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Catalysts based on manganese or copper oxides, mixed with plat-
inum or palladium, supported on alumina alone or doped with lan-
thanum were characterized by BET, XRD, SEM, HRTEM, TPR,
and XPS and tested for the oxidation of a mixture of naphthalene,
CO, and CHg4 in air, CO,, and water. The catalysts were also aged at
900°C for 300 h in 10% steam. La was found in a dispersed phase in
the aluminawashcoat both before and after aging. Fresh manganese
oxide catalysts, calcined at 800°C, contained mostly Mn;03, while
on fresh copper samples, surface Cu?* species were prevalent. It
was found that Mn and Cu were better dispersed onto the alumina
washcoat in the presence of La and that La increased the saturation
of copper into alumina. The reducibility by H, of copper was also
lowered by La. After aging, only CuO appeared on the unpromoted
Cu-based catalysts, whereas, in the presence of La, the surface cu?t
species were still present. The presence of active phases, particularly
Cu and Pd, increased the formation of «-Al,O3 and the particle size
of the alumina washcoat after aging. More than 60% of CuO reacted
with alumina to form the spinel compound, CuAl,Q4, whereas in
presence of La, no spinel was formed. The addition of La onto fresh
manganese-based catalysts led to an enhancement of the oxidation
of CH4. The CuO-Pd/La-Al,03 catalyst was found to be the most
active catalyst for the oxidation of CO, C1oHg, and CH4 before and
after aging.  © 2001 Academic Press
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INTRODUCTION

Increasing the lifetime of catalysts for the removal of
volatile organic compounds (VOCs) is one of the biggest
challenges of catalyst development today. The deactivation
of catalysts falls into four general categories: chemical, foul-
ing, mechanical, and thermal (1), the latter being a more se-
rious problem since it is irreversible. Thermal deactivation
of the catalysts may result from sintering of the washcoat
and/or the active phases (2). Many important industrial
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processes are based on high-surface-area (150-200 m?/g)
y-alumina-supported catalysts. Sintering of y-alumina may
result from several processes, one of which is phase trans-
formation to the thermodynamically stable «-alumina (2).
When y-alumina is transformed to the « state, its specific
surface area and pore volume decrease. Moreover, this is
accompanied by a decrease in the mechanical strength of
the catalyst (3) in addition to its specific volume, creating
voids which also lead to an increase in the attrition phe-
nomenon (4).

Since the transformation of the metastable «-phase is
irreversible, loss of activity is permanent. Such morpholog-
ical changes in a catalyst support are accompanied by a
loss of activity occasioned by an encapsulation of the active
component, known as the “earthquake phenomena” (5).
Moreover, thermal sintering of the alumina washcoat may
cause a loss of the metal area (crystallite sintering) due to
macroscopic movement of the substrate during phase trans-
formation of the alumina (6-8).

On the other hand, it has been observed that metals such
as Pt (9-11), as well as oxides of metals such as Mn, Ni,
and Cu (12-14), could accelerate the phase transformation
of alumina into the stable « form. Metal oxides generally
have a stronger effect on the sintering than noble metals
do, due to their higher concentration.

The addition of a stabilizer may inhibit the sintering ef-
fect. Lanthanum appears to be one of the best additives for
inhibiting the sintering of high-surface-area alumina (11,
15, 16), especially when active species are deposited on it
(3, 17). Lanthanum is particularly adapted for the reactive
atmosphere which contains water (18, 19). Also, it has been
reported that the addition of lanthanum into the alumina
washcoat increases the dispersion of Pt (20-22) and Pd (23),
and it also has an effect on stabilization of the particle size
of the metals (24).

Depending on the preparation method and on the treat-
ment conditions used, the optimum concentration of lan-
thanum to be added into the alumina may vary (18, 20, 25—
27). Usually, a low lanthanum content is sufficient to pre-
serve the alumina against thermal sintering at temperatures
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below 1050°C (18). However, the amount of lanthanum
necessary to ensure such a stabilizing effect depends also on
the properties of the starting alumina material (28). A good
dispersion of lanthanum throughout the alumina depends
on the method used to insert the lanthanum. Compared
with other methods studied, the specific adsorption of a
La(EDTA)~ complex on alumina has been found to result
in supports that were more homogeneously covered with
lanthanum (27).

Precious metals are well-known total oxidation catalysts
with high activities, and are widely used for controlling ex-
haust gas emissions. The high cost of precious metals and
their sensitivity to high temperatures have long motivated
the search for substitute catalysts. Metal oxides are gene-
rally less active and stable in the presence of water-
vapor and sulfur compounds than the precious-metal cata-
lysts. Our previous works have shown that mixtures of
metal oxides (MnOy and CuQ) and small amounts of no-
ble metals (Pt, Pd) have much higher resistance to thermal
or sulfur dioxide treatments than single-component cata-
lysts (29).

Many studies have reported on the interaction between
lanthanum and alumina, but little information is available
on the interaction of lanthanum with the active phases in
the washcoat, particularly with the metal oxides.

Combustion of wood has recently gained interest in
Europe as an alternative to fossil fuels; however, the com-
bustion emissions contain harmful compounds such as
VOCs, CO, and polyaromatics that are now regulated.

The present work deals with the hydrothermal stabi-
lization of catalysts for total oxidation. Catalysts contain-
ing combinations of manganese or copper oxides, and low
amounts of platinum or palladium, supported on y-alumina
alone or stabilized with 3 mol% lanthanum, were selected
for the study. Characterization techniques such as BET,
XRD, SEM, TEM, TPR, and XPS were used to study the
interactions between lanthanum and the metal oxides in
the alumina washcoat. Catalytic activity was evaluated by
oxidation of a complex mixture of naphthalene, CO, and
methane in the presence of air, CO,, and water.

EXPERIMENTAL

Preparation of Catalysts

y-Alumina (Puralox SBA-170, Condea Chemie,
Germany, 171 m?g) was used as the starting material.
The addition of 3 mol% lanthanum onto the alumina was
done by specific adsorption of a La(EDTA)~ complex onto
the alumina (27). The active components were depo-
sited using the deposition—precipitation method (30).
The following eight catalysts were prepared: MnOy—
PUA|203, MnOx—Pt/La—AI203, MnOX—Pd/Alzoe,, MnO,—
Pd/La-Al,O3, CuO-Pt/Al,O3, CuO-Pt/La-Al,O3, CuO-
Pd/Al,O3, and CuO-Pd/La-Al,O3. Manganese nitrate
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(Mn(NOs3), - 4H,0, Merck, 98.5%) or copper nitrate
(Cu(NO3); - 3H,0, Merck, 99.5%) and urea (Merck, pro
analysi) were added to a suspension of y-alumina or
La-doped alumina. Platinum salt (Pt(NOs3);, ChemPur,
Germany, 50%) or palladium salt (Pd(NO3),, ChemPur,
Germany, 41%) was then added. The suspension was
stirred for several hours at 90°C until a gel was formed.
Finally, the slurry was dried overnight at 200°C. The target
loadings were 10 mol% Mn and Cu and 0.1 mol% Pt and
Pd of the washcoat counted as Al,Os.

Several samples of CuO deposited on y-alumina and
La-doped alumina (1.6, 3.2, 4.8, 6.4, and 8 mol%/100 m?/g
Al,O3) were prepared by impregnating the washcoat with
copper nitrate via the incipient wetness technique. The pow-
ders were then dried at 110°C and then calcined at 300°C to
minimize the risk of reaction of copper with the washcoat.
Commercial samples of CuO (Micromeritics) and CuAl,O4
(Johnson Matthey Gmbh) were also used.

Monoliths made of cordierite with a cylindrical shape
(diameter, 20 mm; height, 25 mm) and a cell density of
400 cpsi were used. The impregnated washcoat powders
were dispersed in water and ball-milled overnight. The
monoliths were then immersed in the slurry for approxi-
mately 5 min. The excess slurry was removed by blowing
air through the channels. Several dips, followed by drying
at 200°C for a few hours, were needed to obtain a washcoat
loading of ca. 20 wt% of the total catalyst weight. Finally,
the catalysts were calcined at 800°C for 4 h in air.

Deactivation Treatment

Hydrothermal treatment was performed on the impreg-
nated washcoat powders with active phases and on the
monolithic catalysts, using an airflow of 1 I/min with 10%
steam, at 900°C for 300 h, for both La-stabilized and un-
doped alumina. The conditions chosen for this aging pro-
cess were intended to mimic the high temperatures (up to
900°C) reached in the flue duct of a wood boiler and the
presence of steam during a burning cycle.

Characterization

The surface area and the pore volume of the cata-
lysts were determined by nitrogen adsorption using a Mi-
cromeritics ASAP 2000, after outgassing the samples in
a vacuum at 250°C. The phase compositions of the sam-
ples were investigated by powder X-ray diffraction using a
Siemens Diffractometer 5000, operating with the following
parameters: Cu K radiation of 30 mA, 40 kV; Ni filter,
26 scanning range 20-80°; and scan-step size of 0.02. The
weight percent of «-Al,O3 was determined by comparison
of the absolute a-Al,O3 intensity of the samples with that
of known mixtures of y-Al,O3; and «-Al;Os3. The crystal
particle size of Al,O3; was estimated by peak broadening
with Scherrer’s formula (31). The rough-scale distribution
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of lanthanum was assessed by scanning electron microscopy
(SEM), using a Zeiss DSM 940 with a resolution of 20-50 A,
combined with element detection (EDX). High-resolution
transmission electronic microscopy (HRTEM) with a TOP-
CON EMO002B equipped with EDX (14-nm depth) was
used to measure the particle size of the metals and to visu-
alize the homogeneity of their dispersion onto the surface.
The resolution of the instrument was 1.8 A. Temperature-
programmed reduction (TPR) analysis was carried out
using 5% H; in Ar with a flow rate of 40 ml/min in a Mi-
cromeritics 2900 instrument equipped with a thermal con-
ductivity detector. The temperature was raised 5°C/min to
700°C. The amount of the samples was 200 + 2 mg. The val-
ues of the operating variables were selected according to
Monti et al. to avoid artifacts (32). Water produced in the re-
duction reaction was frozen out using a cold trap filled with
amixture of liquid nitrogen and 2-propanol. Calibration for
the hydrogen consumption was carried out by reduction of
bulk CuO. X-ray photoelectron spectroscopy (XPS), em-
ploying a Kratos XSAM 800 instrument using a magnesium
anode (1253.6 eV), was used to determine the distribution
of the elements (2-nm depth). Sensitivity factors used in
the quantitative analyses were La 3d 10.0, Mn 2p 2.60, and
Cu 2p 6.30. The binding energies for all the samples were
referenced to the C 1s line at 284.6 eV. In order to avoid
reduction of copper species during XPS experiments (33),
the samples were analyzed using a short acquisition time
(15 min).

Activity Measurements

The activity of the catalysts before and after they had
been exposed to the hydrothermal treatment was tested
for their oxidation of a mixture of carbon monoxide
(2550 ppm), naphthalene (50 ppm), and methane (200 ppm)
in O (10%), CO; (12%), H,O (12%), and N (balance,
66%0). Naphthalene was included because it is a very stable
product arising from the pyrolysis of wood and because it
constitutes 50% of all the polyaromatics in the flue gases
from wood combustion. Methane was included because it
is a constituent in exhausts from wood combustion and be-
cause it is a very difficult compound to oxidize, in addition
to being a potent greenhouse gas. The reactor used was an
Inconel tube placed in a tubular furnace. During the ac-
tivity tests, the temperature of the furnace was increased
from 100°C to 800°C at a heating rate of 3°C/min. The total
flow of the gas mixture was 2.5 I/min, corresponding to a
space velocity of approximately 20,000 h™%, which mimics
that of wood boilers. The contents of methane and naph-
thalene in the leaving gases were determined every 24 s
using a gas chromatograph, HP5890, equipped with a flame
ionization detector. Carbon monoxide was analyzed by a
nondispersive infrared spectrophotometer (NDIR, Rose-
mount, BINOS 100).
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RESULTS AND DISCUSSIONS

The brown colors of the manganese-containing samples,
calcined at 800°C for 4 h, were similar and did not change
after the hydrothermal treatment at 900°C for 300 h. The
copper samples deposited on undoped alumina were green
when calcined at 800°C and, after the hydrothermal treat-
ment, turned to a reddish color, which is the color of cop-
per aluminum oxide; however, the samples deposited on
La-doped alumina retained their green color.

BET Areas

The specific surface area of alumina doped with lan-
thanum was slightly smaller than the area of the starting
alumina after calcination at 800°C for 4 h (Table 1). This
small decrease of the surface area in the presence of the
4% lanthanum could be due to the formation of La com-
pound which has almost no area, leaving the overall BET
area of the solid to be made up largely from the 96% alu-
mina. Another probable explanation is that a certain num-
ber of the alumina pores could have been plugged, as seen
by the lower total pore volume and average pore diame-
ter of La-doped alumina (0.36 cm3/g and 109 A) compared
to that of pure alumina (0.40 cm®g and 115 A). However,
the stabilizing effect of lanthanum was observed after the
hydrothermal treatment at 900°C for 300 h (Table 1).

For all the samples containing active phases and calcined
at800°C for 4 h, the surface area was slightly lower for those
containing lanthanum. Also, all the samples containing cop-
per had a lower specific surface area than those containing

TABLE 1
Surface Area, a-Al,03 Content, and «-Al,03 Particle Size of
the Catalysts (La, 3 mol%/Al,O3; Mn, Cu, 10 mol%/Al,0s; Pt, Pd,
0.1 I’T'IO|%/A|203)

Surface area (m?/g)? a-Al,0; particle

%a-Al,03°  size (nm),°

Fresh HT HT HT
Al,O3 169 97 None —
La-Al,O3 146 110 None —
MnO,-Pt/Al,O3 156 27 50 70
MnO,~Pt/La-Al,O; 140 86 None —
MnO,-Pd/Al,O3 149 10 58 100
MnO,~Pd/La-Al,O; 143 96 None —
CuO-Pt/Al,O3 133 15 53 90
CuO-Pt/La-Al,03 120 62 7 —
CuO-Pd/Al,O3 131 7 76 100
CuO-Pd/La-Al, 03 126 68 5 —

aDetermined by BET measurements on samples calcined at 800°C for
4 h in air (fresh) and hydrothermally treated at 900°C for 300 h in 10%
steam (HT).

b Determined by XRD on hydrothermally treated samples.

¢ Determined by XRD from the peak 26 = 35.2 width at half-maximum
on hydrothermally treated samples.
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manganese or without any active phase. For the samples
deposited on undoped alumina, those which contained Pd
had slightly lower surface areas than those containing Pt,
whereas the opposite was true for samples deposited on La-
doped alumina. It is again probable that some of the active
components had inserted themselves in the small pores of
the support, thereby diminishing their diameter and block-
ing some of them, thus leading to a decrease in surface area.
After hydrothermal treatment at 900°C for 300 h in 10%
steam, the samples containing active phases deposited on
Al,O3 also had a very low surface area (up to 30 m?/g),
in particular, the samples which contained Pd and/or CuOQ.
The difference between the surface area of alumina alone
and that of alumina with active phases was much bigger af-
ter the aging. For the catalysts containing lanthanum, the
surface areas ranged from 60 up to 100 m?/g after the deac-
tivation treatment.

X-Ray Diffraction

XRD analysis of all the samples containing active phases,
calcined at 800°C for 4 h, showed the presence of a mixture
of y-, 8-, and 6-Al,O3 phases with undoped alumina con-
taining slightly more 6 phase (data not shown).

The results from the XRD analyses of the manganese-
containing samples, hydrotreated at 900°C for 300 h, are
shown in Fig. 1. The XRD patterns of the samples of
MnO,—Pt/Al,O3 and MnO,—Pd/Al,O3; showed high crys-
tallinity while the patterns of the samples of MnO,—Pt/La—
Al,O3 and MnO,—Pd/La-Al,O3 were diffuse. XRD analy-
sis of MNO,—Pt/Al,O3 and MnOx—Pd/Al,O3 showed mainly
the presence of 50-60% «-Al,O3, whereas no «-Al,O3
was detected on samples containing lanthanum (Table 1).
The crystal particle size for MnO,—Pt/Al,O3 and MnOy~
Pd/Al,O3 was around 70 and 100 nm, respectively, as deter-

a
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mined by Scherrer’s formula (Table 1). It should be noted
that while X-ray line broadening measurements are useful
as arelative measure of average crystallite size, the Scherrer
formula should not be used for absolute determinations.

The results from the XRD analyses of the copper-
containing samples, hydrotreated at 900°C for 300 h, are
shown in Fig. 2. The XRD patterns of CuO-Pt/Al,O3
and CuO-Pd/Al,O3 showed the presence of «-Al,O3 and
some copper aluminate (CuAl,O4). The pattern of CuO-
Pd/Al,O; presented slightly higher peaks than that of CuO-
Pt/Al,O3, indicating a higher extent of crystallinity in the
former, evidenced also by the amount of «-Al,Oj3 in both
samples (76 and 53%, respectively). The crystal particle
size was around 90-100 nm, as determined by Scherrer’s
formula, for both CuO-Pt/Al,O3 and CuO-Pd/Al,Os. The
a-Al,O3 was present to a smaller extent in the CuO-
Pd/La-Al,O3 and CuO-Pt/La-Al,O3 samples, i.e., 5-7%
(Table 1).

The presence of bulk spinel compound after hydrother-
mal treatment at 900°C was detected only in the copper-
containing undoped samples, but not in those containing
manganese. According to the phase diagrams, from 800°C
onward, copper reacted more readily with alumina to form
copper aluminate (34), compared to manganese which
formed spinel compounds only from 1000°C onward (35).

Other authors have reported the presence of bulk copper
spinel compounds after aging (15, 36). Despite a lower or
similar amount of lanthanum and a more severe treatment,
the copper-based catalysts prepared in this study did not
present any bulk copper aluminate.

Scanning Electronic Microscopy

SEM analysis was done on samples of MnO,—Pt
and CuO-Pt, both deposited on alumina alone and on

o
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MnO,-Pd/La-ALO; o~
PSSP T,
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XRD patterns of MnOy-Pt and MnO,—Pd (Mn, 10 mol%/Al,O3; Pt, Pd, 0.1 mol%/Al,03) deposited on alumina alone and stabilized with

lanthanum (3 mol%/Al,O3) after hydrothermal treatment at 900°C for 300 h in 10% steam. «, a-Al,Os.
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XRD patterns of CuO-Pt and CuO-Pd (Cu, 10 mol%/Al,Os3; Pt, Pd, 0.1 mol%/Al,03) deposited on alumina alone and stabilized with

lanthanum (3 mol%/Al,O3) after hydrothermal treatment at 900°C for 300 h in 10% steam. «, a-Al,O3, s, CUAILO,.

lanthanum-stabilized alumina, before and after hydrother-
mal treatment at 900°C for 300 h in steam. The SEM
pictures and EDX analysis revealed a good dispersion of
the lanthanum on the alumina (data not shown). Pt could
not be detected by the EDX analysis. Mn and Cu were
better dispersed on fresh alumina containing lanthanum
than on those deposited on alumina alone. The differences
in the dispersions of the metal oxides were clearer on the
samples which had been hydrothermally treated.

High-Resolution Transmission Electronic Microscopy

TEM and HRTEM were performed on MnO,—Pt/Al,O3
and MnOy-Pt/La-Al,O3; samples after hydrothermal
treatment (900°C for 300 h). MnOy-Pt/Al,O3; showed
a much more crystalline structure than MnOy—Pt/La—
Al,O3; (data not shown). The particle size of alumina
on MnO,—Pt/Al,O3; was estimated to be between 40 and
100 nm, which was in agreement with the values determined
by X-ray line broadening. For the samples containing lan-
thanum, the alumina appeared more amorphous with
smaller grains of less than 10 nm.

As measured by EDX, the atomic ratio of Mn/Al in the
doped sample (0.058) was close to the theoretical ratio
(0.05), while it was higher in the undoped sample (0.07).
This indicated that lanthanum kept the manganese well
dispersed on the surface of the alumina, whereas on un-
doped samples, there was an enrichment of manganese at
the surface after aging, due probably to the higher extent of
sintering of the washcoat. The ratio of La/Al obtained on
the MnO,—Pt/La-Al,O3 sample (0.012) was also very close
to the theoretical value (0.015), indicating an effective dis-
persion of the lanthanum species.

Oudet et al. (24) reported that the presence of lanthanum
strongly modifies the morphological aspect of the alumina
support, which appears poorly crystallized and composed
of particles of undefined shape. This provides an increased
number of nucleation sites for metals during the first steps of
deposition, leading to an enhancement of the initial repar-
tition and dispersion of the metallic phase on the doped
samples. The role of lanthanum is also to decrease the move-
ments of the washcoat and thus restrain the coalescence of
the metal particles.

Temperature-Programmed Reduction

TPR not only shows the quantity of hydrogen consumed
and thus the degree of oxidation of the metal, but also gives
information about the species produced during calcination,
especially through analysis of the reduction temperature
(37), and it further shows the influence of the support on
the metal oxides (38, 39). It can also be correlated with the
activity for the oxidation of CO (40) or methane (41).

TPR experiments were performed on Pt/Al,O3; or
Pd/Al,O3 (0.1 mol%/Al,O3) but no signal was observed in
both cases, due probably to the limitation of our instrument.

Manganese Oxide Samples

The profiles of the four samples containing manganese
oxides (MnOy-Pt/Al,03, MnOy—Pt/La—Al,O3, MnOy—
Pd/Al,O3, and MnOy—Pd/La-Al,O3) were similar and not
well defined; therefore, these will not be discussed here.
However, the initial composition of the samples could be
determined. After the experiments the samples were green
which is the color of bulk MnO. Further reduction to
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metallic manganese does not proceed until over 1200°C.
The Hy/Mn ratios of the fresh samples, calcined at 800°C,
showed values of approximately 0.5, which indicates the
presence of mainly Mn,Os3. Moreover, it is known that be-
tween 500-600°C MnQO., is converted into Mn,O3; when cal-
cined in air (42). Therefore, the reduction sequence was
probably Mn,O3; = Mn3O04= MnO (43, 44). The H,/Mn ra-
tios of the aged samples at 900°C showed values in the re-
gion of 0.33, which indicates a large proportion of MnzOy,
that should be formed at this temperature (42).

Copper Oxide Samples

Dumas et al. (45) showed that H, TPR of CuO/Al,O3
may exhibit different reduction peaks. One corresponds to
the reduction at 200-220°C of the surface copper species
for copper loading under saturation of alumina, i.e., <6.4—
8 mol% Cu/100 m%g Al,O3 (46). According to several
authors (46-49), these species in strong interaction with
alumina would consist of Cu?* ions, forming on the sur-
face of the alumina, a structure related to that of a spinel
compound. Also, Garbowski and Primet (50) reported that
Cu?* ions may be anchored by the hydroxyl groups of alu-
mina. It is believed that a “surface spinel” compound is an
unusual structure (different from bulk spinel compounds),
occupying tetragonal distorted octahedral sites (>90%)
with only a small fraction located in the tetrahedral sites
(46, 51). Two surface copper species can be distinguished by
ESR and magnetic susceptibility: isolated and interacting
or clustered ions (52-54). As the copper loading increases,
the ratio between the isolated and the interacting species
decreased; however, Centi et al. reported the latter to be
predominant even at very low loading (53). With higher
copper loading, segregation of CuO appears. Reduction of
CuO appears at a higher temperature (ca. 300°C) than the
reduction of surface Cu®* (41, 45), since surface ions are
more reactive toward hydrogen (41). Bulk copper alumi-
nate (60% tetrahedral and 40% octahedral Cu?*) can be
formed only at high calcination temperatures, i.e., above ca
800°C (34, 46, 49), and is reduced at temperatures of around
500°C (41, 45).

In order to understand the nature of the copper species
in this study, some TPR experiments on CuO/Al,O3 (1.6 to
8 mol% Cu/100 m?/g Al;O3) were conducted. At 1.6 mol%
Cu, the TPR profile showed a single peak at 250°C (Fig. 3).
Above 4.8 mol% Cu, a second peak appeared at 250°C and
grew with increasing content of copper which also corre-
sponded to the detection of CuO by XRD analyses (data
not shown). Furthermore, the color of the samples varied
from green to gray with an increasing amount of copper,
indicating the progressive formation of CuO. With a larger
concentration of copper, the temperature of reduction of
the second step increased, indicating that the larger the
particle size, the higher is the reduction temperature which
tended to be close to that of the bulk CuO.
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FIG.3. TPR profiles of bulk CuO and CuO (1.6 to 8 mol% Cu/
100 m%g Al,Os) deposited on alumina alone (thin line) and stabilized
with lanthanum (thick line), calcined at 300°C for 4 h.

Fresh Samples

Profiles of the four samples containing copper oxide
(CuO-Pt/Al,O3, CuO-Pt/La-Al,O3, CuO-Pd/Al,O3 and
CuO-Pd/La-Al,0O3) calcined at 800°C presented a single
peak for each (Fig. 4). The H,/Cu ratio was equal to 1 for all
the fresh samples. According to the TPR results above, this
meant that all fresh samples contained surface Cu?* on the
alumina. Since the copper concentration is fairly high and
close to the saturation value, the surface species may consist
mostly of clustered ions as described above. Whereas on the
fresh catalysts prepared by the deposition—precipitation
method, the saturation of alumina with copper was not yet
reached at 7.5 mol% Cu/100 m?/g Al,O3, the copper cata-
lysts prepared by the incipient wetness technique showed
saturation between 3.2 and 4.8 mol% Cu/100 m?/g Al,Os3
(Fig. 3). This means that the saturation of alumina with cop-
per can be extended by using an appropriate preparation
method.
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FIG. 4. TPR profiles of bulk CuAl,O,4 CuO-Pt, and CuO-Pd (Cu,
10 mol%/Al,Os3; Pt, Pd, 0.1 mol%/Al,O3) deposited on alumina alone and
stabilized with lanthanum (3 mol% Al,O3) calcined at 800°C for 4 h (thin
line) and after hydrothermal treatment at 900°C for 300 h in 10% steam
(thick line).

Copper-based samples containing Pd presented a lower
reduction peak temperature compared to samples with Pt.
The effect of noble metals on the reduction temperature
of metal oxides has already been reported (37, 55) with Pd
having a stronger effect than Pt as observed in a previous
study (56). The presence of group VIII metals promotes
the reduction of metal oxide. Gentry et al. (55) studied the
effect of various amounts of Pt and Pd on the reduction
of unsupported copper oxide. They proposed the following
mechanism: Hydrogen is dissociatively adsorbed on metal
islands of Pd and Pt which is then transferred by a spillover
process to CuO, which then is easily reduced. According to
Gentry et al. (55), the fact that Pd has a stronger effect on
the reduction of CuO compared to Pt is due to the ability
of Pd?* to substitute Cu?* within the CuO lattice without
phase separation.

Fresh samples containing lanthanum had a higher re-
duction peak temperature compared to those without lan-
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thanum (Fig. 4). This effect was particularly stronger for
Pt, probably because Pd, compared to Pt, favored the re-
duction of CuQ. The slight differences in surface areas and
pore size distribution between doped and undoped fresh
samples were unlikely to be the causes of the divergence.
It seems more likely that the temperature at which the re-
duction occurs depends mostly on the strength of the inter-
actions between the metal and the support (38). In order
to compare the influence of the support on the reduction
of CuO, TPR experiments on CuO/La-Al,O3 (from 1.6 to
8 mol% Cu/100 m?/g Al,O3) were performed (Fig. 3). The
results showed that, for each copper content, the reduction
of copper oxide on doped alumina occurred at a higher
temperature than that with alumina alone. This could be a
consequence of stonger interactions between copper and
alumina, as the support was less crystalline in the pres-
ence of lanthanum. Indeed, Solcova et al. (39) found that
more crystalline supports helped increase the reducibil-
ity of NiO due to weaker interactions between NiO and
the support, as compared to that on amorphous support
(57, 58). In the present study, the formation of CuO ap-
peared at a copper concentration of 4.8-6.4 mol% for the
sample containing lanthanum, whereas in the case of alu-
mina alone, CuO was already detectable at a concentration
of 3.2-4.8 mol%. This indicates that lanthanum increased
the dispersion of copper onto alumina, thus leading to a
higher saturation value of copper within the alumina. For
samples without lanthanum, the width of the peaks was
larger, particularly for CuO-Pd. This means that the pres-
ence of lanthanum brought about a better dispersion of the
copper species.

Hydrothermally Treated Samples

After aging, the profiles of CuO-Pt/Al,O3; presented
three peaks, i.e., two at low temperatures (150°Cand 179°C)
having approximately equal areas, and a larger peak at
a higher temperature (422°C). For CuO-Pd/Al,O3, there
were only two peaks: a small one at low temperature
(160°C) and a larger one at a higher temperature (415°C),
as seen in Fig. 4. The H,/Cu ratio was equal to 1 for all the
hydrothermally treated samples.

According to the reduction profile of a reference
CuAl,O4 sample showing a single peak at 432°C, the peak
at high temperature corresponds to the presence of bulk
spinel compounds. This was also confirmed by XRD mea-
surements. According to the hydrogen consumption corre-
sponding to this peak, ca. 64 and 81% of the initial copper
had reacted with aluminato form bulk aluminate in CuO-Pt
and CuO-Pd, respectively. The hydrogen consumption in
the second step for both CuO-Pt and CuO-Pd samples was
proportionally related to the XRD intensities of CuAIl,O4
in these samples. Hence, CuAl,O4 would seem to be the
major species after hydrothermal treatment. The stronger
spillover effect of Pd compared to Pt on the reduction of
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copper species, as mentioned above, is clearly seen on the
reduction of copper aluminate.

The small thermoreduction peaks at lower temperature,
compared to those of fresh samples, can be ascribed to an
increase in reducibility of the copper species, as described
above. Therefore, the shift of the peak toward a lower
temperature is attributed to the decrease of interactions
between CuO and Al,Os, which became more crystalline
after the treatment. This was also confirmed by the lower
reduction temperature of the first peak for the CuO-Pd
sample which, according to XRD, also presented a higher
amount of the o phase compared to CuO-Pt. For the
CuO-Pt sample, the two peaks at low temperatures could
be attributed to surface Cu?* and to CuO crystallites, as
explained above. For the CuO-Pd sample, the presence
of a single peak at low temperatures could be due to
the reduction of the main species, CuO. Indeed, the
alumina washcoat in this sample was composed of ca. 80%
a-alumina phase, which has a hexagonal close-packed
structure that cannot allow for copper ions to be in a
defective spinel structure such as y-alumina.

Hydrothermally treated samples stabilized with lan-
thanum exhibited single peaks at approximately the same
reduction temperature as for the fresh samples (Fig. 4). This
means that surface Cu?* on the alumina was still present,
as seen by the single thermoreduction peak. No bulk spinel
compounds were found here. A low but constant consump-
tion of hydrogen toward high reduction temperatures was
observed, especially for CuO-Pd/La-Al,O3, showing the
presence of hardly reducible species, due probably to a dif-
fusion of Cu?* ions into the support with increasing calci-
nation temperature (46, 48).

X-Ray Photoelectron Spectroscopy

Table 2 shows the values of the binding energies (BES)
for La 3ds;;, Mn 2p3,, and Cu 2psp,, as well as the atomic
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ratios of La/Al, Mn/Al, and Cu/Al for the samples of Al,O3,
La-Al,O3, MnOy-Pt, and CuO-Pt deposited on undoped
or doped alumina, before and after hydrothermal treat-
ment. The data of other compounds, viz. La;Os3, LaAlOs,
La(OH)s, dispersed “La” phase, MnO;, Mn;O3, Mn30,,
MnO, MnAl,O,, Cu®, Cu,O, CuO, and CuAl,O,, obtained
in different studies, have been corrected, referenced to C 1s
at 284.6 eV, and summarized in Table 3.

The La 3ds, BE values for all samples, fresh and
aged, containing lanthanum were similar and equal to
835.3-835.7 eV, which are substantially higher than the
values observed for La,O3 or LaAlO; standards (59-62),
but close to the values found for dispersed “La” phase
(Table 3). Some authors rejected the fact that the high BE
can be attributed to the nature of the support or to the
particle size effect (59, 60). In this study, the concentration
value of ca. 2 umol La/m? is far lower than the saturation
concentration for dispersed lanthanum in y-alumina
determined in the literature, which varies between ca.
8.5 and 60 umol La/m? (21, 59, 63, 64). According to
Bettman, under saturation concentration, lanthanum is in
a two-dimensional dispersed phase (63).

The BEs of the principal Mn 2p3, peak for all the sam-
ples containing the mixture of manganese oxides and Pt
were between 641.5 and 641.7 eV (Table 2), which may cor-
respond to the presence of mainly Mn,O3, as determined on
fresh samples according to TPR results; however, on aged
samples Mn3O4 was found. There is respectively a complete
and large overlapping of the Mn 2p3/, peak position domain
between MnO; and Mn,0O3 on the one hand and Mn,O3zand
Mn3;0O4 on the other hand (65). Therefore, the determina-
tion of the manganese oxidation state on the basis of the Mn
2p32 peak position is difficult. There was no indication that
MnAI,O,4 existed in our samples. It has been reported that
the formation of MnAl,O,4 occurs only when samples are
calcined in reducing atmosphere, because of the instability
of Mn?* ions in air at temperatures above 150°C (44, 47, 66).

TABLE 2

Data from XPS Analysis of Catalysts Calcined at 800°C for 4 h in Air (Fresh) and Hydrothermally Treated at 900°C for 300 h
in 10% Steam (HT) (La, 3 mol%/Al,03; Mn, Cu, 10 mol% Al,Os; Pt, Pd, 0.1 mol%/Al,03)

Binding energies (eV)?

Atomic ratios

La 3d5/2 Mn 2p3/2 Cu 2p3/2 La/Al Mn/Al Cu/Al
La-Al,O3, Fresh 835.4 (6.0) 0.024
La—Al,03, HT 835.4 (5.1) 0.013
MnO,-Pt/Al,O3, Fresh 641.6 (4.3) 0.078
MnO,-PUALOs, HT 641.7 (3.9) 0.15
MnO,-Pt/La-Al,O3, Fresh 835.7 (6.2) 641.7 (4.1) 0.034 0.13
MnOy-PULa~Al,Os, HT 835.3 (6.4) 6415 (4.1) 0.024 0.12
CuO-Pt/Al,O3, Fresh 933.4 (3.6) 0.13
CuO-Pt/Al,O3, HT 933.6 (3.7) 0.23
CuO-Pt/La-Al,03, Fresh 835.3 (6.0) 932.8 (3.2) 0.016 0.13
CuO-PULa-AlL,Os, HT 835.4 (6.1) 933.2 (3.4) 0.021 0.12

2All BEs (eV) referenced to C 1s=284.6 eV. Values in parentheses are full width at half-maximum (FWHM).
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TABLE 3

Binding Energies (eV) of Reference Compounds

Binding energies (eV)?

La3ds, Mn2ps,  Cu2pse

La203 833.2
833.5
833.8
833.8
835.7
834.8
835.0
835.5
836.1

(59)
(60)
(61)
(59)
(60)
(61)
(59, 62)
(61)
(60)
(70)
(44)
(70, 65)
(44, 65)
(71
(44)
(71
(70)
(1)
(44)
(44
(72)
(48,72)
(46, 48)
(72)
(54, 73)
(48)
(46)
(73)
(54)

LaAlO;

La(OH);
Dispersed “La”

MnO, 641.7
642.1
642.2
641.4
641.5
640.9
641.1
640.1
640.6
641.2
641.1

Mn,O3
MnzOy4

MnO

MnAI204
932.0
932.1
933.6
933.7
933.9
934.5
934.6
934.8
935.0

CUzO
CuO

CUA|204

a2 All BEs (eV) referenced to C Is=284.6 eV.

The BE of the principal Cu 2ps; peak, for the samples
containing a mixture of copper oxides and Pt, was lower
than the values usually found for CuO (Tables 2 and 3), ex-
cept for the hydrothermally treated CuO-Pt/Al,O3, which
had the highest BE (933.6 eV). According to TPR data,
bulk CuO was also detected only on aged CuO-Pt/Al,Os.
This means that for fresh samples of CuO-Pt/Al,O3; and
for the fresh and aged samples of CuO-Pt/La-Al,O3, the
copper species were different from bulk CuO. It must be
noted that although the observed BEs for samples may be
close to those of bulk compounds, it does not mean that
these compounds are necessarily present on the catalyst
surface (48). In all spectra obtained, a satellite in the high
BE side of Cu 2ps, could be seen, which is characteristic
of the presence of Cu?* (67-69). However, Cu®* can be
in the form of CuO or CuAl,O4. According to Strohmeier
et al., CuO and CuAl,O, can be distinguished by compar-
ison of their satellite intensity to that of the main photo-
electron line which was 1.10 for CuAl,O,4 and 0.45 for CuO
(48). Hence, since the Cu 2ps, BE of the catalysts gave
little information, the satellite intensities (relative to the
main Cu 2ps;, photoelectron line) were determined to in-
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dicate which species were present on the catalysts. A ra-
tio of ca. 0.42 was found for the hydrothermally treated
CuO-Pt/Al,O3, while lower ratios were found for the fresh
samples of CuO-Pt/Al,O; and for the fresh and aged sam-
ples of CuO-Pt/La—Al,O3. This meant that bulk CuO was
present only in the hydrothermally treated CuO-Pt/Al,Os3,
as confirmed by TPR. It is likely that the surface of the
aged CuO-Pt/Al,O3 sample was covered by a layer of CuQ,
which could explain why bulk copper aluminate could not
be detected by XPS.

The theoretical value of the Me/Al (Me = Mn, Cu) ratio
is equal to 0.05. However, the ratios measured for the fresh
samples were higher than that (Table 2). This could be due
to a surface enrichment or smaller particles at the same sur-
face concentration. The addition of lanthanum had a small
effect on the dispersion of copper in fresh samples, whereas
for fresh manganese samples, the measured Mn/Al ratio
was higher in the presence of lanthanum. This indicates
that lanthanum increased the dispersion of manganese ox-
ides, or that manganese particles were smaller in the pres-
ence of lanthanum. This can be attributed to interactions
between lanthanum and manganese oxides during inser-
tion of the manganese salt. Indeed, the La/Al atomic ra-
tio increased following the deposition of manganese, which
suggests that lanthanum phases dissolved in the solution
containing manganese salt. However, after hydrothermal
treatment at 900°C for 300 h, the samples deposited on alu-
mina alone become enriched in Mn and Cu at the surface
as shown by an increasing Me/Al ratio, whereas, for the
MnO,—Pt/La-Al,0O3 and CuO-Pt/La-Al,O3 samples, the
Me/Al ratios were similar to those of the fresh samples.
This could be explained by the fact that lanthanum stabi-
lizes the washcoat and the dispersion of the metal oxides
and prevents coalescence of particles after hydrothermal
treatment. The increase of the Me/Al ratio was higher in the
case of CuO-Pt, compared to MnO,—Pt, probably because
of the higher extent of sintering in the copper samples, as
observed by XRD. The differences in surface compositions
obtained by EDX (HRTEM section) and by XPS (Table 2)
can be explained by the larger analysis depth of EDX com-
pared to XPS.

Metal-Support Interactions

The results from the characterization studies showed
that the presence of metal oxides and noble metals in the
washcoat increased the effects of sintering of the catalysts,
viz. decrease of the BET surface area, transformation of
y- to a-alumina phases at lower temperatures, increase
of the alumina particle size, and stronger interactions of
the active phases with alumina. In general terms, the role
of foreign ions is easy to explain. Thermal reorganization
involves diffusion via defects and vacancies (2). The
presence of both metal oxides accelerated the sintering,
with copper oxide having a stronger effect than manganese
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oxides. In this study, after calcination at 800°C, Cu** was
found to be present on samples containing copper and
Mn,O3 was present in the samples containing manganese.
According to many authors, many transition metals acted
as accelerators for the transformation of y- to «¢-alumina
phases (2, 10, 11). The size of the ionic radii and the charge
also play an important role in the mobility of the ion into
the alumina. A larger charge and ionic radius favors lower
mobility (6, 11, 16). The ionic radii of these metal ions are
0.72 A and 0.66 A for Cu(+11) and Mn(+111), respectively
(74). According to the model described by Burtin et al.
(75), which takes into account charge and ionic radius,
it seems that Cu(+I1) has a more pronounced effect as
an accelerator than Mn(+I111) does. That could explain
the higher mobility of copper in the alumina structure
compared to manganese, leading to the higher extent of
alumina sintering. Lanthanum ions introduced into the
alumina structure decreased the solubility of copper and
manganese ions, thus restraining the interaction between
Cu and Mn with alumina, and reducing the catalyst’s sin-
tering. Lanthanum ions, by covering a large fraction of the
alumina surface, may also hinder the reaction between the
active phases and alumina and restrain the hydroxylation
of the support that favors sintering and aggregation.

Catalytic Activities

In the present study, for both the fresh manganese- and
copper-based catalysts (calcined at 800°C), the presence of
lanthanum did not influence the activity for the conversion
of CygHg and CO (Table 4). This is probably due to the fact
that lanthanum affects the dispersion of metal oxides more
than noble metals, the latter being the “active phases”
for the oxidation of CO and CypHg (29). However, for the
oxidation of CHy, the addition of lanthanum increased the
activity for both MnOx—Pd and MnO,-Pt catalysts of ca.
20°C at 50% conversion (Table 4). This enhancement in
activity for CH, oxidation can be explained by a better

dispersion of manganese in the presence of lanthanum,
as determined by XPS, since manganese oxides are more
active than Pt or Pd alone for CH, oxidation in the
concentration used in the study (29). For the copper-based
catalysts, surface copper species were found in all fresh
samples (doped and undoped) according to TPR and
XPS, thus leading to no significant difference in activity
between the doped and undoped catalysts. These isolated
Cu?* species were reported to be the active species for the
oxidation of CH4 (36, 41). The CuO-Pd (on Al,O3 and
La—-Al,O3) catalysts had the best activity for the oxidation
of the combustibles studied here, followed by the CuO-Pt,
MnOy—Pd, and MnO,—Pt catalysts.

After hydrothermal treatment at 900°C for 300 h in the
presence of 10% steam, the activity of the catalysts contain-
ing lanthanum were better, particularly for the oxidation
of CH, (Table 4). The stabilization effect of lanthanum is
clearly seen by an example in Fig. 5. The decrease in activity
for the oxidation of CH4 was higher for the catalysts con-
taining copper oxide compared to those with manganese
oxides, especially the ones without stabilizer. This may be
the result of several reasons. First, according to the results
from the characterization studies, copper led to a higher
extent of alumina sintering compared to manganese. Fur-
thermore, in the copper samples, the formation of copper
aluminate may have contributed to the decrease of oxi-
dation. Indeed, copper in CuAl,O4 does not possess the
ability to change oxidation state, but remains as Cu(+I1).
Thus, copper cannot be an active redox center for oxida-
tion of VOCs which generally proceed via the Mars—van
Krevelen type of mechanism (i.e., redox mechanism) (76).
In addition, for all the catalysts containing manganese ox-
ides, Mn3O,4 was found to be present, as observed by TPR
on the fresh samples; these are more active for the oxida-
tion of some hydrocarbons than Mn,O3 (12, 77). However,
in this study, no enhancement in activity was seen for the
manganese oxide catalysts, probably because of the high
loss of surface area. The CuO-Pd/La-Al,O3 catalyst was

TABLE 4

Temperature (°C) for 50% Conversion Carbon Monoxide, Naphthalene, and Methane for Catalysts Calcined at 800°C for 4 h in
Air (Fresh) and Hydrothermally Treated at 900°C for 300 h in 10% steam (HT) (La, 3 mol%/Al,03; Mn, Cu, 10 mol%/Al,03; Pt, Pd,

0.1 mol%/Al,03)

CcO CioHg CHy

Fresh HT AT? Fresh HT AT? Fresh HT AT?
MnO,-Pt/Al,O3 290 330 40 287 320 33 639 706 67
MnO,~Pt/La-Al,O3 288 327 39 284 316 32 620 688 68
MnO-Pd/Al,O3 283 342 59 284 332 48 636 716 80
MnO,~Pd/La-Al,O3 287 310 23 287 314 27 618 674 56
CuO-Pt/AlL,O3 266 284 18 271 289 18 602 724 122
CuO-Pt/La-Al,O3 266 276 10 273 281 8 599 686 87
CuO-Pd/AlLO3 216 392 176 221 406 185 578 748 170
CuO-Pd/La-Al,0O4 214 259 45 221 268 47 577 652 75

AT =Tso(HT) -Tso(fresh).
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FIG.5. Conversion of CO and CH,4 over CuO-Pd (Cu, 10 mol%/

Al,Og3; Pd, 0.1 mol%/Al,O3) catalysts deposited on alumina alone and
stabilized with lanthanum (3 mol%/Al,O3) calcined at 800°C for 4 h (F)
and after hydrothermal treatment at 900°C for 300 h in 10% steam (A).
CuO-Pd/Al, O3 (fresh, F; aged, A), CuO-Pd/La-Al,O; (fresh, F; aged,
A-La).

still the best catalyst for the oxidation of CO, C;oHg, and
CHy, after hydrothermal treatment.

CONCLUSIONS

In conclusion, the presence of lanthanum in the alu-
mina serves to stabilize the latter, thus allowing it to retain
high surface area and its amorphous structure under high-
temperature conditions, such as those found during wood
combustion. This lanthanum stabilization of the alumina
structure extends to a better dispersion and a higher sat-
uration of the metal oxides onto the support, while at the
same time stabilizing the oxidation activity of these catalysts
by preventing the interaction of metal oxide with alumina
to form inactive bulk spinel compounds. Under the experi-
mental conditions of this study, CuO-Pd/La-Al,O3 catalyst
was found to be the best for the oxidation of CO, C1oHg, and
CH, before and after hydrothermal treatment at 900°C for
300 h in 10%0 steam. Since methane is one of the most prob-
lematic compounds released in the combustion of wood,
the application of such stabilized washcoat supports would
be very useful to the long-term and cost-effective utiliza-
tion of mixed metal oxides and noble metals catalysts for
the removal of this gas, as well as of other VOCs, under
high-temperature conditions.
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