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The behaviors of Nb,Os and V,0; in Rh/SiO, catalysts are compared by X-ray diffraction. For
vanadia-promoted Rh/Si0, catalyst, RhVO, compound was formed exclusively by mild calcination
at 773 K, and larger crystallites formed by calcination at 973 K. For niobia-promoted Rh/SiO,
catalysts, RhNbO, compound was formed almost exclusively after the high-temperature calcination
at 1173 K. The RhVO,/SiO, and RhNbO,/Si0, catalysts exhibit significant SMSI behaviors after
high-temperature reduction, typically at 773 K; the capacity of H, chemisorption diminished almost
to zero and the catalytic activity for ethane hydrogenolysis was suppressed by ca. 3.5 orders of
magnitude as compared with that after the low-temperature reduction that followed. Redispersion
of rhodium was observed during the decomposition of compounds in H,. Large RhNbO, particles
(139 A) split to a number of smaller Rh particles (48 A) after the H, reduction at 773 K, and niobia
promoter stabilized such Rh particles which exhibited almost no agglomeration during the thermal
treatment in He even at 973 K. Similar redispersion was observed for RhVO, compound, and large
particles (190 A) split to smaller Rh particles with mean size of 40 A after the H, reduction at 773
K. However, such Rh particles agglomerated to large ones (122 A) by the thermal treatment at 973
K. V,0;s reacted with Rh at much lower temperature than Nb,Os, with large Rh particles being
converted to RhVO, compound even by the mild calcination at 773 K. This phenomenon may find

practical application in the regeneration of sintered Rh catalyst.

INTRODUCTION

There has been much interest in the ef-
fects of additives of transition metal oxides
on the catalytic properties of group 8 metals
especially in CO hydrogenation reaction
(I-7). Higher catalytic activity was ob-
served for metal catalysts supported on such
oxides in comparison with silica and alu-
mina supports (8). The metal catalysts sup-
ported on transition metal oxides usually
exhibit a significant suppression in the abil-
ity of H, chemisorption and the catalytic
activity for ethane hydrogenolysis after
high-temperature reduction (HTR) at 773 K
(SMSI behaviors) (9—-12). At the present
time, it is generally accepted that a partially
reduced oxide species is formed during the
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HTR treatment, and then covers the surface
of the metal particle to cause the decrease
of chemisorption ability and activity (deco-
ration model) (/13-23). For the promoted
metal catalysts, in which transition metal
oxide was used as a promoter, significant
SMSI behavior has been observed in TiO, -,
V,05-, and Nb,Os-promoted Rh/SiO, cata-
lysts (24-27). At the same time, these oxides
are also known to promote the catalytic ac-
tivity of Rh metal in CO hydrogenation
(28-31). These additive effects should be
due to the interaction between metal and
oxide promoter, although the mechanism
could be different among them.

In the previous papers, we have found
a formation of RhNbO, compound in the
niobia-promoted Rh/SiO, catalyst (27), and
the RhNbO,/SiO, catalyst exhibited the sig-
nificant SMSI behaviors after the decompo-
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sition of the compound by H, reduction at
773 K (32, 33). Formation of RhVO, com-
pound has been postulated in the vanadia-
promoted Rh catalysts (34), which exhibited
a promoted activity in CO hydrogenation
relative to unpromoted Rh catalysts (31).
Vanadium and niobium are similar in elec-
tronic structure, and both oxides (V,05 and
Nb,Os) can form RhMO, (M = V or Nb)
compounds with rhodium. It would thus be
interesting to compare the effects of the two
oxides as promoters. This work has been
undertaken to study the formation and de-
composition of the Rh double oxide
(RhMO,) on SiO, to obtain more insight con-
cerning the metal-oxide interaction on sup-
ported metal catalysts (32, 33).

In this paper, the focus is on the compari-
son of the behaviors of vanadia and niobia
promoters in Rh/SiO, catalyst during calci-
nation, reduction, and thermal treatment.

EXPERIMENTAL

Preparation of catalysts. Two SiO, sup-
ports (denoted as SIO-3 and SIO-4) were
provided as Japan Reference Catalyst (JRC)
(35). The BET surface areas of SIO-3 and
S10-4 were 186 and 373 m?*/g, respectively.
Before the loading of metal and promoter,
the silica supports were precalcined in air at
1173 K for 3 h to avoid possible structural
change during the following high-tempera-
ture calcination. The BET surface area de-
creased to 40 m%/g for SIO-3, and to 270 m?/
g for SIO-4, respectively. Silica-supported
4.2 wt% Rh catalysts were prepared by im-
pregnation of the precalcined supports with
a solution of RhCl;, then dried at 393 K
but not calcined. These samples were then
impregnated with (NH,);[NbO(C,0,);] or
NH,VO, dissolved in deionized water, and
dried at 393 K overnight. The non-, niobia-,
and vanadia-promoted Rh catalysts were
obtained by calcining the samples in air at
desired temperature (773 K for 1 h, and 973
and 1173 K for 3 h). For the promoted Rh
catalysts, the Nb,Os and V,0s loading were
chosen so that the atomic ratio of Nb/Rh
and V/Rh is unity, respectively.
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H, chemisorption. Volumetric H, chemi-
sorption was measured in a conventional
glass vacuum system, as described before
(27). The catalyst was pretreated in O, at
773 K for 1 h, followed by low-temperature
reduction at 373 or 473 K (LTR) or high-
temperature reduction at 773 K in H, flow
purified with a liquid nitrogen trap. Before
the measurement of H, adsorption at room
temperature, the catalyst was evacuated in
vacuo at the catalyst reduction temperature
for 1 h.

Ethane hydrogenolysis. The catalytic ac-
tivity measurements for the ethane hydro-
genolysis reaction were performed in a mi-
crocatalytic pulse reactor. The details of the
procedure were described elsewhere (27).
The reaction was carried out after the same
pretreatments as in the chemisorption mea-
surements.

X-ray diffraction. The XRD measure-
ments were performed with an X-ray dif-
fractometer (Rigaku Co. Ltd.) with a graph-
ite monochromator for CuKe (40 kV, 30
mA) radiation. An on-line computer was
used for data collection and processing,
which allowed precise determination of d
spacing values from the diffraction lines.
For normal measurements, a slower scan
speed (0.5 degree/min) was used.

RESULTS
Catalytic Properties

The catalytic properties of Rh catalysts
are presented in Table 1. The calcined cata-
lyst was first reduced in H, at 773 K before
any adsorption and activity measurements.
This H, treatment was performed to decom-
pose the RhNbO, and RhVO, compounds,
which were formed by the high-temperature
calcination, as presented later. It can thus be
considered that the obtained chemisorption
capacity and activity are the catalytic prop-
erties of the Rh metal particles.

For the unpromoted Rh/SIO-3 catalyst
calcined at 1173 K, a small decrease of about
0.4 order of magnitude was observed in the
catalytic activity for ethane hydrogenolysis
after the HTR at 773 K relative to the follow-
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TABLE 1

Catalytic Properties of Vanadia- and Niobia-Promoted Rh Catalysts

Catalyst Calcination H/Rh? log(ryrp/rimr)’ Mean size of ¢
temperature Rh paorticles
(K) 0)] 2 3 (A)
773 K 373 K 473 K
Rh/SI10-3 1173 0.074 0.074 — -0.4 134
Nb,Os~Rh/SIO-3 1173 0.004 0.140 0.110 -3.5 48
Nb,05—-Rh/SIO-4 1173 0.008 — 0.103 -34 40
V,0,~Rh/SIO-3 973 0.006 0.100 0.132 -3.5 43

4 The calcined catalyst was first reduced in H, at 773 K before adsorption and activity measurements. The H,
adsorption measurements were made according to the following sequence: (1) H, reduction at 773 K, (2) 373 K,

(3) 473 K.

b Catalytic activity for ethane hydrogenolysis (ryrg) was measured after the calcined catalyst was reduced in
H, at 773 K. The catalyst was then treated in O, at 673 followed by low-temperature reduction (LTR) in H, at

373 K before the activity measurement of r 1g.

¢ The mean size of Rh particles was obtained from X-ray diffraction pattern of the catalyst reduced in H, at

773 K according to the Scherrer formula.

ing LTR at 373 K. Similar effects have been
reported for ethane hydrogenolysis reaction
by Lee and Schmidt (36), who suggested
that such variations in catalytic activity
were caused by morphology changes of Rh
particles. Drastic decreases were observed
for the niobia- and vanadia-promoted Rh
catalysts; that is, the suppression of 3.5 or-
ders of magnitude for the niobia-promoted
Rh/SIO-3 catalyst calcined at 1173 K, 3.4
for the niobia-promoted Rh/SIO-4 catalyst
calcined at 1173 K, and 3.5 for the vanadia-
promoted Rh/SIO-3 catalyst calcined at 973
K, as compared with those after the follow-
ing O, treatment at 673 K and successive
LTR at 373 K. Such severe suppression of
activity after HTR should be related to the
strong Rh—-Nb,Os or Rh-V,05 interaction,
because no drastic change was observed for
the unpromoted Rh catalyst (27).

The results of H, chemisorption and XRD
studies are also shown in Table 1. For the
Rh/SIO-3 catalyst, rhodium sintered se-
verely during the calcination at 1173 K. The
mean size of Rh particles is 134 A after the
H, reduction at 773 K according to Scherrer
formula of X-ray diffraction. However,
much smaller Rh particle size was obtained
for the promoted Rh catalysts, though they

also experienced high-temperature calcina-
tion (973, 1173 K). For instance, the niobia-
promoted Rh/SIO-3 catalyst exhibited the
mean size of about 48 A after the H, reduc-
tion at 773 K. The capacity of H, chemisorp-
tion diminished almost to zero after the HTR
at 773 K, although the Rh dispersion was
0.2 according to X-ray diffraction, and it
was recovered to 0.14 in H/Rh value by the
O, treatment at 773 K followed by the LTR
at 373 K. Quite similar results were also
obtained in the niobia-promoted Rh/SiO-4
calcined at 1173 K and the vanadia-pro-
moted Rh/SIO-3 catalyst calcined at 973 K.

Rh/SiO, Catalyst

The XRD patterns of Rh/SIO-3 catalyst
after air calcination at different tempera-
tures are presented in Fig. 1. The broad
background peak at around 20° is due to the
amorphous SiO,. Only a few broad diffrac-
tion peaks probably corresponding to Rh,0,
phase were observed after being calcined in
air at 773 K (no. 1). The diffraction lines of
Rh,0; became more clear and sharper by
the calcination temperature increase (no. 2
at 973 K and no. 3 at 1173 K), due to the
sintering of Rh,0, particles. Only the Rh,0,
phase was observed even when the Rh/S10-
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FiG. 1. X-ray diffraction patterns of Rh/SIO-3 cata-
lyst after being calcined in air at different temperatures.
(L7713 K, (2)973 K, (3) 1173 K.

3 catalyst was calcined at 1173 K. This sug-
gests that no chemical reaction occurs be-
tween rhodium and silica support.

Niobia-Promoted Rh Catalysts

The XRD patterns of the niobia-promoted
Rh/S10-3 catalyst after air calcination at dif-
ferent temperatures are presented in Fig. 2.
After the calcination at 773 K, there are only
a few broad diffraction peaks which can be
assigned to Rh,0; phase. Rh,0; and
RhNbO, phases are observed clearly after
the calcination at 973 K. At 1173 K, the
diffraction peaks of RhNbO, became
sharper and increased substantially in their
intensities. The results imply that more rho-
dium and niobia promoter migrated to each
other to form RhNbO, compound during the
calcination at higher temperature. Similar
results were observed for the niobia-pro-
moted Rh/SIO-4 catalyst.

Vanadia-Promoted Rh Catalyst

Figure 3 shows the XRD patterns for the
vanadia-promoted Rh/SIO-3 catalyst after
air calcination at different temperatures.
After the calcination at 773 K, a number of
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FiG. 2. X-ray diffraction patterns of Nb,Os—Rh/SIO-
3 catalyst after being calcined in air at different temper-
atures. The atomic Nb/Rh ratio is unity. (1) 773 K, (2)
973 K, (3) 1173 K.

sharp diffraction peaks appeared, but there
are no diffraction peaks corresponding to
Rh,0, phase. The small diffraction peak at
15.35°(d = 5.767 A) can be attributed to the
(200) line of the V,0; phase, while no other

® RhVOQ,
v V305

i 1
10 20 40 60 70
TWO-THETA (DEGREES)

Fi1G. 3. X-ray diffraction patterns of V,0;—Rh/SIO-3
catalyst after being calcined in air at different tempera-
tures. The atomic V/Rh ratio is unity. (1) 773 K,
(2) 973 K.
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TABLE 2

Observed and Calculated d Spacing Values (A) for
the New Phase in the Vanadia-Promoted Rh Catalyst
after being Calcined in Air at 973 K

Aoy, I, hkl deg®
3.223 100 110 3.223
2.489 54 101 2.489
2272 20 200 2.279
2.182 17 111 2.184
2.038 13 210 2.038
1.678 50 211 1.681
1.609 18 220 1.611
1.489 13 002 1.486
1.438 15 310 1.441
1.350 22 301 1.353
1.245 11 112 1.224

% The d spacing values were calculated by assuming
that the new phase takes the tetragonal structure of
RhNbO, compound. The a and ¢ values were calculated
to be 4.558 and 2.971 A, respectively.

diffraction lines of this phase exist. All other
diffraction peaks can be attributed to a new
phase between rhodium and vanadia pro-
moter, the intensity of which increased sub-
stantially by the calcination at 973 K. For
these new diffraction peaks, a best fit was
obtained by assuming the tetragonal
RhNbO,-type structure of the values of lat-
tice constants of a = 4.558 and ¢ = 2.971
A as shown in Table 2. Therefore, it may be
justified that the appearance of new diffrac-
tion peaks is ascribed to the formation of
RhVO, compound. Shaplygin et al. (37)
have reported the crystal structure of unsup-
ported RhVO, compound, which is in good
agreement with the present analysis.

Decomposition of RARNbO, Compound
in Hydrogen

For the niobia-promoted Rh catalysts,
RhNbO, compound was formed almost ex-
clusively on silica surface by the calcination
at 1173 K. The sharp diffraction peaks imply
that RhNbO, compound agglomerated to
large crystallites during the calcination. The
structure change of this compound in H, was
studied by X-ray diffraction, as shown in

HU ET AL.

Fig. 4. For the niobia-promoted Rh/SIO-4
catalyst calcined at 1173 K, no structure
change was observed by the H, reduction at
373 K (no. 1). The Rh,0; phase (the small
diffraction peak at 32.81 degree) as a minor
constituent was reduced to Rh metal in H,
at 473 K (no. 2). The decomposition of
RhNbO, compound was initiated by the H,
reduction at 573 K, where a mixture of
RhNbO, compound and Rh metal is ob-
served (no. 3). After the treatment in H,
at 673 K, only the broad diffraction peaks
corresponding to Rh metal are observed (no.
4). This result indicates that RhNbO, com-
pound was reduced completely, and the
large RhNbO, particles split to a number of
smaller Rh particles during the reduction
treatment at 673 K. A similar XRD profile
with a small peak due to NbQ, is also ob-
served after the reduction at 773 K (no. 35).
When the catalyst was treated in He at 973
K following the H, reduction at 773 K, the
diffraction peaks of NbO, phase became
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F1G. 4. Decomposition of RhNbO, compound in H,.
The RhNbQO,/SIO-4 catalyst was treated in H, at: (1)
373K, 473K, (3) 573 K, (4) 673 K, (5) 773 K, (6) in
H, at 773 K and in He at 973 K.
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FiG. 5. Decomposition of RhVO, compound in H,.
The RhVQ,/SIO-3 catalyst was treated in H, at: (1) 373
K, (243K, (3)S713K, 4) 7713 K.

clear, certainly due to the agglomeration of
small NbO, particles. However, almost no
change was observed in the diffraction pat-
tern of Rh metal (no. 6).

Decomposition of RhVO, Compound

For the vanadia-promoted Rh catalyst,
RhVO, compound was formed exclusively
on silica surface after being calcined at 973
K (Fig. 3). The decomposition of this com-
pound in hydrogen was studied by X-ray
diffraction. As shown in Fig. 5, no reduction
in the diffraction intensity of RhVO, com-
pound was observed by the reduction at 373
K (no. 1). The decomposition was initiated
at 473 K in H, (no. 2). Most of the RhVO,
compound was reduced to Rh metal and an
unidentified phase, which may correspond
to partially reduced vanadium oxide. The
decomposition and further reduction of the
compound and the unidentified phase were
completed by the H, reduction at 573 K,
with only a broad diffraction peak of Rh
metal being observed (no. 3). No vanadium
oxide could be detected by X-ray diffrac-
tion, probably due to its redispersion to
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amorphous phase during the decomposition
process.The H, reduction at 773 K gave a
similar profile, though the diffraction peaks
of Rh metal became sharper (no. 4). These
behaviors are similar to those of the niobia-
promoted Rh catalysts; that is, the large
RhVO, particles split into a number of
smaller Rh particles during the decomposi-
tion process, as implied by the sharp diffrac-
tion peaks of RhVO, compound before H,
treatment and the broad peaks of Rh metal
after decomposition of the compound.

The XRD pattern of the reduced RhVO,/
Si0, catalyst was also recorded after the
following He treatment at 973 K. As shown
in Fig. 6 (no. 2), the diffraction peaks of Rh
metal became much sharper by this thermal
treatment (no. 2). The mean size of Rh parti-
cles is 122 A. In addition, there appeared
three small diffraction peaks (d = 2.719,
2.480, and 1.702 A), which can be attributed
to the three most intensive diffraction lines
of V,0, phase (no. 2). For comparison, the
diffraction pattern of Rh/SIO-3 catalyst cal-
cined at 1173 K and then reduced in H, at
773 K is also shown in Fig. 6 (no. 1). The
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Fi6. 6. X-ray diffraction patterns of Rh catalyst. (1)
4.1% Rh/SI10-3 catalyst, calcined in air at 1173 K, re-
duced in H, at 773 K. (2) RhVO,/SIO-3 catalyst treated
in H, at 773 K, and then in He at 973 K.
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mean size of Rh particles is 134 A (Table 1).
Both the catalysts exhibited almost the same
sharp XRD peaks of Rh metal, which indi-
cate that Rh particles of both catalysts sint-
ered severely by the high-temperature ther-
mal treatment.

Redispersion of Rh Metal

After the RhNbO, and RhVO, com-
pounds have been once decomposed to Rh
metal by the H, reduction at 773 K, the
structure changes of the catalyst during re-
calcination in O, were characterized by X-
ray diffraction as shown in Fig. 7. The
RhNbO,/SIO-3 (calcined at 1173 K) and
RhVOQ,/SI0-3 (calcined at 973 K) were used
as starting materials.

For the niobia-promoted Rh/SIO-3 cata-
lyst, most of the Rh metal obtained by the H,
reduction at 773 K were oxidized to Rh,0,
during the following O, treatment at 773 K
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F1G. 7. X-ray diffraction patterns of the RhNbO, and
RhVO,/SIO-3 catalyst after the H, reduction followed
by O, treatment. The RhNbO,/SIO-3 catalyst was
treated: (1) in H, at 773 K, then in O, at 773 K; (2) in
H, at 773 K, then in He at 973 K and in O, at 773 K.
The RhVOQ,/SIO-3 catalyst was treated: (3) in H, at 773
K, then in O, at 773 K; (4) in H, at 773 K, then in He
at 973 K and in O, at 773 K; (5) in H; at 773 K, then in
He at 973 K and in O, at 973 K.
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F1G. 8. Redispersion of sintered Rh particles in the
vanadia-promoted Rh catalyst. The vanadia-promoted
Rh catalyst in the state of Fig. 6 (no. 2) was treated: (1)
in O, at 773 K and then in H, at 773 K; (2) in O, at 973
K and then in H, at 773 K.

(no. 1). A small diffraction peak of RhNbO,
compound and a few broad peaks of Rh
metal were also observed in this profile. In
the XRD pattern no. 2, the catalyst was pre-
treated in He at 973 K after H, reduction
and then oxidized at 773 K. Rh,0; was ob-
served as a major phase, but the peaks of Rh
metal became more intensive as compared
with no. 1.

For the vanadia-promoted Rh/SIO3, all
the intensive diffraction peaks correspond
to RhVO, compound after the O, treatment
at 773 K (no. 3). A similar result (no. 4) was
obtained for the catalyst, in which the Rh
particles were agglomerated to large crystal-
lites (122 A) by the He pretreatment at 973
K preceding the oxidation. At the higher
oxidation temperature (973 K), diffraction
lines of RhVO, compound became more in-
tense (no. 5).

When the vanadia-promoted Rh catalyst
in the state of Fig. 7, no. 4, was reduced in
H, at 773 K, it gave the XRD pattern shown
in Fig. 8, no. 1. All the diffraction peaks
correspond to Rh metal, and the mean size
of Rh particles is 57 A. For the catalyst in
the state of Fig. 7, no. 5, the XRD pattern
is shown in Fig. 8, no. 2 after the H, reduc-
tion at 773 K. The mean size of Rh particles
decreased to 40 A. The results clearly indi-
cate that the severely sintered Rh particles
(122 A) in the vanadia-promoted Rh catalyst
can be redispersed to much smaller ones
through H, reduction.
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DISCUSSION

Formation and Agglomeration of
Rhodium Compounds

For the unpromoted Rh catalyst, Rh,0,
particles are still dispersed well after the
calcination at 773 K. Drastic crystallization
is initiated at higher temperature, for in-
stance, at 973 K (Fig. 1).

For the niobia-promoted Rh catalyst, the
deposited rhodium and niobia are dispersed
well or in an amorphous state at 773 K. Sig-
nificant chemical reaction occurs between
rhodium and niobia promoter at higher tem-
perature (973 K), and RhNbO, compound is
formed almost exclusively on silica support
by the calcination at 1173 K (Fig. 2). The
mean size of RANbO, particles is about 87 A
at 973 K, and increases to 140 A at 1173 K.

Vanadia promoter exhibits similar behav-
iors, but is different in its reactivity. Drastic
chemical reaction and agglomeration of rho-
dium occurs even during the mild calcina-
tion at 773 K, giving the exclusive formation
of the RhVO, compound of the particle size
of 140 A (F ig. 3). At higher temperature (973
K), the RhVO, compound agglomerates
more severely, and the particle size in-
creases to 190 A.

The above results indicate that vanadia
promoter can migrate to, and react with rho-
dium to form compound at much lower tem-
perature as compared with niobia promoter.
It should be also pointed out that the particle
sizeis considerably largerin the vanadia-pro-
moted Rh catalyst, as compared with the
non- and niobia-promoted Rh catalysts. Va-
nadia promoter seems to exhibit high mobil-
ity on silica support due to its low melting
point (963 K) and promote the agglomeration
of compound, in contrast to rather difficult
migration of niobia promoter, which has a
higher melting point of 1793 K.

Decomposition of Compound and
Redispersion of Rhodium Metal

Rhodium oxide and compounds can be
decomposed by hydrogen treatment. The
Rh,0; particles on silica surface can be re-
duced completely at 373 K in hydrogen (27).
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F1G. 9. A model for the behaviors of promoted Rh/
SiO, catalysts during the treatment in H, and He at high
temperature. (a) niobia-promoted Rh/SiO, catalyst, (b)
vanadia-promoted Rh/SiO, catalyst.

However, higher temperature is needed for
the reduction of the rhodium compound.
The H, treatment at 473 K causes a partial
reduction of the RhVOQ, compound, but no
reduction of the RhNbO, compound. The
RhVO, compound is reduced completely at
573 K in H,, but only a part of the RhNbO,
compound is reduced after the same H,
treatment. The stability of oxides to hydro-
gen increases in the following order: Rh,0,,
RhVO,, and RhNbO,. After the H, reduc-
tion of the RhVO,/SiO, catalyst at 773 K,
V,0, phase is observed by X-ray diffraction
by the additional treatment of the catalyst
in He at higher temperature (973 K). This is
in good agreement with the results of Kip et
al. (34), in which the RhVO, compound is
reduced to Rh metal and V,0; according
to the TPR studies. For the RhNbO,/SiO,
catalyst, NbO, phase is observed after the
H, reduction at 773 K. The result supports
our previous conclusion that RhNbO, com-
pound is reduced to Rh and NbO, during the
H, reduction at 773 K (33). From the above
results, the structure change of catalysts
during hydrogen treatment can be described
in models as shown in Fig. 9.

The RhNbLO, is reduced to Rh metal and
NbO, in H, at 773 K, accompanied by split-
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ting of the large RhNbO, particles of 140 A
into a number of smaller Rh particles of the
mean sizes of 48 A. Apparently, the redis-
persion is promoted by the niobia promoter,
since no such redispersion occurs in the un-
promoted Rh/SiO, catalyst. These redis-
persed Rh particles are also stabilized by
the niobia promoter. The thermal treatment
at higher temperature (973 K) following the
H, reduction at 773 K causes almost no
change in the mean size (40 A) of Rh parti-
cles for the RhNbO,/Si0O-4 catalyst (Fig. 4),
and only a slight increase in those of Rh
particles in the RhNbO,/SiO-3 catalyst (in-
crease from 48 to 55 A).

Forthe RhVO,/SIO-3 catalyst, rhodiumis
alsoredispersed during the decomposition of
compound. The large RhVO, particles (190
A) split into smaller Rh particles of about 43
A. This redispersion of Rh should be caused
by the promotion effect of vanadia promoter
in a way similar to that in the niobia-pro-
moted Rh catalyst. However, it should be
noted that such redispersed rhodium is not
stabilized by vanadia promoter. The thermal
treatment following the H, reductionat 773 K
causes the substantial increase of the particle
size of the redispersed Rh, i.e., from 43 A to
122 A during the He treatment at 973 K.

Both RhNbO, and RhVO,/Si0, catalysts
show similar suppression behaviors in eth-
ane hydrogenolysis (38). The catalytic activi-
ties of both catalysts are suppressed by ca.
3.5 orders of magnitude after HTR relative to
LTR. It is reconciled with the previous con-
clusion that the activity suppression for eth-
ane hydrogenolysis is mainly caused by the
geometric effects due to the decoration of Rh
surface by suboxide species. Both reduced
vanadia and niobia promoters seem to cover
Rh surface atoms in a similar way. However,
we can not exclude the possible role of the
different electronic or ligand effects of these
two promoters on Rh metal.

Regeneration of the Compound by
Reoxidation of the
Decomposed Catalysts

After the rhodium oxide and compounds
are once reduced by hydrogen, thus formed
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Rh metal and suboxides of promoters are
reoxidized in O,. The differences between
the behaviors of niobia and vanadia promot-
ers are compared using the RhNbO,/SIO-3
and RhVO,/SIO-3 catalysts. For the
RhNbO,/SIO-3 catalyst reduced at 773 K,
Rh particles (48 A) cannot be oxidized com-
pletely by the oxygen treatment at 773 K.
Only a little of RhNbO, compound is
formed, and most of Rh atoms are oxidized
to Rh,0; (Fig. 7). For the larger Rh particles
(55 A), more Rh metal atoms remain unoxi-
dized. However, different behaviors are ob-
served in the reduced RhVQ,/SIO-3 cata-
lyst. Almost all the Rh particles (43 A)
formed by the H, reduction at 773 K are
oxidized to form RhVO, compound during
the following oxygen treatment at 773 K
(Fig. 7). It is interesting that the phenome-
non is quite the same even for the large
Rh crystallites (122 A) agglomerated in the
thermal treatment at high temperature (973
K), in which only the RhVO, phase is ob-
served with the disappearance of Rh metal
at 773 K in O, (Fig. 7, no. 4). In contrast to
the incomplete oxidation of Rh metal in the
niobia-promoted Rh catalyst, the oxidation
of Rh metal is also promoted by the vanadia
promoter. This promotion effect should be
related to the high mobility of and reactivity
of V,0; of a very low melting point. By the
calcination at 973 K, an exclusive formation
of RhVO, phase is obtained on silica support
(Fig. 7, no. 5).

As presented above, RhVO, particles are
redispersed to small Rh particles during the
decomposition process in hydrogen. There-
fore, we can expect to use the vanadia pro-
motertoredisperse the sintered Rhcatalysts.
In fact, the large Rh particles of about 122 A
(Fig. 6. no. 2) can be redispersed to smaller
Rh particles of about 57 A (Fig. 8, no. 1)
through the calcination at 773 K, and to fur-
ther smaller Rh particles of about 40 A
through the O, treatment at 973 K (Fig. 8, no.
2).

CONCLUSIONS

1. RhVO, compound was formed almost
exclusively on silica support after the mild
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calcination at 773 K. In comparison, a high-
er-temperature calcination at 1173 K was
needed for the formation of RhNbO, com-

pound.
2. The silica-supported RhVO, and
RhNbO, catalysts exhibited significant

SMSI behaviors. The capacity of H, chemi-
sorption and catalytic activity for ethane hy-
drogenolysis were suppressed severely after
the H, treatment at 773 K (HTR), and re-
versed after the O, treatment followed by
LTR.

3. Afterthe HTR treatment, RhVO, com-
pound was reduced to Rh and V,0;, and
RhNbQ, reduced to Rh and NbO,. The spe-
cies of V,0; and NbO, may cover the Rh
surface to cause the suppression of chemi-
sorption capacity and catalytic activity.

4. Rhredispersion occurred in the reduc-
tion process of the compound. By the ther-
mal treatment in He at 973 K, the redis-
persed Rh particles (43 A) in the vanadia-
promoted Rh catalyst sintered severely to
larger Rh particles (122 A), while the redis-
persed Rh particles (40 or 48 A)in the niobia-
promoted Rh catalysts exhibited no drastic
increases in their mean sizes.

5. Vanadia can be used as a promoter for
the regeneration of sintered Rh catalyst. The
severely sintered Rh particles (122 A) was
redispersed to a much smaller one (40 A)
through the O, treatment at 973 K.
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