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The catalytic properties of Hp-reduced MoO3 with noble metals for the conversions of pentane and
propan-2-ol were studied. No appreciable difference appeared in the pentane isomerization activity and in the
propan-2-ol dehydration activity among Pt, Pd, Rh, and Ir/MoOj catalysts after reduction at 773 K for 12 h.
H,-Reduced Ru/MoQj; exhibited lower isomerization and dehydration activities than the other catalysts. The
isomerization and the dehydration activities of H,-reduced Ru/MoO; was improved by an increase in the
amount of Ru loading, while those of Hp-reduced Pt/MoO; changed very little. XRD and TPR studies showed
that the reduction process of Ru/MoOj; varied with the amount of Ru. By contrast, reduction of Pt/MoOj;
involved the formation of a hydrogen molybdenum bronze, H,Mo0OQO3, irrespective of the amount of Pt. We
suggest from these results that reduction of H,MoOj can yield the active phase for pentane isomerization and

for propan-2-ol dehydration.

Introduction

Hydrocarbon upgrading processes such as reforming, hydro-
cracking, isomerization, and catalytic iso-dewaxing play
important roles in the hydrocarbon processing industry. In
these processes, hydrocarbon molecules are cracked, aroma-
tized and/or isomerized. Boosting the octane quality of a
gasoline fraction by increasing the degree of branching of
alkanes is an environmentally more acceptable alternative
compared with other technologies such as blending with
oxygenates and aromatics. Thus, skeletal isomerization of
alkanes has attracted much attention as a reaction to pro-
duce clean fuels with high octane quality. Bifunctional cata-
lysts containing both acid and metal functions have shown
high efficiency in the isomerization of alkanes. The isomeriza-
tion of pentane and hexane has successfully been carried out
using Pt/chlorinated Al,O3, Pt/zeolites, and Pt/ S04 -Zr0,
catalysts.

Iglesia and co-workers'™ reported that WC modified by
chemisorbed oxygen catalyzed alkane isomerization without
excessive cracking. They have suggested a traditional bifunc-
tional mechanism on the oxygen modified WC, dehydro-
genation-hydrogenation reactions on sites with a metallic
character (WC,) and C-C bond rearrangement reactions on
acid sites (WO,). Ledoux and co-workers have proposed that
alkane isomerization reactions on oxygen-modified Mo,C
and carbon-modified MoOj proceeded through a metallocy-
clobutane intermediate-based mechanism.>® Molybdenum
oxycarbide, MoO.C,, which is formed by incorporating
carbon atoms in the molybdenum oxide lattice, has been
considered to be the active phase for alkane isomerization.>°

We showed in previous papers''™'* that H, reduction of
MoOj; at 623 K yielded an active and selective catalyst for hep-
tane isomerization, and its activity was dependent on the
extent of reduction. H,-Reduced MoQj catalyzed the dehydro-
genation and the dehydration of propan-2-ol simultaneously.
We have suggested on the basis of these experimental results
that the isomerization of heptane on H,-reduced MoOj3 can
proceed via a conventional bifunctional mechanism. Maire
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and co-workers have also proposed a traditional bifunctional
mechanism on MoO,."® Loading of noble metals onto
MoO; was reported to improve the catalytic activities for both
heptane isomerization and propan-2-ol dehydration.’™'® The
isomerization and dehydration activities of H,-reduced Pt/
MoOj; were dependent on the extent of reduction, and the
highest activities appeared at a reduction degree of about
70%. We reported in a previous paper® that Hy-reduced Pt/
MoOj; exhibited high isomerization activity only when reduc-
tion of Pt/MoOj3 involved the formation of the hydrogen
molybdenum bronze, H.MoO3;. However, the role of Pt in
the generation of the active phase for alkane isomerization is
still under investigation. The aim of the present work is to
describe the effects of loading of noble metals on the catalytic
behaviors of Hy-reduced MoQj for the conversions of pentane
and propan-2-ol.

Experimental
Materials

H, and He were purified by passage through molecular sieves
and a Mn/SiO, oxygen trap. H,MoO, of purity 98% was
purchased from Kanto Chemical Co. Inc. Commercially
available noble metal chlorides, H,PtCls-6H,O, PdCl,,
RhCl3-3H,0, RuCl;-nH,O and IrCly-nH,0O, were used with-
out further purification. Pentane and propan-2-ol of purity
99.3 and 99.5%, respectively, were dried using molecular
sieves prior to use. The MoOs used in this study was obtained
by calcination of H,MoO,4 at 673 K for 3 h. Noble metal-
loaded MoOj; catalysts were prepared by a conventional
impregnation method using an aqueous solution of noble
metal chloride. Pt, Pd, Rh and Ir/MoO; were dried overnight
at 393 K, and then were calcined at 673 K for 3 h. Since the
formation of gaseous RuQO, leads to loss of Ru, Ru/MoO;3
was treated at 673 K for 3 h in a stream of N,. The catalyst
powders were compressed into flakes, followed by crushing
and sieving (30-60 mesh).
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Reduction procedures

Noble metal-loaded MoOj catalysts weighing 0.2 g were
packed at the central position of a cell, which was made of a
Pyrex glass tube with an inner diameter of 8 mm. The sample
was heated to 773 K at a rate of 5 K min~" in a stream of H,,
and then was kept at that temperature for 12 h. Our previous
papers showed that the physical and catalytic properties of
MoO; with and without Pt changed depending on the flow rate
of H, in the reduction process.zo"22 Hence, the reduction was
performed at a fixed H, flow rate of 30 ml min™" in this study.

Catalytic tests

Reaction of pentane was carried out at 523 K under atmo-
spheric pressure in a conventional fixed bed flow reactor
equipped with a sampling valve for gas chromatographic ana-
lysis. After H, reduction and cooling to reaction temperature
in a stream of H,, pentane was introduced onto the catalyst
bed at a partial pressure of 9211 Pa with H, as a complement
to atmospheric pressure. Reaction of propan-2-ol was per-
formed at 398 K and at a molar He/2-propanol ratio of 20.
The composition of effluent gases was analyzed by FID gas
chromatography using a TC-1 glass capillary separation
column, and using a Porapak Q separation column.

Characterization methods

The surface area was determined from an N, adsorption iso-
therm, which was obtained on the sample without exposure
to air. The reduced sample was cooled to room temperature
under H, flow. After evacuation for 0.5 h at room tem-
perature, adsorption of N, was measured at 77 K with a
conventional high-vacuum static system.

The extent of reduction was calculated from the amounts of
O, consumed in the reoxidation that was performed at 773 K
by a pulse technique. Since H,O was formed in the reoxida-
tion, the concentration of O, was monitored with TCD gas
chromatography using a Porapak N separation column. In
this study, reduction of MoOj3 to Mo metal is defined to be
a reduction degree of 100%.

Crystalline phases of the H,-reduced sample were deter-
mined by X-ray diffraction (XRD) using Ni-filtered Cu-Kao
radiation (Rigaku, Rint-1000). The sample for XRD measure-
ments was obtained as follows: noble metal-loaded MoOj3; was
reduced under set conditions, followed by flowing N, for 0.5 h.
After cooling to room temperature under N, flow, the reduced
sample was transferred to a glove box without exposure to air,
and was dispersed in a solution of heptane to avoid any bulk
oxidation.

Temperature-programmed reduction (TPR) was carried out
to investigate the reducibility of noble metal-loaded MoO;5. A
sample weighing 0.4 g was treated at 673 K for 1 h in a stream
of Ar, and then was cooled to room temperature. Ar was
replaced by a H,-Ar gas mixture with 20% or 50% H,,
followed by heating to 1098 K at a rate of 5 K min~'. The
concentrations of H, and H,O were monitored with TCD
gas chromatography using a Porapak N separation column
at 413 K.

Results and discussion

Conversion of pentane was carried out at 523 K under atmo-
spheric pressure using noble metal-loaded MoQO; catalysts.
Here, the catalysts were reduced at 773 K for 12 h. The activ-
ities of the H,-reduced catalysts for the conversion of pentane
declined very slightly with time on stream: under the reaction
conditions employed, the conversion level of pentane over
Hj-reduced 0.01 mol% Pt/MoOj after a 1 h run was 15.1%,
and was lowered to 14.0% after a 6 h run. The degree of
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catalyst deactivation was independent of the noble metal and
of the amounts of noble metal loading. Hence, the catalytic
activity was estimated using data taken after a 1 h run. The
physical and the catalytic properties of Hp-reduced MoO; with
noble metal are summarized in Table 1. All of the catalysts
exhibited a reduction degree of about 80%. No appreciable dif-
ference appeared in the pentane isomerization activity among
Pt, Pd, Rh, and Ir/MoOj; catalysts. Hp-reduced Ru/MoOj3;
exhibited a lower isomerization activity than other catalysts,
although the isomerization selectivity changed very little with
the noble metal used . Since the surface area of H,-reduced
Ru/MoOj3 was small compared with those of other catalysts,
the pentane isomerization activity was evaluated by taking
the surface area into consideration. As shown in Table 1, the
smaller surface area of Hp-reduced Ru/MoO; was not respon-
sible for its lower isomerization activity.

Alkane isomerization has been considered to proceed via a
bifunctional mechanism, a Cs-ring hydrogenolysis process, or
a metallocyclobutane bond-shift mechanism. Ledoux and co-
workers®™® proposed that molybdenum oxycarbide catalyzed
the isomerization of alkanes through a metallocyclobutane
bond-shift mechanism. Maire and co-workers'® reported that
the MoO, phase was able to catalyze the isomerization of
alkanes. They have suggested, from the results of systematic
studies using catalytic reactions in association with spectro-
scopic techniques, that the isomerization reaction on MoO,
proceeded via a bifunctional mechanism. Dehydrogenation
and hydrogenation reactions might occur on the metallic sites
represented by a certain density of state of the free valence
electrons localized along the c-axis of a rutile deformed lattice.
Electronegative oxygen might act as an acid site by fixing dis-
sociated hydrogen produced on the metallic sites, thus provid-
ing Bronsted acid sites. Recently, Meunier has reported that a
bifunctional mechanism operated in the isomerization of
butane over Hj-reduced MoOj3 and the rate-determinig step
may be the isomerization of an n-butene intermediate to isobu-
tene.”> We showed in previous papers'>'® that H,-reduced
MoOj3; and Pt/MoOsz were active for both the dehydration
and the dehydrogenation of propan-2-ol, indicating the pre-
sence of dual sites. Hy-Reduced MoOj3 and Pt/MoO; provided
negative reaction orders toward H, in pentane and heptane
isomerization.?*?> This behavior is a characteristic of alkane
isomerization on bifunctional catalysts, such as Pt/zeolite.
We have suggested from these experimental results that H,-
reduced Pt/MoOj can catalyze alkane isomerization through
the conventional bifunctional mechanism.

To study the bifunctional properties of noble metal-loaded
MoOj; samples, reaction of propan-2-ol was carried out at
398 K. Typical results are summarized in Table 2, where the
catalytic activities were compared using data after a 0.5 h
run to minimize the effect of catalyst deactivation. Here, the
catalysts reduced at 773 K for 12 h were employed. Propan-
2-ol was dehydrated to propene and diisopropyl ether (DIPE),

Table 1 Catalytic activity of H,-reduced noble metal-MoO3 samples
for the conversion of pentane

Rate of
Reduction Isomerization isomerization/
Noble degree” Surface Conversion ¢ selectivity 1073 mol
metal® (%) area/m? g ' (%) (%) h™'m2
Pt 78.8 272 15.1 99.7 5.5
Pd 80.6 279 15.0 99.7 5.3
Rh 71.5 288 12.9 99.7 43
Ir 80.1 270 12.3 99.7 4.6
Ru 823 212 5.6 99.3 2.7

“0.01 mol%. ” Reduction conditions, 773 K 12 h. ¢ Reaction conditions: tem-
perature, 523 K; catalyst weight, 0.2 g; flow rate of pentane, 2.0 x 1072 mol h™%;
H,/pentane, 10 (molar ratio).
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Table 2 Catalytic activity of H,-reduced noble metal-MoOj; samples for the conversion of propan-2-ol

Formation rate/mol h™! g~!
Ratio of formation rate:

Noble metal Conversion® (%) Propene Diisopropyl ether Acetone Rpropene/ Racetone
Pt 24.7 3.5% 1072 6.5%x 1073 1.6x 1073 22
Pd 25.2 3.6 x 1072 6.9%1073 5.7%x 107 63
Rh 23.4 3.4x1072 62x1073 48x 1074 71
Ir 22.9 3.4x%x1072 55% 1073 7.2%x107* 47
Ru 11.8 1.7x 1072 3.1x1073 5.5%x107% 31

The amounts of noble metal loading and reduction conditions: see Table 1. “ Reaction conditions: temperature, 398 K; catalyst weight, 0.1 g; flow
rate of propan-2-ol, 2.0 x 1072 mol/h; He/propan-2-ol, 20 (molar ratio).
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and was dehydrogenated to acetone. All of the catalysts
yielded propene much more selectively by dehydration relative
to DIPE. No appreciable difference appeared in the dehydra-
tion activity among H,-reduced Pt, Pd, Rh and Ir/MoOj; cata-
lysts. Hy-Reduced Ru/MoOj; exhibited a lower dehydration
activity than the other catalysts. The highest dehydrogenation
activity was obtained on Hj,-reduced Pt/MoO3. H,-Reduced
Pd, Rh, Ir and Ru/MoOj3 catalysts provided almost compar-
able dehydrogenation activity. We deduce from these results
that the isomerization activity of H,-reduced MoOj3 with noble
metals can be controlled by the acidity. The lower isomeriza-
tion activity of Hp-reduced Ru/MoOs; is likely to result from
its lower ability to act as an acid catalyst.

Table 3 shows the physical and catalytic properties of H,-
reduced MoQOj3 with the different amounts of Pt and Ru. In
the case of Hy-reduced Pt/MoOj3, the reduction degree, the
surface area, and the pentane isomerization activity depended
little on the amounts of Pt loading. By contrast, the pentane
isomerization activity of Hy-reduced Ru/MoO; was improved
by an increase in the amount of Ru loading. The isomerization
activities of the catalysts with 0.05 and 0.1 mol% Ru were com-
parable to those of Hp-reduced Pt/MoOj;. The amount of Ru-
loading had effects on the surface area and the reduction
degree as well as on the isomerization activity. The surface
area increased and the reduction degree decreased with
increasing amount of Ru. 0.005 mol% Ru/MoOj; showed the
largest reduction degree and the smallest surface area among
the catalysts tested after reduction at 773 K for 12 h. We
showed in previous papers'*® that the alkane isomerization
activity of Hp-reduced MoOj; with and without Pt was strongly
affected by the extent of reduction. Hence, the isomerization
activity was compared at a reduction degree of about 80%.
A reduction degree of 82% was obtained in 0.005 mol% Ru/
MoOj after reduction at 773 K for 6 h. As expected from
the previous results, the surface area and the isomerization

Table 3 Catalytic activities of Hp-reduced Pt/MoO;3; and Ru/MoOj;
for the conversion of pentane

Surface Rate of
Noble Amount Reduction area/  Conversion” isomerization/
metal (mol%) degree (%) m>g ' (%) mol h™! m~2
Pt 0.001 79.4 280 8.9 54x107°
0.01 78.8 272 9.6 59%107°
0.1 80.3 277 11.9 69%x107°
Ru 0.005 98.0 55 0.02 6.7% 1077
0.01 82.3 212 4.7 3.6x107°
0.05 78.0 275 10.1 6.1% 1075
0.1 78.3 280 10.0 6.1x107°
0.005  81.6 152 0.4 3.6x107°

Catalysts were reduced at 773 K for 12 h. ¢ Catalyst was reduced at
773 K for 6 h. ” Reaction conditions: temperature, 523 K; catalyst
weight, 0.2 g; flow rate of pentane, 3.3 x 1072 mol h™.
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activity were improved by a decrease in the reduction degree.
However, the isomerization activity of the above sample was
much lower than those of the catalysts with a larger amount
of Ru.

Reaction of propan-2-ol was conducted to evaluate the
bifunctional properties of H,-reduced MoOj3; with the different
amounts of Pt and Ru. Typical results are shown in Table 4.
The dehydrogenation reaction on H,-reduced Pt/MoO; was
promoted by an increase in the amount of Pt, while the dehy-
dration activity did not change at all. In the case of H,-reduced
Ru/MoOs3, the dehydration activity was enlarged and the
dehydrogenation activity was lowered by an increase in the
amount of Ru loading. A decrease in the reduction degree
seems to lower the dehydrogenation activity. No appreciable
difference appeared in the dehydration activity between 0.001
and 0.1 mol% Pt/MoOs and 0.1 mol% Ru/MoOj;. When the
dehydration activity was compared at a reduction degree of
about 80%, H,-reduced 0.005 mol% Ru/MoOj3 exhibited the
lowest dehydration activity among the catalysts tested. Since
the dependency of the dehydration activity on the amounts
of Pt and Ru loading was very similar to that of the isomeriza-
tion activity, we suggest that the isomerization activity of H,-
reduced MoO; with noble metals can be determined by the
ability to act as an acid catalyst.

Fig. 1 illustrates the XRD patterns of Pt/MoO; reduced at
773 K for 12 h. The XRD pattern did not change at all with the
amount of Pt. The diffraction lines appeared at 20 = 38.1, 40.7
and 44.3°. The line at 40.7° is assigned to the d(110) plane of
Mo metal. The diffraction lines at 20 = 38.1 and 44.3° are con-
sidered to reflect the formation of a molybdenum oxyhydride
phase, MoO.H, according to the the literature.'!® As shown
in Fig. 2, Ru/MoOj3 reduced at 773 K for 12 h was also a mix-
ture of the MoO,H, and Mo metal phase, irrespective of the
amount of Ru. However, the intensity of the line at 40.7°
was strengthened by a decrease in the amount of Ru, indicat-
ing that the formation of Mo metal was promoted in the
presence of a smaller amount of Ru. This phenomenon is
consistent with the results shown in Table 3: The extent of
reduction was increased by a decrease in the amount of Ru.
0.005 mol% Ru/MoOs3 reduced at 773 K for 6 h, of which
the reduction degree was 82%, consisted of MoO,, MoO.H,,
and Mo metal phases. By contrast, no diffraction line due to
the MoO, phase was observed in 0.1 mol% Ru/MoO; and
0.001-0.1 mol% Pt/MoOs, which were reduced at 773 K for
12 h and their reduction degrees were 78-80%.

To study the reduction process of MoQj; in the presence of
Pt and Ru, changes in the XRD patterns during heating to
773 K in a stream of H, were measured. The sample was kept
at room temperature for 0.5 h in an H, flow, followed by heat-
ing to a desired temperature and then quenching. The XRD
patterns of 0.005 mol% Ru/MoO; are depicted in Fig. 3.
0.005 mol% Ru/MoOj; heated to 473 K consisted of a hydro-
gen molybdenum bronze, Hgy34,M00; and the MoO; phases,
although the bulk was mostly the MoOj3 phase. The intensity
of the lines due to the Hy34Mo00O;3 phase was strengthened at
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Table 4 Catalytic activities of H,-reduced Pt/MoO;z and Ru/MoOj for the conversion of propan-2-ol

Formation rate/mol h™! g~!

Ratio of formation

Noble metal Amount (mol%) Conversion” (%) Propene Diisopropyl ether Acetone rate: Rpropene/ Racetone
Pt 0.001 26.6 3.9% 1072 6.7x1073 6.5%x 107 60

0.01 24.7 3.5%x 1072 6.5%x1073 1.6x 1073 22

0.1 29.8 3.6x 1072 781073 7.9%x 1073 5
Ru 0.005 3.3 3.1x1073 1.2x1073 1.1x1073 28

0.01 11.8 1.7x 1072 3.1%x1073 5.5%x107% 31

0.05 16.4 2.6x 1072 34x%x1073 20x107* 130

0.1 19.7 3.0%x 1072 41%x1073 1.6x 1074 187

0.005¢ 10.2 1.3 x 1072 2.6x1073 1.7%x 1073 8

Reduction conditions: see Table 3. “ Reduced at 773 K for 6 h. ® Reaction conditions: see Table 2.

573 K. The diffraction lines due to the Hg 34M00; phase disap-
peared, and MoO, was formed at 673 K. 0.005 mol% Ru/
MoOj; gave the diffraction lines only due to the MoO, phase
after heating to 773 K. The MoO, phase was also detected
by XRD in 0.01 mol% Ru/MoOj3 after heating to 673 K and
above, although the formation of Hy34Mo00O3 was promoted.
0.01 mol% Ru/MoO; heated to 773 K in an H, flow was a
mixture of the MoO, and the MoO.H, phases. When com-
pared at a reduction degree of about 80%, Hj-reduced 0.01
mol% Ru/MoO; gave no MoO,, while the MoO, phase was
observed in Hp-reduced 0.005 mol% Ru/MoOj; (Fig. 2). This
implies that the amount of MoO, formed in 0.01 mol% Ru/
MoO; was smaller than that in 0.005 mol% Ru/MoOs3.

Fig. 4 shows the XRD diagrams of 0.1 mol% Ru/MoO;
heated to 298-773 K in a stream of H,. The formation of
Ho34Mo003; was detected at 373 K. When heated to 473 K,
the MoOjz phase disappeared completely, and hydrogen
molybdenum phases, Hpo3sM00O; and HjgMoOs, were
formed. 0.1 mol% Ru/MoOj; heated to 573 K and above gave
no diffraction lines due to the hydrogen molybdenum bronze
phases, and was almost amorphous with respect to XRD. As
shown in Fig. 5, the Hy34M00;3; and the Hgo93Mo0Oj3 phases
were detected in 0.001 mol% Pt/MoO; at room temperature,
indicating the high ability of Pt to activate hydrogen. These
phases were converted to the Hy ssMo0Oj3 phase at 473 K. No

x10

Intensity (cps)

10 20 30 40 50
269

Fig. 1 XRD Patterns of Pt/MoO; reduced at 773 K for 12 h. Pt
loading (mol%): (a) 0.1, (b) 0.01, (c) 0.001: Mo metal (H).
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appreciable difference appeared in the XRD pattern between
0.001 mol% Pt/MoO; and 0.1 mol% Ru/MoO; when they
were heated to 573 K and above. 0.1 mol% Pt/MoOs provided
almost the same results as 0.1 mol% Ru/MoO; and 0.001
mol% Pt/MoOs3, although 0.1 mol% Pt/MoO3 was converted
to Hy ¢gM0Oj3 at room temperature. These results indicate that
0.001-0.1 mol% Pt/MoO; and 0.1 mol% Ru/MoO; were
reduced through the hydrogen molybdenum bronze phases
without the formation of MoO,. By contrast, reduction of
0.005 and 0.01 mol% Ru/MoO; was accompanied by the for-
mation of MoQO,, probably due to its low activity for hydrogen
activation, although a part of the MoO;5; phase was converted
to H0.34MOO3 .

Temperature-programmed reduction (TPR) was performed
to evaluate the reduction process of Pt and Ru/MoOs. Fig.
6 shows the profiles of H, consumption and of H,O formation
during TPR of Pt/MoOj; in a 20% H,-80% Ar gas mixture.
0.001 mol% Pt/MoOj reacted with H, without an equivalent
amount of water being generated in the region of 298-495 K,

x10?

100~

(o2}
o
T

Intensity (cps)

Fig. 2 XRD Patterns of Ru/MoO;. Ru loading (mol%): (a) 0.1, (b)
0.01, () 0.005, (d) 0.005; (a), (b), (c) were reduced at 773 K for 12 h; (d)
was reduced at 773 K for 6 h: MoO, (A), Mo metal (H).

| This journal is © The Owner Societies 2004


http://dx.doi.org/10.1039/b309870m

Published on 12 January 2004. Downloaded by University of Michigan Library on 25/10/2014 19:09:31.

View Article Online

x10 ! ¥ i T x10 T T T T
(e)
[
(e)
150 ~
(d)
P ]
100
(d
= 2
@100 B atf, I g T (c)
5 . o 2 NS
of I
50 | \‘ (b)
~_..)’ u_mj@»\,___m
L] * { (a) \\ T A& B (a)
L L y 4 1 i A| ’v\‘_ju,,
10 20 30 40 50

10 20 30 40 50

260(°) 20 (%

Fig. 3 Change in the XRD patterns of 0.005 mol% Ru/MoOs during Fig. 5 Chanee in the XRD patterns of 0.001 mol% Pt/MoOx durin
heating in an H, flow. (a) Room temperature, (b) 473 K, (c) 573 K, (d) hegiting in an 1%12 flow. (a) Rocl))m temperatﬁre, (b) 37; K,/ (c) 4733 K, (d%

673 K, () 773 K: MoO; (@), MoO, (A), Hy3sM00; (A). 573 K, (e) 773 K: Hy34M0Oj3 (A), Hp9e3M0Oj3 (), Hy6sM0O; (O).

5

X102 [ T T T 4

3

(e) 2

1

60 [~ § 0
o)

c O
(d £

= 4
g

2 v 8
o

;; 40 = 2

g g 1
= o

0

5

(@)
4 |
3 L
2
L] . 1
R e @ ol .
1 1 1 N e 295 495 695 895 1095
10 20 30 40
20(°) Temperature (K)

Fig. 4 Change in the XRD patterns of 0.1 mol% Ru/MoOs3 during Fig. 6 TPR spectra of 0.001 mol% Pt/MoO; (a) and 0.01 mol% Pt/
heating in an H, flow. (a) Room temperature, (b) 373 K, (c) 473 K, MoO;3; (b, ¢). Conditions: sample weight, 0.4 g; gas, 20% H,—Ar (a, b),
(d) 573 K, (e) 773 K: MoO3 (@), Hp34M00;3; (A), HposM0O; (), Ar (c); flow rate, 20 ml min~}; heating rate, 5 K min~": H, consump-
H{.6sMo0Oj3 (O). tion (O), H, formation (@), H,O formation (OJ).

This journal is © The Owner Societies 2004 | Phys. Chem. Chem. Phys., 2004, 6, 665-672 669



http://dx.doi.org/10.1039/b309870m

Published on 12 January 2004. Downloaded by University of Michigan Library on 25/10/2014 19:09:31.

indicating the formation of the H,MoOj; phase. This phenom-
enon can be understood by hydrogen spillover. H,O was
formed with consuming H, in the middle temperature range
of 495-695 K, although large amounts of H,O were evolved
compared with the amounts of H, reacted. No appreciable dif-
ference appeared between the amounts of H,O formed and
those of H, consumed at temperatures above 795 K. 0.01
mol% Pt/MoQOj; consumed large amounts of H, in the low
temperature region compared with 0.001 mol% Pt/MoO;. In
the case of 0.01 mol% Pt/MoQOj;, the amounts of H,O formed
in temperatures of 495-695 K were much larger than those of
H, consumed. Bond and Tripathi have reported that hydrogen
bronzes of molybdenum begin to dehydrate at above 473
K.2®*” Hence, temperature-programmed decomposition was
conducted under an Ar flow using 0.01 mol% Pt/MoOs; heated
to 423 K in a stream of 20% H,—80% Ar. As shown in Fig. 6(c),
the formation of H,O was detected in the same temperature
range as in the TPR, indicating that the formation of H,O at
temperatures of 495-695 K was caused by the decomposition
of H.MoO;. In 0.001 mol% Pt/MoOs, the formation and
the decomposition of the H.MoO; phase seem to occur at
almost the same time.

TPR profiles of Ru/MoO; and MoOs in a 20% H,-80% Ar
gas mixture are depicted in Fig. 7. 0.005 mol% Ru/MoO;
provided markedly different TPR profiles from those of Pt/
MoO;. 0.005 mol% Ru/MoO; consumed negligible amounts

4

(b)

Rate (10* mol/min g-cat.)

O -
29 495 695 895

Temperature (K)

1095

Fig. 7 TPR spectra of 0.005 mol% Ru/MoOj3 (a), 0.01 mol% Ru/
MoO; (b), 0.1 mol% Ru/MoO; (c) and MoOj3 (d). Conditions: sample
weight, 0.4 g; gas, 20% H,—Ar; flow rate, 20 ml min~'; heating rate, 5
K min~': H, consumption (0), H,O formation (CJ).
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of H, at low temperatures, and the H, consumption profile
was analogous to the H,O formation profile. The maximum
peaks for H, consumption and for H,O formation appeared
at 940 K. The peaks were shifted to lower temperature regions
by loading of larger amounts of Ru. 0.1 mol% Ru/MoO;
exhibited almost the same TPR profile in the region of 695—
1050 K as Pt/MoOj;, whereas it was difficult to evaluate the
formation and decomposition of HyMoO; in 0.1 mol% Ru/
MoO; from the TPR. In MoOj3, H, consumption started at
752 K and the maximum H, consumption peak was observed
at 1023 K. The amounts of H, consumed were consistent with
those of H,O formed. The consumed amount of H, in the tem-
perature range of 752-1050 K was 6.4 x 107> mol g!, which
was equal to the amount of H, required for reduction of
MoO; to MoO,. The TPR profile of 0.005 mol% Ru/MoO;
in the high temperature regions was very similar to those of
MoO;. As shown in Figs. 2 and 3, 0.005 mol% Ru/MoO;
was converted to MoO, during H, reduction. Thus, the peak
appearing at 940 K will reflect the formation of MoO, . Since
the MoO, phase was detected by XRD in 0.0l mol% Ru/
MoQO; after heating to 673 K and above in an H, flow,
the peaks for H, consumption and H,O formation at tem-
peratures of 780-900 K seem to originate from reduction
to MoO,

The amount of H, reacted with 0.01 mol% Pt/MoOj3 in 295—
473 K was calculated to be 6.2 x 10~ mol/g-MoOj3 from the
TPR spectrum shown in Fig. 6. This value can account for the
formation of Hy sMo0O;5. As shown in Fig. 5, 0.001 mol% Pt/
MoOj3 was converted to H; sM0O3 at 473 K. However, the
amount of H, consumed in 298-473 K was evaluated to be
1.7 x 107* mol/g-MoOj from the TPR spectrum. This discre-
pancy could be related to the difference in partial pressure of
H, because the XRD studies were performed using pure H,,
while a 20% H,-80% Ar gas mixture was employed for the
TPR studies. Hence, TPR was carried out using a 50%
H,-50% Ar gas mixture to study the effect of partial pressure
of H, on the reduction process.

Typical results are shown in Fig. 8. In the case of 0.001
mol% Pt/MoOs, the TPR spectrum in the low temperature
region varied with partial pressure of H,, although the partial
pressure of H, showed no effect on the spectrum in the high
temperature region. The amount of H, consumed during heat-
ing from 298 to 473 K in 50% H,-50% Ar was 4.2 x 10~ mol/
g-MoOs, from which the value of x in H,MoO; was calculated
to be 1.22. 0.1 mol% Ru/MoO; gave the maximum peaks for
H, consumption and H,O formation at 560 and 590 K, respec-
tively, in 50% H, atmosphere, while these peaks appeared at
615 K in 20% H,-80% Ar. The formation of H .MoO3 was
promoted in 0.005 mol% Ru/MoQ; by an increase in partial
pressure of H,. However, the TPR profile of 0.005 mol%
Ru/MoOs differed markedly from the other catalysts even in
50% H,-50% Ar. The peak for reduction to MoO, appeared
at 863 K. We propose from the results of XRD and TPR that
reduction of 0.005 mol% and 0.01 mol% Ru/MoOj3 is accom-
panied by the formation of both MoO, and H,MoO3, prob-
ably due to its low activity for hydrogen activation, while
0.001-0.1 mol% Pt/MoO; and 0.1 mol% Ru/MoO; are
reduced through the H ,MoO;5; phases without the formation
of MoQO,. Pt/MoO; and 0.1 mol% Ru/MoOQOj; gave broad
peaks in the temperature region of 695-1050 K. These peaks
are considered to reflect the reduction to MoO.H, because
the MoO,H,, phase was observed in XRD after the disappear-
ance of H.MoOs.

As shown in Fig. 8, reduction to Mo metal started at 900 K
in 0.005 mol% Ru/MoOj, and at around 1050 K in 0.001
mol% Pt/MoO; and 0.1 mol% Ru/MoOs. These results indi-
cate that reduction of MoO, to Mo metal was faster than that
of MoOsH,, to Mo metal. As shown in Table 3, 0.005 mol”o
Ru/MoOj3 exhibited a large reduction degree compared with
other catalysts after reduction at 773 K for 12 h. This seems
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Rate (10'4 mol/min g-cat.)

295 495 695 895 1095

Temperature (K)

Fig. 8 TPR spectra of 0.001 mol% Pt/MoO; (a), 0.1 mol% Ru/

MoOj; (b) and 0.005 mol% Ru/MoO; (c). Conditions: sample weight,
1 g; gas, 50% H,—Ar; flow rate, 20 ml min~%; heating rate, 5 K min %

H, consumption (O), H,O formation (OJ).

to be attributed to the formation of MoO,, which can easily be
reduced to Mo metal.

0.01 mol% Ru/MoO; had the lowest activities for pentane
isomerization and for propan-2-ol dehydration among the cat-
alysts with 0.01 mol% noble metal after reduction at 773 K for
12 h. The isomerization and the dehydration activities of H,-
reduced Ru/MoO; was enlarged by an increase in the amount
of Ru loading, whereas those of H,-reduced Pt/MoO3z was
independent of the amount of Pt. Reduction of Pt/MoOQOj3 pro-
ceeded via the H,MoOj3; phases, and yielded a MoO,H,, phase,
irrespective of the amount of Pt. By contrast, the reduction
process of Ru/MoOj varied with the amount of Ru. The for-
mation of the MoO, phase was suppressed and that of
H.MoOj3; was enhanced by an increase in the amount of Ru.
No appreciable difference appeared in XRD and TPR results
between 0.01 mol% Pd/MoO; and 0.01 mol% Pt/MoO;.
0.01 mol% Rh/MoO; and 0.01 mol% Ir/MoOj; gave similar
XRD and TPR results to 0.1 mol% Ru/MoO;. We propose
from these results that the low isomerization and dehydration
activities of Hjp-reduced 0.005 and 0.01 mol% Ru/MoO; can
result from its reduction process, which involves the formation
of the MoO, phase.

Our previous papers showed that reduction of MoOj3 at
temperatures above 673 K did not yield the H.MoO3 and
MoO.H, phases at all. H>-Reduced MoOj; with a reduction
degree of about 80% was a mixture of MoO, and Mo metal,
and had a surface area of 30-40 m? g~!. As shown in Figs. 2
and 3, 0.005 mol% Ru/MoO; was partly converted to
Ho34M0O3, and then to MoO,H, during H, reduction. H-
Reduced 0.005 mol% Ru/MoOs, with a reduction degree of
82% consisted of MoO,, MoO.H,, and Mo metal phases,
and its surface area was 152 m? ¢ 1. Furthermore, H,-reduced
0.005 mol% Ru/MoO3; was more active for the isomerization
and the dehydration than H,-reduced MoQOj. These results
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also show that the physical and catalytic properties of MoOj3
will be improved by H, reduction involving the formation of
H.MoO3;, but not by reduction through MoQO,. As the active
catalysts for the pentane isomerization and the propan-2-ol
dehydration contained the MoO.H, phase, the MoO.H,
phase, which can originate from H,MoOj is likely to play an
important role in the generation of the acidity.

Conclusions

Reactions of pentane and propan-2-ol were carried out using
H,-reduced MoOj3 with noble metals. There was no appreci-
able difference in the pentane isomerization activity and in
the propan-2-ol dehydration activity among Pt, Pd, Rh and
Ir/MoOQj catalysts after reduction at 773 K for 12 h. The iso-
merization and dehydration activities of H,-reduced Ru/
MoOj; were lower than those of the other catalysts. The iso-
merization and the dehydration activities of H,-reduced Pt/
MoO; varied very little with the amount of Pt. In the case of
Hj-reduced Ru/MoOj3, however, the isomerization and dehy-
dration activities were increased and the dehydrogenation
activity was lowered by an increase in the amount of Ru. We
conclude from these results that the isomerization activity of
H,-reduced MoOj3; with noble metals can be determined by
the ability to act as an acid catalyst. XRD and TPR studies
showed that the reduction process of Ru/MoOj; was affected
by the amount of Ru. The formation of MoO, was suppressed
and that of H,MoO; was promoted by an increase in the
amount of Ru. By contrast, reduction of Pt/MoOj involved
the formation of a hydrogen molybdenum bronze, H.MoO3,
irrespective of the amount of Pt. We suggest from these results
that the active phase for pentane isomerization and propan-
2-ol dehydration can generate from reduction of H . MoO3.
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