specific surface areas were
determined by N, physisorption at liquid-N, temperature
on a Micromeritics Gemini 2360 instrument. Prior to
measurements, samples were oven dried at 393 K for 12 h
and flushed with Ar gas for 2 h. X-ray powder diffraction
patterns were recorded on a Rigaku Miniflex diffractome-
ter, using Ni-filtered Cu Ka (0.15418 nm) radiation source.
The average crystallite size of ceria was estimated with the
help of Debye—Scherrer equation, using the XRD data of
all prominent lines [25]. The Raman spectra were recorded
on a HORIBA JOBIN YVON HR 800 spectrometer at
ambient temperature. The emission line at 632.81 nm from
an Ar+ ion laser (Spectra Physics) was focused, on the
sample under the microscope. Temperature programmed
reduction measurements were carried out on a Micromer-
itics Auto Chem 2910 instrument with TCD detector. The
sample was treated with flowing He at 403 K for 90 min
before the run. The experiments were performed using 5%
H,/Ar gas flow of 30 mL/min and about 100 mg of sample,
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with a heating rate of 10 K/min. SEM analyses were car-
ried out with a Jeol JSM 5410 microscope, operating with
an accelerating voltage of 15 kV. Temperature pro-
grammed desorption measurements were performed using
100 mg of catalyst after pretreatment at 573 K under a dry
He flow (50 mL/min). The catalyst was exposed to 10%
NH; in He for 45 min at 373 K and excess NH; was
removed under He flow. The temperature of the sample
was raised at a rate of 10 K/min up to 1,073 K and a TCD
detector monitored the desorbed gas.

2.3 Catalyst Evaluation

Hydrogenation of acetophenone was carried out in a down
flow vertical fixed bed differential quartz micro-reactor
(i.d. 10 mm, length 25 cm) at normal atmospheric pressure.
In a typical experiment, ca. 200 mg of sieved catalyst with
twice the amount of quartz particles was secured between
two plugs of quartz wool. Ceramic beads were filled above
the catalyst bed for better mixing of the reactants. Tem-
perature of the reactor was monitored by a thermocouple
with its tip located near the catalyst bed and connected to a
temperature-indicator controller. Catalyst was pre-reduced
in flowing 5% H, in N, (30 mL/min) at 673 K for 2 h.
Acetophenone (Aldrich AR, Germany) was fed (1.5 mL/h)
from a motorized syringe pump (Perfusor Secura FT,
Germany) into the vaporizer where it was mixed uniformly
with H, gas (60 mL/min). The liquid products collected
through ice-cooled freezing traps were analyzed by a gas
chromatograph using BP20-WAX capillary column and
FID detector. The activity data were collected under
steady-state conditions. The conversion, selectivity and
yield were calculated as per the procedure described else-
where [26].

3 Results and Discussion

The BET surface areas of Pt-impregnated samples and pure
supports calcined at 773 K are shown in Table 1. All
mixed oxide supports exhibited higher specific surface area
than pure ceria. Mixed oxide supports prepared by depo-
sition precipitation method exhibited higher surface areas
than the samples obtained by co-precipitation method.
Among various mixed oxide supports, ceria-silica exhib-
ited highest specific surface area (203 m?%/g) as expected.
Silica is well-known stabilizing agent for CeO, and the use
of colloidal silica dispersion during the preparation leads to
the formation of a high SA materials. The CeO,-Al,03
mixed oxide also exhibited reasonably a specific surface
area (132 m*/g) which is also obtained by deposition pre-
cipitation route. A slight decrease in the surface areas were
observed after impregnation with platinum. This is mainly
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Table 1 BET surface area, crystallite size measurements and cell
parameter values of CeO, in Pt/CeO,-MO, (MO, = SiO,, Al,03,
TiO,, and ZrO,) samples calcined at 773 K (C-CeO,, CS-Ce0,-Si0,,
CA-Ce0,-AL0;3, CT-CeO,-TiO,, CZ-CeOr—ZrO,, PC-Pt/CeO,,
PCS-Pt/Ce0,-Si0,, PCA-Pt/CeO,-Al,03, PCT-Pt/CeO,-TiO,, and
PCZ-Pt/CeO,~Zr0,)

Sample Surface Crystallite Cell parameter
area (mzlg) size (nm) (A)
C 57 12 5.40
PC 42 124 ND
CS 203 32 5.40
PCS 174 3.6 ND
CA 158 3.7 5.40
PCA 104 39 ND
CT 95 10.0 5.38
PCT 67 10.5 ND
(674 84 4.7 5.35
PCZ 62 4.9 ND

ND not determined due to compositional heterogeneity and peak
broadness

due to the penetration of the dispersed Pt into the pores of
the support thereby narrowing its pore diameter and
blocking some of the micropores [26-28].

Figures 1 and 2 show the XRD patterns of various
mixed oxide supports and Pt impregnated samples. In
general, the XRD patterns of Pt-impregnated samples are
broader than that of the pure supports. Pure ceria exhibited
prominent diffraction lines characteristic of cubic fluorite
structure of ceria. In the case of ceria-alumina, only broad
diffraction lines due to ceria could be noted, while peaks
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Fig. 1 X-ray powder diffraction patterns of CeO,-MO, samples
(C-Ce0,, CS-Ce0r-Si0,, CA-Ce0,-AL0;, CT-CeO,-TiO,, and
CZ-Ce0,-Z10,)
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Fig. 2 X-ray powder diffraction patterns of Pt/CeO,-MO, samples
(PC-Pt/CeO,, PCS-Pt/Ce0,-SiO,, PCA-Pt/CeO,-Al,0;, PCT-Pt/
Ce0,-Ti0,, and PCZ-Pt/Ce0,~Zr0,)

pertaining to Al,O3 were not detected. Similarly, CeO,—
Si0, support exhibited poor crystallinity and the diffraction
lines due to CeO, were observed. The non-appearance of
Si0O, diffraction patterns indicates that silica is in highly
amorphous state. Another observation to be noted from
XRD measurements is that there are no lines due to com-
pounds or mixed phases of ceria and silica. Recently,
Rocchini et al. [29, 30] reported the formation of
Ceo.33(S104)60, phase in their investigation where a dif-
ferent preparation method and a high calcination
temperature was employed. Separate peaks due to CeO,
and TiO, (A) phases were noted in CeO,-TiO, sample,
while the formation of a solid solution of specific compo-
sition Ceq75Zrp250, is observed in the case of ceria-
zirconia support. In the Pt loaded samples, there were no
specific XRD peaks due to platinum or related compounds.
Formation of alloy between Pt and CeO, is well docu-
mented in the literature [31-34]. Pt and ceria are known to
mix in various stoichiometric compositions. Five well-
known Pt-Ce intermetallic compounds: CePt, CePt,,
Ce;Pt,, CesPt;, and CePt; were also documented in the
literature [31-34]. The formation of CePts; phase has also
been proposed to be responsible for the deactivation of
Pt/CeO, catalyst reduced at 773 K [13, 35]. The present
results give an impression that Pt slightly accelerates the
crystallization of ceria. The impregnated Pt on CeO,—ZrO,
also facilitates slight zirconium enrichment, as evidenced
by the existence of Ceg 4Zr O, phase. Generally, the loss
of catalytic activity of Pt/CeO, is attributed to the forma-
tion of alloys. Interestingly, there is no such alloy
formation in the present investigation. The results

commanded here suggest it is very unlikely that the
occurrence of alloying phenomena after reduction at such a
relatively moderate temperature.

Crystallite sizes (Dxgrp) of CeO, or Ce;_,Zr,O, in
Ce0,-MO, and Pt/CeO,-MO, (MO, = SiO,, Al,03,
TiO,, and ZrO,) samples calcined at 773 K are summa-
rized in Table 1. The mixed oxide supports prepared by
deposition precipitation method yielded much smaller
crystallites than the samples obtained by co-precipitation
route. The precipitation of mixed oxides from cerium
ammonium nitrate along with colloidal silica or alumina
could yield smaller crystallites of ceria on the surface of
silica or alumina. The deposition-precipitation technique
takes the advantage of the fact that precipitation onto the
carrier needs a lower super saturation than formation of
new phases directly from the liquid (co-precipitation
route). When compared to platinum free supports, the
crystallite size of Pt-containing catalysts is larger, which
indicates that the impregnated Pt accelerates the grain
growth. Thus, it can be inferred from Table 1 that the
crystallization depends on the presence of dispersed Pt.
Interestingly, the XRD measurements of Pt/CeO,—ZO,
sample indicated that impregnated platinum not only
accelerates the grain growth of ceria-zirconia solid solution
but also induces more incorporation of zirconium into the
ceria cubic lattice, leading to the formation of zirconium-
rich tetragonal phase [24].

Raman spectra of various support oxides are collected in
Fig. 3. As presented in Fig. 3, all samples show a promi-
nent peak at around 457-470 cm™' and a weak band at
600 cm ™. The band at 457 cm™" corresponds to the triply

* CeO,
# TiO, antase

200 300 400 500 600 700
Wave number (cm™)

Fig. 3 Raman spectra of CeO,—-MO, samples (C-CeO,, CS-CeO—
Si0,, CA-Ce0,-Al,03, CT-Ce0,-Ti0O,, and CZ-Ce0,—Zr0,)
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degenerate F,, mode and can be viewed as a symmetric
breathing mode of oxygen atoms around the cerium ions
[36]. The weak band observed at around 600 cm™! could
be assigned to a non-degenerate LO mode of CeO, [36—
39]. Both CeO,-Al,03 and CeO,-SiO, mixed oxides
exhibited similar Raman bands. Furthermore, silica and
alumina did not show any Raman features, as reported in
the literature [40]. This indicates that silica and alumina
form part of the substrate support on which cerium oxide
has been forming a surface over layer. The Raman spec-
trum of the CeO,-TiO, sample revealed typical spectra of
TiO, anatase and CeO, [36]. The Raman spectrum of
Ce0,—ZrO, sample is dominated by a strong band at
470 cm™ " and a less prominent broad band at ~600 cm™".
The small shift in the Raman frequency to higher wave
numbers could be due to the incorporation of zirconium
cations into the ceria lattice, as evidenced by XRD results.
Thus, the Raman results corroborate well with the XRD
observations. The Raman spectra of Pt impregnated sam-
ples (not shown) are similar to pure oxides and all the
samples showed a prominent peak at 457-470 cm ™' and a
weak band at ~600 cm™'. There are no peaks pertaining
to either Pt or compounds between Pt and ceria.

The reduction characteristics of various samples were
investigated by TPR. The hydrogen consumption profiles
obtained as a function of temperature are plotted in Fig. 4a.
The TPR profile of pure CeO, is characterized by two
reduction peaks. The peak at ~800 K could be assigned to
the reduction of more super facial Ce**. The second peak
observed at about 1,000 K, originates from the bulk
reduction of the oxide. As observed from Fig. 4a, the SiO,,
Al,O3, and TiO,-based oxides exhibit mostly similar TPR

Hydrogen Consumption (a.u.)

A
JL/\/&

cT

T T T T T T
400 500 600 700 800 900
Temperature (K)

500 600 700 800 900 1000
Temperature (K)

Fig. 4 TPR curves (H, consumption) for CeO,—MO, and Pt/CeO,—

MO, samples (C-CeO,, CS-Ce0,-Si0,, CA-Ce0,-Al,03, CT-CeO,—

TiO; and CZ-CeO,-ZrO,; PC-Pt/CeO,, PCS-Pt/CeO,-SiO,, PCA-Pt/
Ce0,-AlL 03, PCT-Pt/Ce0,-TiO,, and PCZ-Pt/CeO,-Zr0,)
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profiles. Primarily, the three mixed oxides show two broad
reduction peaks, one at 730-780 K and the other at 800-
900 K. The low temperature reduction peak is attributed to
the reduction of surface-capping oxygen of ceria and the
second high temperature peak is due to the bulk reduction.
The TPR results are in agreement with the previous reports
[12, 41-43]. The TPR profile of CeO,—ZrO, mixed oxide is
slightly different from the remaining three profiles. The
easier reduction of CeO,—ZrO, mixed oxide when com-
pared to pure CeO, has been reported by several authors
[44, 45]. 1t is mainly due to structural modification of ceria
when some Ce*" cations are substituted with smaller Zr*"
cations; thereby favouring the diffusion of O*~ anions
within the lattice.

The incorporation of Pt to CeO,-MO, completely
modified the TPR profiles as shown in Fig. 4b. Now the
surface reduction peak in the region 750-800 K is com-
pletely lacking, giving rise to two new low temperature
peaks in the range from 450 to 500 K and 600 to 650 K.
The first one, centered in the low temperature region, is
assigned to the surface reduction of CeO, in close contact
with the metal as well as break down of Pt-O-Ce species.
The second peak at about 620 K corresponds to the surface
reduction of the ceria, which is not so close to platinum.
Therefore, it can be stated that the presence of Pt clearly
promotes the reduction of ceria, as evidenced by a shift
in the TPR profiles of pure support (700-800 K) and
Pt-impregnated samples (~500 K). The phenomenon is
assigned to the ability of the noble metal to promote the
reduction of ceria via spilling of hydrogen species over the
support. The consumption of hydrogen is more in first peak
when compared to second peak. This gives an impression
that most of the ceria is in contact with platinum. Recently,
Corma et al. [46] reported that Pt over ceria-silica exhibits
a reduction peak at 367 K due to the reduction of noble
metal particles that are not submitted to the strong-metal
support interaction, i.e., Pt particles that are present over
the silica. In the present investigation no such peaks are
observed. This means that platinum is only in contact with
ceria not with other components present in the support.
These two are encouraging aspects of the present investi-
gation. In conclusion, it seems clear from these results that
in all cerium-containing catalysts, the reduction treatment
at 673 K is sufficient to produce the surface reduction of
ceria, with the creation of oxygen vacancies and the
presence of Ce’" ions. The temperature-programmed
desorption of ammonia over the catalysts was carried out
and the profiles are shown in Fig. 5. In general, silica-based
catalyst shows more total acidity when compared to other
catalysts. The more acidity in case of silica-based catalyst
may be due to the presence of free silica. However, the
acidity distribution is broad in all catalysts lying in the
range of 473-873 K.
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Fig. 5 TPD curves (NH; consumption) for Pt/CeO,—-MO, samples
(PCS-Pt/Ce0,-Si0,, PCA-Pt/Ce0,-Al,03, PCT-Pt/CeO,-TiO,, and
PCZ-Pt/Ce0,~Zr0,)

Figure 6 depicts the activity trend of various platinum-
based catalysts as a function of time-on-steam. The activity
of the catalysts without platinum i.e., on pure supports is
negligible. However, Pt impregnated mixed oxide samples
showed higher activity than the pure Pt/CeO, sample. This
could be due to better dispersion of Pt over mixed oxides
and better thermal stability of the supports. Among all the
Pt supported catalysts, silica and alumina-based catalysts
showed slightly higher activity compared to other two
catalysts. This may be due to higher surface area and better

Conversion (%)

Fig. 6 Effect of time-on-stream on conversion of acetophenone over
various Pt/CeO,-MO, catalysts at 453 K (PC-Pt/CeO,, PCS-Pt/
Ce0,-Si0,, PCA-Pt/CeO,-Al, 03, PCT-Pt/CeO,-TiO,, and PCZ-Pt/
CGOZ—ZI'Oz)

dispersion of platinum over these supports. In the time-on-
stream experiments, a slight decrease in activity was noted
in the case of Pt/CeO,—ZrO, and Pt/CeO,-TiO, catalysts,
while Pt/CeO,-SiO, and Pt/CeO,—Al,05 exhibited stable
activity. The main reason for deactivation of zirconia and
titania supported catalysts is due to sintering of metal
particles. These results can be explained from BET surface
area values. Figure 7 shows the variation of selectivity with
time-on-stream at a temperature of 453 K and flow rate of
1.5 mL/min on various Pt supported samples. All catalysts
showed almost 100% selectivity towards phenylethanol
and there is no decrease in the selectivity with time-on-
stream. Figure 8§ represents the SEM images of Pt
impregnated CeO,—SiO, and CeO,-TiO, catalysts before
and after the reaction. From the SEM images, considerable
sintering can be observed in used ceria-zirconia supported
catalyst.

The reaction was also carried out at different tempera-
tures to study the effect of temperature on the conversion of
acetophenone and selectivity of phenylethanol. The activ-
ity profiles obtained in the temperature range 453-533 K
are displayed in Fig. 9. In general, in all cases an increase
in the conversion with an increase of temperature was
observed. All the catalysts except ceria-titania supported,
exhibited 100% conversion at the highest temperature
investigated. Although results of catalytic activity cannot
be explained straightforward because of the conjunction of
several factors; mainly due to the intrinsic activity of the
catalyst and more or less pronounced deactivation. The

Fig. 7 Effect of time-on-stream on selectivity of phenyl ethanol over
various Pt/CeO,-MO, catalysts at 453 K (PC-Pt/CeO,, PCS-Pt/
Ce0,-Si0,, PCA-Pt/CeO,-Al, 03, PCT-Pt/CeO,-TiO,, and PCZ-Pt/
CGOZ—ZI'Oz)
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Fig. 8 SEM micrographs of
catalysts before reaction a Pt/
CCO2—Si02, b PUCCOz—ZI’Oz;
and after 500 min of reaction, ¢
Pt/Ce0,-Si0,, d Pt/CeO,~ZrO,
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Fig. 9 Effect of temperature on conversion of acetophenone over
various Pt/CeO,-MO, catalysts (PC-Pt/CeO,, PCS-Pt/Ce0,-SiO,,
PCA-Pt/Ce0,-Al,03, PCT-Pt/Ce0,-TiO,, and PCZ-Pt/Ce0,-Zr05,)

selectivity profiles as a function of temperature are pre-
sented in Fig. 10. The selectivity towards phenylethanol
decreased with increasing reaction temperature and selec-
tivity to ethyl benzene increased rapidly (not shown). The
Pt/CeO,-TO, catalyst showed a conversion of 50% at
453 K with 96% selectivity to phenylethanol. At 493 K the
conversion increased to 62% and reaches 80% at 533 K,
but at the same time the selectivity to phenylethanol
decreased from 96 to 60% with the production of
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Fig. 10 Effect of temperature on selectivity of phenyl ethanol over
various Pt/CeO,-MO, catalysts (PC-Pt/CeO,, PCS-Pt/Ce0,-SiO,,
PCA-Pt/CeO,-Al,03, PCT-Pt/Ce0,-TiO,, and PCZ-Pt/CeO,-Zr0O,)

increasing amounts of ethylbenzene. The selectivity of
ethylbenzene increased with increasing conversion, show-
ing that it was a typical consecutive reaction in which
phenyl ethanol was an intermediate in the process of eth-
ylbenzene formation. Several authors have cited the
consecutive reaction characteristics of acetophenone
hydrogenation. Lenarda et al. [47] reported that the selec-
tivity of phenylethanol decreases from 98 to 56% when the
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conversion increases from 44 to 99% over Pd on Zn-Al
hydrotalcite. The same authors also accounted that the
selectivity of phenylethanol decreases from 60 to 0% and
the selectivity of ethylbenzene increases from 40 to 91%,
when the temperature increases from 333 to 423 K. Chen
et al. [48] reported that the conversion of phenylethanol to
ethylbenzene increases rapidly with the increase in con-
version over reduced Pd/SiO, catalyst. The above studies
confirm the rate of transformation of phenylethanol to
ethylbenzene increase with increasing both conversion and
temperature and the present results are inline with earlier
reports. The decrease in the selectivity is more in case of
ceria-silica and ceria-alumina samples. As per the proposed
mechanism, the formation of ethylbenzene takes place
in three steps, the first one being the hydrogenation of
acetophenone over Pt sites leading to the formation of
1-phenyl ethanol, second being dehydration into styrene
over acidic sites and finally which in turn get hydrogenated
into ethylbenzene. The TPD results conclusively showed
that surface acidity is more for silica and alumina based
catalysts. Therefore, better activity and less selectivity (at
higher reaction temperature) were observed over silica and
alumina supported catalysts when compared to the titania
and zirconia, as the former are more acidic (Scheme 1).

Scheme 1

4 Conclusions

By adopting coprecipitation or deposition precipitation
methodologies, a 1:1 molar ratio mixed oxides of CeO,—
MO, (MO, = Si0O,, Al,03, TiO,, and ZrO,) were pre-
pared. These preparations yielded fairly homogeneous and
thermally stable mixed oxides with reasonably high spe-
cific surface areas. These oxides were used as supports for
preparing platinum-based catalysts. XRD profiles of ceria-

silica and ceria-alumina mixed oxides showed only peaks
due to ceria. In case of CeO,—ZrO, sample, formation of
ceria-zirconia solid solution is observed. No platinum
features were observed from either XRD or Raman mea-
surements. XRD and Raman results conclude that Pt
promotes the incorporation of more zirconium into the
ceria lattice. TPR results suggest that presence of platinum
promotes the reduction of ceria via hydrogen spillover.
TPD results reveal that silica-based catalyst exhibits more
acidity compared to other catalysts. Catalytic results
indicate that the selectivity of phenyl ethanol depends on
both temperature and conversion of acetophenone. Among
the various catalysts investigated, Pt/CeO,—SiO, sample

showed better catalytic activity for acetophenone
hydrogenation.
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