JOURNAL OF CATALYSIS 98, 7-16 (1986)

influence of Support Composition on the Reduction of Nitric Oxide
over Rhodium Catalysts

NutanN K. PANDE AND ALEXIS T. BELL

Department of Chemical Engineering, University of California, Berkeley, California 94720

Received April 4, 1985; revised September 17, 1985

The NO reduction by CO and H, over Rh/SiO,, RhALO;, Rh/MgO, Rh/La,;0;,, and RW/TiO, was
investigated. Support composition was found to influence the activity, but not the selectivity of Rh.
Exceptionally high low-temperature activity was obtained with Rh/TiO,. The rate parameters for
NO reduction over Rh/TiO; are distinctly different from those for all other catalysts. The high
activity of Rh/TiO, is attributed to the presence of catalytically active centers on the support as well

as on the surface of the supported Rh crystallites.

INTRODUCTION

The current catalysts used for the control
of automotive emissions contain rhodium
to promote the reduction of nitric oxide.
Platinum and palladium are also present
and serve to catalyze the oxidation of CO
and hydrocarbons. The high cost of rho-
dium combined with the fact that it must be
utilized in a ratio with platinum and palla-
dium much higher than that found in nature
provides a strong incentive to rcduce or
eliminate the content of rhodium in auto-
motive converters. The results of several
recent studies suggest that this might be ac-
complished by altering the support compo-
sition. For example, Rives-Arnau and Mu-
nuera (/) have shown that Rh/TiO, is more
active than Rh/SiO; for NO reduction by
CO, and Nakamura e al. (2, 3) have shown
that Rh, Pt, and Pd supported on TiO, are
more active for NO reduction by CO than
catalysts prepared using SiO, or AlL,O; as
the support. The effects of support compo-
sition have also been observed for nonnoble
metal catalysts. lizuka ef al. (4) have exam-
ined the influence of support composition
on NO reduction by H, over Fe,O;. They
reported that Fe,O; supported on SiO, was
the most active catalyst, and Fe,O; sup-
ported on SnO, the least active. In a study
of NO reduction by H, and NH;, Hattori et
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al. (5) reported that MoO,/ZrO, was the
most active catalyst for NO reduction by H,
and MoO;/TiO, was the most active cata-
Iyst for NO reduction by NH;.

The present investigation was under-
taken to determine the influence of support
composition on NO reduction over Rh.
Both H, and CO were used as reducing
agents. Light-off characteristics and reac-
tion kinetics were determined using a recy-
cle reactor. Additional information was
obtained from temperature-programmed
desorption experiments.

EXPERIMENTAL

Catalyst Preparation

The supported catalysts were prepared
using RhCl; - 3H,0 (Aldrich Chemicals) as
the metal precursor. The composition,
source, and BET surface area of each sup-
port are listed in Table 1. Samples of ap-
proximately 4 wt% Rh were prepared by
incipient wetness impregnation of the sup-
port with a solutton of RhCl; dissolved in
deionized water. Following introduction of
RhCls, each sample was dried overnight in
a vacuum oven at 338 K and calcined in a
21% O,/He mixture at 773 K for 1 h. The Rh
weight loading of each sample was deter-
mined by X-ray fluorescence. The Rh dis-
persion was measured by volumetric che-
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TABLE 1

Support and Catalyst Properties

Catalyst Source of Support surface area  Rh loading  Dg,
support (m?/g) (%)

Rh/SiO, Cab-0-Sil HS-5 250 4.60 0.55

Rh/AlLLO, Degussa 175 4.16 0.64

Rh/MgO Mallinckrodt 100 4.58 0.46

Rh/TiO, Degussa P-25 50 4.33 0.26

Rh/La;05 Ventron 14 4.23 0.10

misorption of H, at room temperature on
samples which were reduced overnight at
573 K. The Rh/La,0; was characterized
based on nitric oxide uptake. This was nec-
essary due to a large spillover of H, to the
support (6). A summary of the catalyst and
support properties is given in Table 1.

Catalyst Evaluation

The experimental apparatus and tech-
niques used in this study have been de-
scribed previously (7, 8). Reaction rates
were measured using a small reactor with
external recycle. Fresh reactants were con-
tinuously supplied to the recycle loop and
products were withdrawn for analysis by
gas chromatography (9). The recycle ratio
for the reactor was 200 to 1.

Each catalyst charge was determined so
as to provide 1.82 x 10'° Rh surface atoms.
Preceding each run, the catalyst was re-
duced in 100% H, at 573 K for at least 24 h.
The reduction period was ended by purging
the reactor loop with helium. Prior to col-
lecting rate data, the reaction of NO with
CO or NO with H, was allowed to proceed
for 15-20 h. The catalyst activity and selec-
tivity at the end of this period were stable.

Temperature-Programmed Desorption
of NO

The interaction of NO with each catalyst
was studied by temperature-programmed
desorption. The apparatus used for these
measurements has been described previ-
ously (10). A 30-mg sample of the catalyst
was placed in a quartz microreactor and re-

duced in H, for 18 h at 573 K. The catalyst
was then evacuated, and the temperature
ramped in vacuum to 823 K. For the Rh/
La,0; catalyst, the evacuation temperature
was limited to 573 K, to avoid complete
suppression of chemisorption due to migra-
tion of support material onto the metal as a
result of high-temperature exposure (6).
The sample was subsequently cooled under
vacuum to room temperature. The micro-
reactor was repressurized with helium, and
NO was pulsed to the reactor to achieve
saturation coverage of the catalyst. The
catalyst was then ramped to 823 K at a lin-
ear heating rate of 1 K/s in a helium stream
flowing at 50 cm?/min.

An investigation was made as well of the
interaction of NO with each catalyst follow-
ing its use for NO reduction by H,. For
these studies, the catalyst was either prere-
duced or preoxidized. In the former case,
the sample was reduced in H; for 18 h at 573
K. The sample was then cooled to room
temperature, and the reaction feed mixture
of 1% NO/2% H, in He was introduced to
the microreactor at 200 cm¥/min. The sam-
ple was then slowly heated to a temperature
at which point the conversion of NO was
15%. The sample was maintained under re-
action conditions at this temperature for 2
h. The catalyst was then evacuated at the
reactor temperature and cooled in vacuum
to room temperature. The microreactor
was repressurized with helium, and NO
was pulsed to the reactor to achieve satura-
tion coverage of the catalyst. The catalyst
was then ramped to 823 K at a linear heat-
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F1G. 1. Effect of temperature on activity for NO reduction by CO.

ing rate of 1 K/s in a helium stream flowing
at 50 cm*/min.

The interaction of NO with preoxidized
catalysts was studied using a similar proce-
dure. In this case, the catalyst was first re-
duced in H, for 18 h at 573 K and then
oxidized in a 1% NO/He mixture flowing at
200 cm®/min for 2 h. The remainder of the
procedure was followed as described
above.

RESULTS

Reduction of NO by CO

Figure 1 shows the activity for NO reduc-
tion by CO as a function of temperature for
each catalyst. The results for Rh/SiO, are
those reported by Hecker and Bell (7). The
activity for the reduction of NO by CO de-
pends on support composition, and for con-
versions below ~50% decreases in the fol-
lowing order: Rh/TiO, > Rh/La,0s
RNW/Si0, > Rh/MgO =~ Rh/ALO;. For con-
versions above 50%, Rh/TiO, and Rh/La,0;
exhibit comparable activities and both are
less active than Rh/SiO,. The influence of
temperature on the selectivities to N,O and
N, are shown in Fig. 2 for Rb/TiO,. The
selectivity to N»>O increases from 65% at

453 K to a maximum of 80% at 503 K, then
decreases to 70% at 533 K. Similar patterns
were observed for the other catalysts. A
comparison of product selectivities at fixed
reaction rates is presented in Table 2.

The kinetics of NO reduction by CO

100 T T T T T L T
| 4.3% Rh/Ti0,
90 i
8ol
[e)
[e] 5 T
70} ©
60} B
- °S§
10 N,O
< sof os, .
- 2
w
4or i
30 G
B o
201 4
ro[- -
0 ] 1 S T R S I
443 453 463 473 483 493 503 513 523 533
T (K)

F1G. 2. Effect of temperature on product distribution
for RW/TiO, during NO reduction by CO (Pgo = 3.9 x
1072 atm, PYo = 1.3 x 102 atm, P, = 1.3 atm, Q =
200 (STP) cm*min).
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TABLE 2

Influence of Support Composition on Product
Selectivity for NO Reduction by CO

TABLE 3
Kinetic Parameters for NO Reduction by CO

Catalyst E. a B kno (at 483 K)
Nno =15 x 1073571 Nno = 40 x 1073 71 (kcal/mol)
Catalyst Snz0 SN, Snz0 Sx;  RW/SiO, 33.5 —0.17  +0.08 43 x 107
Rh/ALOs 24.2 -0.37 +0.03 0.82 x 1073
Rh/Si0, 80 20 70 30 Rh/MgO 25.8 -0.15 +0.06 2.92 x 1073
Rh/ALO; i 23 75 25 RW/TiO, 19.6 +0.09 —-0.22 7.75 x 1073
Rh/MgO 80 20 75 25 Rh/Lay0; 30.2 -0.16 +0.04 4.75 x 1073
Rh/TiO, n 28 67 3
Rh/La,04 85 15 65 35 Note. Nyo = kNoP'ﬁ()P?:o; kno = atm ™8 g7l

were investigated for NO conversions be-
low 30%. The dependences on NO and CO
partial pressures were determined at 483 K,
and the apparent activation energy was de-
termined at NO and CO partial pressures of
1.3 X 1072and 3.9 x 102 atm, respectively.
A summary of the rate parameters for each
of the catalysts is given in Table 3. Rh/SiO,,
Rh/Al,Q;, Rb/MgO, and Rh/La,0; are char-
acterized by a negative dependence on NO
partial pressure and a weakly positive de-
pendence on CO partial pressure. The par-
tial pressure dependences for Rh/TiO; are
notably different—the NO dependence is
weakly positive and the CO dependence is
negative. The apparent activation energy
for NO reduction by CO decreases in the

order RW/SiO, > Rh/La,0; > Rh/MgO >
Rh/AL,05 > RWTIiO,.

Reduction of NO by H,

Figure 3 shows the turnover frequency
for NO reduction by H, as a function of
temperature for each of the catalysts. Here
again, the results for Rh/SiO, are those re-
ported by Hecker and Bell (11). It is imme-
diately apparent that the activity of Rh/TiO,
is substantially greater than that of the re-
maining catalysts, and that the order of de-
creasing activity is Rh/TiO, > RhWALO; =
Rh/La;0; > RW/SiO, = Rh/MgO. The prod-
uct selectivity for Rh/TiO; is shown in Fig.
4. For temperatures between 373 and 433
K, the N,O selectivity increases gradually
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F1G 3. Effect of temperature on activity for NO reduction by H,.
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FiG. 4, Effect of temperature on product distribution
for Rh/TiO, during NO reduction by H, (Ph, = 2.6 X
10-2 atm, Pro = 1.3 x 1072 atm, P, = 1.3 atm, Q =
200 (STP) cm*/min).

from 55 to 65%, the NHj; selectivity in-
creases from 17 to 25%, and the N, selectiv-
ity decreases from 28 to 10%. As the tem-
perature is raised above 433 K, the
selectivity to N,O rapidly decreases to zero
while the selectivities to N, and NHj in-
crease to ~50%. Similar product distribu-
tions were observed with each of the other
catalysts. A comparison of the product se-
lectivities at fixed reaction rates is pre-
sented in Table 4,

The kinetics of NO reduction by H, were
also investigated for NO conversions below
30%. The dependences on NO and H, par-
tial pressures were determined at 443 K,

TABLE 4

Influence of Support Composition on Product
Selectivity for NO Reduction by H,

Nno = 15 X 1073 57! Nno = 40 x 1073 571

Catalyst Snyo SNy SN SN0 SN, SN
Rh/SiO; 62 17 21 10 40 50
RW/ALO; 70 20 10 10 52 38
Rh/MgO 65 28 7 18 58 24
RW/TiO, 66 13 21 2 49 49
Rh/La;03 76 8 16 8 55 37

TABLE 5

Kinetic Parameters for NO Reduction by H,

Catalyst E, a B kno
(kcal/mol)
Rh/SiO, 21.9 -0.22  +0.59  20.10 x 1073 (443 K)

Rh/AL,O3 23.1 -0.40  +0.62  11.20 x 1073 (443 K)
Rh/MgO 27.5 -0.32 +0.60 4.47 x 1073 (443 K)
Rh/TiO, 16.3 +0.51  +0.51 0.31 (383 K)
Rh/La;0;3 25.5 -0.26  +0.71  20.90 x 1073 (443 K)

Note. Nno = kNOPﬁoPﬁz; kno = atm—(@*B) g1

and the apparent activation energy was de-
termined at NO and H, partial pressures of
1.3 X 1072 and 2.6 X 10~% atm, respectively.
The rate parameters obtained for each cata-
lyst are summarized in Table 5. The rate of
NO reduction over Rh/SiO,, Rh/AL;O3, Rh/
MgO, and Rh/La,0; is characterized by a
negative dependence on NO and a positive
dependence on H,. The kinetics for NO re-
duction over Rh/TiO, stand out in that the
dependences on NO and H; partial pres-
sures are both positive. The apparent acti-
vation energy for NO reduction by H, de-
creases in the order Rh/MgO > Rh/La,0; >
RW/ALO,, Rh/SiO; > Rh/TiO,.

Temperature-Programmed Desorption
Spectroscopy

Temperature-programmed  desorption
spectroscopy was used to assess the effects
of support composition on the nature of the
interactions of NO with Rh. Figures 5-9
illustrate the TPD spectra obtained follow-
ing NO adsorption on freshly reduced cata-
lyst samples. The temperature of maximum

T
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_ 3% 8yo =0.07
A 6,0 0-23
% 2} by, =03l
X
o
=L
| 1
300 400 500 600 700 800 900
T (K)

FiG. 5. NO TPD spectrum for reduced 4.6% Rh/
5i0,.
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F1G. 6. NO TPD spectrum for reduced 4.2% Rh/
ALO;.

release of each product is listed in Table 6,
and the extent of NO conversion to N, and
N,O (Dno), the distribution of nitrogen-
containing products, and the uptake of NO
are listed for each catalyst in Table 7.

The TPD spectra in Figs. 5-9 are qualita-
tively similar. Desorption of molecular NO
is the first process to occur as the tempera-
ture increases. This is followed by NO de-
composition to form N,O and then N,. N,
formation occurs over a broader tempera-
ture range than N,O formation and is not
completed until 773 K. The extent of NO
decomposition, represented by Dyg in Ta-
ble 7, decreases in the order La,0; > TiO,
> Si0; = ALO; = MgO. A very similar
trend is also seen for the fraction of N,
formed. Table 6 shows as well that the tem-
perature at which the release of each nitro-
gen-containing product reaches a maximum
depends on the suport composition. The

4.6% Rh/Mg0
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Fic. 7 NO TPD spectrum for reduced 4.6% Rh/
MgO.
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Fic. 8. NO TPD spectrum for reduced 4.3% Rh/
TiO,.

following sequences are observed: Tyo,
Lay0; < TiO, = SiO; < ALO; = MgO;
TNzO, La,0; < TiO, = Si0; < ALO; =
MgO; Ty,, La,0; < SiO, < Mg0 < TiO, <
ALO;.

To determine whether exposure of the
catalysts to reaction conditions altered
their characteristics for NO desorption and
decomposition, TPD spectra were taken
following the reduction of NO with H, over
Rh/Si0,, RWALO;, RWTiO,, and Rh/
La0s. The spectra for these catalysts are
presented in Figs. 10-13 and characteristic
features determined from these spectra are
given in Table 8.

5} 4.2% Rh/La,04
8o = 0.01
ol Bup0 014
- 9N =0.90
' 2
£
n9 3
x
Lo
2
!
0 Il
300 400 500 600 700 800 900
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Fic. 9. NO TPD spectrum for reduced 4.2% Rb/
LazO3.
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TABLE 6

Peak Desorption Temperatures

Catalyst Tno Tnyo Ty,
(K) (K) (K)
Rh/SiO, 423 473 483
Rh/AlLO; 443 493 503,623
Rh/MgO 453 493 508
Rh/TiO, 423 473 548
Rh/La,0, 373 <373 454

With limited exceptions, the spectra in
Figs. 10-13 are similar to those in Figs. 5,
6, 8, and 9. The primary differences are evi-
dent from a comparison of the N,O spectra.
In the spectra taken after exposure to reac-
tion conditions, the N,O peak is narrower
than that observed in the spectra taken with
freshly reduced catalyst. For Rh/SiO,, in
addition to the narrow N,O peak at 473 K,
there is also a broad N,O peak at 750 K.
This feature is not present in the TPD spec-
trum of a Rh/SiO; sample oxidized in NO
prior to being exposed to reaction condi-
tions, nor in the spectrum taken with a
freshly reduced Rh/SiO, sample (see Fig.
).

The trends in extent of NO conversion to
N, and N,O and fraction of N, formation
seen in Table 7 are similar to those seen in
Table 8. The value of Dyo decreases in the
order La,0; > TiO, = ALO; > SiO,. Since
the temperatures at which NO, N,O, and

TABLE 7

No TPD Product Distribution (%) and Extent of NO
Conversion to N, and N,;O for Reduced Catalysts

Catalyst BRo”  Xno  Xno  Xn

@ R B (R

b
Do

Rh/SiO, 0.61 11 38 51 70
Rh/ALO; 1.01 28 17 56 65
Rh/MgO 0.82 28 17 55 65
Rh/TiO, 1.20 S 22 73 84
Rh/La;0; 1.05 1 13 86 93

¢ Expressed in equivalents of a Rh monolayer.
® Dno = (3 Xny0 + Xny)-

14+
12} p
4.6% Rh/Si0,
__ lo} 8y, =003
'w 6,070 72
8, =037
o s} N2
x
"o N0
6

o}
300

400

500 600 700

T (K)

800 900

F1G. 10. NO TPD spectrum for 4.6% Rh/SiO, after
NO/H; reduction.

N, reach a maximum rate of release, seen in
Figs. 10-13, are virtually the same for all
four catalysts, it is not possible to order
Tvo, Tnyo, or Ty, according to support com-
position.

Comparison of the results in Tables 7 and
8 reveals that while the distribution of prod-
ucts formed over the freshly reduced cata-
lyst samples and those first subjected to re-
action conditions are, for the most part,
similar, there are notable differences in the

12
10} 4.2% Rh/Aly04
Byo ° 0.08
=0.24
8 k GNZO
~ 8. =0.78
T 2
2
l")9 61
x
L O
AR
2+
NO
0 : . '
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FiG. 11. NO TPD spectrum for 4.2% Rh/ALO; after
NO/H, reduction.
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FiG. 12. NO TPD spectrum for 4.3% Rh/TiO, after
NO/H, reduction.

total amount of NO adsorbed on Rh/SiO,
and Rh/TiO, between the two cases. For
Rh/Si0,, the NO uptake increases from
0.61 of a Rh monolayer on the freshly re-
duced sample to 1.19 of a Rh monolayer on
a reduced sample exposed to reaction con-
ditions. Most of this increase though is due
to the appearance of the high-temperature
N,O peak. A similarly large increase is not
observed for a Rh/SiO, sample preoxidized
prior to exposure to reaction conditions.
For Rh/TiO,, the total NO uptake increases
from 1.2 Rh monolayers up to 3.25 Rh
monolayers.

DISCUSSION

The influence of support composition on
the specific rate of NO reduction by either
CO or H; is clearly demonstrated by the
present results. The observation that R/
TiO; is more active than Rh/SiO, or Rb/

8r
4.2% Rh/Lay03
~ 6 8yo = 0.0!
o2 euzo =0. 14
mg al 8N2 = 0.85
x
_‘U
2+
(o] 1 1 1
300 400 500 600 700 800 900

T (K)

F1G. 13. NO TPD spectrum for 4.2% Rh/La,0; after
NO/H, reduction.

TABLE 8

NO TPD Product Distribution (%) and Extent
of NO Conversion to N, and N,O for Catalysts

after NO/H, Reduction
Catalyst o’ Xno Xny0 Xn, DNOb
(%) (%) (%) (%)
Rh/Si0, 1.19 2.6 66.6° 30.8 64
Rh/ALO; 1.10 6.9 223 70.8 82
Rh/TiO, 3.25 2.6 22.1 73.3 84
Rh/La,0, 0.97 0.5 11.6 88.1 94

o Expressed in equivalents of a Rh monolayer.
b Dno = (B X0 + Xny)-
¢ Includes both N,O peaks.

AlLO; for NO reduction by CO is in good
qualitative agreement with the results re-
ported by Rives-Arnau and Munuera (/)
and by Nakamura et al., (2, 3). Since the
kinetics of NO reduction were not mea-
sured by these authors, comparisons of rate
parameters are not possible.

Hecker and Bell (7, 11) have shown that
the kinetics of NO reduction by CO and H,
over Rh/Si0; can be interpreted on the ba-
sis of a mechanism in which the dissocia-
tion of NO is the rate-limiting step to NO
reduction. For reduction by CO, this pro-
cess was presumed to occur via direct dis-
sociation at a vacant Rh site, whereas for
reduction by H,, atomic hydrogen was pos-
tulated to assist in the dissociation pro-
cess. The similarity of the power-law de-
pendences on NO and CO or H, partial
pressures for Rh/Al,O3;, Rh/MgO, and Rb/
La,0; to those for Rh/SiO; suggest that the
mechanism and nature of the rate-limiting
step on all of these catalysts are similar.
The markedly different values of the depen-
dences for Rh/TiO,, together with the sub-
stantially lower activation energy, suggest
that cither the mechanism of NO reduction
is different on Rh/TiO,, or, alternatively,
that the same mechanism prevails for all
catalysts but that the rate-limiting step is
different. We believe that the second of
these possibilities is more likely since it is
observed that the distribution of products
obtained by NO reduction with either H, or
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CO is more or less the same regardless of
support composition.

Previous studies of N, and N,O forma-
tion during NO desorption from Rh (12) or
during NO reduction over Rh (7, 11) have
shown that the dissociation of adsorbed NO
is a necessary first step. In view of this, it is
reasonable to ask whether the exception-
ally high activity of Rh/TiO, might not be
due to its effectiveness in dissociating NO.
One measure of the effectiveness of a cata-
lyst in NO dissociation is the extent to
which NO is converted to N, and N,O dur-
ing NO TPD, Dyo. Tables 7 and 8 demon-
strate that while the value of Dyo for Rh/
TiO,, 84%, is higher than that for Rh/SiO,,
Rh/AL,O;, and Rh/MgO, all of which are
less active NO reduction catalysts, it is
lower than that for Rh/La,0s, 93%, a cata-
lyst which is also less active than Rh/TiO,.
Thus, the magnitude of Dyo does not pro-
vide a satisfactory basis for identifying and
interpreting the high reduction activity of
Rh/TiO,. A similar conclusion can also be
drawn about the temperature for the onset
of N, and N,O formation during TPD. For
example, Figs. 5-9 show that significant
rates of N,O and N, formation are observed
above 300 K for Rh/Al,0;, Rh/TiO,, and
Rh/La,03, and Figs. 10-12 show significant
rates of N,O and N, formation above 350 K
for Rh/SiO, and Rh/TiO,.

Table 8, however, does reveal a charac-
teristic of Rh/TiO; which distinguishes it
from all the other catalysts; this is the large
value of 6%o measured when NO is ad-
sorbed on the catalyst immediately follow-
ing its use for NO reduction by H,. Thus,
o = 3.25 for RW/TiO,, but 6o is closer to
1.0 for all of the other catalysts. It is inter-
esting to note in this connection that a simi-
larly high value of 6o (2.28) for Rh/TiO,
has been measured following NO reduction
with CO (I3). Values of 6{o exceeding
unity suggest that on used Rh/TiO,, NO can
adsorb both on the surface of Rh particles
and on the surface of the support. Pande
and Bell (/4) have recently reported that
NO will adsorb on TiO, as well as Rh, and

that the interaction of NO with TiO, is
strongly affected by its state of reduction.
Of particular interest is the observation that
partially reduced TiO, will effect the de-
composition of NO to form N; and N>O. In
contrast, reduced La,0; does not dissociate
molecular NO (6). Thus, it appears that the
high activity of Rh/TiO, for NO reduction
by CO or H, may be due to catalysis occur-
ring on the support as well as on the sup-
ported metal particles. Activation of the
TiO, is presumed to occur by the spillover
of atomic hydrogen from Rh particles onto
the support and subsequent reduction of
the support surface. Further evidence for
the participation of the support in NO re-
duction over Rh/TiO, will be presented sep-
arately (14).

CONCLUSIONS

Support composition strongly influences
the catalytic activity, but not the selectiv-
ity, of Rh for NO reduction by CO and H,.
Exceptionally high low-temperature activ-
ity is achieved using TiO, as the support.
The rate parameters are also distinctly dif-
ferent for Rh/TiO, compared to the remain-
ing catalysts, Rh/SiO,;, Rh/Al, O3, Rh/MgO,
and Rh/La,0s. The high activity of Rh/TiO,
is attributed to the presence of catalytically
active centers on the support as well as on
the surface of the supported Rh crystallites.
It is proposed that activation of the support
occurs by partial reduction of the support.
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