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Oxidation and Redispersion of a Re/γ -Al2O3 Catalyst
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The interaction of oxygen with rhenium crystallites supported on
γ -alumina over a wide temperature range, 20–800◦C has been stud-
ied. Hydrogen chemisorption, oxygen uptake, and HRTEM, SAED,
and XRD methods were applied to monitor morphology changes
created upon heat treatment in H2 and O2. The structure of the
surface rhenium oxide species was determined by HRTEM, Raman
spectroscopy, and leaching with the cold water. The results obtained
allowed us to propose a detailed mechanism of the oxidation and
redispersion of Re crystallites on alumina. At 20–150◦C dissocia-
tive chemisorption of oxygen occurs with the possible formation of
a superficial Re oxide. At 200–300◦C the process of oxidation of
Re accelerates, with instantaneous sublimation of Re2O7 and its si-
multaneous adsorption as the ReO4 species on γ -alumina. Metallic
Re is still observed in this temperature range. At 400–600◦C, the
ReO4 species on the support form two kinds of a surface compound
exhibiting Al–O–ReO3 and Al–(O–ReO3)3 structures. At 800◦C the
surface aluminium perrhenate decomposes and a part of the Re ox-
ide sublimes as Re2O7. The redispersion of rhenium was observed
after H2 treatment of the oxidized rhenium catalyst. c© 1999 Academic

Press

Key Words: Re/γ -Al2O3 catalyst; rhenium oxidation; Re2O7; re-
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INTRODUCTION

Supported rhenium catalysts have been studied exten-
sively for at least two reasons: rhenium in the oxidized state
is a very active and selective metathesis catalyst (1, 2) and
rhenium in the bimetallic Pt–Re/γ -Al2O3 catalyst is the
most widely used catalyst in the naphtha reforming (3). The
activation or rejuvenation of this different type of catalyst
generally includes an oxidation/calcination treatment at
400–600◦C. During the regeneration procedure, oxygen
treatment removes contamination and causes distinct struc-
tural and morphological changes of the catalysts. Oxidation
of the Pt–Re/γ -Al2O3 catalyst at temperatures above 300◦C
causes segregation of Pt and Re (3, 7–10). Regeneration
of the spent (reduced) Re2O7/Al2O3 catalyst by oxidation
at elevated temperatures leads to the redispersion of
rhenium crystals and the formation of a monolayer of
supported rhenium oxide (11).
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Although it is accepted that the redispersion of rhenium
(11–14) and the formation of the well-dispersed oxide phase
involve oxidation of the alumina-supported rhenium as a
crucial step, the complete mechanism of the process is still
unknown.

A survey of the literature reveals that the interaction be-
tween oxygen and the surface of metallic rhenium is a com-
plex process and depends on the temperature, gas pressure,
and the surface coverage by oxygen. For low pressure of
oxygen (∼10−6 Torr ) it was established for polycrystalline
(15–17) and single-crystal (18–21) samples that adsorbed
oxygen is completely dissociated at room temperature. At
low oxygen coverage (below 0.5 monolayer) there is only
one type of chemisorbed oxygen, while for high coverage
(between 0.5 and 1) the formation of a superficial oxide
layer was additionally found at room temperature (15–20).
Ducros et al. (20) demonstrated by XPS that this surface
oxide had a thickness of about 2 Å and the composition be-
tween Re2O and ReO. At high temperature, above 1120◦C,
the surface oxide layer desorbed as ReO3 and ReO2 (15, 16).
Zaera and Somorjai (22) reported that on a Re film under
similar experimental conditions a very stable chemisorp-
tion layer of oxygen was formed at −123 to 827◦C, with no
oxide formation.

The results obtained at low oxygen pressure cannot be
directly extrapolated onto Re films, powders, and supported
rhenium oxidized under atmospheric conditions. Tysoe et al.
(23) studied the oxidation of thin Re films deposited on
Pt foil at atmospheric pressure and found by XPS that a
mixture of rhenium oxides was formed above 200◦C and
loss of rhenium due to the formation of the volatile Re2O7

occurred after treatment above 300◦C.
The interaction of oxygen with alumina-supported rhe-

nium at room temperature was studied particularly in con-
nection with the problem of estimation of the metal sur-
face area (7, 14, 24–31), and only a few results refer to
oxidation at high temperature (7, 14, 25, 26, 28, 29). It has
been established that in the temperature range 20–500◦C
chemisorption on the surface as well as bulk oxidation of
rhenium occur. There is, however, no consensus in the lit-
erature regarding the oxidation state of rhenium supported
on γ -Al2O3. Wagstaff and Prins (7) found from TPR that an
average oxidation state of Re is 2 at 100◦C, 4 at 180◦C, and
0
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7 at 300◦C. Yao and Shelef (14) reported the average oxida-
tion state of Re between+4 and+7 at 500◦C. Paryjczak et al.
(26) distinguished three temperature ranges of different
oxygen–rhenium interactions: superficial oxide (30–200◦C),
bulk oxidation (200–400◦C), and above 400◦C when ReO3

is formed. Other studies suggested that at or above 300◦C
rhenium heptaoxide is the main product of oxidation of Re
supported on alumina (3, 7, 14, 29) or rhenium powder (32).

It is well known that Re2O7 sublimes above 200◦C
(33, 34). However, it appears that interaction of Re with
γ -alumina support prevents its loss from the catalyst even
at high temperature (14). According to the literature, rhe-
nium in an oxidized state onγ -alumina exists always as well-
dispersed oxide (11). Crystalline rhenium oxide, Re2O7, has
never been detected in the calcined Re/γ -Al2O3 catalysts
by either X-ray diffraction (35–37) or selected area elec-
tron diffraction (12, 38). Studies by numerous spectroscopic
techniques as IR (11, 37, 39–42), laser Raman (4–6, 43, 44),
ESR (45, 46), XPS (47–49), and NMR (50) supported this
observation and gave evidence that, even at high loading,
the rhenium oxide is monomolecularly dispersed on the
alumina surface, as ReO−4 tetrahedra. Recently, Vuurman
et al. (4, 5) have shown by in situ Raman spectroscopy, IR,
and TPR that two slightly different surface rhenium oxide
species are present on the alumina at high surface coverage.

The nature and mechanism of formation of the Re–oxide
phases occurring during the oxidation of supported rhe-
nium is still under debate. Therefore, we undertook a de-
tailed investigation of the microstructure changes of the
Re/γ -Al2O3 catalyst on activation both in H2 and O2 at
20–800◦C. On one hand, a high loading of 10.4 wt% Re,
which is significantly higher than that used in a reforming
catalyst (0.3%Re–0.3%Pt/Al2O3), was chosen so that high-
resolution electron microscopy (HRTEM) and selected
area electron diffraction (SAED) could be effectively used
to study the state of Re after treatments. On the other
hand, high loading of Re is necessary to obtain an active
and highly selective metathesis catalyst (4, 5). The molecu-
lar structure of the oxide phase was determined by Raman
spectroscopy and a chemical method of Re extraction with
cold water.

EXPERIMENTAL

1. Preparation and Treatment

The Re/γ -Al2O3 (10.4 wt%) catalyst was prepared by im-
pregnation of γ -alumina (BET area 220 m2/g) with an aque-
ous solution of ammonium perrhenate. The support was
prepared in another laboratory by hydrolysis of aluminum
isopropoxide followed by calcination at 500◦C to obtain

γ -Al2O3 (51). After impregnation the sample was dried in
air at 100◦C for 24 h and then reduced in hydrogen flow
(with a heating rate of 6◦C/min) at 550◦C for 10 h (12).
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Next, the sample underwent the following sequential heat
treatment procedures.

Sintering. The catalyst was again reduced in flowing hy-
drogen with a heating rate of 6◦C/min from room temper-
ature to 550◦C, held at this temperature for 20 h, and then
reduced at 800◦C for 5 h. After cooling to room tempera-
ture, the catalyst was exposed to air, closed in a glass vessel,
outgassed to 10−2 Torr (1 Torr= 133 N/m2), and stored until
characterization.

Oxidation. The sintered sample was oxidised with static
air at temperatures of 20–800◦C. The samples were heated
from room temperature to the desired one at the rate of
5◦C/min, held at this temperature for 1 h (up to the temper-
ature of 500◦C) or 4 h at 600, 700, and 800◦C.

Redispersion. The sample of the sintered catalyst was
oxidized in air at 500◦C for 1 h and then reduced in flowing
hydrogen at 550◦C for 20 h.

2. Experimental Techniques

Adsorption methods. In all adsorption experiments a
glass apparatus equipped with a conventional high vac-
uum system (base pressure 10−6 Torr) was employed. The
amount of adsorption was determined volumetrically.

For hydrogen chemisorption, the catalyst sample (ca.
0.2 g), after being outgassed at room temperature, was sub-
jected to repeated heating at 500◦C in H2 at 200 Torr for
2–4 h and then at the same temperature under vacuum for
2 h. Finally, after evacuation at 500◦C, the sample was satu-
rated with H2 at 150 Torr from 500◦C to room temperature.
The time needed for cooling the sample was about 3 h. The
amount of irreversibly bound hydrogen was used to calcu-
late the dispersion of Re, assuming 1 : 1 stoichiometry of
H : Re (29).

The oxygen uptake was measured at 20–500◦C with the
oxygen pressure of 100–150 Torr. The reduced sample (ca.
0.1 g) was pretreated in situ in H2 at 500◦C for 2 h, outgassed
at the same temperature for 2 h, and cooled under dynamic
vacuum to room temperature. Then, oxygen was introduced
and the amount of total adsorbed oxygen was measured.
The temperature was subsequently raised to the desired ox-
idation temperature, at the rate of 5◦C/min, kept in isother-
mal conditions for 1 h, and then was cooled under oxygen to
room temperature, where the uptake was measured. Fresh
sample was used for each oxidation experiment.

The BET surface area of the support and the catalyst
were measured by nitrogen adsorption at liquid nitrogen
temperature, assuming 0.162 nm2 as the area of the adsor-
bate molecule.

Structure studies. XRD spectra were obtained with the

STOE powder diffractometer equipped with a position-
sensitive detector and operated with monochromatised
Cu Kα radiation.
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HRTEM and electron diffraction (SAED) studies were
carried out with a Philips CM 20 microscope equipped with
the SuperTwin objective lens (CS= 1.2 mm) and operated at
200 kV. Specimens for TEM were prepared simply by dip-
ping a copper microscope grid covered with holey carbon
film in the freshly prepared sample.

The Raman spectra were measured with a Jobin-Yvon
Ramanor-U1000 spectrometer equipped with the CCD de-
tector cooled to −130◦C. The 514.5-nm line (power of
150 mW) of the Ar+ ion laser was used as an exiting light.
The resolution was ca. 2 cm−1. The spectra were measured
at room temperature, 30-s time exposition being applied.
The samples were kept in the sealed capillaries to avoid
contact with air.

3. Chemical Analysis

The weight percentage of Re in the catalyst was calcu-
lated from the amount of ammonium perrhenate used for
the impregnation. Additionally, the rhenium content was
measured by inductively coupled plasma-atom emission
spectrometry (ICP-AES) with a Philips Scientific PU 7000
spectrometer (the 228.751-nm line of rhenium was used),
according to the procedure given in (52).

Extraction of rhenium and aluminium by cold deion-
ized water from the calcined samples was performed by the
method described recently by Schekler-Nahama et al. (53).

RESULTS

1. Chemical Analysis

Basic characteristics of the 10.4 wt% Re/γ -Al2O3 catalyst
subjected to various treatments are presented in Table 1.
Oxidation at temperatures up to 600◦C did not change the
Re content in the catalyst; however, at 800◦C part of the
rhenium (33%) left the surface of the catalyst as gaseous
Re2O7. Deposition of Re2O7 was detected on the colder
parts of the quartz reactor tube. Additionally, from Table 1
it appears that the alumina support undergoes textural
changes upon reduction at 800◦C, with some loss of the sur-
face area which may be responsible for some sintering of Re.

TABLE 1

BET Surface Area and Re Content (wt%) for 10.4 wt%
Re/γ -Al2O3 Catalyst after Various Heat Treatments

Reduction Oxidation BET surface area Re content
(◦C) (◦C) (m2/g) (wt%)

550 — 230 10.6
550 400 230 10.7

800 — 153 —
800 600 153 10.0
800 800 151 7.0
T AL.

2. Structure Characterization

Figure 1 shows the HRTEM image of the sintered Re/γ -
Al2O3 catalyst (the SAED pattern is included as an inset).
Dark particles with sizes of 4–10 nm exposing sharp, well-
developed crystal faces and lattice fringes with spacings of
0.222 and 0.212 nm are seen on the support. The fringes are
generally parallel with no indication of twinning or stacking
faults, implying that the particles are single crystals. High
contrast produced by the particles and spacings of the lattice
fringes allow one to identify the particles as metallic rhe-
nium. The γ -alumina support is polycrystalline with grains
exposing flat crystal faces of a few nanometers in size. In
the SAED pattern (see inset) continuous rings and individ-
ual spots are present. d values calculated from the pattern
are collected in Table 2 and compared with those of the
Re and γ -Al2O3 standard samples. Continuous rings corre-
spond well with the strongest lines of γ -Al2O3, while spots
situated between γ -Al2O3 (400) and (311) rings may be as-
cribed to metallic Re (002) and (101) crystal planes. Since
most of the Re and γ -Al2O3 lines overlap, only Re (101) can
safely be used to the metal identification. Table 2 contains
also data for various rhenium oxides, which could possibly
form during oxidation of Re/γ -Al2O3 samples. In this case,
however, only the strongest lines are given.

Figure 2 shows HRTEM images of Re/γ -Al2O3 samples
oxidized at 200◦C (a) and 250◦C (b). Two fractions of parti-
cles are present on the support: well-developed crystallites
with sizes up to 8 nm and very small particles (∼0.6 nm) uni-
formly distributed on γ -Al2O3. Lattice fringes measured on
large crystallites (0.212 and 0.222 nm) fit to metallic Re. We
never observed on such particles fringes with spacings big-
ger than 0.24 nm, which should occur if the particles would
consist of any Re oxide (cf. Table 2). The identification of
the small particles cannot be done by HRTEM or SAED
since they are too small to exhibit lattice fringes or visi-
ble diffraction features. An approximate concentration of
the small particles on the support is 1 particle/8 nm2 and
the particles seem to be located preferentially at special
sites on alumina such as edges and corners (Fig. 2b). SAED
patterns of the samples presented in Fig. 2 (not shown) were
very similar to those in Fig. 1, i.e., only continuous alumina
rings and spots from metallic Re were present with no in-
dication of any Re oxide. The absence of any oxide layer
on Re particles is also clearly seen in Fig. 2b. To check this
point further, we performed an additional experiment with
Re black oxidized at 150◦C. Clear, sharp faces of Re crys-
tallites with no sign of an oxide layer were observed in the
HRTEM and only Re diffraction rings were present in the
SAED pattern.

In the sample oxidised at 300◦C a number of Re parti-
cles decreased drastically, but we still could find some small

crystallites. An example is shown in Fig. 3a, where two
Re crystallites are seen. A magnified image of one crys-
tallite is presented in Fig. 3b, together with its fast Fourier
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TABLE 2

Interplanar Spacings d(nm) and Intensities of Crystal Phases Measured from SAED Pattern and XRD Data for Crystal Phases
Possibly Occurring in the Samples Studied

Observed Rea γ -Al2O3
b ReO2

c ReO2
d Re2O7

e ReO3
f

d I hkl d I hkl d I d I d I d I d I

111 0.465 40
0.366 100 0.340 100 0.382 100 0.376 85

220 0.280 20 0.286 100
0.254 40 0.265 80

0.241 m. 100 0.239 32 311 0.239 80 0.240 80 0.240 100
0.220 s.p 002 0.223 34 222 0.228 50 0.230 80
0.210 s.p 101 0.210 100 0.214 40 0.217 25
0.199 s 400 0.198 100 0.195 80 0.191 36 0.188 50

0.170 100 0.168 100
102 0.163 11 0.166 80

511 0.152 30 0.154 50 0.152 40 0.153 18 0.153 55
0.140 s 110 0.138 22 440 0.139 100 0.141 50 0.138 30 0.133 30

a JCPDF File 5-702.
b JCPDF File 10-425.
c JCPDF File 9-274.
d JCPDF File 17-600.
e JCPDF File 39-934.
f JCPDF File 33-1096.
FIG. 1. HRTEM image and SAED pattern (inset) of 10.4 wt% Re/γ -Al2O3 sintered by reduction at 800◦C. The lattice fringes on dark particles
correspond to metallic Re.



144 OKAL ET AL.
FIG. 2. HRTEM images of the sintered catalyst oxidised at 200◦C (a) and 250◦C (b). Bigger, dark particles are metallic Re; small (∼0.6-nm)
particles originate from the surface Re–O phase.
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FIG. 3. HRTEM image and SAED pattern (inset) of the catalyst oxidised at 300◦C (a) and magnified image of the Re crystallite with its FFT
pattern (b).
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transform (FFT). The FFT could be indexed as hexagonal
Re in the [111] orientation. In the SAED pattern taken
from the sample (inset in Fig. 3a), weak spots of metallic
Re are also present.

In samples oxidized at or above 400◦C, no metallic Re
could be detected by HRTEM and SAED. Figure 4 shows
an HRTEM image of the catalyst oxidised at 600◦C (a) and
800◦C (b). In both images the fraction of small particles is
clearly visible. The size of the particles increased in compar-
ison with the sample oxidised at 250◦C (Fig. 2a), to ∼1 nm
at 600◦C (Fig. 4a), and then again decreased to ∼0.6 nm at
800◦C (Fig. 4b). However, no visible change in the concen-
tration of the particles could be seen. The SAED pattern
from the sample oxidised at 600 and 800◦C were identical
and contained only lines of γ -Al2O3 (see inset in Fig. 4a).

Figure 5 shows an HRTEM image and SAED pattern
(inset) of the catalyst subjected to the redispersion proce-
dure (reduction at 550◦C of the sample oxidised at 500◦C).
Reappearance of metallic particles with sizes up to 8 nm
is evident. Lattice fringes observed on the particles (0.212,
0.223, and 0.239 nm) can be ascribed to metallic Re. In
the SAED pattern weak diffraction spots from Re are also
present (cf. Fig. 1). In Fig. 6 distributions of Re particle size
in the sintered and redispersed samples are shown. The total
number of particles measured in both cases was about 700
and the mean particle size calculated from the histograms
was 4.9 and 1.6 nm, respectively. It is worth mentioning
that in addition to a 3-fold decrease of the mean particle
size the redispersion procedure also caused more uniform
distribution of Re particles on the support (cf. Figs. 1 and 5).
XRD studies confirmed the results obtained by electron mi-
croscopy. In the sintered sample only lines of γ -Al2O3 and
metallic Re were present with no indication of phase trans-
formation of alumina support to high-temperature δ or α
phases. The mean Re crystallite size determined from the
half-breath of the Re reflection (by the Scherrer formula)
was 5.9 nm. In the redispersed sample reflections from Re
could not be seen in the XRD spectra due to the small size
of Re crystallites.

TEM observations of the sample subjected to the “ex-
traction” procedure revealed that the Re species left on
the γ -Al2O3 support and calcined at 600◦C form very small
dark particles similar to those observed in Fig. 4a. An av-
erage size of the particles is, however, smaller (∼0.5 nm).
In the HRTEM images of the residue left after evapora-
tion (at 200◦C) of the solution used to extract Re species
from the oxidised sample, we found very fine crystalline
solids with broad SAED rings that could be ascribed to
γ -Al2O3.

3. Chemisorption of Hydrogen
Table 3 shows data on the dispersion of rhenium (D)
in the Re/γ -Al2O3 catalyst subjected to various heat
treatments. The metal particle size determined from H2
ET AL.

TABLE 3

H2 Chemisorption Data and Metal Particle Size of 10.4 wt%
Re/γ -Al2O3 Catalyst after Various Treatments

H2 chemisorption
Treatment

T(◦C)/time/gas µmol g−1 cat. Da l (chem.)b l (TEM)c l (XRD)d

550/20 h/H2 109.0 0.39 3.4 — —
+

800/5 h/H2 70.0 0.25 5.4 4.9 5.9
+

500/1 h/O2 199.0 0.71 1.9 1.6 n.m.
+ 550/20 h/H2

a Dispersion of Re, number of hydrogen atoms chemisorbed to the
total number of Re atoms (H/Re).

b, c, d Metal particle size (nm) determined from H2 chemisorption, TEM,
and XRD, respectively.

chemisorption is compared with TEM and X-ray diffrac-
tion results. Dispersion of rhenium decreased by 36% after
increasing the reduction temperature from 550 to 800◦C,
in good agreement with our earlier data (54). The average
particle size of rhenium in the sample reduced at 800◦C
(5.4 nm) agrees well with the values obtained by TEM and
XRD, indicating sintering of Re. Heating of the sintered
sample in oxygen or in air at 500◦C for 1 h followed by
reduction in hydrogen at 550◦C resulted in the redispersion
of rhenium. Small Re particles with an average size of
1.9 nm were obtained by this procedure. TEM, XRD, and
H2 chemisorption results were again in good agreement.

4. Uptake of Oxygen

The uptake of oxygen (in µmol per 1 g of catalyst) by the
sintered Re/γ -Al2O3 catalyst as a function of the oxidation
temperature is presented in Fig. 7. The O/Re values given
in Fig. 7 denote the ratio of the number of adsorbed oxy-
gen atoms to the total number of Re atoms in the catalyst.
Oxygen uptakes at 20 and 150◦C are low and corresponed
to dissociative chemisorption (15–21). The coverage of the
rhenium surface with oxygen equal to 0.64 (expressed as
O/H) is comparable with the literature data (18, 19, 21, 26,
29, 55). Difficulties in obtaining the saturation of the Re/γ -
Al2O3 catalysts with oxygen may be caused by some pen-
etration of oxygen into the subsurface region of rhenium
(20, 29).

Oxygen uptakes increased gradually on raising the oxi-
dation temperature and attained a maximum level at 300–
500◦C. The O/Re ratio amounts to 3.3 which is only 6%
lower than the 3.5 value corresponding to the complete
oxidation of Re to rhenium heptaoxide, Re2O7. The vola-
tization of rhenium heptaoxide was not observed at such

temperatures (see Table 1) and could not be responsible
for the underestimation of the O/Re ratio. However, it is
possible that a small part of gaseous Re2O7 formed upon
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FIG. 4. HRTEM images and SAED pattern (inset) of the catalyst oxidised at 600◦C (a) and 800◦C (b). Note the small, dark particles (∼1 nm)
located at the edges and corners of the support.
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s
FIG. 5. HRTEM image and SAED pattern of the redispersed cataly

oxidation above 300◦C undergoes thermal decomposition
to ReO2 with the liberation of oxygen (33).

The colour of the catalyst samples turned from black (due
to Re0) after oxidation at 20–150◦C, to gray at 300◦C, and
FIG. 6. In the size distribution of the 10.4 wt% Re/γ -Al2O3 catalyst
before (—) and after (- - -) redispersion. Average particle size calculated
from the distributions is 4.9 and 1.6 nm, respectively.
t. Note the smaller size and more uniform distribution of Re particles.

then to white above 500◦C. This change indicated a suc-
cessive rise of the average oxidation state of rhenium. The
exact oxidation state of Re at a given temperature is, how-
ever, generally uncertain.

FIG. 7. Oxygen uptake measured as a function of the oxidation tem-

perature for the sintered 10.4 wt% Re/γ -Al2O3 catalyst. Formal Re–O
stoichiometry corresponding to the measured uptakes is given for com-
parison.
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TABLE 4

Amounts of Re and Al Extracted from the Calcined 10.4 wt%
Re/γ -Al2O3 Catalyst (Measured by the ICP-AES Method)

Calcination Reextr
a Re in solution Al in solution Re/Al

(◦C) (%) (mol Re/L) (mol Al/L) molar ratio

400 43.1 9.6× 10−3 3.5× 10−3 2.7
600 50.4 11.3× 10−3 5.2× 10−3 2.2
800 55.7b 8.3× 10−3 8.0× 10−3 1.0
600c — — 8.5× 10−4 c —
600d — 10.8× 10−3 d 5.7× 10−4 d 19.0

a Reextr. (%)=Re in the extraction solution/g cat./Re on the catalyst
before extraction × 100.

b Corrected for 33% loss of Re upon oxidation at this temperature.
c Solubility of bare γ -alumina.
d Solubility of bare γ -alumina in HReO4 aqueous solution.

5. ReO4
− Extraction Experiments

Some knowledge about the nature of species formed
upon oxidation of alumina-supported rhenium can be
drawn from water leaching of the oxidized catalyst (53). As
seen from Table 4 the amount of rhenium extracted from the
catalyst increases with the calcination temperature. More-
over, we found significant aluminium concentration in the
extraction solution which indicates the enhanced solubility
of γ -alumina as compared with that of the bare support.
The pH of the leaching solution of the calcined Re/γ -Al2O3

catalyst was about 4. In a separate experiment we deter-
mined also the extraction of Al from bare γ -alumina into
the solution of HReO4. The concentration of ReO−4 ions
in solution, initial pH, and initial contact time (4 h) were
similar to that applied in the extraction experiment for
the catalyst sample. As appears from Table 4 the amount
of extracted Al was equal, within the experimental error,
to that for bare γ -alumina extracted in pure water. This
result demonstrates that the presence of ReO−4 ions, i.e., of
anions of a strong acid, in solution is not enough to cause
the substantial increases of the solubility of the γ -alumina.

Schekler-Nachama et al. (53) showed, moreover, that
rhenium and aluminium were extracted together from
Re2O7/γ -Al2O3 calcined at 550◦C with a (Re/Al) molar ra-
tio of 3, corresponding to the Re/Al stoichiometric ratio in
aluminium perrhenate, Al(ReO4)3. Al(ReO4)3 is a white-
coloured substance, is well soluble in water, and decom-
poses in air above 300◦C (57). We obtained the (Re/Al)
molar ratio close to 3 only for the sample calcined at 400◦C,
and at higher calcination temperatures the molar ratio de-
creased (Table 4). If we assume that a surface aluminium
perrhenate is formed upon the calcination of the Re/γ -
Al2O3 catalyst, the decrease in the Re/Al molar ratio may
point to some decomposition of this salt. After partial loss
of Re, upon calcination at 800◦C, Al3+ ions initially par-

ticipating in the surface compound can easily be extracted
(53). We want to stress, however, that the results, partic-
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ulary those of the aluminium concentration in water solu-
tions, should be considered with some caution. The analysis
was difficult because we obtained a slightly turbid solu-
tion after extraction of Re and Al from the catalyst. The
reason was probably precipitation of a coloidal aluminium
hydroxide.

6. Raman Studies

The Raman spectra of the 10.4 wt% Re/γ -Al2O3 catalyst
calcined in air at 600◦C for 4 h are presented in Fig. 8. The
Raman bands between 920 and 1015 cm−1 are assigned to
the terminal Re==O stretching vibration and those between
337 and 343 cm−1 to the O–Re–O bending mode of the
surface oxide species (4, 5).

Spectrum A originates from the sample without contact
with atmospheric moisture. The spectrum exhibits Raman
bands at 1015, 1006, 980, and 343 cm−1, which according
to literature can be ascribed to two slightly different sur-
face rhenium oxide species present on alumina under de-
hydrated conditions (4, 5). One species was observed at all
coverages of rhenium and showed bands at 1004, 890, and
340 cm−1, while a second one was present at higher loadings
only and produced bands at 1015, 980, and also 340 cm−1.
The structure of the species is similar; both possess three ter-
minal Re==O bonds and one bridging Re–O–support bond

(4, 5). In the present study we did not observe a weak, broad
band at 890 cm−1, which is assigned to the antisymmetric
stretching modes of the first rhenium oxide species. The
second rhenium oxide species has a weaker Re–O–support
bond what was established by TPR measurement (5). As a
consequence, the terminal Re==O bonds are stronger, which
explains the shift of the Raman band of ν ( Re==O ) to higher
frequency (1015 instead of 1006 cm−1).

Spectrum B was taken from the sample after 20 h of con-
tact with atmospheric moisture. The main Raman bands
shift from 1015 and 1006 cm−1 to 995 and 975 cm−1 and from
343 to 338 cm−1, respectively. The shift of the bands to lower
frequencies is caused by the partial hydrolysis of the Re–
O–Al bonds, created during calcination at 600◦C. The two
bands at 995 and 975 cm−1 are still present, so that two dif-
ferent surface rhenium oxide species can be differentiated.

Raman spectrum C was measured for the sample that was
exposed to atmospheric moisture for a few days after calci-
nation. Three bands observed at 974, ∼920, and 337 cm−1

correspond to the Raman spectrum of the ReO−4 species in
an aqueous solution (44).

Spectrum D is from the sample subjected to water leach-
ing and then dehydrated at 600◦C for 4 h. Only one surface
rhenium oxide species is observed which exhibits a single,
sharp band at 1003 cm−1 and a weak band at 342 cm−1.
Probably, a second surface rhenium oxide species (bands at

−1
lyst due to weaker interaction with the alumina support.
No one Raman spectrum presented in this study shows the
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FIG. 8. Raman spectra recorded for the catalyst oxidised at 600◦C: no c
exposure to ambient conditions for a few days (C), and subject to extractio

strong Re–O–Re vibrations (at ∼450 cm−1 and in the 200-
to 150-cm−1 region), which indicates that lateral interaction
between rhenium surface species are absent in the samples.

DISCUSSION

In discussion of the results obtained by HRTEM we have
to focus on the problem of identification of the highly dis-
persed phase observed in the images of samples oxidised at
or above 150◦C. Considering the conditions of the forma-
tion of this phase, we have to assume that it constitutes ox-
idised rhenium, most probably in the form of the (ReO4)

−

species. The volume occupied by a (ReO4)
− tetrahedron

can be estimated from crystal data for Re2O7 (56) as 65 Å3.
Assuming a hemispherical shape of the dark spots in the
HRTEM images and radius of 5 Å (maximum value), we
obtain the volume of∼260 Å3. It means that one such parti-
cle could contain a maximum 4 (ReO4)

− tetrahedra. Since
the average density of the particles on the support is 1 par-

ticle/8 nm2, we obtain an estimation of 1 (ReO4)

− tetra-
hedron/ or 1 Re7+ ion/2 nm2. This value is much too small
when compared with the actual surface coverage of 1 Re
ontact with laboratory air (A), exposure to ambient conditions for 20 h (B),
n procedure followed by oxidation at 600◦C (D).

ion/0.45 nm2 calculated from the metal loading (10.4 wt%)
and surface area of the alumina support (151 m2/g). We have
therefore to assume that not all of the Re–O phase is visible
in HRTEM micrographs, probably due to its dispersion as
individual (ReO4)

− species. The dark spots could possibly
be aggregates of (ReO4)

− tetrahedra grouped around spe-
cial sites on γ -Al2O3, e.g., as Al(ReO4)3 species. A chemical
compound with the stoichiometry Al(ReO4)3 has been syn-
thesised by Baud and Capeston (57) but its structure is un-
known. In the bulk form the compound starts to decompose
in air at 350◦C into Al2O3 and Re2O7. In a recent paper on
Mo/γ -Al2O3 Peeters et al. (58) reported that in the oxidised
sample even at monolayer coverage (1 Mo atom/0.33 nm2)
the Mo containing phase is invisible in the HRTEM. At
higher coverages, however, quite large (>20 nm) crystal-
lites identified as orthorhombic Al2(MoO4)3 were observed
by HRTEM and XRD (58).

Another possible interpretation of the HRTEM images
of the oxidised samples assumes that the small dark parti-

cles with sizes below 1 nm are Re clusters formed inside
the electron microscope (vacuum) under the influence of
the electron beam. A crude estimation shows that in such
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a case one particle with a diameter of 1 nm could contain
17 Re atoms and we obtain 1 Re atom/0.47 nm2 of γ -Al2O3

surface, in good agreement with the value calculated from
the metal loading. This interpretation is in line with that of
Reardon et al. (59) who observed by HRTEM very small
(1-nm) particles in oxidised Mo/γ -Al2O3 and stated that
they grow under the electron beam due to the decompo-
sition of the (MoO4)−2 species. To check this hypothesis,
we recorded HRTEM images of our sample oxidised at
600◦C after 5 and 10 min of exposure to an electron beam,
but no measurable change in the particle size or position
could be observed. It means that in the case of the (ReO4)

−

species on γ -Al2O3 their decomposition and aggregation
of Re atoms should occur already at very small exposure
times (during focusing of the sample).

Some insight into the molecular structure of the sur-
face rhenium oxide species supported on γ -alumina can be
gained from the Raman spectra. It should be noted, how-
ever, that the spectra depend on the degree of the hydrox-
ylation of the catalyst, as is shown by the present results,
which are in line with recent data of Kim and Wachs (6). Un-
der ambient conditions the surface rhenium oxide species is
hydrated by adsorbed moisture and is essentially in an aque-
ous medium. Hence, an isolated ReO4 structure similar to
the structures present in an aqueous solution is observed
on the surface of the catalyst. Under dehydrated condi-
tions, two slightly different surface rhenium oxide species
are present on γ -alumina. It has been proposed by Turek
et al. (40) that the slight difference between the two sur-
face rhenium oxide species may be due to the distortions
brought about by the presence of a proton on the Re–O–
support bond of one of the rhenium species. This causes the
shift of the Raman band of the terminal Re==O bond from
1006 to 1015 cm−1. Such a shift of the frequency can also be
interpreted as a weakening of the bridging Re–O–Al bond
strength.

The surface oxide species with weaker interactions with
the support may be extracted from the catalyst surface more
easily by washing with cold water. The amount of Re ex-
tracted from the catalyst increased slightly with the tem-
perature of oxidation, indicating that the amount of the
rhenium oxide species with weaker interactions with the
support also increases.

It is known from the literature (60) that most of the rhe-
nium can be removed by cold water treatment from the
catalyst prepared by the equilibrium adsorption method
which was only dried at room temperature. However, as
found by Edreva-Kardijeva and Andreev (37), calcination
at 550◦C of the 13 wt% Re2O7/Al2O3 catalyst caused only
35% of rhenium to be extracted by such treatment. Our re-
sults indicate that extraction of 50% of rhenium occurred

after calcination at 600◦C, but it appeared that it is con-
nected with the support dissolution. The aluminium con-
centration in the water solution after extraction was about
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an order of magnitude higher for the catalyst than for bare
γ -alumina. These results are in accord with those reported
by Schekler- Nahama et al. (53) who found, for the first time,
that rhenium is extracted together with the aluminum with
a (Re/Al) molar ratio of 3. The authors concluded there-
fore that surface aluminum perrhenate, Al(ReO4)3, or its
decomposition product exists on the surface of the calcined
Re/γ -Al2O3 catalyst.

The phenomenon of a support dissolution in conditions
generally thought to be nonaggressive was also found in
the preparation of the MoOx/γ -Al2O3 catalyst (61, 62). The
authors reported that during the deposition of ammonium
heptamolybdate on γ -alumina by the equilibrium adsorp-
tion from an aqueous solution the formation of the am-
monium 6-molybdoaluminate salt occurred. The formation
of the [AlMo6] species involved the extraction of Al atoms
from the alumina surface. The same species was also present
in the solid catalyst after deposition, although its identifi-
cation was more difficult than that in the liquid phase (61,
62).

Our results indicate that the formation of aluminium per-
rhenate is expected only during calcination of the Re/γ -
Al2O3 catalyst at 400–600◦C. Bulk phase aluminium per-
rhenate forms by direct solid–solid reaction between Re2O7

and dehydrated Al2O3 at 500◦C (57) according to the
scheme

3Re2O7 +Al2O3 → 2Al(ReO4)3.

Such conditions actually exist during calcination of our sam-
ples. The formation of this surface compound may also be
expected during the oxidation step of the regeneration pro-
cedure of the Pt–Re/Al2O3 reforming catalyst, when segre-
gation of Pt and Re occurs (3, 7–10).

Mechanism of oxidation and redispersion of Re supported
on γ -Al2O3. The mechanism of oxidation and redisper-
sion of Re supported on γ -Al2O3 as it appears from the
present study is presented in Fig. 9. We start with the cata-
lyst strongly sintered due to high-temperature reduction at
800◦C, having nonuniformly distributed Re particles with
FIG. 9. Schematic presentation of the processes occurring during ox-
idation and redispersion of the sintered 10.4 wt% Re/γ -Al2O3 catalyst.
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an average size of about 5 nm. Upon oxidation, depend-
ing on the temperature, various chemical and physical pro-
cesses take place. At 20–150◦C dissociative chemisorption
of oxygen occurs with the possible formation of a super-
ficial (few monolayers thick) Re oxide. HRTEM images
show that already at 150◦C some Re2O7 is formed, which
sublimes and adsorbs on the support. At 200 and 250◦C the
process of oxidation and sublimation of Re is also detected
by measurements of oxygen uptake, though its common in-
terpretation as bulk oxidation is misleading. HRTEM im-
ages show clearly that Re particles present in the sample are
metallic with no evidence of any surface oxide layer (at least
thicker than one or two monolayer). Re2O7 molecules from
the gas phase dissociate during adsorption on γ -Al2O3 into
monomeric ReO4 species. At 300◦C measurements of the
oxygen uptake suggest complete oxidation of Re to Re2O7,
but in HRTEM small crystallites of metallic Re are still vis-
ible. At 400–600◦C ReO4 species adsorbed on the support
form two kinds of a surface compound, probably exhibiting
Al–O–ReO3 and Al–(O–ReO3)3 structure. This hypothesis
is supported by the Raman spectra and the extraction ex-
periments. At 800◦C the surface rhenium oxide compounds
decompose (especially Al–(O–ReO3)3) and part of the Re
oxide sublimates as Re2O7. Due to the high temperature
of the alumina support, re-adsorption of the molecules is
impossible. Reduction of the catalyst sample oxidised at
500◦C in hydrogen at 550◦C causes the reduction of the sur-
face Al–O–Re compounds with the formation of uniformly
distributed small Re crystallites (redispersion).

CONCLUSIONS

The interaction of the oxygen with the sintered 10.4 wt%
Re/γ -Al2O3 catalyst is a complex process which depends
on the oxidation temperature. At 20–150◦C dissociative
chemisorption of oxygen occurs with the formation of a
supeficial Re oxide, although at 150◦C some Re2O7 is also
present. At 200–300◦C the process of Re oxidation acceler-
ates, with instantaneous sublimation of rhenium heptaoxide
and its simultaneous adsorption on the support as the ReO4

species. At 400–600◦C, the ReO4 species forms two kinds
of a surface compound with an Al–O–ReO3 and Al–(O–
ReO3)3 structure. At 800◦C the surface aluminum rhenium
oxide compounds decompose and in part sublime as Re2O7.
Mild reduction of the oxidized Re/γ -Al2O3 catalyst in H2

at 550◦C causes the redispersion of Re as a 3-fold decrease
of the mean particle size of Re and uniform distribution of
metallic particles on the support.
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