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Abstract

The interaction of sintered low-loaded ReAl,O3 catalysts with oxygen has been studied over a wide temperature range, 26G-800
The structure of the catalyst was characterized using different technigpeserhisorption, @ uptake, BET, TEM, and also by Raman and
XPS spectroscopy. In the catalyst reduced ynati800°C, Re is present as a nonuniform phase consisting of metallic particles with sizes of
1-4 nm and a certain amount of very small clusters (below 1 nm) undetectable by TEM. Oxidation at room temperature causes dissociativ:
chemisorption of oxygen on rhenium with possible formation of a superficial oxide on the Re particles and complete oxidation of the clusters
to Ré"—Re&/t species. After oxidation at 15@ only 2% of total Re remains in the reduced state which implies high affinity of highly
dispersed Re to oxygen. At 200-30D, oxidation of Re hastens giving a mixture offte R+, and Ré* ions, while at 500C, complete
oxidation to ReO7 occurs. At elevated temperatures,oRe sublimates and instantaneously adsorbs ealumina surface as monomeric
Re(Qy species. At 500-80TC, these species are strongly bound to alumina forming a kind of a surface compound with an Al-sO—-ReO
structure. This accounts for the low loss of Re observed even &t@Redispersion of rhenium was observed after a mijdrelatment of
the oxidized rhenium catalyst.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction tal (Pt—Re) dispersion in Pt—Re/&3 catalysts [14,23-26].
It should be noted, however, that the stoichiometry of oxy-
Rhenium-containing catalysts have received much atten-gen chemisorption on RefAl,03 catalysts is still not well
tion over the last three decades due to their use for hydro-established: O/Re- 0.5 [27], 1 [18], or higher than one [9]
carbon transformation [1-4], selective reduction of NO was proposed. Generally, it is accepted that at room temper-
N2 [5], and for hydrodesulfurization and hydrodenitrogena- ature adsorbed oxygen is completely dissociated on metallic
tion [6]. Whereas characterization of the supported Re cata-Re but some data indicated also on nondissociative adsorp-
lysts was the subject of several detailed studies [7—14] little tion at this temperature [9,28]. Studies of the interaction
information can be found in the literature on the oxidation between supported rhenium and oxygen at elevated temper-
behavior of supported rhenium particles [9,15-20]. The ox- atures are rather scarce and only a few results refer to low-
idation treatment at elevated temperatures is a crucial stepoaded Rey-Al,03 catalysts [9,15,17,19,20]. Wagstaff and
of the activation or regeneration procedures of the rhenium- prins [15] found that for 0.7% RefAl,Os catalyst an av-
containing catalysts. erage oxidation state of rhenium at 1@is two, at 180C
The interaction between oxygen and alumina-supportedit s four, and at 300C it is seven. They suggested that the
rhenium is a complex process and depends strongly on there?+ state corresponds to oxygen chemisorption, while the
temperature and rhenium loading [9,17,19,20]. It was found ReH and Ré* states represent true rhenium oxide on the
that oxygen chemisorption at room temperature [21] may ajymina support. Yao and Shelef [9] showed that rhenium,
be used as a suitable method for determination of the rhe-yhich exists on the surface of-Al.Os as the dispersed
nium dispersion in Re/-Al20s catalysts [9,15-18,22]0rto-  yo-dimensional phase, may be oxidized at 300only to
Re*, while three-dimensional particles to Re Paryjczak
~* Corresponding author. et al. [17] reported three temperature ranges of different
E-mail addressjana@int.pan.wroc.pl (J. Okal). oxygen-rhenium interactions: superficial oxide (30-200)
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bulk oxidation (200—400C), and above 400C when ReQ@ oxidation temperature (20—80Q) on the molecular struc-
was formed. Chdzyhski and Kubicka [19] found that sorp-  ture of the rhenium oxide phase was investigated by Raman
tion of oxygen at 20—400C by the 1% Re/-Al 03 catalyst and X-ray photoelectron spectroscopy.

is a slow, activated process that occurs both at the surface and

in the bulk of rhenium particles. On the other hand, Raty and

Pa'kka'nen [20] showed recently by temperat'ure-programmedz_ Experimental

oxidation (TPO) that no oxygen consumption occurred on
1% Ref-Al,03 catalyst at 20-500C and ascribed it to
the strong interaction between reduced rhenium particles
and the alumina surface. At higher rhenium contents the
interaction weakens and oxidation becomes possible. At A 1.04 wt% Rej-Al,O3 catalyst was prepared by wet
or above 300C rhenium heptaoxide is the main product impregnation of the/-alumina support§geT = 220 n?/g)

of oxidation of Re supported on alumina [15,29], rhenium with an aqueous solution of NfRe(y. After impregnation,
powder [30], or thin Re films [31]. Spectroscopic methods the sample was dried at 10Q for 24 h and then reduced
such as IR [7,32], laser Raman [32-35], XANES [33], and in H flow at 550°C for 10 h [35]. Next, various heat treat-
XPS [36] revealed that rhenium in the fully oxidized state ments procedures, similar to those used previously for the
on y-alumina support exists always as a two-dimensional high-loading Rey-Al,03 catalyst [45], were utilized.

surface phase of monomoleculary dispersed Rifrahe-

dra. _ 2.1.1. Sintering
X-ray photoelectron spectroscopy (XPS) is a powerful .o sample of the catalyst was again reducedriléw

tool in the determination of the surface composition of the (60 mi/min) at 55°C with a heating rate of 6C/min, for
catalysts. Rhenium is particularly amenable to this method 20 h. and next sintered at 860 for 5 h. After coolir;g to
of analysis, since a chemical shift of about 7 eV occurs room temperature, the catalyst was closed in a glass vessel,

between rhenium metal and ®®&; oxide [3.1]. For Rg— __evacuated to I Torr (1 Torr = 133 N/m?), and stored
supported catalysts, XPS was used to examine the omdaﬂorhm” characterization

state of Re after reduction [36—38] or after oxidation at high

temperature [39,40]. Rhenium—oxygen interactions at vari- o

ous temperatures have also been studied using XPS, but fo?-1.2. Oxidation

Simp|er systems, encompassing Re (0001) surfaces [41], thin The sintered Catalyst was oxidized with static air at tem-
Re films [31,42,43], and rhenium foils and ribbons [28,44]. Perature in the range of 20-800. The samples were heated
In these studies the oxygen 1s peak at 530 eV, characterfrom room temperature to the desired one at the rate of
istic for atomic oxygen associated with the rhenium, was 5°C/min and held at this temperature for 1 or 4 h or in some
observed [41-43]. Unfortunately, it is of limited utility for ~cases 20 h.

characterizing Re/-Al 203 catalysts due to overlapping with

the strong O (1s) signal from the support [39]. Alnot and 2.1.3. Redispersion

Ehrhardt [44] examined oxidation of the Re ribbons at  The sample of the sintered or unsintered catalyst was ox-
427°C and 1 Torr of oxygen and found ReCRe(Q;, and dized in air at 400C or at 600°C for 1 h and then reduced
Re;O7 on the surface. Tysoe et al. [31] showed that dur- jn H, at 550°C for 20 h.

ing oxidation of thin Re films deposited on Pt foil at 1 atm
of oxygen, a mixture of rhenium oxides was formed above
200°C and loss of rhenium due formation of the volatile
Re,O7 occurred after oxidation above 300.

In a previous paper [45] we presented a study of oxidation Rhenium loading in the catalyst was calculated from the
and redispersion of Re in the sintered 10.4%)RAl>,03 amount of NHReQ used for the impregnation. Addition-
catalyst over a wide temperature range, 20-8D0It was ally, the Re content in the samples after reduction and after
found that mild reduction of the oxidized catalyst caused oOxidation was measured by the ICP-AES method. It was
redispersion of rhenium resulting in a 3-fold decrease of determined with an accuracy of better th#0.1 wt% Re.
the mean particle size of Re and uniform distribution of The contents of sodium and potassium present as impuri-
metallic particles on the support. The aim of this study was ties in the catalyst were found to be 0.06 and 0.02 wt%,
to examine, using a similar approach, another system—anrespectively. Determination of the Na and K amounts is im-
oxygen-treated low-loaded Re/Al,O3 catalyst (1.04 wt% portant because these elements may change the structure of
Re). Such a system more resembles industrially used re-the rhenium oxide catalyst [46]. Other impurities (Fe, Cu,
forming catalysts (0.3% Re-0.3% pPtAl203). Hydrogen Mg, Si) were below 10%%. No Na or K was detected by
chemisorption, oxygen uptake, BET, TEM, and SAED meth- XPS analysis of the catalyst oxidized at different tempera-
ods were applied to investigate morphology changes createdures. Probably, the surface concentration of these ions was
upon heat treatment in hydrogen and oxygen. The effect oftoo low to be experimentally observed.

2.1. Preparation and treatment of the catalyst

2.2. Chemical analysis
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2.3. Experimental techniques ambient conditions for few minutes. The C Is peak of the
contamination carbon, at 284.6 eV, was taken as reference
2.3.1. Adsorption methods in calculating BEs and accounting effects. The spectra were

BET surface area, Fchemisorption, and Quptake mea-  collected and processed by using SpecsLab software. A non-
surements were conducted in the conventional volumetric linear least-squares fitting algorithm was performed using
glass system employed earlier (base pressuré® Twrr) peaks with a mix of Gaussian and Lorenzian shape and a
[27,45]. The BET surface area of the catalyst was mea- Shirley baseline. As reference, samples of Re powder (John-
sured by nitrogen adsorption at liquid nitrogen temperature son & Matthey) and RgD7 (Aldrich, purity 99.9%) were
on samples dehydrated under vacuum at3D€or 3 h. used. Before measurement the Re powder was reduced in

Before H chemisorption, the sample (ca. 1.5 g) was Hjy at400°C, then passivated in air for a few minutes, and fi-
heated at 520C in Hy at 300 Torr for 4 h and next at the nally cleaned by At sputtering inside the spectrometer. The
same temperature under vacuum for 2 h. This cycle was re-ReO7 was used as supplied. The accuracy of the measured
peated three times. Next, hydrogen was introduced on thebinding energies was0.1 eV.
sample at 520C and the catalyst was cooled in hydrogenat ~ The Raman spectra were obtained with a Jobin-Yvon
150 Torr to room temperature. The time of cooling was about Ramanor-U 1000 spectrometer equipped with the CCD de-
3 h. Finally, the total sorption of hydrogen was determined tector cooled to-130°C and with the 514.5-nm line of an
at room temperature. The total amount of bound hydrogen Ar* ion laser as the excitation source [35,45]. The laser
was used to calculate the dispersion of rhenium, assumingpower at each sample was about 250 mW. The instrument
1:1 stoichiometry of H:Re [27,45]. resolution was determined to be better than 2-&niThe

The oxygen uptake was measured at temperature rangesamples after oxidation at appropriate temperatures were
of 20-500°C with an oxygen pressure of 100—200 Torr. The cooled to about 300C, next transferred to the glass cap-
sintered catalyst sample (ca. 1.0 g) was reduced draH illaries within less than 30 s, and immediately sealed. This
520°C for 4 h, outgassed at the same temperature for 2 h, procedure allowed the collection of the Raman spectra under
and cooled under vacuum to room temperature. Then, thedehydration conditions. Hydration of the catalyst samples
oxygen was introduced and the amount of adsorbed oxygenwas achieved by exposing the dehydrated samples to am-
was determined. Typically, an equilibration time of 20 min bient air for 20 or 3 h. All spectra were measured at room
was employed. Next, the temperature was raised to the detemperature with a 30-s time exposure per scan.
sired oxidation temperature, at the rattCymin, kept in
isothermal conditions for 1 h, and then the sample was
cooled under oxygen to room temperature, where the uptake3. Results
was measured.

3.1. Overall characteristics of the catalyst
2.3.2. Structure studies

Morphology and microstructure of the catalyst was stud-  General characteristics of the catalyst are given in Ta-
ied by transmission electron microscopy (TEM) and selected ble 1. BET surface area of the catalyst after reduction
area electron diffraction (SAED) with a Philips CM 20 at 550°C was only slightly less than of alumina support
microscope equipped with the Super Twin objective lens (220 n?/g). Reduction at 808C caused about 20% de-
(Cs = 1.2 mm), which at 200 kV provides 0.25-nm resolu- crease in the surface area, while the following oxidation up
tion. Specimens for TEM were prepared simply by grinding to 800°C did not change the BET surface area of the cata-
a freshly prepared catalyst powder in a mortar and placing lyst. Analysis data show that the Re contentin the catalyst up
some fine powder on a cooper microscope grid covered with to oxidation at 600C is equal to the amount of Re used for
perforated carbon.

XPS was done using SPECS PHOIBOS-100 hemispher-rype 1
ical analyzer operating at constant analyzer energy mode.BET surface area, Re content (wt%), and rhenium surface density for 1.04%
Due to very low Re concentration in the samples narrow Rely-Al;Os catalysts after various heat treatments
scans were taken with rather high 40 eV pass energy. The reduction ~ Oxidation ~ BET  Recontént Surface densi}
measurements were performed at room temperature usingr (°C)/time T (°C)/time  (n?/g) (Wt%) (atoms Rgnm?)

100 W (wide scans) or 250 W (narrow scans) X-ray Mg s50/20h _ 211 10 _
anode. The base pressure in the UHV chamber was below 800/5 h - 171 n.c -
1 x 10~° mbar. Sample charging was compensated using an 800/5h 4004 h 172 1 0.21
electron flood at 0.5 mA current andlGt 0.01 eV energy. gggﬁgﬂ gggjﬂ 1;8 %g 8'12
The detection angle was normal to the sample surface. The 800/5 h 80020 h 163 89 016

samples as a fine powder were pressed into a molybdenum—;
le holder that . ducibl diti Accuracy better thas-0.1 wt% Re.
Sampie ho er, al, using repro UC! € pressure conaitions, p Defined as the number of Re atoms per square nanometer of the cata-
gave tablets with a smooth and uniform surface. Thus, the s,
XPS analyses were performed on the samples exposed to ¢ Not determined.
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Fig. 1. TEM micrographs of the 1.04% Re/Al,03 catalyst reduced at 55C (a), 80C°C (b), oxidized at 150C (c), and redispersed (d). Magnified HRTEM
image of Re crystallite exhibiting (101) fringes is shown as inset in b.

impregnation (within the experimental error), but at 80 3.2. Structure characterization by TEM

about 10% rhenium loss was observed. The Re surface den-

sities calculated from BET surface area and the actual metal It is quite difficult to detect rhenium in TEM images of a
loading are only slightly influenced by the oxidation temper- low-loaded Rey-Al,03 catalyst. For the sample reduced at
ature. These values are much below the monolayer coveragé50°C for 20 h, only few particles with size of1.5 nm,

of 2.3 Re atomgnn¥ determined by Vuurman et al. [32]. possibly of metallic Re, could be found (Fig. 1a). In the
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SEAD pattern (not shown) only broad rings pfAl>O3 Table 2
are visible. Obviously, the dark particles noted above may H2 chemisorption data and metal particle size for 1.04%R&l,O3 cata-
not contain the whole amount of Re present in the sample, 'ysts after various heat treatments

The remaining part must be distributed as a highly dispersed = Treatment H chemisorption 1 (TEM)P
(possibly monolayer) phase. Itis clearly proved by the TEM 1 (°C)/time/gas ~ pmolglcat. D2 [ (chem.}

images of the sample sintered inp ldt 800°C, where Re 550/20 hyHy 20.7 0.74 1.8 ~15
particles with size 1-4 nm are easily observed (Fig. 1b). In +

HRTEM image (see inset to Fig. 1b), a 4-nm particle ex- 300/ih/"'2 15.1 0.54 2.5 D
hibiting 0.21-nm lattice fringes corresponding to Re (101) 600/4 hyair 25 0.90 15 Not visible

is seen. Upon oxidation of the sintered samples the detec-
tion of the Re-containing phase in TEM became difficult. In  550/20 tyH,

the sample oxidized at 15C only few particles with size a Dispersion of Re, number of hydrogen atoms chemisorbed to the total
~1.5 nm could be found (Fig. 1c), while for higher oxidation number of Re atoms (H/Re) [27].

temperatures, no sign of Re-containing phase was detected. P Metal particle size (nm) determined fronpldhemisorption and TEM,
The same was true for the sample subjected to a redisper<espectively.

sion procedure, where no Re patrticles could be observed in

HRTEM micrographs (Fig. 1d). = 10 R Ore
g €Uy
. . e F2.98
3.3. Chemisorption of hydrogen o
= s L2.31
The H chemisorption capacities and dispersion data ob- Re0;1
tained for the 1.04% RetAl O3 catalysts after various heat 5 r1.61
treatments are shown in Table 2. Reduction at@D®mwers @ Re0
the H uptake as compared to reduction at 380but a cor- & 20 0.8
responding decrease of rhenium dispersion is rather small -0.33
(27%), which agrees well with the high resistance of rhe- 0 W0 200 300 200 50
nium to sintering, characteristic for metals of high melting Temperature of oxidation (*C)

points (for Re: m.p= 3180°C). The average particle size of

rhenium in the sample reduced at 8@ determined from Fig. 2. Oxygen uptake measured as a function of the oxidation temperature
chemisorption data (2.5 nm), is slightly higher than mea- (00 1200 282 TS Pl e e e aven for comparison
sured by TEM. Oxidation of the sintered catalyst at 600 or ’

at 400°C followed by reduction in Kl at 550°C resulted in Table 1) and thus it Id not b ible for th q
redispersion of rhenium producing very small Re particles t'a f‘. )afnth (u)7|IQ couf n:I etrr(]aspon&l eforihe UE. ertesé-
with an average size of 1.5 nm. The same size of the Re par- 'mation ot the € ratio. AIS0, In€ sampies were subjecte

ticles was obtained when the unsintered catalyst sample Wasig arzz\llji;er:qee(i;ﬁ;éoag;?;idL_Jl_ﬁ’sv\\,':;ghczzg'r”'rlrgjezebsurfgc'rir_]t
subjected to the redispersion procedure. This result is consis- P ' y rep

. . . ducible behavior of this catalyst for hydrogen chemisorp-
tentwith HRTE.M data showing that no Re particles could be tion [27]. However, data published by other authors showed
detected (cf. Fig. 1d).

difficulties in the reduction of rhenium, especially in low-
loaded Rey-Al 03 catalysts [9,11,15,18].
3.4. Uptake of oxygen

3.5. XPS studies

The uptake of oxygen by the 1.04% ReAl 03 catalyst
sintered in H at 800°C as a function of the oxidation tem- The XPS technique was used to establish the oxidation
perature is shown in Fig. 2. The O/Re values given in Fig. 2 states of the surface rhenium atoms in the catalyst after dif-
denote the ratio of the number of atomically adsorbed oxy- ferent treatments. Fig. 3 shows the XPS spectra of the Re
gen to the total number of Re atoms in the catalyst. In this powder and RgD; oxide, as references for Rand Ré+
uptake study, a fresh sample was used for each data pointoxidation states, respectively, and the 1.04%)Ra&l,03
The uptake of oxygen was low at room temperature and in- catalyst oxidized at room temperature. The spectrum of Re
creased considerably on raising the oxidation temperature.powder in the Re 4f region shows two well separated spec-
However, even at 500C the uptake did not reach maxi- tral lines at 40.5 and 42.9 eV, assigned to the R 4hd Re
mum and corresponded to an O/Re ratio of 2.98, i.e., 15% 4fs;» spin-orbit components, respectively (Fig. 3c). Cimino
lower than the value of 3.5 expected for complete oxidation et al. [30] reported for Re powder the ReyAfpeak at
of rhenium to ReO; oxide. For unsupported metallic Re, 40.7 eV, in close agreement with our data. The XPS spec-
oxidation to ReO7 occurs already at 30 [30,31]. The trum of pure ReO7 oxide also shows two, but less separated,
volatilization of rhenium heptaoxide was not observed (see spectral lines at 46.9 and 49.3 eV, in good agreement with
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ture (b), and rhenium powder (c). a) > A )
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‘ Fig. 5. Deconvolution of the measured XPS spectra: 1.04% Ré$ O3 ca-
o 3 talyst oxidized at room te_:mperature (a), P8D(b), 300°C (c), 500°C (d),
1 600°C (e), and RgO7 oxide (f).
has been previously observed for low-loadedjRal,03
catalysts [36,37,47] and was attributed to the interaction of
the rhenium species with the alumina support. It is evident
that the oxidation state of rhenium increases with the ox-
idation temperature up to 50€ and remains constant at
higher oxidation temperatures. The distribution of the Re
oxidation states in the oxidized catalysts was estimated by
the deconvolution of Re 4f spectra as shown in Fig. 5. In
the curve-fitting routine the relative intensity, FWHM, and
i separation of the spin orbit doublet were fixed for each dou-
54 52 50 48 46 44 42 40 38 blet. For example, for the.s.ample oxidizgd at. room temper-
ature (Fig. 5a), the best fitting was obtained if we assumed
four different oxidation states of rhenium. The deconvoluted
Fig. 4. XPS spectra of the Re 4f region of the 1.04%)RAl,03 catalyst peaks at 40.5, 42.8, 44.8, and _46'6 eV are aSS|gned to Re
sintered in H and then oxidized at room temperature for few minutes (a), 4f7/2 peaks and suggest the existence of e, RPT,
at 150°C for 1 h (b), at 300C for 1 h (c), at 500C for 1 h (d), at 600 C and Ré* species, respectively [31,36]. The presence of
for 1 h (e), and at 808C for 1 h (f). small amounts of the Re in oxidation states between 0 and 4
cannot be excluded, but their identification is difficult be-

literature data [30,31,36,37]. Some spectral line broadeningcause of low metal loading [36,37,47]. Oxidation at 280
observed may be due to partial surface reduction giRe caused enhanced formation of Reand Ré* species, but
oxide as was found by Cimino et al. [30]. The spectrum of a trace amount of metallic Re was still present (Fig. 5b). At
the reduced low-loaded catalyst, after short contact with air, 300°C most of rhenium was as Re species (Fig. 5¢) and
shows a very strong broadening of the Re 4f peak so that theafter oxidation at 500C only R€* species are present on
splitting of Re 4,2 and Re 44,2 lines could not be observed. the surface of the catalyst (Fig. 5d).
However, the shape and position of the peak indicate thata Table 3 summarizes curve-fitting results for the refer-
mixture of the oxidation states of the Re is present. ence compounds and the ReAl,O3 catalyst oxidized at

Fig. 4 shows the Re 4f spectra obtained for the cata- all studied temperatures. It includes the binding energies of
lyst oxidized at 20—800C. Each spectrum exhibits only the most intense Re 4% component of each doublet, the
one broad peak, with an average binding energy increasingdistribution of oxidation states of Re ions, and the surface
with the oxidation temperature. Such spectral broadening Re/Al atomic ratios. It can be noted that estimation of dis-

Intensity

Binding Energy, eV
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Table 3

X-ray photoelectron spectroscopy analysis of the reference compounds and the 1.9424 §& catalyst oxidized at different temperatites

Sample Oxidation temperature Re/4P Re/Al
(°C) R ReH R+ Re’t

Re powdef - 405 (100

ReO7 - Trace 469 (100

1.04% Rep-Al,03 20 405 (21 42.8 (41) 44.8 (4) 46.6 (33) 0.0024
150 405 (2) 42.8 (24) 44.8 (30) 46.6 (44) 0.0049
300 428 (7) 44.8 (25) 46.6 (68) 0.0050
500 46.6 (100 0.0048
600 46.3 (100 0.0048
800 46.6 (100 0.0050

a All binding energies were referenced to C2284.6 eV.
b Binding energies (eV) and concentrations (%) of RgA$pecies. The numbers in parentheses represent the percentage participation of the Re species.
¢ After reduction at 400C and Art sputtering.

tribution of oxidation states of Re in our samples may be
associated with relatively large uncertainty. We suppose that o1
error analysis is about 20% [48]. The Re/4finding en- 9
ergy of the sample oxidized at 60Q is 0.3 eV lower than
that of R€* ions in the sample oxidized at 500 or 80D
(46.6 eV) (see Table 3 and Fig. 4e). It was, however, much
higher than that for Re§)i.e., R&*t species [30,31,36]. To
confirm this observation we repeated the experiment with .
fresh sample and we obtained identical an XPS spectrum.
We suppose that increase oxidation temperature causes som
diffusion of R&'* species over the surface of the aluminaand - g

the environment of the Re ions or a distribution of support

interactions may be slightly different from that in the sample B
oxidized at 500 or 800C [36]. Cimino et al. [39] found by f
XPS that the RE" species may be located on an Si€up- ° s

port in nonhomogeneous situations (broadening of the Re

peak was observed).

From XPS analysis, the surface atomic concentrations of s /
Re and Al were obtained and the Re/Al atomic ratios were
calculated (last column in Table 3). In the sample oxidized
at room temperature the XPS-determined Re/Al atomic ratio
is the same as the bulk atomic ratio, (Refl) = 0.0029,
calculated from the overall chemical composition of the cat-
alyst. After oxidation at 1560C, the Re/Al ratio is two times b &ﬂM
higher than the initial one and remains nearly constant up P e e e e
to 800°C. This result indicates that the rhenium is strongly
redispersed over the alumina surface and all rhenium in the
samples is detected by XPS in range of 150-<8D0

972

)

trary units

1
&

aman Intensity ( arb

Raman Shift (cm™)

Fig. 6. Raman spectra pf-alumina (a) and the sintered 1.04% ReXl 203
catalyst oxidized for 4 h at 400C (b), 600°C (c), and 800C (d); dehy-
dration conditions. Spectra e and f were taken after exposing the samples ¢
and d to ambient conditions for 20 h.

3.6. Raman studies

Fig. 6 shows the Raman spectra obtainedyfealumina

support (Fig. 6a) and for the oxidized catalyst under dehy- evidence of any rhenium oxide species (Fig. 6b). Very sim-
drated (Figs. 6b, 6¢, and 6d) and hydrated (Figs. 6e and 6f)ilar spectra were observed under hydration conditions (not
conditions. The support exhibits only a broad Raman signal shown). The Raman spectra of the sample oxidized at 600
at approximately 500 cm', which is associated with a de- or 800°C for 4 h were similar and exhibited one band at
fective spinely-alumina structure [49]. Also, a weak band 998 or 996 cm?, respectively (Figs. 6¢ and 6d). Increas-
at about 800 cm! observed in some Raman spectra of the ing the oxidation time at 500C to 20 h allowed a similar
catalyst corresponds tp-alumina structure [35]. The Ra- Raman spectrum with one band at 998 ¢nto be ob-
man spectrum of the sample oxidized at 400 or atSD€or tained. The band is assigned to the terminakResymmet-

4 h and recorded under dehydration conditions revealed noric stretching vibration of the dehydrated surface rhenium
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oxide species [32,34,35]. The corresponding antisymmetric ing part of Re is present as metal particles with sizes of 1—
stretching and bending modes expected at lower wavenum-4 nm, easily detected by HRTEM and XPS. We suppose that
bers were not visible. partial reoxidation of rhenium may occur during the evacu-
Exposure of the sample oxidized at 600 and 8D@o at- ation of the catalyst at 52 applied after the bireduction
mospheric moisture for 20 h or even 3 h caused a shift of treatment in the procedure used fop Optake measure-
the main Raman band from 998 to 972 chand from 996 ment. The same process may be present also in procedures
to 971 cnt! and appearance of a weak band at 332tm  used for H chemisorption. Calculated fromaHthemisorp-
(Figs. 6e and 6f). The band at 332 this attributed to the  tion data metal particle sizes were slightly higher than those
0O—Re-0 bending mode of the surface rhenium oxide speciesfrom TEM supporting lower K uptake then expected. Soly-
under hydrated conditions [34]. The positions of these bandsmosi and Bansagi [51] reported that isolated Re species in

are similar to those recorded from aqueous Re@ns, the reduced 1% RgfAl>O3 catalyst could be oxidized to
indicating a tetrahedral rhenium species at the catalyst sur-mono or higher valence metal ions by the OH groups of the
face [10]. alumina support. It is known that alumina support even at

500°C keeps water on its surface for a long time [52,53].

The results of @ uptake may also be influenced by polar
4. Discussion interactions between reduced rhenium species and oxygen

atoms of the support. Fung et al. [54] and Ronning et al. [55]

Previously, we found for the 10.4% Re/Al,O3 catalyst showed by EXAFS study of the reduced 2% R&l,03
that oxygen uptake at 2@ was low (O/Re= 0.16) and in- catalyst, a pronounced Re—O interaction at ca. 2.0 A, which
creased at 300-50C to the maximum value of 3.3, only  they associated with the strong interaction between rhenium
6% lower than that in R€7 oxide [45]. Oxygen uptake at  and oxygen atoms of the-Al,O3 support.
room temperature obtained in the present study for the low-  Our results are consistent with those presented by Yao
loaded Rey-Al,03 catalyst sintered in Hwas also rather  and Shelef [9] who found that Re at low concentrations on
low (O/Re= 0.33). A recent study on the same catalyst [27] y-alumina, after reduction at 50C, is present as highly
gave the surface coverage of the rhenium with oxygen (ex- dispersed two-dimensional rafts in addition to crystalline
pressed as O/H) as only 0.5, which was consistent with thatthree-dimensional particles. EXAFS data obtained by Fung
obtained on a rhenium powder [50]. However, our XPS re- et al. [47] for the 1% Re/-Al,O3 catalyst prepared from
sult for the reduced catalyst exposed for a short time to air NHsReQ; showed that after reduction at 4900, the result-
at room temperature showed significant reoxidation of rhe- ing surface species were highly nonuniform, consisting of
nium (Table 3), which cannot be considered as only a pas-surface rhenium oxide and metallic rhenium particles. In
sivation of the metal particles. It appears, therefore, that O other paper, Fung et al. [38] found by TPR that passivation
chemisorption should be used with a precaution as a routineof the reduced 1% RegfAl>O3 catalyst had led to a com-
method for determination of the Re dispersion in low-loaded plete oxidation of R&to Re/*. The authors explained the
Re catalysts. complete oxidation of Re by the high affinity of the sup-
With increasing temperature, rise of the oxygen uptake ported Re to oxygen. Hence, the oxophilic character of Re

was observed but even 1 h oxidation at 300did not cause  may be a problem when s used to determine the exposed

complete oxidation of rhenium particles to & (O/Re= Re surface area in supported Re and Pt—Re catalysts [19,27].
2.98). An average oxidation state of Re was 2 at A5G0 The present study shows that in the oxidized 1.04% Re/
4 at 250°C, and 6 at 500C (Fig. 2). Prolonged oxidation  y-Al,03 catalyst Re species could be observed by Raman
at 500°C (4 h) did not cause any increase in the ap- spectroscopy only after oxidation at 50D for 20 h or at

take. Paryjczak et al. [17] also obtained stoichiometry close 600°C and above for 4 h, i.e., for samples where only Re
to ReQ after oxidation of the Re/-Al,O3 catalyst above  species were found by XPS (see Table 3). For high-loaded
400°C. However, none of our Raman spectra showed bandscatalyst we observed Raman peaks already afG0[35].
characteristic for Re@oxide, i.e., for octahedrally coordi-  Probably for low-loaded catalyst, due to diversity of Re ions,
nated rhenium, which appear at frequencies much lower thanthe surface concentration of individual Re ions was too low
those measured in the present study [32]. In addition, our be experimentally observed, or the presence of water mole-
XPS results show complete oxidation of Re to’Rén the cules on the surface of thealumina precluded the observa-
sample treated at 50C for 1 and 4 h (Table 3). tion of the Re species. Chan et al. [56] found that the removal
The oxygen uptake lower then expected for oxidation of of water from various supported transition metal oxide sys-
Re® to R may indicate that a certain part of Re exists tems decreases the disorder on the surface and improves
in a low positive oxidation state before oxidation. This low- the Raman spectra. Raman spectra (Fig. 6) show that under
valent Re, probably monolayer phase or very small clusters, dehydrated conditions only one kind of surface rhenium ox-
undergoes the oxidation to Rg Ré+, or R€* duringex-  ide species correspondingitg(Re=0) of 996-998 cm? is
posure to air at room temperature, as was observed by XPSpresent. This result is in accord with our previous study [35]
Unfortunately, we could not characterize our reduced sam- and the literature data obtained for low-loaded @Al 203
ples by in situ XPS, i.e., without exposure to air. The remain- catalysts calcined at 50C [32,34]. Hence, the dehydrated



370 J. Okal et al. / Journal of Catalysis 219 (2003) 362—-371

rhenium oxide exists as an isolated, four-coordinated speciess. Conclusions

with three terminal Re-O bonds and one bridging Re—O-Al

bond [32-34]. For 10.4% RgfAl 03 we found that Re@® Rhenium in the sintered in H1.04% Rep-Al O3 cata-
monomers exist as two slightly different species [35,45]. The lyst is present as a highly nonuniform phase, consisting of
strength of the bridging Re—O—support bond is not influ- very small clusters and metallic particles with the size of
enced by the temperature of oxidation up to 80Qasisevi-  1-4 nm. The interaction of oxygen with this catalyst is a
denced by small changes in the bond strength of the terminalcOmplex process, which depends strongly on temperature.
Re—=0 bonds. The rhenium oxide formed at 500—-8G0is At room temperature a superficial Re oxide is formed on Re

firmly bonded to alumina support as distorted Re@rahe-  Particles, whereas small clusters are completely oxidized to

dra. Strong interaction between the rhenium oxide and the Re**—Re'* species. At 150C, nearly all Re is in an oxi-

alumina surface in the low-loaded catalyst is also confirmed dized (cationic) state. At 2003 _
accelerates and the rhenium is redispersed over the alu-

mina surface. At 500C complete oxidation of Re to Rz
takes place with its simultaneous sublimation and adsorp-
ature caused hydration of the surface rhenium oxide speciestlon on y-alumma as Re@species. At 500_80(?:’ ReQ .
monomers are firmly bonded to the support. Mild reduction
of the oxidized low-loaded RgfAl,O3 catalyst caused re-

dispersion of the metallic phase.

by low loss of rhenium at 800C evidenced by chemical
analysis and XPS (see Tables 1 and 3). Exposure of the de
hydrated low-loaded catalyst to ambient air at room temper-

(vs(Re=0) in the range 972-971 cm).

Results of H chemisorption and TEM showed that ox-
idation of the sintered catalyst at 400 or at 8a0for 1 h
followed by reduction in H at 550°C leads to about 40%

—30Q, the oxidation process

growth of the Re dispersion. Issacs and Petersen Obtaineq&cknowledgments
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