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The aim of this work was to evaluate the possible synergy in hybrid catalysts composed of the two types
of solids and to study their performances in the catalytic combustion of isopropanol.

Several catalysts, based on cerium oxide and zeolites, for the catalytic oxidation of volatile organic
compounds (VOCs), especially isopropanol, were tested. This study was assessed by determining the

catalysts activity, selectivity and deactivation at various temperatures after 5 h of reaction. An important
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part of the work was the preparation and characterization of the catalysts, in particular the study of oxygen
storage and mobility. Hybrid catalysts exhibit a synergy effect in terms of oxygen storage capacity and
oxygen isotopic exchange. However, even if a synergy effect is also observed in catalytic oxidation over
some samples, the oxygen mobility does not ensure better results in isopropanol combustion.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The volatile organic compounds (VOCs) are well known atmo-
spheric pollutants. Governmental regulation qualifies the VOCs as
compounds which, except methane (CH,), carbon oxides and car-
bonates, contain carbon and hydrogen. Both chemical elements
can be replaced by other atoms such as halogen, oxygen, sulfur,
nitrogen or phosphorus. These compounds are in gas phase under
normal conditions of temperature and pressure. A European guide-
line project completes this definition by adding that each organic
product with vapor pressure superior to 10 Pa under normal con-
ditions of temperature and total pressure is a VOC. In the USA, the
limit vapor pressure chosen is equal to 0.13 Pa [1].

VOCs also have a toxic effect on human health, as the main part
is carcinogenic, mutagenic and/or harmful for human reproduction
and development [1]. Furthermore, their presence in the atmo-
sphere can cause chemical reactions supporting the formation and
the accumulation of noxious compounds, or ozone [1].

For several years, this environmental and health problem has
been one of the main preoccupations in developed countries. Many
conventions have tried to heighten public awareness of it and find
appropriate solutions. The Geneva Convention, signed in November
1991, aims at limiting VOC emissions [1]. According to the nature
and the concentration of the pollutants, thermal incineration, cat-
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alytic oxidation, condensation, absorption, adsorption or recovery
by trapping and storage using membranes or biological systems
are some of the used techniques, which present advantages and
drawbacks [1,2].

Catalytic oxidation is an interesting alternative because of the
low energy cost and the relatively low temperatures needed in
comparison with thermal combustion, which limit the formation
of noxious oxides [2].

In literature several catalysts, like pure metal oxides [3-8], more
especially alumina promoted or not with noble metals or oxides,
were tested [9-20]. Among potential catalysts, ceria (CeO,) proved
to be effective because of its oxygen storage capabilities [21]. Some
mixtures between ceria and oxides and/or noble metals were also
studied [22,23]. Several works were performed over zeolites doped
or not with metals [24-35]. Basic zeolites and particularly fauja-
site ones showed also interesting properties for VOCs combustion
[36-40].

Moreover, faujasite zeolites are characterized by the presence
of one type of large cages (supercages), 13 A in diameter and ball-
shaped, accessible through a 12-ring window with a free aperture of
7.4 A, which is larger than the size of most of the organic molecules.

In a catalytic combustion point of view, the major issue is the
difficulty to anticipate chemical reactions (condensation, polymer-
ization, etc.) during the oxidation. Catalytic tests were performed
over isopropanol, which can be partially transformed into ace-
tone and/or propene. Various works were published explaining the
mechanism of acetone production, like the one proposed by Chanda
and Mukherjee [41] using copper catalysts. They proved that the
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oxidation of isopropanol is complex because of the isopropanol
trend to be dehydrated into propene.

The aim of our work is the development of the best catalyst for
the total oxidation of VOC (isopropanol) in carbon dioxide (CO;).
The mixture of ceria, which presents interesting performances in
VOCs catalytic oxidation, and faujasite (NaX), which exhibits a par-
ticular porosity with supercages, would allow the containment of
the molecules next to the active sites. Exchange or oxide clusters
incorporation are also expected. In addition, the enhancement of
oxygen exchange between gas and solid phase (catalyst) and/or
oxygen storage capacity would allow better VOCs combustion. Con-
sequently, the main part of this work was the ceria and faujasite
mixture preparation to obtain hybrid catalysts with high oxygen
storage capacity, especially in dynamic conditions, and with abil-
ity for oxygen exchange. Samples were then tested to check this
particular preparation profit in catalytic experiments.

2. Experimental
2.1. Catalysts preparation

Cerium dioxide (CeO,) was prepared by calcining
Ce(NO3)3-6H50 (Fluka, purity >99.0%) under air flow (200 mL/min)
with a heating rate of 1°C/min from room temperature to 110°C
with a hold of 1h. Then the samples were heated up to 550°C
(2°C/min) overnight.

Faujasite zeolites were supplied by Axens (Si/Al=1.2).

Several hybrid catalysts were synthesized by mixing ceria and
NaX faujasite in various weight proportions (20, 35, 50, 65 and
80 wt% ceria, respectively named HT20, HT35, HT50, HT65 and
HT80). The preparation began by a mechanical mixture of the
two solids. Thereafter the samples were pelletized under pres-
sure (1.5t/cm?) and sieved (between 0.2 and 0.4mm) to ensure
intimate mixture. Finally, the sieved mixtures underwent a high
temperature treatment under air flow up to 600°C. Other sam-
ples were prepared to complete the study: C20 (20.7 wt% ceria)
which was not pelletized and not sieved before high temperature
treatment and M50 which is a simple mechanical mixture between
ceria and faujasite (50 wt% ceria) without any high temperature
treatment.

2.2. Catalyst characterization

2.2.1. Acidic properties

The catalysts acidity was characterized by pyridine adsorp-
tion followed by FTIR spectroscopy. The catalyst was compacted
(3t/cm?2) into a pellet of 16 mm diameter and 2 cm? surface. The
activation was carried out under air flow equal to 60 mL/min dur-
ing 12h at 450°C (2°C/min). After cooling until 400°C, the cell
was kept for 1h under a secondary vacuum (10~° mbar). Pyridine
injection was performed for 5min at 150°C after pressure stabi-
lization at 2 mbar. The total elimination of physisorbed pyridine
was obtained after a treatment at 150°C for 1 h under secondary
vacuum. The thermodesorption of pyridine was then carried out
at four temperatures (150, 250, 350 and 450 °C) and the IR spectra
were recorded at room temperature. IR spectra were recorded in
a Nexus Nicolet spectrometer equipped with DTGS detector (Deu-
terium TriGlyceride Sulfur) and KBr beam splitter, with a resolution
of 2cm~! and 64 scans. The adsorption of pyridine results in the
appearance of two adsorption bands corresponding to pyridium
ion, PyH* (1545 cm~!), and pyridine bonded to Lewis acid sites, PyL
(1450 cm1). Brensted and Lewis acid sites were determined and
quantified by the subtraction between P, (spectrum of the catalyst
before adsorption of pyridine) and Py5¢ (spectrum of the catalyst
after adsorption and desorption of pyridine at 150°C). The extinc-

tion coefficients of PyH* and PyL bands, i.e., respectively 1.13 and
1.28 cm/pwmol, were taken from a previous study [42].

2.2.2. Textural properties

Adsorption-desorption isotherms of nitrogen at —196 °C were
carried out with a Micromeritics ASAP 2010 apparatus. The sam-
ple was kept under vacuum at 90°C for 1h and then at 350°C
for 3 h. Micropore volumes were obtained by the t-plot method
and the Dubinin-Radushkevich equation was used to calculate the
mesoporosity.

2.2.3. Structural properties

XRD characterizations (Acy =1.542 A, 10° 26 to 75° 26, 0.02° 20
and 4s by step) were also performed to check the structures of
the several synthesized hybrid catalysts. The space group of ceria
is Fm3m and the one of faujasite is Fd-3m. These two compounds
present a cubic structure, face centered cubic for the ceria. XRD pat-
terns were recorded over a Briiker D5005 diffractometer thanks to
Diffrac+ software (XRD Wizard and XRD Commander) and inter-
preted with Eva and Topas softwares. Scherrer method was used to
calculate the particle sizes of ceria and NaX for all the samples. The
formula is the following one: D= (K x A)/(FWMH x cos ) in which
D is the particle size, K a numerical constant equal to 0.9, A the
wavelength of the incident X-rays, FWMH the width at half weight
of the peak and 0 the incident or Bragg angle [43].

2.2.4. Oxygen storage capacities (0OSCC-0SC)

The oxygen storage capacity was measured following the oxi-
dation of carbon monoxide in transitory regime without oxygen in
gas phase by mean of two different techniques (OSC and OSCC).
The amount of available oxygen in the catalyst is given by the
amount of carbon dioxide formed during the reaction: CO(g)+1/2
0,(s) — CO,(g) +0(s). The oxygen storage capacities of the samples
were measured at 400 °C using a conventional set-up described in
a previous report [44]. The sample (30mg for NaX and 5mg for
the other catalysts) was first brought to 400°C under flowing He
(30 mL/min) before pretreatment under O,. To calculate the total
amount of available oxygen in the sample (OSCC), pulses of CO
(0.267 mL) were injected every 2 min up to a maximum sample
reduction. Such a treatment gives information about both sur-
face and bulk mobile oxygen species. However, in a catalytic point
of view surface species are often more involved under dynamic
conditions. Therefore, OSC experiments were also carried out by
re-oxidizing the samples with O, pulses. Then, alternating pulses
of CO and O, were injected to probe the amount of O, (average of
three alternations) immediately available in these materials, which
is supposed to be mainly involved in the catalytic process. Results
were obtained thanks to a gas phase chromatograph equipped with
aTCD and a Porapak Q type column (i.d.=1/4in., L=0.5 m) and oxy-
gen storage capacities (OSCC and OSC) are expressed in wmolco, /g
from the CO, formation (after CO pulses), which corresponds to the
number of oxygen atoms (j.molp/g) removed from the solid.

2.2.5. 180,/160, isotopic exchange experiments

Oxygen isotopic exchange experiments were carried out in a
closed-loop reactor system. A recirculating pump was used in
order to avoid any diffusion and mass transport effects in the
gas phase that affect partial pressures of different isotopomers
measured by mass spectrometry (Pfeiffer vacuum). Experimen-
tal set-up and data treatment were described in more detail in
previous papers [45,46]. Prior the isotopic oxygen exchange experi-
ments, the samples were heated up to 580°C during 1 h(10°C/min)
under 150, flow (Do, = 50 mL/min). Thereafter, the sample was
evacuated for 15min and the temperature was brought to the
desired temperature for the isotopic exchange study. We carried
out temperature-programmed isotopic exchange (TPIE) from 280
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Table 1
Main physico-chemical properties of catalysts.

Specific surface External surface Pore volume Micropore Mesopore Average pore nL (a.u.)
area (m?/g) area (m?/g) (cm?/g) volume (cm?/g) volume (cm?/g) size (A)
NaX 761.7 6.0 0.31 0.30 0.01 16.5 7.76
HT20 619.7 25.0 0.30 0.26 0.04 334
C20 605.8 135 0.28 0.24 0.03 37.8 7.78
HT35 532.4 38.0 0.28 0.22 0.06 34.2 8.50
HT50 4233 46.4 0.25 0.17 0.08 339
M50 348.4 54.5 0.25 0.14 0.11 35.5 4.72
HT65 267.9 57.6 0.22 0.11 0.11 36.7
HT80 206.7 55.5 0.20 0.08 0.11 371 2.92
CeO, 83.6 80.6 0.21 0.03 0.18 41.0 0.44

to 580°C (2 °C/min) to determine the temperature range for which
the different samples exchange oxygen. Then we performed same
kind of experiments in isotherm conditions named isotherm iso-
topic exchange (IIE) at 450 and 550 °C. From the partial pressures
evolution of the different isotopomers of the gas phase, i.e. 1805,
160180 and 160, (respectively P36, P34 and P3;), we calculated the
number of exchanged atoms for each sample studied thanks to a
Pfeiffer mass spectrometer and the Quadstar 32-Bit Dispsav soft-
ware.

2.3. Catalytic experiments

The gaseous feed used for catalytic combustion was composed
of 1360 ppm of isopropanol in synthetic and wet air (80% nitrogen,
20% oxygen, 33% relative humidity, 1.2 mol% water). Transfer lines
were heated at 120 °C to avoid condensation. The VOC destruction
was carried out in a fixed bed reactor (i.d. =5 mm, length =90 cm) at
atmospheric pressure and followed as a function of time (for 5 h) at
constant temperature. Catalyst samples (catalyst mass=0.14 g, cat-
alyst height=1.2 cm) were supported on a small plug of glass wool
in a vertical glass tubular reactor. The reactor was inserted into an
oven and temperature was measured by a thermocouple inserted
near the catalyst bed. The gas hour space velocity (GHSV) was kept
constant in all experiments (18,000 h~!, calculated at room tem-
perature and pressure).

The used catalysts were previously activated overnight under
air flow at 450 °C in the same reactor.

The experimental setup was coupled with a gas chromatograph
(Varian 3400) equipped with two columns: a packed column (Pora-
pak Q) with a thermal conductivity detector (TCD) to analyze air and
carbon dioxide and a capillary one (30 m VF-5 ms with 0.25 mm of
internal diameter and 0.25 wm film thickness) with a flame ioniza-
tion detector (FID) to observe hydrocarbons, i.e. isopropanol and
secondary products of reaction (basically acetone and propene).

After reaction, catalysts were recovered and the carbon content
of these samples was measured by total burning at 1020 °C under
helium and oxygen with a CEinstruments NA2100 Protein analyzer.

3. Results and discussion
3.1. Characterization

The textural properties in terms of specific surface area, pore
volume and average pore size are summarized in Table 1. Except for
the average pore size, the evolution of these results seems to follow
a continuous and logical trend. Indeed the specific surface area, the
external surface, the pore, micropore and mesopore volumes tie in
with the expected values according to the relative amounts of each
compound. Fig. 1a shows the sameness between interpolated val-
ues (calculating the weighted sum by the mass of each compound)
and experimental results of HTs preparations about the specific sur-
face area, which increases with the faujasite amount. According to

Table 1, such an observation was also made for the two other kinds
of preparations, simple mechanical mixture (M50) and simple high
temperature treatment (C20), and for other results obtained that
are pore, micropore and mesopore volumes (not plotted here).
Therefore, since the pore and micropore volumes are close to the
expected volumes, it could be assumed that ceria does not plug the
zeolite pores. Ceria would rather be located on the external surface
or on pore mouth. Moreover, thermal treatment of the catalysts
(whether it corresponds to high temperature treatment for HTs and
C20 samples or to pretreatment before N, sorption analysis) does
not seem to significantly redisperse ceria since the specific surface
area is not enhanced. However, the presence of ceria, even in low
amount on the faujasite, seems to enhance the average pore size,
near the one of pure ceria (Fig. 1b). A morphological variation or a
structural modification of ceria could explain this phenomenon and
could be due to the high temperature treatment for C20 and for HTs
preparations and to N,-physisorption pretreatment for M50. For
HT50 and M50, the only difference is the high temperature treat-
ment. The decrease of the external surface from M50 to HT50 could
be explained by a sintering of ceria particles and/or a collapsing of
zeolite structure. However, the specific surface area and the micro-
pore volume are enhanced by high temperature treatment, which
seems to invalidate the second hypothesis. Therefore, a morpholog-
ical rearrangement of CeO, particles on the zeolite surface creating
micropores appears to be more probable.
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Fig. 2. X-ray diffraction patterns of the CeO,/NaX (x:1 —x) catalysts.

Table 1 also presents the results of adsorption of pyridine
followed by IR spectroscopy. Neither ceria nor faujasite exhibit
Brgnsted acid sites and consequently hybrid catalysts do not either.
The number of Lewis acid sites (nL) able to retain pyridine at 150°C
is expressed in arbitrary unit. Indeed, the band due to real Lewis
acid site and the band due to the coordination between pyridine
and the zeolite compensation cation (Na*) are mingled. Neverthe-
less, even if the extinction coefficient corresponding to the Py-Na*
interaction was not yet determined a relative comparison is possi-
ble according to the weighted sum by the mass of each compound.
The results show an improvement of the “Lewis acidity” (with a
maximum for HT35) on hybrid catalysts.

Moreover, the crystallographic structure of each compound
does not seem to be affected by the hybrid catalysts preparation
or thermal treatment since significant peaks of ceria and NaX are
visible in each XRD spectrum (Fig. 2). The average particle sizes are
equal to 13 nm and 104 nm for respectively ceria and faujasite (with
weak difference between each hybrid catalyst). Consequently, most
of the ceria is not able to enter the pores of faujasite (about 7 A) and
may stay on the external surface of the zeolite.

3.2. Study of the oxygen mobility

Surface mobility phenomena play an important role in cataly-
sis [47]. Oxygen mobility on oxide solids as well as on supported
metal catalysts has been largely studied by using the oxygen
isotopic exchange technique [46,47]. Nevertheless, it is often dif-
ficult to distinguish between surface and bulk oxygen mobility for
oxides with high oxygen mobility [48]. Generally, temperature-
programmed isotopic exchange (TPIE) gives information about the
general behavior of the bare catalyst while the isothermal iso-
topic exchange (IIE) estimates the kinetic parameters of the surface
mobility [49]. Three mechanisms of isotopic exchange of oxygen on
oxides on supported metal catalysts can be observed: the homoex-
change or equilibration (type I) without the participation of oxygen
from the solid catalyst (Eq. (1)), the simple heteroexchange (type
I) with the participation of only one oxygen atom from the solid
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S  6E+21
=
£ & 5E+21
2=
$ S 4E+21
G @
s £ 3m
g =
£ T 2E+21
Z  1E+#21
0:
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Temperature (°C)

Fig. 3. Determination of the total quantity of oxygen atoms exchanged by
temperature-programmed isotopic exchange over ceria (---), NaX (-- - ) and C20

(=)

(Egs. (2) and (3)) and the multiple heteroexchange (type III) with
the participation of two oxygen atoms from the solid (Eqs. (4)-(6))
[46,47,50]:

180,(g)+'90,(g) — 2'80'0(g) (1)
180,(g)+'°0(s) — 2'80'°0(g) + '80(s) (2)
1801%0(g) + '°0(s) — '°0,(g) + '¥0(s) 3)
180,(g) + 2'°0(s) — '°0,(g) + 2'30(s) (4)
1801°0(g) + 2'°0(s) — '°0,(g)+'°0(s) + '80(s) (5)
1801°0(g) + 2'80(s) — '80,(g)+'°0(s) + '80(s) (6)

We compared the behavior of parent NaX zeolite and ceria sam-
ples to the one of C20 by TPIE. Fig. 3 displays the evolution of the
number of atoms exchanged (Ne) with the temperature. The curves
corresponding to the NaX sample show that the zeolite oxygens
are not easily exchangeable since Ne remains null below 550 °C. At
600°C only 0.293 x 102! atoms are exchanged, which represents
less than 1.5% of the total number of oxygen atoms of the sample. It
was already reported in the literature that the oxygen atoms from
the zeolite skeleton were only exchanged for temperatures above
600°C [51,52]. The number of exchanged atoms over pure ceria
could be predicted: if we convert the Ne value from oxygen atom
per gram of ceria (Fig. 3) to oxygen atoms per nm2, we obtained
around 50 exchanged atoms per nm? at 600 °C. This value matches
with results reported previously and corresponds to the exchange
of the surface plus two layers of the ceria bulk [53]. Surprisingly,
the Ne value obtained in the case of the hybrid sample, 6.6 x 102!
atoms per gram, was largely superior to the expected Ne consider-
ing an addition of the numbers of atoms exchanged in both ceria
and zeolite solids. Indeed, the contribution of each solid should give
a number of atoms exchanged close to 5 x 1024 atoms per gram.
Moreover looking at the evolution of the curve for hybrid sample
in Fig. 3, one can speculate that the Ne value could again increase
(letting the sample longer time at 600 °C) contrary to the case of
ceria sample for which the equilibrium between the number of 180
atoms in gas phase and in the solid was reached.

The particular behavior of the C20 hybrid sample has been con-
firmed by ISIE experiments carried out at 450°C and 550°C. We
reported in Fig. 4 the evolution of the Ne values versus time for
pure ceria and for C20 at the two temperatures. After 100 min, ceria
exchanged 3.2 x 102! atoms of oxygen per gram of ceria at 450°C
and 550 °C while C20 exchanges more than 4 x 102! atoms at 450°C
and 6.7 x 102! atoms at 550°C (Fig. 4). It is worth noting that at
these temperatures, zeolite is not able to exchange oxygen (Fig. 3).

Two hypotheses are possible to explain the greater exchange
observed over the hybrid sample:
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(i) The zeolite matrix improves the oxygen mobility of the ceria
lattice;

(ii) The presence of ceria in the environment of the NaX exalts the
mobility of the oxygen skeleton.

The first hypothesis (i) could be realistic either if the ceria crys-
tallites were smaller in the case of the hybrid sample or if zeolite
matrix provokes a confinement effect that favors the mobility of
bulk oxygen atoms. On one hand, smaller crystallites lead to an
increasing of the ratio between surface and bulk oxygen atoms
and then more atoms might be exchanged at the same tempera-
ture. XRD patterns permitted us to exclude this possibility since
the entire samples exhibit a similar size of ceria crystallites around
13 nm. On the other hand, the microporosity of the zeolite is not
accessible for the ceria clusters eliminating the argument of a con-
finement effect. The later (ii) hypothesis seems more credible to us.
We suggest that two types of exchange occur progressively on the
hybrid sample: a rapid exchange of the oxygen of the ceria surface
and sub-surface (in particular at high temperature) and a slower
exchange of the oxygen atoms from the zeolite lattice. The rate of
the second type of exchange would be increased by the presence
of cerium oxide. Fig. 5 shows that the evolution during the TPIE
experiment of the ratio between the partial pressures of 160, and
160180 (P3,/P34) in the gas phase supports the idea of two suc-
cessive mechanisms in the case of C20 solid. At low temperatures,
both solids exhibited the same Ps3,/P34 ratio below 1 whereas for
higher temperatures, the hybrid system displayed a specific behav-
ior with a ratio that became superior to 1. The ratio inferior to
1 indicates that the isotopic exchange follows a simple heteroex-
change as expected for ceria [53] while aratio above 1 characterizes
a multiple exchange. Chang et al. demonstrated that into ZSM-5
zeolites, the introduction of a transition metal cation increased sig-
nificantly the rate of oxygen exchange via a multiple exchange [51].
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Although, in our case the metal incorporation is done neither by
cation exchange nor by isomorphic substitution, it is possible to
consider that a similar interaction occurs and that ceria addition
enhances the mobility of zeolite lattice oxygen.

According to our results in oxygen storage complete capacity
(static conditions), low ceria amounts seem to lower the oxygen
storage capacity in comparison with the one calculated by inter-
polation between pure zeolite and ceria (Fig. 6a). A synergy effect
given by the faujasite appears only from a ceria amount around
80% for which observed storage capacity is higher than the inter-
polated one. However, the storage capacity in dynamic conditions is
greatly enhanced by faujasite presence whatever the ceria amount
and the synergy effect gradually increases up to 80% ceria (Fig. 6b). It
should be noted that results related to the oxygen storage capacity
in dynamic conditions are more significant in a catalytic oxida-
tion point of view since VOCs flow is always mixed with air and
consequently with oxygen.

3.3. Catalytic oxidation

Catalytic oxidation of isopropanol was performed on each com-
pound. Isopropanol is quickly and easily transformed into carbon
dioxide and two intermediate products, which are acetone and
propene. After 5h of reaction, the conversion into carbon dioxide
reaches a plateau, which is frequently already obtained since the
beginning of the tests. The carbon balance was checked and was
always found to be higher than 95%. According to the precision of
gas chromatography analysis, such a value is quite acceptable and
no undetected by-products are thus formed. Moreover, catalysts
are not deactivated after 5h of reaction and coke analysis shows
a quite low amount of coke deposited since carbon percentage is
always below 2 wt%.

According to our results, in most of the cases and by compari-
son with the performances of pure zeolite, an increasing amount of
ceria clearly lowers the lightoff temperature but without however
surpassing ceria performances (Fig. 7). HT35 and more HT20 make
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exception with a conversion into carbon dioxide less important
than the one of pure faujasite from 300 °C.

Making comparison between C20 and HT20, for which the main
difference is the pelletizing and the sieving over HT20, it seems that
this step before calcination is not appropriate for catalytic exper-
iments since C20 exhibits better conversions into carbon dioxide
than HT20 (Fig. 7b). However, calcination seems to enhance the
efficiency of the catalysts since HT50 presents better results than
M50 (Fig. 7a).

Only HT50 comes closer to ceria without nevertheless reach-
ing the same efficiency. However, this catalytic formula seems to
present a synergy effect. Indeed, Tso, temperature needed to reach
50% conversion into carbon dioxide, is equal to 150 °C for ceria and
300°C for NaX. Tsg, calculated with the weighted sum of each pure
compound mass, would be equal to 225°C for HT50. Experimen-
tally, this temperature falls down to 190°C (Table 2). The same
effect could be amazingly seen at 225°C on the carbon dioxide
yield: it is equal to 95% for ceria, 3% for NaX and would be 49%
for HT50 with the previous calculation method. This conversion is
actually largely higher and reaches 92% (Table 2). A specific synergy
effect seems then to occur on that particular catalyst.

Table 2
Comparison of Tso and of CO,, yield at 225°C.
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Fig. 8. Selectivity into acetone versus temperature over: CeO, (R), HT50 (4), M50
(¢) and NaX (O) in (a); HT80 (a), HT65 (®), HT35 (O), HT20 (A) and C20 (*) in (b).

This supposed synergy effect was checked by comparison with
another catalyst (Ce0,/SiO,) to evaluate possible effect of ceria
redispersion on a support and to ensure a comparable catalytic
bed height. This hybrid was prepared by mixing ceria and a high
specific surface area (202 m2/g) silica in equal weight proportion.
Silica is inactive for the oxidation of isopropanol and catalytic tests
with this mixture permit to evaluate the real contribution of fauj-
asite. At 250°C (temperature at which NaX is quite inactive in CO,
formation) and for the same amount of ceria, i.e. 70 mg, HT50 is
more efficient than Ce0,/SiO,, with a total conversion into car-
bon dioxide at 250 °C against 280 °C for Ce0,/SiO,. Comparing the
Tsg, the conclusion is similar with a Tsg at 190°C for HT50 and
225°C for Ce0,/SiO, (Table 2). It should be noted that 225°C is
exactly the expected temperature according to the weighted mass
calculation described previously. Such a result demonstrates that
supporting ceria is not responsible of the observed synergetic effect
and that specifically mixing ceria and basic faujasite can allow a
great enhancement of the catalytic performances of the zeolite.

Unfortunately, such a synergy effect is only observed on HT50.
Indeed, for most of the catalyst mixtures, CO, yields or lightoff tem-
peratures do not follow a continuous and logical trend according
to their ceria content (Fig. 7 and Table 2). Moreover, the shapes of
the lightoff curves are quite different, some of them are very sharp

Catalysts Calculated Tsp (°C) Experimental Tso (°C) Calculated CO, yield (%) Experimental CO, yield (%)
CeO, 150 95
HT80 180 225 77 72
HT65 203 240 63 42
HT50 225 190 49 92
M50 225 250 49 41
HT35 248 330 35 10
C20 270 280 22 18
HT20 270 400 21 <10
NaX 300 3
Ce0,/SiO; 225 225 50 50
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Fig. 9. Selectivity into propene versus temperature over: CeO, (H), HT50 (¢), M50
(¢)and NaX (J) in (a); HT80 (a), HT65 (@), HT35 (), HT20 (A) and C20 (*) in (b).

like the one of HT80 and the others show a very slow increase with
temperature like HT35 or HT20 (Fig. 7b). These dispersed results
could be explained by the numerous factors, which could interfere,
like porosity, acido-basicity, ceria amount, oxygen mobility and/or
storage.

Figs. 8 and 9 show the selectivity of the two main secondary
products, acetone (Fig. 8) and propene (Fig. 9). The formation of
acetone is easier than the formation of propene since it requires a
lower working temperature. On NaX, only propene is formed while
on hybrid catalysts, propene and acetone are obtained. However,
HT50 presents a similar behavior than pure ceria, with propene
as only secondary product. Ceria and faujasite are two basic com-
pounds with different basic phases, which could explain the various
observed selectivities.

At this stage, the explanation of the different catalysts behavior
is quite difficult and needs further studies to be clarified.

4. Conclusions

Catalytic performances depend on several factors and oxygen
storage capacity and oxygen mobility are often presented as key
factor for catalytic oxidation. In this study, the mixing of ceria and
NaX zeolite led to great increases in terms of oxygen storage and
mobility. It was proposed that interaction between ceria and zeolite
led to an increased mobility of the zeolite oxygen atoms.

However, this study showed by comparison of the catalytic
results with the oxygen storage and exchange properties that such
capabilities are not sufficient to explain the catalysts behavior
during isopropanol catalytic combustion. Indeed, the catalytic per-
formances are not correlated to the oxygen mobility results and
do not follow a continuous and logical trend with ceria amount.
Moreover, the different treatments carried out such as pelletizing
or calcination seem to alter significantly the textural and catalytic

behavior of the samples. Nevertheless, further studies focused
on additional characterizations, textural properties or optimiza-
tion of ceria amounts would lead to promising hybrid oxidation
catalysts.
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