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The formation of the RezO,/A1,OX catalyst surface in conditions of precatalysis has been investi- 
gated by means of various physical and chemical methods. It is suggested that under oxidative 
conditions a surface aluminum mesoperrhenate, “AIRevuOJ” is obtained. The same structure is 
formed Iinally, irrespective of the amount of rhenium deposited, as well as its valence state, 
combination (oxides, salts), the alumina carrier structure (y, 8, nonporous) and phase (solid mix- 
ture or solution) of the starting materials. The structure is thermal and moisture stable, and is 
characterized by diffuse reflectance spectra with bands at 235 and 340 nm and a shoulder at 395 nm. 
It is not readily transformed into metallic rhenium. After reduction the structure can be completely 
restored under oxidative conditions only. On heating dried samples in an inert gas atmosphere or in 
uacuo, low-valence Re(V1) and Re(IV) coexist with Re(VI1) on the surface. This is also observed 
under vacuum treatment of the calcined samples. The formation of a surface mesoperrhenate 
structure is detected on other carriers as well. o 1985 Academic RCSS, IIIC. 

INTRODUCTION 

The catalyst conventionally designated 
as RezO$Al203 is well known for its high 
activity in the olefin metathesis reaction 
(I). Its structure is a subject of considerable 
interest, and several ideas referring to it 
have been suggested (2-9). The interaction 
of rhenium compounds with the surface of 
alumina is important for the preparation of 
the widely used bimetallic catalysts, such 
as Pt-Re/A120s (10-12). 

In a previous communication (13) the 
possibility of the formation of a surface alu- 
minum mesoperrhenate (‘ ‘AIReOs”) under 
precatalysis conditions was reported. 

In the present work, the formation of the 
active catalyst surface, its properties, and 
its structure are systematically reinvestiga- 
ted using various physical and chemical 
methods. 

EXPERIMENTAL 

Sample preparation. Supported rhenium 
samples were obtained by impregnation of 

t To whom correspondence should be sent. 

slightly crystalline y-Al203 (surface area 
210 m*/g, Fe 0.024%, Na 0.01%) with an 
aqueous solution of NHae04 (Fluka, 
pure). The initial rhenium deposition was 
varied between 0.5 and 25 wt% Re207. Af- 
ter 24 h storage the slurry was dried at 
105°C for 2 h and calcined in air at different 
temperatures between 200 and 1OW’C. Two 
other aluminas, namely &A1203 (surface 
area 180 m*/g) and Degussa Oxyd C (sur- 
face area 100 m*/g) were also used. The car- 
riers were previously calcined in air at 
600°C for 6 h. 

In order to obtain a bulk phase of alumi- 
num mesoperrhenate (AlRe05) several at- 
tempts have been made mixing aqueous so- 
lutions or solid phase of AK& (Merck, 
extrapure) or Al(NO& * 9H20 (Merck, GR) 
and NI&ReO.+ The atomic ratio Al : Re = 
1: 6.9 and is equivalent to 82.6% Re207/ 
M203. 

The synthesis of both Ba3(ReO& and 
Bas(ReO&, which have been used as model 
compounds, was performed starting with 
Ba(CO& (Merck, Specpure) and HReOJ 
Re207 (Koch-Light) in accordance with 
Ref. (14). Bq(ReO& was also obtained 
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from BaClr * Hz0 (Merck, Specpure) and 
NHae04 solutions. Their structure was 
checked by X-ray analysis (15) and IR 
spectroscopy ( 24). 

Chemical analysis. The air-calcined sam- 
ples were reduced for 5 h in a hydrogen gas 
flow at 550°C and then treated with H202 
according to Ref. (16). Rhenium was ana- 
lyzed calorimetrically (using an improved 
rhodanide method (17)) or by atomic emis- 
sion spectroscopy (PGS-2, Carl Zeiss- 
Jena) . 

Apparatus. X-Ray diffraction measure- 
ments were made with a Dron 1 apparatus 
using filtered CUKQ radiation. 

The thermal analysis data were obtained 
with a Paulik-Paulik-Erdey instrument, 
Type OD-103; 200-mg samples were stud- 
ied in air at a heating rate of 10°C min-l in 
the range 25-1000°C. 

Diffuse reflectance spectra were re- 
corded at room temperature in the range 
220-2000 nm on a Carl Zeiss Jena VW-2P 
spectrophotometer supplied with a O/45 ge- 
ometry attachment and milk glass as refer- 
ence. The other commonly used refer- 
ences, such as MgO and BaS04, turned out 
to be less suitable owing to the high absorp- 
tion of the A1203 support below 350 nm 
(Fig. l), which greatly reduced the resolu- 
tion of the spectra, as may be observed in 
Ref. (5). The spectra obtained against A&O3 
are similar to those of milk glass. The latter 
is preferred because it is not influenced by 
the atmospheric humidity. 

XPS spectra were recorded with an ES- 
100 spectrometer at room temperature. The 
C s line (Et., = 285 eV) of adsorbed diffusion 
pump oil and Al 2p (I&, = 75.0 eV) were 
used as standards to calibrate the energy 
position of the peaks. The pressure in the 
spectrometer was 10e7 Torr (1 Torr = 133.3 
N mp2), which excluded the possibility of 
rhenium oxidation during the recording of 
the spectra. 

IR spectra were recorded in the region 
400-4000 cm-l by a Carl Zeiss Jena IR-20 
spectrophotometer, using Nujol or KBr 
technique. 
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FIG. 1. Diffuse reflectance spectra of-y-A&O, against 
different references. (a) Milk glass, (b) Si02 (Degussa), 
(c) MgO, (d) BaS04. 

RESULTS 

(a) Thermal Treatment of Pure and 
Supported NH.$eOd in Air 

The thermal treatment in air of a pure, 
i.e., unsupported, NH&e04 (sample A) 
was followed by means of different physical 
methods and compared to that of samples 
supported on A1203 (samples B). 

X-Ray analysis. As X-ray analysis has 
previously given controversial results (4, 
5), an attempt was made to repeat them. 
Samples containing 5, 10, 15, 18, and 20 
wt% Re207/A1203 as well as pure NH&e04 
were investigated. After drying, seven in- 
tense lines were clearly observed at d(w) = 
5.361, 3.504, 2.581, 2.1791, 1.9133, 1.8479, 
and 1.7885. Upon heating to 360°C they 
gradually decreased in intensity and broad- 
ened. Above 400°C NH4Re04 completely 
sublimed. On the samples B only the main 
lines of the support were registered (JCPDS 
File No. 29-63) after calcining at 400- 
800°C. 

Thermal analysis (TA). The NH4Re04- 
impregnated y-Al203 samples containing up 
to 20 wt% Re207 afforded TA Scans identi- 
cal with the curves of pure carrier. How- 
ever, 25 wt% Re207/A1203 exhibited a shal- 
low broad endothermic peak at 350°C on its 
DTA curve indicative of NHReO,, decom- 
position. The weight loss after 650°C shown 
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by TG curves revealed the sublimation of 
the products. 

IR spectra. The characteristic metal-ox- 
ygen bond vibrations can be recorded in the 
region 400-1100 cm-‘. The dried samples 
with 13% Rez0,/Alr03 gave absorption 
bands at 905 cm-l (strong) and 925-935 
cm-i (weak). After calcining, the bands be- 
came more d&se, but an appearance of 
new bands was not detected. The increase 
of Re content enhanced the band intensity 
in both dried and calcined samples. The 
carrier exhibits strong absorption below 900 
cm-i. 

Diffuse reflectance spectra (DRS). It is 
seen from Fig. 2a that the white crystalline 
NWe04 absorbed intensely at 235 and 270 
mu. This is of interest, since above 220 nm 
the aqueous NI&ReO., solution absorbs 
only in the range 225-235 nm (18). Upon 
heating, its color turned from light pink 
(180°C) to grey (250-320°C) and new ab- 
sorption bands appeared at 365, 395, 460, 
and 520 run (Figs. 2b, c, d). As already 
mentioned, after 360°C the unsupported 
NI-I.&eO., sublimed. 

The supported rhenium sample contain- 
ing 13 wt% Re207/y-A1203 (most frequently 
used as catalyst in our investigations) was 
also investigated. Generally, the color 
changes and the spectra were similar to 
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FIG. 2. Diffuse reflectance spectra of NH&e4 after 
heating in air. (a) NH.,ReO,, 25”C, (b) NH&eO, heated 
for 1 h at MOT, (c) NH,ReO, heated for 1 h at 25O”C, 
(d) NH.JkQ heated for 1 h at 320°C. 
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FIG. 3. DiEuse reflectance spectra of 13 wt% Rez07/ 
y-A&O3 after heating in air. (a) Dried at 105°C for 2 h, 
(b) heated at 360°C for 1 h, (c) heated at 360°C for 4 h, 
(d) heated at 450°C for 2 h, (e) on air storage. 

those of pure NH,ReOJ, but there were 
some peculiarities. In the dry sample only 
the band at 235 nm was recorded, and the 
band at 270 nm was missing (Fig. 3a). Fur- 
ther heating gave rise to the same additional 
bands (Fig. 3b). Above 360°C there was a 
drastic difference from pure NH&e04. The 
band at 365 nm shifted to 340 nm and the 
bands at 395, 460, and 520 nm gradually 
disappeared (Figs. 3b, c). The color of the 
samples turned from greyish to pale yellow. 
Bands at 235 and 340 nm with a shoulder at 
395 nm appeared at 400-450°C (Fig. 3d). 
The band at 235 nm was observed through- 
out the whole temperature interval, its in- 
tensity passing through a minimum at 
320°C. Atmospheric humidity diminished 
the band intensity and bands at 1450 and 
1950 nm arose in the near infrared (NIR) 
(Fig. 3e). 

It should be noted that if the dried sam- 
ples were heated to 450°C in an inert atmo- 
sphere or in UCICUO, they turned lilac in 
color, and bands at 235, 340,460, 520, and 
1650 nm appeared. The band at 340 nm 
broadened owing to the overlapping of the 
band at 365 nm. However, the air-calcined 
sample was treated in an inert gas flow, no 
new bands were detected, while those at 
235 and 340 nm sharpened and became 
more intense. 
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(b) Model Samples and Comparative 
Reactions 

With a view to obtaining additional data 
to interpret diffuse reflectance spectra iden- 
tification and to model the reactions which 
may occur on the surface, several air-stable 
rhenium oxides and salts were synthesized 
(see Experimental) and their spectra were 
recorded. 

Some spectra, namely those of ReO;! and 
ReO3, were reported elsewhere (19). The 
spectra of Re207 and Ba3(ReO&, both pale- 
yellow colored, are shown in Figs. 4a and c. 
Re207 absorbed at 235 and 350 nm with a 
shoulder at 260 nm. Bg(ReO& absorbed at 
235,345, and 395 nm with a shoulder at 255 
nm. Both spectra resembled the spectrum 
of the calcined catalyst (Fig. 3d). In the or- 
ange-colored Baz(ReO& a band at 430 nm 
was recorded. 

The following samples were prepared 
and calcined in air: 

(a) mixture of solid Re03 and ~-A120~; 
ReOz (orthorhombic) and r-Al,O,; Re02 
(orthorhombic) and Al(NO& * 9H20; Re207 
(HReO& and y-A1203; (b) rhenium com- 
plexes, supported on r-Al,O,, such as: 
Re207 * dioxan (decomposing to Re03) (20) 
and K2ReC& (hydrolyzing to Re02) ( 17). 

All samples after heating in air at 450°C 
for 2 h gave rise to pale-yellow products 
absorbing at 235 and 340 nm and with a 

h,nm 

FIG. 4. DiEuse reflectance spectra of (a) ReZ07, (b) 
“AlRe05,” (c) Ba,(ReO&. 

FIG. 5. Diffuse reflectance spectra of Re207/A1203 
(a) 0.5% Rez07, (b) 5% Re207, (c) 10% Re207, (d) 20% 
Re207. 

shoulder at 395 nm. In samples with low- 
valent Re oxides, the initial bands in the 
visible region disappeared. The band at 365 
nm was shifted to 340 nm and a band at 235 
nm arose. The samples impregnated with 
HRe04 were optically clear up to 300°C. 
Above this temperature, the characteristic 
bands appeared and increased in intensity. 

The alumina used (y, 8, Degussa Oxyd C) 
had no observable effect on the results re- 
ported here. The carriers are optically clear 
in the whole range under study, excluding 
NIR bands at 1450 and 1950 nm (Fig. 3e). 

(c) Physicochemical Properties 

Further investigations have been carried 
out for the elucidation of the physicochemi- 
cal properties of the structure formed upon 
calcining in air up to 450°C. 

The influence of rhenium loading. The in- 
crease of Re content from 0.3 to 20 wt% 
Rez07, i.e., 0.3, 0.5, 1, 5, 10, 13, 15, and20 
wt% Re207/Al203 enhances the intensity of 
the bands without changing their position 
or shape (Fig. 5). This is valid both for dried 
and calcined samples. It is worthy of note 
that the intensity of the bands depends 
strongly on the time of air storage (see Ex- 
perimental). In view of this, comparative 
studies should be carefully made under sim- 
ilar conditions. The position of maxima and 
the shape of the spectra persisted for years. 

On heating to 450°C from the samples de- 
signed to give a bulk phase of aluminum 
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mesoperrhenate (AlRe05) a considerable 
amount of rhenium sublimates was ob- 
served. The spectrum recorded contained a 
shoulder at 265 nm and bands at 235, 340, 
and 395 nm (Fig. 4b). No X-ray diffraction 
patterns were registered. The rhenium con- 
tent was 18.3 wt% RezO,. 

The increase of Re loading has no mea- 
surable effect on the specific area. 

Thermal stability. The characteristic 
bands for all kinds of supported rhenium 
samples, air calcined at 45O”C, persisted af- 
ter prolonged heating (8 h) at 800°C and was 
accompanied by a loss of 23 wt% Re (calcu- 
lated as Rez07) in the sample containing ini- 
tially 13 wt% Re207/A1203. The bands dis- 
appeared only after calcining at 1000°C. 

Reduction. It has already been reported 
(13, 22) that the reduction of the air- 
calcined samples with CO, HZ, or olefins 
leads to color changes and the appearance 
of new bands at 365,395,460,520, and 1650 
nm. No lines were detected in the diEracto- 
grams after reduction at 350°C with H2 of 
the sample with 13 wt% ReZ07/A1203. The 
sample remained X-ray amorphous after 
treatment for 3.5 h at 550°C. If the reduc- 
tion was carried out for 5 h, metallic rhe- 
nium (d = 2.36, 2.23, and 2.11 A) (JCPDS 
File No. 5-702) was registered. In samples 
richer in rhenium (20.5 wt% Re207/A1203) 
the metallic form is present after a shorter 
reduction time (1 h). 

Upon air calcining at 450-500°C the re- 
duced samples restored their pale-yellow 
color and the bands at 235 and 340 nm reap 
peared, while bands in the UV-visible and 
NIR regions disappeared. The samples 
turned X-ray amorphous again. During 
catalytic activity tests in metathesis the 
catalyst (13 wt% Re2&/Alr03) undergoes 
80 cycles of reduction by olefins and 
regeneration in air without changing its 
spectrum. At the end of experiments it con- 
tained 11.8 wt% Re207 instead of the theo- 
retically calculated 13 wt% RezO, loading. 

The reduction-oxidation cycles were fol- 
lowed by ESCA measurements (Fig. 6). 
The spectra of the model samples Ba 
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FIG. 6. (a) Ba(ReO&, (b) Bq(ReO&, (c) 13 wt% 
R~O&1203 cakined at 580°C for 2 h, (d) sample (c) 
after hydrogen treatment for 1 h at 55OT, (e) sample 
(d) after air storage, (f) metallic rhenium. 

(ReO&, Ba,(ReOs), and metallic Re were 
also obtained. 

In the air-calcined sample (13 wt% 
Re&/AlzOj) the Re 4fline shows Eb = 46.6 
eV (Fig. 6c). It coincides with the 4f7n line 
of the reference Bg(ReO& (Fig. 6b) and 
differs in the position of the 4f7n line of 
Ba(ReO& (Eb = 46.0 eV) (Fig. 6a) of both 
Re(VI1) compounds. The catalyst line is 
somewhat broadened. 

After treatment with HZ for 1 h at 550°C 
the Re 4fline shifted to lower energies. The 
comparison with the 4j& line of metallic Re 
(Eb = 40.6 eV) (Fig. 6c) showed the pres- 
ence of both metallic rhenium and other 
low-valent forms, e.g., Re”+ (0 I n 5 4) on 
the surface (Fig. 6d). After air exposure of 
the sample, two marginal forms of Re 4f7,* 
were detected, such as Eb = 40.6 and 46.0 
eV (Fig. 6c), indicative of immediate partial 
surface oxidation. On air calcination the 
initial spectrum was completely recovered 
(Fig. 6c). 

Water solubility. Treatment with water of 
the air-calcined samples provides some ad- 
ditional data about the nature of the struc- 
ture formed. 

The washing water absorbs intensely at 
206 nm (E = 6060) and 220 nm (E = 3610), 
which is an evidence for the presence of 
ReO; (Rev”) (28). On concentration the 



102 EDREVA-KARDJIEVA AND ANDREEV 

washing water exhibits an acid reaction. 
Careful evaporation to dryness leads to 
the appearance of pale-yellow crystals of 
Re207, which readily adsorb moisture from 
the air and are transformed reversibly into 
perrhenic acid (HReO& 

A semiquantitative analysis of the wash- 
ing waters (rinsing waters) at A = 220 nm 
and E = 3610 of a sample containing 13 
wt% Re207/A1203, air calcined at 550°C for 
2 h, was performed. It was established that 
after cold water treatment about 35 wt% of 
Re was extracted. Further treatment with 
boiling water increases this percentage up 
to 61%, and after prolonged treatment with 
warm water 83 wt% of rhenium loading is 
extracted. The same results are obtained 
treating the samples with 0.5, 1, and 18 wt% 
Re207/A1203. The incomplete extraction of 
rhenium is confirmed by the diffuse reflec- 
tance spectra, which reveal the presence of 
bands both at 235 and 340 nm. Their inten- 
sity decreases simultaneously upon the 
treatment with cold and warm water. 

d. Catalytic Activity 

The activity for metathesis of propene 
over Re-containing catalysts, calcined in 
air, at different temperatures between 360 
and 450°C was investigated (Table 1). 

It is clear that after catalyst calcination at 
an appropriate temperature the conversion 
almost reaches equilibrium (22). 

DISCUSSION 

1. Zdentljication of Bands in DRS 

In agreement with the literature data for 
ReOi spectra in solution (23) the band at 

TABLE 1 

Influence of the Calcination Temperature of Catalyst 
on Metathesis” 

T (“Cl 360 400 450 

Conversion (%) 5.4 23 38 

a Reaction conditions: pulse reactor; 1.1 g, 13 wt% 
Rez07/Alr0,. After calcining, all samples were treated 
with N2 for 1 h at 45O”C, T,, = 150°C. 

235 nm in solid NH4Re04 can be attributed 
to a charge transfer transition tl --, 2e in 
Re(VI1) (Td). The new more intense band at 
270 nm may be due to the CzU deformation 
of tetrahedral ReO; ion in the crystal state 
(24). The symmetry lowering leads to split- 
ting of the tl and 2e levels, thus allowing the 
new charge transfer. This band arises also 
in the DRS of solid KRe04, Ba(ReO&, 
Mg(ReO& (25), and is not present in their 
solution spectra. 

According to Ref. (26) the crystal struc- 
ture of Rez07 represents double polymer 
sheets of equal numbers of almost regular 
tetrahedra and strongly distorted octahe- 
dra. The double sheets are linked by weak 
van der Waals bonds. By means of 
NH4Re04 spectra the bands at 235 and 260 
nm may be ascribed to Re(VI1) (Td), and 
that at 350 nm to Re(VI1) (Oh). However, 
Bar(ReO&, i.e., Re(VI1) in the ReOi- an- 
ion, possesses a similar spectrum. It is ob- 
vious that some more data should be con- 
sidered with the view to interpreting these 
bands. 

As seen from the DRS data of ReOz and 
ReOr (29), Re(IV) at 365, 395,460, and 570 
nm, and Re(V1) at 520 and 1650 nm can be 
detected in the products of thermal decom- 
position of both unsupported (Fig. 2) and 
supported (Fig. 3) NI&ReOd, as well as in 
reduced and vacuum-treated samples. 

The bands in the NIR region can be at- 
tributed to the carrier (Fig. 3e). The band at 
1450 nm is ascribed to an OH stretching 
overtone and that at 1950 nm to a combina- 
tion band of physically adsorbed water mol- 
ecules, by analogy with SiOz spectra in this 
region (27). Similar bands were detected on 
a noncalcined MgO carrier (25). 

2. Structure of Calcined Samples 

On the basis of the X-ray data mentioned 
above, it can be concluded that, after dry- 
ing, NH&e04 remains as a phase on the 
catalyst surface (JCPDS File No. 10-252). 
During calcination in air NH&e04 decom- 
poses into a mixture of rhenium oxides, 
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namely ReOz, Re03, and Re207 (28). Their 
presence could not be proved by X-ray 
analysis, most probably owing to a high dis- 
persion on the alumina surface. However, 
the DRS results revealed the appearance of 
Re(V1) and Re(IV) even above 200°C (Figs. 
2, 3). The lowering in intensity of the 
Re(VI1) band at 235 nm may be associated 
with NUeO,, decomposition, and its fur- 
ther increase with temperature with the ap 
pearance of the new rhenium structure. 

Proceeding from the comparative reac- 
tions and the DRS, it can be assumed that 
the oxide-support interactions lead to the 
same final structure, irrespective of the rhe- 
nium valence state in the starting material, 
as well as its combination (oxides, salts), 
phase (mixture or solutions), or carrier 
structure (‘y-, 8-, nonporous A1203). Cer- 
tainly, the possibility of a direct interaction 
between ReO; (NH4Re04 and HRe04) and 
A1203 is not excluded. 

The thermal analysis results indicated 
that an amount of ca. 20-25 wt% Re207 
“saturated” the surface of the alumina 
used. The excess was sublimed. The at- 
tempts to obtain bulk aluminum mesoper- 
rhenate (AIReOS) by mixing rhenium and 
aluminum in a stoichiometric ratio failed. 
The “trapped” amount of rhenium (18 wt% 
Re207/Alz03) is almost equal to the highest 
amount “trapped” as a result of rhenium 
deposition by impregnation, i.e., instead of 
a bulk compound, only surface forms are 
obtained. Contrary to this, in the rhenium- 
magnesium system magnesium oxide 
trapped all the rhenium deposited to form 
pale-yellow colored magnesium mesoper- 
rhenate, Mg,(ReO& (80 wt% Rez07), and 
white magnesium perrhenate, Mg(ReO& 
(92.3 wt% Rez07), both being bulk com- 
pounds (25). 

The alumina “saturation,” along with the 
lack of diffraction pattern, and the insignifi- 
cant variation of specific surface area with 
the increase of rhenium loading supports 
the idea already given by other authors (2, 
3, 5) that the structure formed represents a 
monolayer. The latter is characterized by 

its DRS, where bands at 235 and 340 nm 
prevail with a shoulder at 395 run. 

The invariability of the position and 
shape of the bands with increase of rhenium 
content or temperature leads to the conclu- 
sion that after calcination the rhenium ions 
exist in a unique structure, i.e., in the same 
valence state and coordination. This con- 
clusion is supported by the similar behavior 
of samples containing low and high Re207 
amounts, including the simultaneous lower- 
ing of intensity of all bands upon treatment 
with cold and warm water. This is at vari- 
ance with the other metathesis catalysts, 
such as Mo0j/A1203 (29~) and W03/A1203 
(29b). 

By comparing the DRS results for Re207 
and air-calcined catalyst (Figs. 3d and 4a), 
it might be concluded that a double oxide 
structure is formed on the surface, namely 
xRetO7 -yAl~0~. However, such a conclu- 
sion must be rejected for of several rea- 
sons. First, Rez07 is a highly hygroscopic 
substance and is rapidly converted into 
HRe04 (30). This would lead to drastic 
changes in the spectra under moist condi- 
tions, which were not observed. Second, 
RezO7 begins to sublime at 2OO”C, whereas 
the structure formed demonstrates high sta- 
bility on air calcining. Third, under dy- 
namic conditions Re207 sublimed before re- 
duction (31) while the catalyst suffered 
numerous reduction-oxidation cycles with 
insignificant loss of rhenium. Moreover, the 
average surface area of Re207 in crystal 
form is 0.25 nm2 (26), but for one molecule 
of Re20, on 18 wt% Re207/A1203 catalyst, it 
is 0.90 nm2, i.e., not such closely packed 
units. Similar results were reported in Ref. 
(5). 

An interaction between rhenium oxides 
and the support may be assumed under ox- 
idative conditions leading to formation of a 
surface aluminum perrhenate analogue, Al 
(ReO&, i.e., the presence of Re04 groups 
on the surface. Both the IR data (9) and the 
Raman spectra (7) of the pure and calcined 
supported NHae04 point to this conclu- 
sion. However, if the spectra of dried and 
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calcined samples are compared, no signifi- 
cant difference is evident, although rhe- 
nium state on their surfaces is markedly dif- 
ferent, as shown by the diffuse reflectance 
spectra (Fig. 3). Most probably, this is due 
to the fact that the observed bands in IR 
are typical not only for v,,Re04 in NHdRe 
O4 (32) but they are detected in other rhe- 
nium structures as well (33). Furthermore, 
it is worthy of note that according to Ref. 
(34) aluminum perrhenate is a white-col- 
ored, strongly hygroscopic substance. On 
air calcination at 300°C it begins to decom- 
pose into AllO3 and Re20,. The latter is 
sublimed completely at 700°C which al- 
lows quantitative determination of the rhe- 
nium. The reduction of AI(ReO& with HZ 
begins at 200°C and reaches completion at 
300°C leading to Al2O3 and Re metal forma- 
tion. The structure formed on calcining has 
quite different features. The XPS results 
(Fig. 6) also testify to the fact that the ReOZ 
structure is different from that of the 
calcined catalyst. The conditions of prepa- 
ration excluded the possibility of AlReV04 
formation (58,000 atm, 1200-1300°C) (35). 

The bands at 235 and 265 nm (Figs. 3,4) 
in DRS should not be examined separately 
as Re(VI1) T,J bands, but should be taken 
together with the band at 340 nm and the 
shoulder at 395 nm, indicative of another 
type of Re structure. 

It is known in the literature (15) that on 
calcination in air at 400-800°C of alkaline 
and alkali earth oxides and salts with their 
perrhenates of the same metal, new types 
of oxygen-containing Re(VI1) compounds 
are formed, such as pale-yellow mesoper- 
rhenates (ReO:-) and orange or green-yel- 
low ortho-perrhenates (ReO&. These 
structures exist in the solid state in other 
substances (36-38). In water solution they 
are transformed into ReO;. 

In contrast to those of the alkali metals, 
the alkali-earth meso- and orrho-perrhe- 
nates are comparatively stable to moisture 
in the air. Barium ortho- and mesoperrhe- 
nates have been studied in detail (14). 

The band at 430 nm, characteristic of or- 

ange BaS(ReO&, was not observed in the 
spectrum of the calcined samples B, which 
excluded the possibility of a similar struc- 
ture formation on the surface, i.e., Re(VI1) 
in octahedral environment. 

The pale-yellow barium mesoperrhenate, 
Bas(ReO&, is of particular interest. The 
conditions of its preparation, thermal and 
moisture stability, as well as diffuse reflec- 
tance spectra [see Fig. 4c and Refs. (14, 
39)] strongly resemble those of the air- 
calcined catalyst (Fig. 3). 

These data suggested that a mesoperrhe- 
nate structure might be formed on the sup- 
port surface under the oxidative conditions 
of precatalysis. 

Further information in support of this 
was provided by the XPS spectra (Fig. 6). 
The Re 4fline of the catalyst (Fig. 6c) coin- 
cides with the Re 4f line of the reference 
Ba3(ReO& (Fig. 6b). The line broadening 
observed in the catalyst spectrum indicated 
some energetic nonequivalency of the rhe- 
nium ions on the alumina surface. The lat- 
ter was attributed to the presence of low- 
valence rhenium ions, namely Re(IV) and 
Re(VI) following high-temperature treat- 
ment under vacuum of the air-calcined sam- 
ples (21). 

An attempt was made to model the struc- 
ture of the surface aluminum mesoperrhe- 
nate. X-Ray analysis of a single crystal of 
Ba3(ReO& showed that in the ReO$- anion 
Re(VII) is surrounded by five oxygen atoms 
in a slightly distorted tetragonal pyramid 
geometry (GU symmetry) (40). 

It is assumed that upon oxidative heating 
in air, ReO; interacts with A1203 according 
to Scheme 1: (a) On heating, ReOi from 
NH&e04 or HRe04 interacted with alu- 
mina hydroxyls evolving Hz0 and forming 
surface aluminum mesoperrhenate. The 
process is reversible, i.e., upon treatment 
with water the monolayer is gradually de- 
stroyed, separating ReO; in solution. The 
gradual solubility is attributed to different 
reactivity of surface hydroxyls, which leads 
to a different strength of the bonding be- 
tween rhenium and alumina. Finally, some 
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amount of rhenium which could hardly be 
extracted, remained on the surface. (b) The 
low-valence rhenium oxides are trans- 
formed into Rez07. With increasing temper- 
ature, the polymeric structure of Re207 in 
the solid state is easily destroyed and trans- 
formed into almost linear 03Re-0-ReOJ 
molecules (30). They are retained on the 
surface as shown in (b) of Scheme 1. 

-AlRJ%,~ 

or 

(4 O,Re-0-ReO, c c, 
+ / A-l 

OH JjH 

Al Al 

Obviously, irrespective of the mode of 
interaction, rhenium is stabilized on the 
surface up to a definite amount depending 
on the specific surface area and concentra- 
tion of OH groups of the support. Above 
this loading the rhenium sublimes. 

The necessity of OH groups is supported 
by the fact that Re cannot be deposited by 
the described method of impregnation on 
the thermodynamically stable a-AlzOJ, 
where OH groups are absent. 

The lack of the characteristic vibrations 
of OH groups in samples containing 20-26 
wt% Re207/AlzOs, reported in Ref. (2), also 
conGrms the above scheme for their partici- 
pation in the formation of the catalytic sur- 
face. 

This scheme accounted for the thermal 
stability of the surface structure as well as 
its gradual solubility in water. The bulk 
phase of magnesium mesoperrhenate, 
Mg(ReO&, formed on Re20,/MgO catalyst 
is readily dissolved (5). 

Moreover, the scheme interpreted the ef- 
fectiveness of another method for rhenium 
deposition,- namely not by impregnation, 
but by sublimation of Re207 on to Al203 
calcined in the range 4OO-500°C (41). 

If the dried sample is heated in an inert 
atmosphere or in uucuo, the low-content 
rhenium oxides are not completely oxidized 
to RezOT. In this case, Re(V1) and Re(IV) 
coexisted in considerable amounts along 
with the mesoperrhenate structure. This 
was also observed for air-calcined samples 
subsequently treated in uucuo as if the sur- 
face suffered a moderate reduction by CO 
or olefin treatment (22). Both these findings 
should be taken into account by those 
workers employing the vacuum technique 
with a view to avoiding errors in adsorption 
(3) or gas titration measurements (8) used 
for the determination of the Re valence 
state. On air calcination the reduced sam- 
ples completely recover the “surface alu- 
minum mesoperrhenate” structure. 

It is suggested that Re(VII) stabilizes 
through insertion in the carrier lattice (4). 
Unlike a normal spinel, A2+B:+04, the de- 
fective pseudo-spine1 structure of r-AlzO, 
may be designated as Al&TJ[Al:‘(O,,)]O,, 
i.e., one-third of the tetrahedral (Td) sites 
remain unoccupied (42). They may be oc- 
cupied by rhenium ions, which have similar 
ionic radii to A13+; Re(VII)(TJ = 0.54 A; 
A13+(Td) = 0.53 A; Re’+(O,,) = 0.71 A; 
A13+(0,,) = 0.67 w(43). 

However, the results from the X-ray 
analysis did not confirm this assumption, 
since no change in the position of the car- 
rier diffraction line was observed with in- 
creasing rhenium content, i.e., there was 
no change in the parameter of the host lat- 
tice (43). The insertion of rhenium in the 
lattice seems to be strongly hampered be- 
cause of the high positive charge of the 
Re(VII) cation. An eventual insertion of 
Re(IV) ions is much more probable. 

Re(VII) insertion is also at variance with 
other experimental data (44). If one starts 
from other crystal structures as carriers 
(white, optically clear substances), e.g., Ga 
or Zr oxides or salts, it is observed that on 
thermal treatment in air they interacted 
with NI&ReOd or HReO, in a manner simi- 
lar to that of aluminum oxides and salts: 
pale-yellow products are obtained, which 
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are thermally stable up to 800°C and their 
DR spectra resemble those of Re207/A1203 
(Fig. 3d). On water treatment a part of the 
rhenium is extracted, while another re- 
mains, as shown by the DR spectrum. This 
suggests that the formation of surface me- 
soperrhenate structures is not a character- 
istic feature of aluminum oxides and salts 
only, but it may be typical of other elements 
as well. 

Samples active for metathesis were ob- 
tained after calcining in conditions favor- 
able for the surface mesoperrhenate struc- 
ture formation (Table 1). The catalytic 
activity is enhanced (5) with increasing Re 
content, which reveals the necessity of 
completing the monolayer on the surface. 

If the structure is a bulky one, e.g., mag- 
nesium mesoperrhenate, Mg3(ReO& the 
catalyst displays no activity for olefin me- 
tathesis at low temperatures (2%220°C) 
(25). Probably, the formation of a poly- 
meric monolayer on the catalyst surface in 
oxidative conditions is a common property 
of the three oxides used for olefin metathe- 
sis, namely Mo03/Al20r (29a), WOj/A120~ 
(296)) and Re207/Al203. 

CONCLUSIONS 

Therefore, the conclusion may be drawn 
that upon air calcining an oxidic Re(VI1) 
structure is formed on the carrier. From the 
spectral and chemical data mentioned 
above, it is suggested that the structure 
represents predominantly a monolayer 
of surface aluminum mesoperrhenate 
(“AlRe05”) rejecting Rez07 or ReO; struc- 
tures as less probable. Some accommoda- 
tion of Re(IV) and Re(V1) ions is not ex- 
cluded. 

ACKNOWLEDGMENT 

The authors are grateful to Dr. E. S. Shpiro of the 
Zelinsky Institute of Organic Chemistry, USSR Acad- 
emy of Sciences, Moscow, USSR for recording the X- 
ray photoelectron spectra. 

REFERENCES 

1. Howman, E. J., Turner, L., Williams, K. V., Brit- 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 
12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

ish Patent 106015 (1968); Banks, R. L., Forts&r. 
C/rem. For&. 25, 399 (1972); Mol, J. C., and 
Moulijn, J. A., “Advances in Catalysis,” Vol. 24, 
p. 131. Academic Press, New York, 1975. 
Olsthoom, A. A., and Boelhouwer, C., J. Cural. 
44, 197, 207 (1976). 
Yao, H. C., and Shelef, M., J. Cutal. 44, 392 
(1976). 
Maksimov, V. Yu., Kushnerov, M. Ya., Nechi- 
tailo, A. E., Fridman, R. A., and Dumesic, J. A., 
J. Card. 45, 144 (1976). 
Kaptein, F., Bredt, L. H. G., and Mol, J. C., Reel. 
Trau. Chim. Pays-Bus %M, 139 (1977); Kapteijn, 
F., dissertation. Amsterdam, 1980. 
Valigi, M., Cimino, A., and Minelli, G., Chim. 
Znd. (Milan) 60, 810 (1978). 
Kerkhof, F. P. J. M., Moulijn, J. A., and Thomas, 
R., .I. Cutal. 56, 279 (1979). 
Paryjczak, T., Gebauer, D., and Kozakiewicz, A., 
J. Colloid Interface Sci. 70, 320 (1979). 
Nakamura, R., and Echigoya, E., J. Mol. Cutal. 
15, 147 (1982). 
Johnson, M. F. L., and Le Roy, V. M., J. Cutal. 
35, 434 (1974). 
Webb, A. N., J. Catal. 39, 485 (1975). 
Charcosset, H., F&y, R., Leclercq, G., Mend&s, 
E., Primet, M., and Toumayan, L., J. Catal. 56, 
468 (1979). 
Edreva-Kardjieva, R. M., and Andreev, A. A., 
React. Kinet. Catul. Lett. 5, 465 (1976). 
Baran, J. E., and Mueller, A., Z. Anorg. Allg. 
Chem. 368, 168 (1969). 
Scholder, R., and Huppert, K. L., Z. Anorg. 
Allg. Chem. 334, 209 (1965). 
Valigi, M., and Minelli, G., J. Less-Common Met. 
51, 271 (1977). 
Pavlova, M. H., Yordanov, N. G., and Staikov, 
D., C. R. Acad. Sci. Bulg. 27, 67 (1974). 
Hindman, J. C., and Wehner, P., J. Amer. Chem. 
Sot. 75, 2869 (1953). 
Edreva-Kardjieva, R., and Andreev, A. A., Zh. 
Neorg. Khim. 22, 2007 (1977). 
Nechamkin, H., and Hisvey, C. F., Znorg. Syn. 3, 
186 (1950). 
Andreev, A. A., Edreva-Kardjieva, R. M., and 
Neshev, N. M., Reel. Trav. Chim. Pays-Bas 96M, 
23 (1977). 
Banks, R. L., and Regier, R. B., Znd. Eng. Chem. 
Prod. Res. Deu. lo,46 (1971). 
Kebabcioglu, R., MilIler, A., and Rittner, W., J. 
Mol. Struct. 9, 207 (1971). 
Krebs, B., and Hasse, K. D., Acta Crystallogr. 
Sect B. 32, 1334 (1976). 
Edreva-Kardjieva, R. M., and Andreev, A. A., 
“Heterogeneous Catalysis,” Proceedings, IV Int. 
Symp. Varna, 1979; Izd. Bulg. Acad. Nauk2,313, 
1979. 
Krebs, B., Miiller, A., and Beyer, H., Znorg. 
Chem. 8, 436 (1%9). 



FORMATION AND STRUCTURE OF Re207/A1203 107 

27. Anderson, J. H., and Wickersheim, K. A., Surf. 
sci. 2, 252 (1964). 

28. Gibart, P., C. R. Acud. Sci. Paris 256,12% (1963). 
29. (a) Giordano, N., Bart, J. C. G., Vaghi, A., Cas- 

tellan, A., and Martinotti, G., J. Catal. 36, 81 
(1975); (b) Kerkhof, F. P. M., Thomas, R., and 
Mouhjn, J. A., Reck Truu. Chim. Pays-Bas %M, 
121 (1977). 

30. Rouschias, G., Chem. Rev. 74,531 (1974). 
31. Bolivar, C., Charcosset, H., Frety, R., and Pri- 

met, M., J. Caral. 39, 249 (1975). 
32. Ulbricht, K., and Kriegsman, H., Z. Anorg. Allg. 

Chem. 358, 193 (1968). 
33. Jezowska-Trzebiatowska, B., Hanuza, J., and Ba- 

luka, H., Spectrochim. Actu Part A 27, 1753 
(1971). 

34. Baud, G., and Capestan, M., C. R. Acad. Sci. 
Pais 266, 382 (1968). 

35. Sleight, A. W., Znorg. Chem. 14, 597 (1975). 
36. Lee, M. R., C. R. Acad. Sci. Paris, Ser. C X7& 

127 (1970). 
37. Kemmler-Sack, S., and Jooss, J., 2. Anorg. Allg. 

Chem. 439,232 (1978). 
38. Besse, J. R., Bolte, M., Baud, G., and Chevalier, 

R., Acta Crystallogr. Sect. B 32, 3045 (1976). 
39. Majumdar, S. K., Packer, R. A., and Rulfs, C. L. 

G., J. Znorg. Nucl. Chem. 31, 33 (1969). 
40. Gault, A. W., Diss. Abstr. Znt. B 30, 2630 

(1%9). 
41. British Petroleum Co. Ltd., British Patent 1, 105, 

564 (1968); Chem. Abstr. 66,48081s (1969). 
42. Schuit, G. C. A., and Gates, B. C., AZChE J. 19, 

417 (1973). 
43. ulusov, v. s., “Energeticheskaya Kristallochi- 

mia.” Izd. Nauka, Moskva, 1975. 
44. Kardjieva-Edreva, R. M., unpublished data. 


