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The molecular structures of the two-dimensional rhenium oxide overlayers on different oxide
supports (ALO;, TiO,, ZrO,, Si0,, and MgO) under ambient and dehydrated conditions were
determined by Raman spectrascopy. The surface rhenium oxide species under ambient conditions
are hydrated by adsorbed moisture and are essentially in an aqueous medium. Consequently, the
surface rhenium oxide species under ambient conditions resemble the ReO; ion in an aqueous
sofution independent of the specific oxide support. Upon dehydration at elevated temperatures,
the surface rhenium oxide species interact with the oxide support by a bridged oxygen (with
exception of the Re.0./MgO system). The molecular structures of the dehydrated surface rhenium
oxide species possess an isolated, four-coordinated rhenium oxide species with three terminal
Re==0 bonds and one bridging Re-O-Support bond. For the Re,0,/MgQO systems, the surface
rhenium oxide species is primarily present as a compound(s) formed by a strong acid—base interac-
tion between the deposited rhenium oxide and the magnesium oxide support. Methanol oxidation
over the supported rhenium oxide catalysts revealed that the activity is strongly dependent on the
specific oxide support and increases with increasing reducibility of the surface rhenium oxide
species. The activity and reducibility of the supported rhenium oxide catalysts are attributed to

the difference in the Re’ —~O—support bond strength.

INTRODUCTION

Supported rhenium oxide catalysts are
used extensively for metathesis of olefins
(1, 2) and have been examined for hydrode-
sulfurization (HDS) of heavy fractions of
crude oil (3, 4). It is well established that
supported rhenium oxide catalysts exhibit a
higher catalytic activity for these reactions
than the corresponding supported molyb-
denum and tungsten oxide catalysts. To en-
hance the catalytic activity of Re,0,/Al,0,
for metathesis, other metal oxides (V,0s,
MoO,, or WO;) are introduced to Re,04/
A0, (5-7), as well as mixed oxide supports
such as SiO,-ALO,, ALO;-B,0;, and
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AL O, - AIPO, are used instead of the Al,O,
support (7-9). Moreover, the catalytic
activity is further increased by the addi-
tion of MR, (M = Sn or Pb, R = alkyl
to the supported rhenium oxide cata-
lysts (/0).

The industrual importance of rhenium-
based catalysts has motivated a large num-
ber of studies to determine the surface struc-
tures of supported rhenium oxide catalysts
by Fourier transform infrared (FTIR)
(11-13), extended X-ray absorption fine
structure (EXAFS) (/4), X-ray absorption
near edge structure (XANES) (/4, [5), and
Raman spectroscopy (12, 13, 15-17). The
detailed structural information of supported
rhenium oxide catalysts has been derived
primarily from Raman spectroscopy studies
because of the molecular nature of this char-
acterization method and its ability to dis-
criminate between different metal oxide
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species that may simultancously be present
in the catalyst.

Recently, Wachs et al. (18, 19) have dem-
onstrated that the specific oxide support is
a critical parameter since it dramatically af-
fects the reactivity of the surface metal ox-
ide species. They have also proposed that
the reactivity for methanol oxidation is re-
lated to the bridging oxygen bond that inter-
acts with the oxide support rather than ter-
minal M==0 bond (/8, /9). Several studies
have shown recently that temperature-pro-
grammed reduction (TPR) is a characteriza-
tion technique very effective in determining
the interaction between surface metal ox-
ides and the support. Arnoldy et al. (20)
have proposed that differences in reducibil-
ity of Re.O, on various oxide supports
(AL O;, SiO,, and C) are due to differences
in the strength of the Re’*—support interac-
tion and showed that the strength of the
Re’"—support interaction decreases in the
order: ALO; > Si0O, > C. Similarly, Vuur-
man et al. (13) have also revealed using TPR
that the bridging Re-O-support bond
strength for Re,O-/support catalysts is
strongly dependent on the type of oxide sup-
port and decreases in the order: Al,O; >
Si0, = ZrO, > TiO,.

Methanol oxidation is well known as a
sensitive probe reaction (/8, 2/-25). The
catalytic activity and selectivity for the
methanol oxidation reaction are strongly de-
pendent on the surface morphology of un-
supported (27, 22) and supported metal ox-
ide catalysts (18, 23-25). It 1s also used as
a model reaction to characterize the surface
properties of catalysts (23, 24) as well as the
interaction between the deposited surface
oxide and the oxide support (I8, 25). Thus,
the present study employs the methanol oxi-
dation as a chemical probe to study the sur-
face rhenium oxide—support interaction.

The molecular design of supported rhe-
nium oxide catalysts requires a systematic
investigation of the surface structures of
rhenium oxide species on oxide supports as
well as the surface rhenium oxide-support
interaction and its influence on catalysis.
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The present study focuses on the surface
structure of rhenium oxide species on oxide
supports and the influence of the resultant
surface properties on the catalytic activity
and selectivity for methanol oxidation (the
probe reaction).

EXPERIMENTAL

Catalyst preparation. The support mate-
rials used in this study were Al,O, (Har-
shaw. 180 m*> g™"), TiO, (Degussa P-25, 55
m’>g~'), ZrO, (Degussa, 39m> g™ '), and SiO,
(Cab-0-Sil, 300 m’ g™"). MgO (80 m’ g™')
was prepared by the dehydration of magne-
sium hydroxide [Mg(OH),, Fluka Chemical
Co.]at 973 K for 2 h. The pH at point of zero
charge (PZC) for Al,O;, TiO,, ZrO,, SiO,,
and MgO are 6.0-8.9,6.2,6.7,3.1,and 12 .4,
respectively (26, 27). The 1% Re,0, cata-
lysts supported on the different metal oxide
supports were prepared by an incipient wet-
ness impregnation method with a 60—-70 wt%s
aqueous solution of perrhenic acid, HReO,
(Alfa) (14). After impregnation, the samples
were dried at room temperature, dried at
373 K 16 h, and then calcined at 773 K for
16 h.

Raman spectroscopy. The Raman spectra
of the 1% Re,0, /support samples, under
ambient and dehydrated conditions, were
obtained with an Ar* ion laser (Spectra
Physics Model 171) delivering about 15-40
mW of incident radiation. The excitation
line of the Raman scattering was 514.5 nm.
The scattered radiation from the sample was
directed into a Spex Triplemate spectrome-
ter (Model 1877) coupled to a Princeton Ap-
plied Research OMA 111 optical multichan-
nel analyzer (Model 1463) equipped with an
intensified photodiode array detector cooled
thermoelectrically to 238 K. For the mea-
surement of Raman spectra under ambient
conditions, the samples were spun at ca.
2000 rpm to avoid laser-induced dehydra-
tion caused by local heating effects. A modi-
fied version of the in situ cell developed
by Wang (12) was used for collecting the
Raman spectra under dehydrated condi-
tions. Prior to the in situ measurements, the
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samples were dehydrated at 773 K for 1 h
in flowing O,, and the Raman spectra of
the dehydrated samples were subsequently
collected at room temperature. Ultrahigh-
purity, hydrocarbon-free oxygen (Linde
gas) was purged through the cell during the
acquisition of the Raman spectra.

Catalytic reactions. Partial oxidation of
methanol was carried out at 503 K by using a
fixed-bed tube reactor. Prior to the reaction,
the catalyst was typically treated with flow-
ing O,at 573 K for [ h, and then the tempera-
ture was reduced 1o the reaction tempera-
ture. The reactor was held in a vertical
position and made of a 6-mm-o0.d. Pyrex
glass tube, and the catalyst was held be-
tween two layers of quartz wool. The quan-
tity of catalyst (5 to 20 mg) was adjusted to
assure that highly active catalysts yielded
low conversions (below 59%). The gas mix-
ture, CH,OH/O,/He=6/11/83 (mol%),
flowed from the top to the bottom of the
reactor, and the reaction products were ana-
lyzed by an on-line gas chromatogrpah (GC)
(HP 5840 A) containing two columns (Pora-
pak R and Carbosieve Sl11) with two detec-
tors (FID and TCD). The catalytic activity
(TON) was calculated from the moles of
methanol converted per mole of surface rhe-
nium atom per second after correcting for
the reactivity of support.

RESULTS AND DISCUSSION
Raman Spectroscopy: Ambient Conditions

The Raman spectra of 19% Re.O; sup-
ported on ZrO, and TiO, under ambient con-
ditions, where the catalysts possess ad-
sorbed moisture (26), are shown in Fig. 1.
The strong Raman features of ZrO, and ThO,
below 700 cm™' prevent acquisition of the
diagnostic Raman bands for other rhenate
functionalities (the bending mode of the
Re-O-Re linkage is found at ~200 cm™).
The 1% Re,0,/Zr0O, catalyst exhibits Ra-
man bands at 968, ~930, and 754 cm™'. The
band observed at 968 cm ! is assigned to
the symmetric stretching mode of terminal
Re=20 of the surface rhenium oxide species
on ZrO, (14, 15). The origin of the band at
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Fig. 1. Raman spectra of 19 Re.0; supported on
Zr(), and TiQ, under ambient conditions,

~930 cm™! is not entirely clear, but it may
be associated with impurities in ZrO, (Cl
and F) because this band is not present as
the rhenium oxide content increases (/3).
The asymmetric Re=~O stretching mode of
the surface rhenium oxide species overlaps
with the ~930 ¢cm™' band. The band ob-
served at 754 cm ™! originates from the ZrO,
support. The 1% Re,0,/TiO, catalyst pos-
sesses a Raman band for the symmetric
stretching mode of the surface rhenium ox-
ide species at 967 cm ™!, The band at 795
cm™! originates from the first overtone of
the 395 ¢cm™! band of TiO, (anatase). The
asymmetric mode of the surface rhenium
oxide species on TiO, was not obtained be-
cause of the strong TiO, background and
the weak rhenium oxide signal.

The Raman spectra of 156 Re,O, sup-
ported on Al,O; and MgO under ambient
conditions are presented in Fig. 2. The 1%
Re, 0,/ AL 0; catalysts exhibit Raman bands
at 970 (v,(Re~-0)), ~919 (v, (Re=-0)), and
332 cm! (8(0O-=Re—0)) for the surface
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F1G. 2. Raman spectra of 19 Re,0; supported on
ALO; and MgO under ambient conditions.

rhenium oxide species (/3, 15). The Raman
spectrum of 1% Re,0,/MgO exhibits Raman
bands at 969 and 331 cm™', which are as-
signed to the symmetric (v((Re--0)) and
bending (8(0=Re-=0)) modes of surface
rhenium oxide species. The asymmetric
band of the Re==0O bond overlaps with the
~937 ¢m™! band. The weak Raman bands
observed at ~937, ~859, ~735, and ~389
cm™ ! are attributed to the mixed oxides
formed by strong acid-base interaction of
ReO; with MgO (see discussion below).

The Raman spectrum of the 1% Re,0,/
Si0, catalyst was not obtainable because of
the strong fluorescence from the back-
ground of the Re,0,/SiO, catalyst. The
fluorescence derived from the Re,0./SiO,
catalyst can be removed by the high-temper-
ature precalcination (873-973 K). However,
the surface rhenium oxide species on SiO,
is not stable at elevated temperature and is
volatile during high temperature pre-
calcination.

The Raman spectra of 1% Re,O,/support

KIM AND WACHS

(Zr0O,, TiO,, ALO;, and MgO) under ambi-
ent conditions show that only one type of
rhenium oxide species is present on the sup-
port surface. The band position of the sym-
metric stretching mode of the terminal
Re-0 bond for the 1% Re,0,/support sam-
ples (967-970 cm™!) is similar to that of the
ReO; species (971 cm ™), which is observed
in an aqueous solution (/2, 15). Similar ob-
servations are made for the supported V.0,
MoO;, and CrO; catalysts under ambient
conditions. Under ambient conditions, the
adsorbed water hydrolyzes the bridging
oxygen interacting with the support
(metal-O-support bond), and the surface
metal oxide species on the oxide supports
is essentially in an aqueous medium (/3, /5,
26). Although the Raman spectrum for the
19 Re,0,/Si0, catalyst could not be ob-
tained in this investigation, the ReO; spe-
cies should be the only species present on
Si0, since the ReO species is the only spe-
cies that exists in aqueous solution (/5, 28).
Furthermore, at high rhenium oxide load-
ings, the Raman band can be observed and
does occur at 971 cm ™' (/3) consistent with
the above model. The 1% Re,0,/MgO cata-
lyst also possesses a solid-solution formed
by a strong acid-base reaction of rhenium
oxide with MgO (see discussion below) in
addition to the ReOy species.

Raman Spectroscopy:
Dehydrated Conditions

The Raman spectra of 1% Re,0, sup-
ported on ZrO, and TiO, under dehydrated
conditions, where adsorbed water is de-
sorbed, are shown in Fig. 3. The strong Ra-
man features due to the ZrO, and TiO, sup-
ports limit the collection of the data below
700 cm™'. The 1% Re,0,/ZrO, catalyst pos-
sesses Raman bands at 990, 884, and 754
¢m™'. The bands at 990 and 884 cm™' are
assigned to the symmetric and asymmetric
stretching mode of the terminal Re=0O of
the dehydrated surface rhenium oxide spe-
cies on ZrO,, respectively (/3, 15). The
band observed at 754 ¢cm™! is due to the
ZrO, support. The 1% Re,0,/TiO, catalyst
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Fi1G. 3. Raman spectra of 1% Re,0; supported on
Zr0), and TiO, under dehydrated conditions.

exhibits Raman bands at 1005, ~980, and
795 cm~'. The bands at 1005 and ~980 cm ™!
are attributed to the symmetric and asym-
metric stretching mode of terminal Re=0O
of the dehydrated surface rhenium oxide
species on TiO,, respectively. The band at
795 cm ™! originates from the anatase phase
of TiO,.

The Raman spectra of 1% Re,0, on Al,O,
and MgO under dehydrated conditions are
presented in Fig. 4. The 1% Re,0,/Al,04
catalyst exhibits Raman bands at 1000, 878,
and ~339 cm ™}, which are assigned to the
symmetric, asymmetric stretching, and
bending modes of the dehydrated surface
rhenium oxide species on Al,O,, respec-
tively (12, 13, 15). The weak shoulder ob-
served in the specturm at ~460 cm ' is at-
tributed to the detector noise or the alumina
support (/3). The Raman spectrum of the
19% Re,0,/MgO catalyst shows different Ra-
man characteristics compared to the other
supported rhenium oxide catalysts. The 1%
Re,0,/MgO catalyst possesses very strong
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Raman bands at 943, 926, and 887 cm™! and
weak bands at 771 and 381 cm™'. The very
different Raman features for the Re.O,/
MgO catalyst appears to be due to the for-
mation of a new phase, Re,0,-MgO mixed
oxides (see discussion below).

The dehydrated Raman spectrum for the
1% Re,0,/Si0, catalyst was not obtainable
due to the reasons previously stated. Previ-
ous studies reveal that silica-supported
MoO, (33), V5,05 (34), and CrO, (35) possess
isolated surface molybdenum, vanadium,
and chromium oxide species, respectively,
on silica, regardless of the MoO;, V,0s, and
CrO, content. This is attributed to the ex-
tremely low surface OH density of SiO, (36).
Vuurman ef al. (13) have reported that the
dehydrated 4.4 and 5.2% Re,0,/SiO, cata-
lysts possess isolated, four-coordinated sur-
face rhenium oxide species with three termi-
nal Re=0 bands and one bridging
Re-0-Si bond (v, = 1015 cm ™!, »,, = 975
c¢m™'). Therefore, the surface rhenium oxide
species for the 1% Re,0,/Si0, catalyst is
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Fi1G. 4. Raman spectra of 1% Re,0, supported on
ALO, and MgO under dehydrated conditions.
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not expected to be very different from that
of 4.4 and 5.2% Re,0,/SiO, catalysts.

The Raman spectra of the 1% Re,0O./sup-
port catalysts under dehydrated conditions
suggest that the same type of surface rhe-
nium oxide species is present on the differ-
ent oxide supports at low loadings with the
exception of the MgO support. The absence
of characteristic Raman features due to the
Re—O-Re linkages at ~200 cm ™! for the 1%
Re,0,/Al,O, sample, indicates that the sur-
face rhenium oxide species appears to be
isolated on the oxide support surface. The
position of the symmetric stretching mode
of Re=0 (990-1005 cm™") for the 1%
Re,0,/support catalysts is much higher than
that for octahedrally coordinated rhenium
oxide, which is observed for a-LisReO, (680
cm ') (29), and in situ XANES studies pos-
sess a strong pre-edge feature consistent
with four-coordinated rhenium oxide spe-
cies (/5). The band position is much lower
than that of ReF,0, (C,,, 1026 cm™!) (30)
and much higher than that of ReO, (aq) (T,
971 cm ') (28) and NaReO, (S,, 963 cm ')
(37). The band position for the dehydrated
1% Re,O,/support catalysts, however, falls
in the region observed for ReO,F (C,,,, v, =
1009 cm '), ReO,Cl (C;,,, v, = 1001 cm ),
or ReO;Br (C,,, v, = 997 cm™') species,
which possess three terminal Re=0 bonds
and one Re—0O—Z2 (Z==F, Cl, Br) bond
(32). Therefore, the structure of the surface
rhenium oxide is essentially independent of
the type of support, with the exception of
MgO, and possesses isolated, four-coordi-
nated surface rhenium oxide species with
three terminal Re==0 bonds and one bridg-
ing Re—QO—support bond.

The dehydrated Raman band position of
the symmetric Re==0 stretch for the surface
rhenium oxide species varies with the type
of oxide support and decreases in the order:
Si0, (1015 cm ™ (13) > TiO, (1005 cm ™) >
ALO, (1000 cm™') > ZrO, (990 cm™') (see
Figs. 3 and 4). Consequently, the surface
rhenium oxide species on SiO, possesses
the shortest Re==0 bond and the surface
rhenium oxide species on ZrO, possesses
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the longest Re==0 bond. A similar observa-
tion has been made for the 19 V,0Os/support
(Si0,, Nb,Os, TiO,, ALLO;, and ZrO,) sys-
tem (/8). These results indicate that the
physical characteristics of the surface metal
oxide species are influenced by the specific
oxide support. Eischen and Pliskin (37) have
demonstrated that the adsorption of CO on
supported metals on oxide supports pos-
sesses  different  coordination numbers
(atop, bridge, or hollow sites), which results
in slight shifts in the band position of C=0
bond. Hulse and Moskovits (38) have also
revealed that the IR band position of the
C==0 bond on Ni is dependent on the num-
ber of nickel atoms that are bonded to C=0
and decreases as the number of nickel atoms
increases. It is well established that different
oxide supports possess different average co-
ordination numbers of oxygen anions, and
the average coordination number of oxygen
anions for Si0,, TiO,, ALL,O;, and ZrO, is
2. 3, 3-4, and 3-4, respectively (39, 40).
Therefore, the shift in Raman band position
for the 19% Re,O; on different oxide supports
is believed to be related to the different coor-
dination numbers of the oxygen anions in
the oxide supports. The slightly lower Ra-
man band position of the zirconia sample
relative to the alumina sample may be due
to impurities in the zirconia system.

The symmetric stretching mode of the ter-
minal rhenium-oxygen bond for the Re,0,/
support catalysts (ZrQ,, TiO,, SiO,, and
Al,O;) under ambient conditions (967-970
c¢m ') generally shifts to higher wavenum-
ber (990-1005 c¢m™') upon dehydration due
to the further distortion caused by the direct
interaction with the support and formation
of true terminal bonds (/3). However, for
the 1% Re,0,/MgQO catalyst, the Raman
bands behave differently. This observation
suggests a different type of interaction be-
tween rhenium oxide and MgO. Knozinger
and co-workers (4/) found the formation
of a bulk compound, i.e., anhydrous
Mg(ReQ,),, for high loadings of Re,0,/MgO
(20 wt% Re), the anhydrous Mg(ReO,), be-
ing sensitive to hydration and dehydration
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effects. Wang (/2) has demonstrated that
MgO is readily soluble in water and easily
makes a compound with ReO, (aq) during
agueous preparation, which suggests that
the formation of surface rhenium oxide spe-
cies on MgO is not favored. The Raman
band positions for 1% Re,0,/MgO in the
present study do not correspond with the
Raman bands of crystalline Mg(ReQ,),:
however, the very different behavior of the
Re,0,/MgO system and the previous studies
(12, 41) suggest the formation of mixed ox-
ides as a major component.

The proposed surface structures for 1%
rhenium oxide on the different oxide sup-
ports (TiO,, ZrO,, ALO,, §i0,, and MgO)
are presented in Scheme 1. Under ambient
conditions, the surface rhenium oxide spe-
cies are hydrated by adsorbed moisture and
are essentially in an aqueous medium. Deo
and Wachs (26) have proposed that the mo-
lecular structures of surface metal oxide
species on different oxide support (Al,O,,
TiO,, Zr0O,, Si0,, and MgO) under ambient
conditions are dependent on the net pH at
which the surface possesses zero surface
charge (point of zero charge). The surface
pH at PZC is determined by the specific

oxide support and surface coverage of the
metal oxide overlayer. ReOy is the only sta-
ble species in an aqueous solution regardless
of pH or concentration (26) and conse-
quently, only the ReO, species is present
on the hydrated surfaces of the different 19
Re,O,/support catalysts. The adsorbed wa-
ter molecules readily desorb at elevated
temperature and the surface rhenium oxide
species anchor to the oxide support by form-
ing an oxygen bridge with the oxide support.
The Raman spectroscopic studies under de-
hydrated conditions show that the molecu-
lar structures of the dehydrated surface rhe-
nium oxide species supported on the
different oxide supports (TiO,, ZrO,, SiO,,
and Al,O,) possess an isolated, four-coordi-
nated rhenium oxide species with three
terminal Re=0 bonds and one bridging
Re—O-—support bond regardless of type of
oxide support (see Scheme 1a). Similar ob-
servations were also found for Re,0,/Nb,O«
catalysts (42). The rhenium oxide species in
the Re,0,/MgO catalyst shows quite differ-
ent characteristics compared to the other
oxide supports. The hydrated rhenium ox-
ide species, ReO,, is also present on the
MgO surface under ambient conditions. In
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TABLE |

Catalytic Activity for the Methanol Oxidation over
1% Re,0,/Support Catalysts”

Support Total rate TON Tinux
(mmol g~ h™") (s7h (K)

TiO, 178.3 1.2 x 19 490

Zr0, 25.6 1.7 x 107! 570

SiO, 3.0 2.0 x 1072 580

MgO 0 0 693

AlLO, 0 0 710

“ Reaction temperature is 503 K; CH;OH/O,/He=6/
11/83 (mol%). Corrected for reactivity due to the oxide
support itself.

5 Maximum temperature of reaction. from Ref. (/3).

“ Reference (/2).

addition, MgO is readily soluble in water
and forms Mg(OH), under ambient condi-
tions. This hydroxide probably exists as a
thin film covering the MgO support under
ambient conditions. Upon dehydration, the
adsorbed water molecules are desorbed at
elevated temperature and the rhenium oxide
species appears to form a mixed oxide, such
as Mg (ReQ,), (Scheme 1b). This mixed ox-
ide phase is probably present as a thin metal
oxide film since it can be hydrated by ad-
sorbed moisture under ambient conditions.

Methanol Oxidation

The turnover number (TON) for methanol
oxidation over 1% Re,0, on the different
oxide supports (TiO,, ZrO,, SiO,, MgO,
and Al,O,) is shown in Table 1. The catalytic
activity (overall rate) of the pure TiO,,
Zr0,, Si0,, and MgO supports are 2.3, 7.3,
1.0, 8.4 mmol g~' h™', respectively. The
pure Al,O; support showed a very high ac-
tivity (100 mmol g~' h™") for methanol dehy-
dration and 100% selectivity toward
CH,0CH,;, which is related to the surface
Lewis acid sites (43). The catalysts used in
this study contain only 19 rhenium oxide
by weight so that a large portion of the oxide
support surface is exposed for these cata-
lysts. Therefore, the TON for methanol oxi-
dation over 1% Re,O,/support was obtained
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by correcting the reactivity due to the sup-
port itself. The TON varies with the type of
oxide support as presented in Table 1. The
1% Re,0,/TiO, catalyst is the most active
for methanol oxidation and this value is at
least 1-2 orders of magnitude higher than
that of the other catalysts. The 19% Re O,/
Al,O; catalyst does not show any reactivity
due to the surface rhenium oxide species.
Similarly, the 19 Re,0,/MgO is also inert
for methanol oxidation. The TON for meth-
anol oxidation over the different 1% Re,0O,/
support catalysts is strongly dependent on
the type of oxide support and decreases in
the order: TiO, > ZrO, > Si0, > MgO =
Al,O;. As shown in Table 1, the reducibility
of the rhenium oxide species in TPR experi-
ments is also found to vary with the nature
of the oxide support. The reducibility of the
1% Re,0-/support decreases in the order:
TiO, > Zr0O, = Si0, > Mg0O = Al,O,. Thus,
the TON for methanol oxidation correlates
with the reducibility of supported rhenium
oxide catalysts. The Re,O,/ZrO, and Re,O,/
SiO, catalysts possess somewhat similar re-
ducibility, but the activity for methanol oxi-
dation over Re,0,/S10, is 1 order of magni-
tude lower than the Re,0,/ZrO, catalyst.
This result is attributed to the volatility of
surface rhenium oxide species on SiO, dur-
ing the methanol oxidation since Re,O; de-
posits (light yellow) were found on the walls
downstream of the reactor. Recent studies
of a series of Re,O,/TiO, catalysts indicate
that the turnover number is independent of
rhenium oxide loading (/9), which over-
comes the effect of using different surface
areas for the oxide supports.

The product selectivity for methanol oxi-
dation over the 1% Re,O,/support catalysts
is listed in Table 2. The main reaction prod-
uct for 1% Re,0,/TiO, is formaldehyde
(HCHO), and methyl formate (HCOOCH;)
is next in abundance. For the 1% Re,O,/
ZrO,, HCOOCH; is the major reaction
product, and HCHO and combustion prod-
ucts such as CO/CO, are next in abundance.
The high selectivity for HCOOCH; over 1%
Re.0,/ZrO, catalysts is attributed to the



SURFACE RHENIUM OXIDE-SUPPORT INTERACTION

427

TABLE 2

Selectivity for the Methanol Oxidation over 1% Re,0O,/Support Catalysts*

Support Selectivity
HCHO HCOOCH; {CH;0),CH, CH;OCH, CcO + CO,
TiO, 68.2 24.0 1.2 0.9 5.7
ZrO, 21.4 62.3 0 2.4 13.9
Si0, 9.8 0 0 1.0 89.2
MgO* 21.4 0 0 0 78.6
ALO" 0 0 0 100.0 0

4 Reaction temperature is 503 K; CH,OH/O,/He=6/11/83 (mol%}).
* The selectivity is only attributed to the support itself.

high activity and selectivity for HCOOCH,
of the ZrO, support. The 1% Re,0,/Si0O,
catalyst gives CO/CO, and HCHO. A large
portion of the CO/CO, is due to the SiO,
support because the SiO, support itself
shows 100% selectivity toward CO/CO,.
The 1% Re,0,/AlLO; exhibits 100% di-
methyl ether (CH,;OCHj;), which is due to
the acidic properties of the Al,O; support
itself (43). The absence of redox products
(HCHO or HCOOCH,) reveals that the sur-
face rhenium oxide species are not very ac-
tive on Al,O;. The 19% Re,0,/MgO catalyst
yields CO/CO, combustion products and
HCHO, which are due to the MgO support
itself. The result indicates that the distribu-
tion of reaction products can also be influ-
enced by the specific oxide support.

The present Raman data of the different
19¢ Re,O,/support catalysts reveal that the
four-coordinated, dehydrated surface rhe-
nium oxide species is present on all the ox-
ide supports, with the exception of the 1%
Re,0,/MgO catalyst. The activation energy
measured for methanol oxidation over 1%
Re,0; supported on TiO,, ZrO,, and SiO,
is similar regardless of the type of oxide
support (21.7 % 1.0 kcal mol™'). The activa-
tion energy for methanol oxidation over 1%
Re,O; supported on Al,O, and MgO is not
measurable because of the very low activity
of the surface rhenium oxide species on
these catalysts. A similar activation energy
for methanol oxidation is observed for sup-

ported 1% V,0; catalysts (18.3 = 0.9 kcal
mol ') regardless of the type of oxide sup-
port (18). It is well established that the C—-H
bond cleavage in adsorbed CH;0 on MoO,
(44) and Mo0O,/Si0O, (45) is the rate-deter-
mining step in the methanol oxidation from
isotopic studies. The activation energy of
1% Re,0;/support is similar to the value for
the breaking of the C-H bonds of CH,0
adsorbed species on MoO; (20.6 kcal mol ™)
(44). The present results indicate that the
methanol oxidation reaction over supported
surface rhenium oxide species possesses the
same rate-determining step. It should be
noted that from thermogravimetry experi-
ments the moisture formed during reaction
does not appear to coordinate with the sur-
face rhenium oxide species.

The same surface rhenium oxide species
with the same rate-determining step, how-
ever, exhibits significantly different cata-
lytic activities for methanol oxidation. In
addition, the catalytic activity for methanol
oxidation correlates with the reducibility of
surface rhenium oxide species on different
oxide supports. A similar trend is observed
for the V,0O4/support (18, 19, 25) and MoO,/
support systems (/9). These results indicate
that the reactivity for methanol oxidation is
dependent on the specific oxide support and
also on the specific surface metal oxide
species.

The above results suggest that the number
of active sites and/or activity per site during
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methanol oxidation over supported rhenium
oxide catalysts depends on the type of oxide
support. The number of catalytic active sites
and/or number of active sites is strongly
dependent on the reducibility of the surface
rhenium oxide species, which is influenced
by the different surface rhenium oxide-sup-
port interactions (Re’*-O-support). It is
well known that the primary step in metha-
nol oxidation is a dissociative adsorption of
CH,OH on the supported (46) and unsup-
ported metal oxides (47), which result in the
formation of adsorbed CH,0O and hydroxyls.
Formaldehyde and the other partial oxida-
tion products are then formed from the sur-
face CH,O species. The role of the
Re’"—O-support bond in the formation of
the surface CH;O and HCHO is presently
not clear. Experiments are currently under-
way to elucidate the connection between the
Re’*—O-support bond and the number of
active sites and/or activity per site.

The different selectivity for methanol oxi-
dation over the 1% Re,0,/support catalysts
is attributed to the surface chemistry contri-
bution of the oxide supports because TiO,,
Zr0,, ALO;, SiO,, and MgO supports are
active for the conversion of methanol to
HCOOCH,;, CH,OCH,, CO/CO,, HCHO,
and CO/CO,, respectively.

CONCLUSIONS

The surface rhenium oxide species for 1%
Re,0, on different oxide supports (ZrO,,
TiO,, Si0,, Al,0,, and MgO), under ambi-
ent conditions, resembles the ReOj species
present in an aqueous solution. Under dehy-
drated conditions, the surface rhenium ox-
ide species possesses isolated and four-co-
ordinated rhenium oxide species with three
terminal Re==0 and one bridging Re-O-
support bond. For the 1% Re,0,/MgO cata-
lyst under dehydrated conditions, a mixed
oxide such as Mg (ReQO,), appears to be
present on MgO. The methanol oxidation
studies reveal that the supported rhenium
oxide catalysts possess the same activation
energy, but the activity varies significantly.
The differences in the activity are attributed

to the differences in the surface rhenium
oxide—support interaction, since the same
surface rhenium oxide species are present
on the different supports (with the exception
of Re,0,/MgO). Moreover, the increase in
activity for methanol oxidation with in-
creasing reducibility of the surface rhenium
oxide species suggests that a decrease in
Re’"—O-support bond strength results in an
increase in the number of catalytic active
sites and/or the activity per site.
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