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Role of the metal—support interface in the total oxidation
of carboxylic acids over Ru/CeO» catalysts
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Depending on the support morphology and the metal/support contact, Ru/CeO, catalysts show very different behavior in catalytic
wet air oxidation of acrylic, succinic and acetic acids. TEM and electron diffraction studies favor the hypothesis of a specific role of

ceria in oxygen transfer from gas phase to metal sites.
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1. Introduction

Wet air oxidation (WAOQ) is one of the best aterna-
tive processes for treating waste water when biological
processes are inefficient because of pollutant toxicity or
when these pollutants are in too low a concentration for
them to be incinerated. Nevertheless, WAO processes re-
quire severe reaction conditions (elevated temperatures,
250-350°C and high pressure, 50-200 bar). Therefore,
many efforts have been made to develop catalytic processes
(CWAO) to alow operation under milder conditions.

Homogeneous catalysts, Fe [1] or Cu salts [2], were in-
vestigated but the additional step required for removing the
catalyst from treated water reduces considerably the eco-
nomic benefit of using a catalytic process. Several hetero-
geneous processes are how based on the use of noble metal
catalysts. In contrast to oxide catalysts (Cu, Zn, Mn, Mn—
Ce, etc.) [3-6], they are active and stable in the pH and
temperature ranges used in WAO. Hogan et al. investigated
the deep oxidation of a large variety of toxic organics in
water over Pd/C [7]. Group VIII metals have been shown
to be active for wet air oxidation of polyethylene glycol
[8,9], phenol [10] and carboxylic acids [10-13]. Ruthe-
nium was one of the most active metals but its activity
seemed to depend very much on the nature and the texture
of the support [8,13].

The aim of this study was to determine the relationship
between metal/support interaction and oxidation activity of
Ru/CeO, catalysts. Two 5 wt% Ru catalysts supported on
ceria (40 and 160 m? g~—1) were tested in oxidation of var-
ious carboxylic acids in the presence of dioxygen. They
were characterized by electron microscopy and electron dif-
fraction.
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2. Experimental
2.1. Catalyst preparation

Two ceria supports (HSA5, 200 m?g~! and HSA5M,
41 m?g~1) provided by Rhodia Rare Earth were used to
prepare 5 wt% Ru catalysts by wet impregnation: 9.5 g of
the support were stirred slowly for 20 h with an aqueous
solution of Ru hexammine chloride (from Alfa) containing
0.5 g of the metal salt. The dlurry wasdried at 150°C in air
and the catalysts were reduced for 3 h at 350°C in flowing
hydrogen. After thermal treatment, BET areas of supports
were 163 m?g~! HSA5 and 41 m?g~* for HSA5M while
BET areas of catalysts were 125 m? g~ for RWHSAS5 and
38 m?g~! for RW/HSA5M. The catalysts will be herein re-
ferred to as Ru/CeO;, (160) and Ru/CeO, (40), respectively.

2.2. Oxidation reactions

Oxidation of various acids (acrylic, succinic and acetic
acids) was investigated. These compounds, currently ob-
served as intermediates in CWAO of organic pollutants,
were chosen because of their very different oxidability.
Aqueous solutions (5 gl~! of COD, i.e, 52, 45 and
78 mmol I =2, respectively, for acrylic, succinic and acetic
acids) were prepared from commercial acids (Aldrich, min.
99%) used without any further purification.

Oxidation reactions were carried out at 160 or 200°C
in a0.5 | Hastelloy C22 autoclave. The initia loading was
160 ml of agueous solution containing 4 g1~ of catalyst
and5gl~* of COD of the pollutant. After heating of the au-
toclave up to the reaction temperature, pure O, was admit-
ted, its partial pressure being maintained at 20 bar for 3 h.

Liquid phase was analyzed by HPLC on an Aminex
87 H column (mobile phase: H,SO,4 0.004 M; UV detector
at a 235 nm wavelength). The chromatograph was cali-
brated with standard solutions of carboxylic acids in water:
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acrylic, succinic, acetic and maleic acids. The gas phase
was analyzed by catharometry on a GC equipped with a Po-
rapak Q packed column (/4 inch, 1 m). Concentration of
CO; in gas phase was determined by standardization with
respect to the O, peak, while the carbon dioxide dissolved
in water was calculated from a calibration curve giving the
concentration of CO, in water as a function of its partial
pressure in gas phase. These analyses allowed calculation
of the percentages of conversion and of mineralization (i.e.,
the percentage of carboxylic acid oxidized into CO,) aswell
as the initial rates in mmol h—* g 1.

2.3. Electron microscopy

Transmission electron microscopy in bright field mode
was carried out in a Philips CM 120 el ectron microscope op-
erating at 120 kV with a theoretical resolution of 0.35 nm.
The sample was ultrasonically suspended in ethanol, de-
posited on a Cu grid previously covered with a thin layer
of carbon. Selected area electron diffraction patterns were
obtained with a beam of 20 nm in diameter.

3. Reaults
3.1. Oxidation reactions. conversion and mineralization

Acid conversion and carbon dioxide formation versus
time were compared for CWAO experiments carried out at
160 or 200°C. Figure 1 shows the results obtained with
succinic acid. Differences between conversion and miner-
aization indicate that some organic intermediates (acrylic,

maleic and acetic acids) are formed and not totaly oxi-
dized. Similar results were obtained with the oxidation of
acrylic acid which led to acetic acid as an intermediate
(table 1), mineralization of acetic acid being totally selec-
tive (no organic intermediate). Owing to its C=C double
bond, acrylic acid was strongly adsorbed on the catalyst. At
160°C, the concentrations measured before O, admission
were 36 mmol |~ with Ru/CeO, (160) and 42 mmol |1
with Ru/CeO, (40), which corresponds to an adsorption of
4 mmol g~* over Ru/CeO, (160) and 2.5 mmol g~* over
Ru/CeO; (40).

Initial rates of conversion and mineralization are givenin
table 2 for acrylic, succinic and acetic acids. Whatever the
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Figure 1. Conversion and mineralization of succinic acid over Ru/CeO;.

Full symbols: conversion; open symbols: minerdization. (CJ, ®) Blank at

160°C; (o, ®) Ru/CeO, (160) at 160°C; (¢, 4) Ru/CeO, (40) at 200°C;
and (A, A) Ru/CeO, (160) at 200°C.

Table 1
Oxidation of carboxylic acids: percentage of conversion (C%) and mineralization (M%) after 30 min at
160 or 200 °C with and without any catalyst (blank).

Catalyst Carboxylic acids and reaction temperature
Acrylic at 160°C? Succinic at 200°C Acetic at 200°C
C% M% C% M% C% M%
Ru/CeO, (160) 45 38 97 75 41 41
Ru/CeO; (40) 10 6.5 19 11 7 7
Blank 4 0.5 n.d. n.d. 0.2 0.2

aValues calculated with respect to the initial concentration measured after adsorption of acrylic acid.

Table 2
Initid rates of conversion (C) and mineralization (M) of carboxylic acids over Ru/CeO, (160) and
Ru/CeO; (40). The sdlectivity to CO, (Sel.%) corresponds to the M to C ratio.

Acid T (°C) Initial rate (mmol h—1ggh)
Ru/CeO, (160) RU/CeO, (40)
C M Sel.% C M Sel.%
Acrylic 160 252 216 85.7 49 30 61.2
200 488 394 80.7 - - -
Succinic 160 60 22 36.7 - - -
200 480 239 49.8 110 33 30
Acetic 160 30 30 100 - - -
200 380 380 100 74 74 100
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Figure 3. TEM picture of Ru/CeO, (40).

acid or the reaction temperature, Ru/CeO, (160) is about
five times more active than Ru/CeO, (40). Moreover, for
acrylic and succinic acids, the mineralization is favored on
the high surface area catalyst.

3.2. Characterization of catalysts

The two Ru/CeO, were characterized by electron mi-
croscopy and electron diffraction to understand why they
behave differently in oxidation.

About 100 particles were examined by TEM. A certain
number of these particles are shown in figures 2 (Ru/CeO;
(160)) and 3 (Ru/CeO, (40)). Large Ru particles of ho-
mogeneous size (20-30 nm) can be seen on the catalyst
prepared with the high surface area support. Each meta
particle is surrounded by small clusters of ceria of about
7 nm. Electron diffraction patterns of several Ru parti-
cles were obtained on the Ru/CeO, (160) sample. As a-
ready proved by XRD [13], these diffraction patterns con-
firm that Ru remains in the metallic state after reaction
(figure 4). Moreover, the same crystallographic orientation
can be observed, all the particles growing along the (111)
axis. A very different morphology can be observed for
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Figure 4. Electron diffraction pattern of a Ru particle recorded on
Ru/CeO;, (160) catalyst.

Ru/CeO, (40) (figure 3). Unexpectedly, Ru particles here
are smaller (8-12 nm) than in Ru/CeQO, (160) and in close
contact with relatively large CeO, particles (about 25 nm).
In contrast to what is observed in Ru/CeO, (160), various
crystaline orientations of Ru particles can be noticed in
Ru/CeO, (40), corresponding to particles growing prefer-
entially along (131) and (010) axes (see figure 5). Rarely
has the (111) orientation of Ru particles been observed on
Ru/CeO; (40).

4. Discussion
Modelling of the metal/support interaction

We consider that the significant difference of activity be-
tween the two catalysts can be correlated with their structure
which we observed by TEM.

First, the particle size of Ru may be expected to play
a role in the oxidation reaction. Previous studies [12,13]
have shown that oxidation of acetic acid is a reaction sen-
sitive to the metal particle size. However, the decrease of
the ruthenium metal area was compensated by an increase
of the turnover frequency so that the specific activity (per
gram of catalyst) was almost constant within the 7-57%
dispersion range [13]. Therefore, the difference in the par-
ticle sizes of Ru cannot account for the low activity of Ru/
CeO; (40).

As pointed out by Trovarelli [14] and by Imamura et
al. [15], the metal—ceria interaction is a key factor in con-
trolling the catalyst performance, particularly in oxidation
reactions. TEM pictures (figures 2 and 3) show that the
catalysts Ru/CeO, (160) and Ru/CeO, (40) present a to-
tally different morphology of their metal/support interface,
which is schematized on figure 6.

Assuming a spherical shape for the ceria particles, athe-
oretical diameter of 6.8 nm for Ru/CeO, (160) and of 22 nm
for Ru/CeO, (40) can be calculated from BET area of ce-
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Figure 5. Electron diffraction patterns of Ru particles recorded on Ru/CeO, (40) catalyst.
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Figure 6. Schemes of the metal/support interface: (a) Ruw/CeO, (160) and
(b) Ru/CeO; (40).

ria. These values are very close to those of the particle
size of ceria determined by TEM (7 and 25 nm, respec-
tively). This proves that virtually the ceria particles are
not microporous. They are constituted of nanocrystals of
fluorite structure, which was confirmed by electron dif-
fraction taken on several particles (diffraction patterns not
shown).

On the basis of the actua weight percentage of Ru (5%)
and the specific weights of Ru (12.30 gcm—3) and CeO»
(7.13 gcm—3), the number n of particlesof ceriaper particle

of ruthenium is
3
n = 32.8<@) . )
dCe

Equation (1) shows that, in the Ru/CeO, (160) catalyst,
each metal particle is surrounded with 1620 particles of ce-
ria. As shown by TEM (figure 2), this number is much

greater than the number nc of CeO, particles which can be
in direct contact with the metal. Assuming a cubic stack-
ing of nanospheres of ceria all around a Ru particle, the
maximal value of nc would be

2
nc =6 M ’ )
dCe

which shows that about 130 particles of ceria can be in
direct contact with Ru. In this model, CeO, spheres are in
contact with a ruthenium surface and we can assume that
each contact point is constituted of at least 6 Ru atoms.
For each metal particle, 780 Ru atoms would be in direct
contact with ceria, i.e., 0.21 Ru atomnmg?.

The morphology of Ru/CeO, (40) is quite different since
this catalyst is congtituted of Ru particles of about 10 nm
supported on large particles of ceria. Equation (1) leads to
n = 10, which means that one particle of ceria out of ten
is covered with Ru. In the case of Ru/CeQO, (40), the Ru
atoms in contact with ceria are located at the metal/support
interface, on a line corresponding to the particle perimeter.
The mean distance between Ru atoms being 0.25 nm, there
would be, per metal particle, about 125 Ru atoms in contact
with ceria, i.e, 0.21 Ru atomnmg?.

The two Ru/CeO, catalysts have practically the same
surface density of Ru atoms in direct contact with ceria.
Nevertheless, these atoms on Ru/CeO, (40) are concen-
trated on the particle periphery while, in Ru/CeO, (160),
they are regularly distributed all around the metal parti-
cle. As carboxylic acids are more strongly adsorbed than
oxygen over noble metals [13,16], the better distribution of
Ru—Ce pairs at the surface of Ru/CeO, (160) can acceler-
ate the oxygen transfer from gas phase to the metal sites.
Similar effects have been found in CO oxidation over noble
metals which is generally limited by O, adsorption. The
noble metal is essentially covered with CO which reacts
with oxygen from ceria at the metal/support interface: ce-
ria increases the reaction rate, particularly at low O,/CO
ratio [17-21].
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Lastly, electron diffraction has shown that ceria had
a specific role on growth and orientation of Ru. The
ruthenium planes, systematically observed along the (111)
growth axis in Ru/CeO, (160), seem to offer a better
configuration for adsorption of carboxylic acid and oxy-
gen than the other Ru planes observed in Ru/CeO, (40).
This point requires further theoretical studies which are in
progress.

5. Conclusion

The kinetic results obtained in wet air oxidation over
Ru/CeO, catalysts are coherent with a limiting step of oxy-
gen transfer from gas phase to metal sites. Thisis the case
for oxidation of carboxylic acids which are more strongly
adsorbed than O, on the metal. CeO,, able to favor oxygen
transfer and to promote specific metal—support interaction,
is very interesting in CWAO applications. The best per-
formances are obtained with high surface area ceria, which
leads to a specific morphology of catalyst: large crystallites
of Ru (~25 nm), all of them being oriented along a (111)
axis, are surrounded with small particles of ceria (~7 nm)
allowing a fast oxygen transfer.
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