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a b s t r a c t

The Rh and Rh–Sn supported catalyst on �-Al2O3 and �-Al2O3–CeO2 (loading 1, 5 and 20 Ce wt%) were
characterized by means of electron microscopy (TEM), temperature programmed reduction (TPR), Fourier
transformed infrared of CO adsorption (FTIR-CO) and X-ray photoelectron spectroscopy (XPS). The cata-
lysts were tested in the catalytic wet air oxidation of an aqueous solution of 227 ppm of TAME and 1 g/L

◦

ert-amyl-methyl ether (TAME)
h/alumina-ceria
h–Sn/alumina-ceria
PS
TIR-CO
PR-H2

of catalyst (120 C and 10 bar of oxygen partial pressure). The rhodium monometallic catalysts showed
an increase in the activity with the load of cerium oxide in the catalyst. The coexistence of Rh◦/Rh�+ and
Ce4+/Ce3+ redox couples facilitates the activation of TAME and hence the catalytic activity and selectivity
to mineralization. The addition of Sn�+ enhances the activity and selectivity; this is explained by assuming
that Sn�+ acts as Lewis acid sites trapping the TAME molecules for further oxidation on rhodium metal
particles.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The tert-amyl methyl ether (TAME) and other ethers have been
sed as oxygenated additives of gasoline with the aim to increase
he octane number and prevent the formation of COx, NOx and
ence of ozone in the atmosphere [1]. However, due to the chemical
roperties of these compounds they were also found as impor-
ant pollutants of the groundwater and as a consequence, during
he last decades, important studies for the removal of pollutants
n liquid phase have been investigated. Catalytic wet air oxidation
CWAO) has been used in recent times for the total oxidation of
great diversity of pollutants in water [2–4]. Of particular inter-

st was the development of effective catalysts containing noble
etals which are able to attain higher activity and great selectiv-

ty, Ru, Rh, Pt, Pd and Ag supported on Al2O3, SiO2, TiO2, graphite,
rO2, CeO2, etc. have proved to be reactive towards the wet oxi-

ation on phenols [5,6], dyes [7], carboxylic acids [8–10] ammonia
11], aniline [12], butyric acid [13], oleic acid [14], and acetic acid
15] among others. On the other hand, the addition of a second
ctive metal of group IV (Ge, Sn or Pb) to Pt, Pd, Rh or Ru has

∗ Corresponding author. Tel.: +52 55 58044668; fax: +52 55 58044666.
E-mail addresses: gdam@xanum.uam.mx,

loria.del.angel@hotmail.com (G. Del Angel).

920-5861/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.11.100
shown to be selective for several chemical processes as an exam-
ple for hydrogenation or hydrogenolysis reactions [16,17]. In many
studies it appears that the second metal as Sn remains as cationic
species after reduction associated with the noble metal as Pt and
Rh [18,19], modifying the noble metal properties by either geomet-
ric or electronic effects. In addition, the Al2O3–CeO2 support has
been reported as efficient for the oxidation of organic compounds
[20]. Its performance comes from the formation of Ce3+/Ce4+ pair,
since the oxidation and reduction cycles are important for the
storage and oxygen supply during the oxidation of organic com-
pounds. For the CH4/CO2 reforming reaction it has been reported
that CeO2 promotes the Rh activity, the beneficial effects of CeO2
might have occurred either because the cooperative between the
partial CeOx and Rh have generated sites with higher activity, or
because the oxidative properties of CeO2 increased the dissociation
of CO2 [21,22].

In the present work the oxidative properties of Rh/Al2O3–CeO2
and Rh–Sn/Al2O3–CeO2 catalysts on the catalytic wet air oxidation
of tert-amyl methyl ether were studied. The supports were pre-
pared by incorporating cerium nitrate (1, 5 and 20 wt% of Ce) with
boehmite (Catapl B). The catalysts were characterized by transmis-
sion electron microscopy (TEM), CO adsorption followed by Fourier

transmission infrared spectroscopy (FTIR-CO), X-ray photoelectron
spectroscopy (XPS) and temperature programmed reduction of
hydrogen (TPR-H2). The activity and selectivity towards the min-
eralization was evaluated by catalytic wet air oxidation of TAME.

dx.doi.org/10.1016/j.cattod.2010.11.100
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:gdam@xanum.uam.mx
mailto:gloria.del.angel@hotmail.com
dx.doi.org/10.1016/j.cattod.2010.11.100
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ur aim was to find out relations between the structure, chemi-
al state of the catalysts and the activity and selectivity towards
ineralization.

. Experimental

.1. Catalysts

The �-Al2O3 support was obtained by calcination of the
oehmite Catapal B (CONDEA, high purity 99.999%, 74% AlOOH, 26%
2O) under air flow (3.6 L/min) at 650 ◦C for 12 h. The �-alumina-
eria supports containing 1, 5 and 20 Ce wt%, were prepared by
dding the appropriated amounts of aqueous solution contain-
ng Ce(NO3)3·6H2O (Strem Chemicals, 99.9%) to the aluminum
oehmite Catapal B. Afterwards, the impregnated boehmite was
ept under stirring in a rotary evaporator for 4 h. The water excess
as evaporated under vacuum at 60 ◦C and then the solid was dried

ompletely in an oven at 120 ◦C for 12 h. Finally, the �-Al2O3–CeO2
upports were obtained by annealing the samples under air flow at
50 ◦C for 24 h.

The Rh supported catalysts were prepared by wet impregna-
ion of �-Al2O3 and �-Al2O3–Ce adding the appropriated amounts
f an aqueous solution containing RhCl3·3H2O (Strem Chemicals
9.99%) to obtain a nominal concentration of 1 wt% of Rh. The
h–Sn catalysts were prepared by the coimpregnation of �-Al2O3
nd �-Al2O3–CeO2 supports by adding the appropriated amounts
f aqueous solutions containing RhCl3·3H2O or SnCl4·H2O (Strem
hemicals 99.99%) to obtain a nominal concentration of 1 wt% of Rh
nd 1.15 wt%Sn (molar ratio Rh/Sn = 1). The impregnated catalysts
ere dried at 120 ◦C in an oven for 12 h and then calcined under air
ow (3.6 L/h) at 500 ◦C for 4 h. Finally, the catalysts were reduced at
00 ◦C under hydrogen flow (3.6 L/h) for 5 h and stored until char-
cterization. The final percentage of Rh and Sn on the catalysts was
btained by Inductively Coupled Plasma Atomic Emission Spec-
rometry (ICP-AES). The catalysts containing CeO2 were labeled
s Rh/ACeX and Rh–Sn/ACeX, where A indicates alumina, X the Ce
mount for each sample, X = 1, 5, and 20 wt%.

.2. Characterization methods

The specific surface areas were determined by nitrogen adsorp-
ion in a Quantachrome CHEMBET3000. Before performing the
dsorption, the calcined supports were treated at 400 ◦C for 1 h
nder helium flow.

Temperature programmed reduction (TPR) of the catalysts was
ade in a CHEMBET-3000 (QUANTACHROME Co) equipment. The

xperiments were carried out using 0.1 g of reduced catalyst. The
ample was treated under nitrogen (10 mL/min) at 400 ◦C for 1 h,
ith a heating rate of 10 ◦C/min. After this, the sample was cooled
own at room temperature and then a flow of 5% H2/95% N2 was
assed through the sample. The TPR profiles were registered using a
eating rate of 10 ◦C/min up to 500 ◦C with a rate flow of 10 mL/min.

High angle annular dark field (HAADF) scanning transmission
lectron microscopy (STEM) analysis of the samples annealed and
educed at 500 ◦C was performed in a JEM-2200FS, transmission
lectron microscope with an accelerating voltage of 200 kV. The
icroscope is equipped with a Schottky-type field emission gun

nd an ultra high resolution (UHR) configuration (Cs = 0.5 mm; Cc
.1 mm; point-to-point resolution, 0.19 nm) and in-column omega-
ype energy filter.

The XPS analysis was carried out by using a THERMO VG

SCALAB 250 spectrometer equipped with an aluminum anode
energy of 1486.8 eV) and an X-ray system monochromator. The
-ray source was powered at 15 kV and 7.5 mA. In order to correct

he effect of charge in the XPS spectra, all the binding energies were
oday 166 (2011) 180–187 181

referenced to the C 1s line of adventitious carbon at 284.6 eV. The
samples were placed on a thin sheet of indium and then analyzed.
In order to control the sample charge in all the experiments, an
electron flood gun was used. No additional treatment was applied
to the samples prior to these measurements.

The FTIR-CO adsorption spectra were obtained at room tem-
perature by using a FTIR Nicolet-Magna 560 apparatus, with a
resolution of 2 cm−1 and 100 scanners. The samples pressed in
thin wafers were placed in a Pyrex glass cell, equipped with CaF2
windows, coupled to a vacuum system and gas lines supplied. The
samples were maintained under vacuum (10−6 Torr) at 400 ◦C for
30 min. Then, the cell was cooled to room temperature and the CO
(PRAXAIR UHP 100%) admission of 20 Torr was carried out. The CO
excess was evacuated during 30 min, after this the CO adsorbed
FTIR spectra were recorded.

The TPO measurements were carried out in a CHEMBET-3000
apparatus using a thermal conductivity detector (TCD), and 0.1 g
of catalyst. In these experiments the flow rate of 5%O2/95%He mix-
ture was 10 mL/min and the heating rate was 10 ◦C/min. Finally, the
spectra were recorded from room temperature to 500 ◦C.

2.3. Catalytic tests

Experiments were carried out by using a 300 mL stainless steel
autoclave (Parr Instrument Co Ltd., IL, USA) equipped with a valve
for sampling and a magnetic driven stirrer (set at 1000 rpm).
Oxygen (10 bar) was used as oxidant source. The reaction was
carried out as follows: 150 mL of an aqueous of TAME solution
at a concentration of 227 ppm (corresponding to 160 ppm of C)
was placed in a glass vessel to avoid the contact of the solu-
tion with the reactor and then 1 g/L of the catalyst was charged
into the reactor. The reactor was firstly purged with nitrogen for
15 min and then heated at 120 ◦C. Afterwards, an oxygen pressure of
10 bar was introduced in the reactor and under continuous stirring
(1000 rpm) the reaction was initiated. Previous calibration showed
that under such conditions the reaction rate was not controlled
by the diffusion of oxygen into the liquid phase. The evolution of
the reaction was followed by performing the analysis of aliquots at
intervals of 10 min per 1 h. The samples were collected by using
the sampling valve, which is equipped with a microspore glass
filter to prevent the catalyst loss. No leaching of rhodium or alu-
mina was detected. These catalytic systems showed stability in the
TAME oxidizing reaction under the CWAO conditions used in this
work.

The samples were analyzed by GC with a FID detector equipped
with a capillary column (DBWAX 30 m × 0.53 mm id, 1.0 �m). A
temperature ramp was set up in order to separate the pollutant
and their intermediates during the reaction. The analysis of total
organic carbon (TOC) was performed by using a 5000TOC Shimadzu
Analyzer, which was previously calibrated to obtain concentrations
in the range of 0–300 ppm of TOC. TOC = after at 1 h of reaction and
TOCo = value at t = 0.

3. Results and discussion

It was observed that the addition of cerium nitrate to boehmite
leads to a diminution of the BET specific surface area of the supports
from 266 m2 g−1 for A to 232, 206 and 139 m2 g−1 for the ACe1, ACe5
and ACe20 samples, respectively. The diminution of the specific
surface areas was of the order of 6–27% for contents of 1–20 wt%
Ce. This drop in the specific surface area increases with the Ce load,

showing that the cerium oxide modifies the textural properties of
the �-Al2O3.

In Table 1 are reported the load of metals for mono metallic
and bimetallic catalysts which are around 0.79–0.9 wt% for Rh and
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Rh–Sn/A > Rh–Sn/ACe > Rh/ACe > Rh/A. These results showed that
Fig. 1. HAADF-STEM images of the Rh/A, R

.94–0.97 wt% for Sn. These values are in good agreement with the
ominal percent.

The mean particle size was calculated with the expression � =
nid

3
i
/˙nid

2
i
, where � is the mean particle size, di is the diam-

ter measured directly from the electron micrographs and ni is
he number of particles having the diameter di. TEM micrographs
xhibit a narrow distribution, for Rh monometallic catalysts par-
icle sizes ranging from 1.0 to 2.5 nm were obtained, Table 1 and
ig. 1. The Rh–Sn bimetallic catalysts showed very small particle
ize at around 1.1–1.2 nm whatever the amount of ceria in the alu-
ina supports, this result suggests that in the case of bimetallic

atalysts the presence of Sn and cerium oxide trends to stabilize
ery small Rh particles (Fig. 1).

The H2-TPR profiles of the catalysts are shown in Fig. 2. The
h/A catalyst shows two reduction peaks, one at low temperature
round 59 ◦C and the other at 154 ◦C. The presence of the two reduc-
ion peaks is in agreement with the reported results in the literature

23,24]. The low temperature peak is assigned to the reduction of
hOx species over the alumina surface and the other one to the
hOx species placed in the interface metal-support [25–27], Fig. 2a.
or the Rh–Sn/A catalyst the high temperature peak disappears

able 1
h content and mean particle size of Rh and Rh–Sn catalysts.

Catalyst Rh (wt%) �a (nm) Catalyst Rh (wt%) Sn (wt%) �a (nm)

Rh/A 0.79 1.1 Rh–Sn/A 0.79 0.93 1.2
Rh/ACe1 0.83 1.1 Rh–Sn/ACe1 0.85 0.96 1.2
Rh/ACe5 0.88 1.5 Rh–Sn/ACe5 0.80 0.94 1.2
Rh/ACe20 0.89 2.5 Rh–Sn/ACe20 0.90 0.97 1.1

a Mean particle size.
e20, Rh–Sn/A and Rh–Sn/ACe20 catalysts.

suggesting a better reducibility of the RhOx species placed in the
interface metal-support caused by the presence of Sn (Fig. 2b). On
Rh/ACe and Rh–Sn/ACe catalysts the profiles showed the low tem-
perature peak around 59 and 71 ◦C (RhOx species) and a second
one placed at temperatures comprised between 150 and 215 ◦C.
The second peak is shifted to higher temperatures and increases
with the amount of cerium oxide. Then high temperature peak can
be assigned to the reduction of cerium oxide placed on the environ
of the rhodium particles. Thus an assisted cerium oxide reduction
by rhodium could be present. The Rh particles can indeed acti-
vate the H2 molecules, which subsequently spillover to the CeO2
conglomerates promoting its reduction [28,29].

The hydrogen consumption was calculated for various
catalysts by integrating the low temperature peak and the
values are reported in Table 2, where it can be seen that the
reducibility of RhOx species presents the following order:
the presence of Sn in the catalyst increases the Rh reducibility;
this behavior can be explained assuming that Sn is placed in the

Table 2
Quantification of the TPR signals for Rh and RhSn catalysts.

Catalyst H2 consumption (�mol)

RhA 4.7
RhACe1 4.9
Rh/ACe5 5.3
Rh/ACe20 6.0
Rh–Sn/A 7.9
Rh–Sn/ACe1 6.5
Rh–Sn/ACe20 7.0
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Fig. 2. H2-TPR profiles of rhodium and rhodium–tin catalysts.

nterface metal-support and consequently the Rh reducibility was
ncreased.

The X-ray photoelectron data of Rh 3d region for some Rh
onometallic catalysts are reported in Table 3. We observe that all

hodium catalysts showed reduced and oxidized species. The bind-
ng energy (BE) of Rh corresponding to the 3d5/2 core level on Rh/A
atalyst shows 2 peaks one at 307.5 eV and the other at 309.0 eV
orresponding to Rh◦ and Rh�+ species. The relative proportion of
hese two species, calculated from the area of the deconvoluted
eaks, is of 71 and 29%, respectively, Table 3. For Rh/ACeX catalysts

he binding energies for reduced and oxidized species are around
06.9–307.5 eV and 308.4–308.9 eV, respectively. An increase of
he oxidized specie with the amount of cerium oxide in the catalyst
s observed.

able 3
inding energy of Rh 3d5/2, and Ce 3d5/2 core level and relative abundance of the
ifferent species obtained from XPS data for some Rh/Al2O3–CeO2 catalysts.

Catalyst BE (eV) Relative abundance (%)

Rh 3d5/2 Ce 3d5/2 Rh◦–Rh�+ Ce3+–Ce4+

Rh/A 307.5 71–29
309.0

Rh/ACe1 307.5 884.6 65–35 52–48
308.8 887.9

890.7
900.9

Rh/ACe5 306.9 881.9 43–57 37–63
308.4 885.3

887.6
898.7

Rh/ACe20 306.9 882.2 30–70 27–73
308.9 884.7

886.8
897.2
oday 166 (2011) 180–187 183

Fig. 3 shows the X-ray photoelectron spectra of the Rh3d and
Sn3d core level for the bimetallic catalysts. For Rh–Sn/A catalyst
(Table 4), the BEs for Rh◦ and Rh�+ species were observed at 307.2
and 310.5 eV with a proportion of 60 and 40%, respectively. Besides,
Sn3d core level exhibits a BE of 484.1 eV for the reduced Sn◦ specie
and for the oxidized specie Sn�+ the BE is around 485.9 eV (Sn2+

and Sn4+ species are difficult to be distinguished by XPS) [30]. In
this catalyst a high proportion of reduced Sn◦ specie was detected
(82%).

In Rh–Sn/ACeX catalysts (Table 4), the binding energy values
corresponding to Rh3d5/2 core level are around 307.0–307.3 eV and
308.6–309.3 eV for reduced and oxidized rhodium respectively. In
those bimetallic catalysts the oxidized species Rh�+ present values
around 36, 38 and 68% at contents of 1, 5, and 20%Ce. Whereas
Sn�+ (bonding energies around 486.5–487.7 eV) specie increase
with the increase of ceria, the highest relative abundance (49%)
is obtained with the higher content of cerium oxide in the cat-
alyst, Rh–Sn/ACe20. The binding energy for Ce3d5/2 core level is
also reported in Table 4, the higher proportion Ce4+ (886.7–899 eV)
specie (67%) is obtained on Rh–Sn/ACe20 catalyst.

After these results we can conclude that the redox cou-
ples Rh◦/Rh�+ and Ce4+/Ce3+ coexist over Rh/Al2O3–CeX cat-
alysts, whereas, Rh◦/Rh�+, Ce4+/Ce3+ and Sn�+ coexist on
Rh–Sn/Al2O3–CeX catalysts.

The FTIR spectra of the CO adsorption on Rh and Rh–Sn sup-
ported on Al2O3 and Al2O3–Ce catalysts are shown in Figs. 4 and 5,
respectively. The CO adsorption on Rh has been correlated with
different Rh structures as well as the oxidation state of the Rh
surface which depends on the Rh crystallite size and redox envi-
ronment [31–34]: the bridge-bonded CO species (1850 cm−1) and
linearly bonded CO species (2040–2070 cm−1) are formed on large
Rh surface, while a geminal dicarbonyl specie (symmetric and anti-
symmetric bands at 2030 cm−1 and 2090–2100 cm−1) is formed
on small clusters or atomically dispersed Rh1+ sites [34]. In the
present work, the spectra for Rh monometallic catalysts present
two neighboring bands (2022 and 2091 cm−1) which are clearly
visible and are assigned to geminal dicarbonyl species, Rh1+(CO)2.
The presence of gem-dicarbonyl bands in the FTIR spectra should
be interpreted by the presence of Rh1+ ions on rhodium crystallites.
Considering the high dispersion of rhodium obtained in Rh cata-
lysts, it is assumed that CO gem-dicarbonyl form is mainly adsorbed
on low coordinated sites as, i.e. corner and edges, which are elec-
tron deficient. The presence of cerium oxide does not modify the

CO adsorption on Rh particles for Rh/ACeX catalysts (Fig. 4).

The spectra of FTIR of CO adsorption for Rh–Sn bimetallic cat-
alysts showed also the geminal-dicarbonyl species at 2023 and
2093 cm−1 for symmetric and asymmetric bands, respectively. No

Table 4
Binding energy of Rh 3d5/2, Sn 3d5/2 and Ce 3d5/2 core level and relative abundance
of the different species obtained from XPS data for Rh–Sn/Al2O3–CeO2 catalysts.

Catalyst BE (eV) Relative abundance (%)

Rh 3d5/2 Sn 3d5/2 Ce 3d5/2 Rh◦–Rh�+ Sn◦–Sn�+ Ce3+–Ce4+

Rh–Sn/A 307.2 484.1 – 60–40 82–18 –
310.5 485.9

Rh–Sn/ACe1 307.3 484.3 885.3 64–36 66–34 100–0
308.6 487.4 889.1

Rh–Sn/ACe5 307.1 485.4 882.2
308.7 487.7 885.3 62–38 64–36 40–60

888.9
898.4

Rh–Sn/ACe20 307.0 484.9 882.0
309.3 486.5 885.0 32–68 51–49 33–67

886.7
899.0
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Fig. 3. XPS spectra of Rh 3d and

dditional peaks corresponding to bridged CO species (1850 cm−1)
r linear (2040–2070 cm−1) were detected. Some studies have
hown that Sn atoms will preferentially be distributed in the low-
st coordination sites of Rh particles as corner and edges sites
16,17,35]. Therefore, the Rh�+ sites can be diminished since Sn
ccupies the same sites, this explain the low intensity of the CO
pectra on Rh–Sn/A catalyst (Fig. 5). On the other hand, as can be
een in Fig. 5, the relative intensities of the geminal dicarbonyl
ands for bimetallic catalysts containing cerium oxide depend on
he amount of cerium oxide in the catalyst. A possible interac-
ion between SnOx–RhOx with the surrounding cerium oxide could

odify the Rh�+ surface sites and then the CO adsorption.

The catalytic wet air oxidation of TAME for Rh and Rh–Sn cat-

lysts is shown in Fig. 6. The conversion of TAME as a function of
ime at 120 ◦C and 10 bar of oxygen without catalyst presents a
core level for Rh–Sn catalysts.

very low transformation (∼5%). It can be observed that the profile
of TAME decomposition as a function of time is very similar in all
the catalysts, a fast conversion of TAME in the first 10 min and a
stabilization of the conversion up to 1 h of reaction.

To verify whether the molecule reactant or some intermediate
molecules remain adsorbed on the catalyst, TPO determinations on
the used catalysts were carried out. Fig. 7 shows the profiles of the
TPO thermograms for some catalysts. A very low concentration of
organic adsorbed molecules was detected, the quantitative calcu-
lation is in the range of 0.0038–0.024 mg which can be considered
negligible.

In Fig. 8a and b is plotted the graphics of comparative behaviors

for Rh monometallic and bimetallic catalysts for TAME conversion
and TOC abatement, respectively, after 1 h of reaction. The con-
version and TOC increase with the amount of cerium, then cerium
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ig. 4. FTIR spectra of CO adsorbed on Rh/A, Rh/ACe1 and Rh/ACe20 catalysts.

xide plays an important role in the activity and total mineraliza-
ion (TOC) for the TAME wet oxidation. The TPR profiles suggest

close Rh–CeOx interaction, which can favor the reduction of
erium oxide by hydrogen spillover effect. The Rh–CeOx interac-
ion was also suggested by the XPS results, where the coexistence of
h◦/Rh�+ and Ce4+/Ce3+ species in the Rh/ACeX catalysts is detected.
hen, taking into account these findings it is proposed that on
he Rh/Al2O3–CeO2 catalysts, the Rh�+ electron deficient particles
etected by XPS are responsible of the highest activity shown by the
atalysts containing cerium oxide, Fig. 8a. Due to its electron defi-
ient character the Rh�+ species activate the TAME molecules by
ccepting the electrons of the oxygen from the C–O–C ether func-
ion, thus promoting their cleavage and hence the increase of TAME

ineralization, Fig. 8b.
In Fig. 8a and b it can be seen that addition of tin to rhodium cat-

lysts improves the conversion and the TOC abatement. To explain
hese results it can be assumed that tin oxidized acts as Lewis site
hich can trap a molecule rich in electrons as the TAME reactant,
hich is placed near the active sites where the reaction occurs.

On the other hand in bimetallic Rh–Sn/ACeX catalyst a strong
nteraction between oxidized species of rhodium, tin and cerium
xide is not ruled out, where rhodium remains stabilized as Rh�+.
ndeed, this oxidized species were detected by FTIR-CO where only
em-dicarbonyl adsorbed species were detected on the very small
h particles for mono and bimetallic catalysts.

These results are in agreement with TEM results which reveal a

tabilization of very small rhodium particles.

It can be possible that the improvement in activity on
h–Sn/ACeX catalysts comes from the Rh�+ species (present in the
atalysts and detected by XPS) which are close to SnOx and CeOx.

ig. 5. FTIR spectra of CO adsorbed on Rh–Sn/A, Rh–Sn/ACe1, Rh–Sn/ACe5,
h–Sn/ACe20 catalysts.
Fig. 6. TAME oxidation as a function of time for the various Rh and Rh–Sn alumina-
ceria supported catalysts.

It is noticed that as the load of cerium oxide increases the rela-
tive proportion of Sn�+ species augments. Therefore, an increase in
the activity and especially in the TOC abatement could be attended
(Fig. 8b). The higher mineralization observed on Rh–Sn/ACe cat-
alysts (TOC) is confirmed by the important abatement in the
intermediates reported in Fig. 8c.

Fig. 9 shows the typical behavior of the transformation of
TAME on the Rh–Sn/ACe20 catalyst. The products detected in
course of reaction were acetone, methanol, 2-methylpropene,
tert-buthylalcohol. Taking into account the reaction intermediates
detected, a simplified reaction scheme is presented in Fig. 10. In
this scheme it is proposed that teramyl (in brackets) is the key-

compound to explain the reaction pathway. This intermediate was
not detected in the course of the reaction due to its reactivity.
Fig. 10 shows two routs, one forming 2 methyl propene which is
easily oxidized towards total mineralization, the other route form-

Fig. 7. TPO thermograms for used Rh and Rh–Sn alumina-ceria supported catalysts.
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Fig. 9. Evolution of TAME oxidation intermediates as a function of time on
Rh–Sn/ACe20 catalyst.
ig. 8. Comparative behavior for Rh/ACeX and Rh–Sn/ACeX catalysts on TAME con-
ersion, TOC abatement, and intermediates formation.

ng terbutanol and subsequently acetone and finally total oxidation
o obtain CO2 + H2O.

. Conclusions

Very small rhodium particles were obtained on Rh/Al2O3–CeO2
nd Rh–Sn/Al2O3–CeO2 catalysts. It was detected by XPS that the

ddition of cerium oxide to rhodium alumina supported catalysts
avors the formation of Rh◦/Rh�+ and Ce4+/Ce3+ redox couples. An
mprovement in the TOC abatement was obtained for CWAO of
AME by the effect of cerium oxide. It showed that the presence
Fig. 10. Proposal reaction pathway for the TAME wet oxidation.

of Sn�+ species in the Rh–Sn/ACeX catalysts improves notably the
TAME mineralization.
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