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NOTE

Estimate of the Basicity of Ln,O;—~Bi,0O; Catalysts for
Oxidative Coupling of Methane through Diffuse Reflectance
UV-vis Experiments

The catalyst basicity has been shown to correlate with
the activity and selectivity to C, in the oxidative coupling
of methane (OCM); in a recent paper, Maitra reviews the
effect of basicity on the performances of OCM catalysts
(1). However, in the oxides of the rare earth elements
series the activity to C, in the oxidative coupling of meth-
ane does not follow any simple basicity trend (2). The
measurement of the basicity of pure oxides is not an easy
task and problems can appear due to the existence of
structural polymorphism. The decomposition tempera-
ture of salts is among the proposed methods for measuring
solid state basicity of oxides (1). As earlier reported by our
group (3) the decomposition temperature of the lanthanide
hydroxides suggests that Lu,O, is as basic as Sm,0;. This
effect is due to the singular character of Lu(OH);, which
is the only hydroxide in the series with cubic structure.
The thermochemical parameters of the decomposition re-
action are then affected (3). For the case of supported or
mixed oxides the problem of stating the basicity is even
more complex. Thus, simple criteria such as the size and
charge of a cation may not hold for the basicity sequence.
For instance, on increasing the calcination temperature
of Sm,0,/Al,0; catalysts the crystalline structure of the
active phase is modified, which results in altering the
basicity of the catalysts as deduced by the change in the
activity and selectivity in the OCM (4). Similarly, two
Sm/Bi,0; catalysts prepared by different methods show
differences in the OCM depending on the crystalline struc-
ture. So, a mixture of @-B1,0; and SmBiOCl-type phases
results in higher activities and selectivities than a mixture
of tetragonal and fcc-type phases (5).

The present work is aimed toward estimating the basic-
ity of the catalyst based in the electronic structure of the
solid. The stabilization of the 8-Bi,O; phase due to the
presence of rare earth cations (6) allows us to separate
the role of the basicity of the catalysts from the influence
of the crystalline structure in the activity in the OCM.

Lanthanide-doped (4% M in Sm, Er, and Lu) bismuth
oxides were prepared by calcining in air physical mixtures

of adequate amounts of both oxides. The mixtures were
calcined in air at 1073 K for 18 h. For comparative pur-
poses a similar treatment was performed on pure Bi,0,.
The specific surface area (Sger) was ca. 0.3 m?/g for all
the catalysts. After the preparation of the catalysts the
characterization was carried out by XRD using CuKa
radiation and pyrolitic graphite as monochromator. Dif-
fuse reflectance UV -vis spectroscopy was carried out in
a Shimadzu spectrometer at room temperature, and when
necessary the catalysts were diluted in BaSO, for pre-
venting signal saturation. Catalytic activity tests were car-
ried out at temperatures ranging from 988 to 1088 K in
a fixed-bed flow reactor at atmospheric pressure. The
experimental device and catalyst pretreatment have been
described in detail elsewhere (4).

The X-ray diffraction pattern of Bi,O, calcined at 1073
K corresponds to the a-phase (Fig. 1). The patterns ob-
tained for the lanthanide modified catalysts match very
well that corresponding to the B-Bi,O, phase (6). This
tetragonal phase has also been suggested from XRD data
for 10% M Yb,0;-Bi,0; solid solutions (7). The experi-
mental X-ray data were fitted by using an indexing and
least-squares powder diffraction program. Figure |
shows, as an insert, the obtained unit-cell parameters for
the tetragonal -Bi,O, phases.

The diffuse reflectance UV-vis spectra of the studied
catalysts are shown in Fig. 2. The UV-vis spectrum of
a-Bi,0, is characterized by a broad band centered at 380
nm. A charge transfer process from the O(2p) band to the
empty levels of bismuth oxide is responsible for this band.
On modifying the crystal structure of bismuth oxide nei-
ther the shape nor the position of the UV~vis band is
modified. The presence of lanthanide cations in the solid
solution resulted in a broader absorption. The absorption
maximum peaks at around 465 nm, shifting to higher
wavelengths from Sm to Lu. The modification in the
UV-vis spectrum due to the presence of the lanthanide
cations in the solid solution is better observed by sub-
tracting the spectrum corresponding to pure Bi,O,. In this
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FIG. 1. X-ray powder patterns of L.n,0,-Bi,0; solid solution catalysts: (A) a-Bi,Os, (B) Lu,0;-Bi 0y, (C) Er,0,-Bi,0;, and (D) Sm,04-Bi,0;.
The calculated unit-cell parameters for the solid solutions are shown in the upper right corner.
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FIG. 2. (a) UV-vis reflectance spectra of the bulk solid solution catalysts: (A) 8-Bi,O;, (B) a-Bi,0;, (C) Lu,0;-Bi,05, (D) Er,0;-Bi,0;. and
(E) Sm;0;-Bi,04; (b) UV-vis reflectance spectra resulting after substraction of the a-Bi,O; spectra to that corresponding to the solid solutions:
(A) Lu203—Bi203, (B) Erzol—Biz()}, and (C) Sm:Oj,—BizO;.
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TABLE 1

Energy (eV) of the O(2p) — Bi Transition
for Ln,0;-Bi,0; Solid Solutions

Catalyst E, E,
B1,0, 3.05 —
Smgo:"—BizO} 3.05 2.68
Er,0,-Bi,04 3.05 2.65
Lu,04-Bi,04 3.05 2.61

way, the absorption is separated into two components.
The second component is associated to the presence of
rare earth elements (Fig. 2b). The position of the maxi-
mum of the band depends on the nature of the lanthanide
cation shifting from 474.5 nm for lutetium to 463 nm for
samarium. In Table 1 the energy associated to the
O(2p)— Bitransition as a function of the lanthanide cation
is shown. The E, value corresponds to the band gap in
pure Bi,O; and E, corresponds to the same magnitude in
the solid solutions.

The main reaction products in the OCM were CO,,
C,H,, and C,H,. For the highest reaction temperatures
and when the CH,: O, ratio is low, CO and traces of C;
and C, are observed. Data on the catalytic properties of
the solid solutions are given in Table 2. Pure rare earth
oxides catalyze the oxidative coupling of methane with
higher yields (1), while the activity and selectivity of pure
Bi,0; is lower than for the solid solutions. The catalytic
activity of our systems compares with the ones reported
for a 5 at% Sm/Bi,0, catalyst. This material shows, ac-
cording to Voskresenskaya et al. (5), a mixture of the
tetragonal and cubic phases of Bi,0O;.

The C, yield increases on raising the reaction tempera-
ture and/or lowering the CH, : O, ratio. The same behav-
ior has been observed in many other catalysts used in this
reaction (8) and for bismuth-based catalysts (9).

The crystalline structure of the solid (7) and the surface
basicity (8) are factors that influence the activity and selec-

TABLE 2

Percentage of Methane Conversion, Selectivity, and C, Yield
on Bismuth-Containing Oxide Catalysts (0.5 g of catalyst, 60 ml
min~!, T = 1088 K, CH,:0, = 2.6)

Selectivity (%)

Conv. C, yield
Catalyst (%) co, CO CGCH, C)H, (%)
Bi,0, 14.36 10.73 53.68 11.67 19.44 4.46
Sm,0,-Bi,0; 18.93 17.86 46.32 9.48 22.56 6.06
Er,0,-Bi,0; 19.4 21.23 41.61 7.85 23.75 6.13
Lu,04-Bi,04 20.16 23.55 40.43 742 2488 6.51
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tivity. of catalysts in the OCM. The Ln,0,-Bi,0; prepared
show the same crystalline structure. Although the pure
Bi,0, presents at RT a monoclinic structure, on increasing
the temperature this phase transforms to the tetragonal
B-phase just below the lowest reaction temperature (9).
So, the crystalline structure of all the catalysts studied
is the same at the actual reaction conditions. Thus, the
observed differences in the activity (Table 2) cannot be
associated to differences in the coordination polyhedra
of the active site.

The charge transfer process associated to the absorp-
tion band in Fig. 2b has to be related to the modification
of the O(2p) band. This is due to the presence of lanthanide
cations in the solid solution. A similar fact has been re-
ported for KBiO, and BaBiO, by Papaconstantopoulos et
al. (10). In these solids they found that the O(2p)-domi-
nated band widens by 0.4 eV due to disorder induced by
alloying on the Ba and Bi sites. The raising of the top of
the O(2p) band is similar to that observed in our case
(Table 1). According to the electronic structure reported
for bismuth compounds having tetragonal structure (11),
the charge transfer process may be associated to transi-
tions from the O(2p) band to the Bi(6p)-dominated one.
By plotting the activity to C, against the energy of the
O(2p) — Bi(6p) transition (Fig. 3), it can be observed that
on decreasing the F, value, that is, on raising the top of
the O(2p) band the activity to C, increases.

The general trend observed for the oxides of the group
II of the periodic table in the OCM reaction is that the
activity increases on increasing the basicity (12). So, for
the Ln,0;-Bi,0; solid solutions the basicity should in-
crease on decreasing the F; value. Then it can be assumed
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FIG. 3. Variation of the activity to C, with the catalyst basicity,
measured through the energy of the O(2p) — Bi(6p) transition.
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that the position of the top of the O(2p) band represents
the donating power of electrons of the solid.

It is worth noting that using simple criteria as the charge
and size of cations, or the decomposition temperature of
salts of pure oxides, the sequence obtained will point to
the higher basicity of the solid solution containing samar-
ium. On the other hand, the UV-vis experiments establish
that the more basic catalyst is the Lu,0,;—Bi,0O; solid solu-
tion. This is also supported by the sequence of activities
to C,. SCF-MO ab initio calculations on small clusters
of the type M(OH), (M = Al, La) have shown that the
formation of La-0O-Al bonds results in a modification of
the electronic structure of both the aluminum and lantha-
num cations. This modification alters the acid-base prop-
erties of the catalyst surface (13). Since for the case of
supported or mixed oxide catalysts the estimate of basic-
ity has to be carried out, these charge transfer process
can be considered.

In the present work we have shown that the UV-vis
spectrum of a solid provides evidence of the position and
donating properties of the top of the valence band and so
can be used as a measure of the basicity of the solid.

REFERENCES

1. (a) Maitra, A. M., Appl. Catal. A 104, 11 (1993); (b) Maitra, A. M.,
Campbell, 1., and Tyler, R. J., Appl. Catal. 85, 27 (1992).
. Otsuka, K., Jinno, K., and Morikawa, A., J. Catal. 100, 353 (1986).
3. Alvero, R., Bernal, A., Carrizosa, 1., Odriozola, J. A., and Trillo,
J. M., J. Mater. Sci. 22, 1517 (1987).

[8%)

NOTE

1.
12.
13.

. Capitan, M. J., Malet, P., Centeno, M. A, Munoz-Paez, A., Carri-
zosa, 1., and Odriozola, J. A., J. Phys. Chem. 97, 9233 (1993).

. Voksresenskaya, E. N., Kurteeva, L. I., and Anshits, A. G., Appl.
Catal. A 90, 209 (1992).

. (a) Levin, E. M., and Roth, R. S., J. Res. Natl. Bur. Stand. Sect.
A 68, 200 (1964); (b) MacDonaill, D. A., and Jacobs, P. W. M., J.
Solid State Chem. 84, 183 (1990).

. Iwahara, H., Esaka, T., Sato, T., and Takahashi, T., J. Sofid State
Chem. 39, 173 (1981).

. (a) Lee, J. S., and Oyama, S. T., Caral. Rev. Sci. Eng. 30, 249
(1988); (b) Lunsford, J. H., Catal. Today 6, 235 (1990).

. Baidikova, 1., Matralis, H., Naud, J., Papadopoulou, Ch.,
Mamedov, E. A., and Delmon, B., App!l. Catal. A 89, 162 (1992).

. Papaconstantopoulos, D. A., Pasturel, A., Julien, J. P., and Cyrot-

Lackmann, F., Phys. Rev. B 40, 8844 (1989).

Mattheiss, L. F., and Hamann, D. R., Phys. Rev. B 28, 4227 (1983).

Carreiro, J. A. S. P., and Baerns, J. Catal. 117, 258 (1989).

Capitan, M. J., Odriozola, J. A., Marquez, A., and Fernandez Sanz,

J., submitted for publication.

M. A. Centeno
M. 1. Capitan

P. Malet

I. Carrizosa

J. A. Odriozola'?

Departamento de Quimica Inorganica e
Instituto de Ciencia de Materiales

Universidad de Sevilla-CSIC

E-41012 Sevilla, Spain

Received August 10, 1993; revised January 25, 1994

! Financial support was obtained from CICYT (PB88-0257).
! Email: ODRIO@CICA.ES



