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EXAFS studies on MFI-type gallosilicate molecular sieves
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EXAFS spectroscopy shows that gallium atoms incorporated into the framework of MFI-type ZSM-5 gallosilicates have a typical
Ga–O bond length of 1.82±0.01 Å corresponding to a tetrahedral coordination. Accordingly, the coordination number, N , was found to
take the value N = 4.2± 0.3. Template burning (at 773 K) causes little disturbance to the zeolite framework, and most of the gallium
remains tetrahedrally coordinated. However, after a heat treatment at 923 K the apparent coordination number was found to decrease,
as well as the corresponding Ga–O bond length. These results were interpreted in terms of formation of extra-framework gallium oxide
species which appear to be EXAFS silent. The thermal stability of the gallosilicate framework was found to increase with increasing
Si/Ga ratio.
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1. Introduction

Zeolite frameworks are constructed from corner-sharing
TO4 tetrahedra, where T is Si or Al. Isomorphous sub-
stitution of the T atom by other tetrahedrally coordinated
elements (e.g., Fe, Ga or Ti) provides a means to en-
hance catalytic behaviour of the zeolite in specific chemical
processes. Interest in gallium-containing MFI-type zeolites
stems from their high selectivity to aromatics in the catalytic
conversion of olefins and paraffins following the so-called
Cyclar process [1–6], and also from their high catalytic ac-
tivity for vapour-phase conversion of phenol and ammonia
mixtures into aniline [7]. There is evidence that enhanced
aromatization on gallium-containing zeolites is the result of
a bifunctional catalytic process involving both framework
and extra-framework gallium atoms [8–11].

The gallosilicate GaZSM-5, which has the MFI-type
structure, can be prepared by template-assisted hydrother-
mal synthesis [12,13]. Incorporation of gallium into the
zeolite framework has been confirmed by means of pow-
der X-ray diffraction, solid-state NMR and IR spec-
troscopy [13,14]. Template burning and subsequent thermal
treatments can lead to partial disruption of the gallosil-
icate framework followed by migration of some gallium
atoms into an extra-framework position, thus giving rise
to a bifunctional catalyst. The aim of the present work
is to analyse both incorporation of gallium into tetrahe-
dral framework sites and partial de-galliation upon thermal
treatments by means of EXAFS, which is a very pow-
erful technique in this context. Parallel EXAFS stud-
ies on TiZSM-5 and FeZSM-5 have recently been re-
ported [15–18].
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2. Experimental

Three Na–GaZSM-5 zeolite samples having Si/Ga ratios
of 25, 50 and 75 were prepared by template-assisted hy-
drothermal synthesis, using appropriate amounts of sodium
silicate, gallium nitrate and tetrapropylammonium bromide
solutions (Aldrich Chemicals, 99.99%). Thermal decompo-
sition of the organic template was achieved by calcination
at 773 K for 5 h, using at the end of the calcination period
an oxygen flow to burn off traces of residual coke. Ionic ex-
change with a 1 M ammonium nitrate solution led to the am-
monium forms of the zeolites, which were then thermolysed
at 723 K to yield the corresponding protonic H–GaZSM-5
forms. The resulting materials were characterized by pow-
der X-ray diffraction and IR spectroscopy, and found to
be highly crystalline MFI-type gallosilicates. Details on
synthesis and characterization were given elsewhere [14].
Samples will be hereafter designated GaZSM-5(x), where
x denotes the Si/Al ratio. To investigate the effect of a
high-temperature treatment, portions of each sample were
heated in a dynamic vacuum (residual pressure smaller than
10−2 Pa) for 2 h at 923 K.

EXAFS studies (Ga K-edge X-ray absorption measure-
ments) were performed [19] by using the synchrotron ra-
diation of the EXAFS13 station at LURE (Orsay, France)
which was equipped with a Si(111) double-crystal mono-
chromator detuned to 1/2 to avoid harmonics. The storage
ring (DCI) was operated at 1.85 GeV and 315–250 mA.
EXAFS measurements were carried out in the transmission
mode, at 300 K, and with sampling steps of 2 eV and inte-
gration time of 2 s per point. Both incident and transmit-
ted photon fluxes were measured using air-filled ionization
chambers. Pressure inside the transmitted beam ionization
chamber was adjusted so as to optimize the detector signal.

 J.C. Baltzer AG, Science Publishers



214 C. Lamberti et al. / MFI-type gallosilicate molecular sieves

Homogeneity of the samples was checked by radiographic
methods. A specifically designed sample cell [18] con-
nected to a vacuum line allowed to outgass the samples
in situ, to a residual pressure of 10−3 Pa, before EXAFS
measurements.

For each sample three spectra were recorded (under
the same experimental conditions) and the corresponding
χ(k) functions were averaged before EXAFS data analy-
sis, which was carried out using computer software devel-
oped by Michalowicz [20] and following standard proce-
dures [21]. For extracting the experimental χ(k) values,
a linear background fitting the pre-edge region was extra-
polated to the higher energy region and subtracted from
absorption data. Atomic-like contributions were estimated
by a polynomial fit (fifth degree) and subtracted from ex-
perimental data following Lengeler and Eisenberger [22];
the result was normalized to edge height.

The most stable phase of gallium oxide, β-Ga2O3, has
a complex structure [23] where Ga3+ ions occupy the cen-
tre of both distorted tetrahedra and distorted octahedra,
and there are three non-equivalent anion sites. Therefore,
experimental phase and amplitude values extracted from
β-Ga2O3 cannot be directly used to fit the first coordina-
tion shell of gallium atoms in the gallosilicate. For this
reason, we used the phase and amplitude functions derived
according to McKale et al. [24], after checking them on the
spectrum of β-Ga2O3. This check, shown in figure 1, was
performed by simulating an average first coordination shell
of Ga in β-Ga2O3 as composed of two sub-shells having
coordination numbers and average Ga–O distances fixed
to the corresponding crystallographic values, and by fitting
two energy shift parameters, ∆E1 and ∆E2, two Debye–
Waller factors, σ1 and σ2, and the mean free path parame-
ter, γ, of the photoelectron. The value of γ thus obtained
was used as a fixed parameter to fit the spectra of all gal-
losilicate samples using McKale’s theoretical phases and

Figure 1. EXAFS results for β-Ga2O3. Upper curve: experimental data.
Lower curves: first-shell fit obtained using McKale’s functions (the dashed
line represents the experimental data and the full line is the simulated
spectrum). Inset shows the k3-weighted Fourier transform radial function

(no phase correction was applied).

amplitudes. Note that, in order to limit the number of fit-
ting parameters, grouping of bond distances is usually done
for EXAFS studies of materials exhibiting sub-shell split-
ting [25].

3. Results and discussion

Figure 2 shows the raw experimental kχ(k) data for all
gallosilicate samples. Corresponding k3-weighted Fourier
transform data, in the range 4.0–14.6 Å−1, are reported in
figure 3. First-shell contributions to the EXAFS spectra
were back-FT transformed into k-space (1.0–1.8 Å range)
and modelled as Ga–O contributions using McKale phases,
as described in section 2, the fits thus obtained are shown
in figure 4. Quantitative first-shell data obtained from these
EXAFS fits are summarized in table 1.

The samples still containing the organic template give a
gallium coordination number N = 4.2 ± 0.3 and a Ga–O
bond length of 1.82± 0.01 Å. These results indicate tetra-
hedral coordination of gallium atoms and consequent in-
corporation into the zeolite framework, which is in agree-

Figure 2. Experimental kχ(k) data averaged over three spectra for each
sample. (a) GaZSM-5(25), (b) GaZSM-5(50) and (c) GaZSM-5(75). In
each of the three sets the upper spectrum corresponds to the samples
having the template agent, the middle spectrum was obtained after template
removal at 773 K, and the lower spectrum after heating the sample at

923 K.
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Figure 3. The k3-weighted Fourier transform of the EXAFS functions
reported in figure 2. No phase correction was applied. Sets (a), (b) and
(c) as in figure 2. Full lines: samples containing the template agent.
Dashed lines: after template burning at 773 K. Dotted lines after heating

at 923 K.

ment with previous results from X-ray diffraction [14], 71Ga
MAS NMR [26,27] and IR spectroscopy [14]. Note that in
β-Ga2O3 gallium atoms situated at (distorted) tetrahedral
sites are surrounded by one oxygen atom at 1.80 Å, two at
1.83 Å and a fourth one at 1.85 Å; this gives an average
Ga–O bond distance of 1.83 Å [23] which coincides (within
experimental error) with our result of 1.82 ± 0.01 Å. For
octahedrally coordinated gallium atoms in β-Ga2O3 the av-
erage Ga–O bond length is 2.00 Å [23]. A previous EXAFS
report on GaZSM-5 [28] gives 1.78±0.01 Å for the Ga–O
bond length and N = 4.6 for the coordination number of
gallium.

Template burning, at 773 K, causes a slight decrease of
both the Ga–O bond length and the gallium coordination
number (table 1). This behaviour can be interpreted as an
indication that a small fraction of gallium atoms have mi-
grated into extra-framework positions (see below). Note
that for GaZSM-5(75) the gallium coordination number re-
mains at N = 3.9 (very close to 4.2 in the sample before
template burning), while for GaZSM-5(50) and GaZSM-
5(25) corresponding values are N = 3.6 and 3.4, respec-
tively (table 1). This is in agreement with previous

Figure 4. Back-FT of the radial distribution functions reported in figure 3,
filtered over the first coordination shell (dashed lines). Full lines represent
the fits obtained using McKale’s functions. Sets (a), (b) and (c) as in

figure 2.

Table 1
Gallium coordination number (N ), Ga–O bond length (R), Debye–Waller
parameter (σ) and energy shift of the Ga K-edge (∆E) for the different

gallosilicate samples.

Sample Treatmenta N R σ ∆E
(Å) (×10−2 Å) (eV)

GaZSM-5(25) 1 4.2± 0.3 1.82± 0.01 5± 1 10± 2
2 3.4± 0.3 1.80± 0.01 6± 1 8± 2
3 2.5± 0.3 1.78± 0.02 5± 2 8± 2

GaZSM-5(50) 1 4.2± 0.3 1.82± 0.01 5± 1 10± 2
2 3.6± 0.3 1.81± 0.01 7± 1 8± 2
3 2.6± 0.3 1.77± 0.02 6± 2 10± 2

GaZSM-5(75) 1 4.2± 0.3 1.82± 0.01 5± 1 10± 2
2 3.9± 0.3 1.80± 0.01 6± 1 10± 2
3 2.9± 0.3 1.78± 0.02 5± 2 8± 2

a 1 – as prepared (containing the template), 2 – after template burning at
773 K and 3 – after heating in vacuo for 2 h at 923 K.

IR work [14] which showed that thermal stability of
gallosilicates increases with increasing Si/Ga ratio.

Samples heat-treated at 923 K show a further decrease of
both gallium coordination number and Ga–O bond length.
The low coordination numbers observed, N = 2.5–2.9, can
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be explained in terms of formation of extra-framework gal-
lium oxide species having a large heterogeneity of environ-
ments around the gallium atoms. This structural disorder
would lead to a large contribution of the static component to
the Debye–Waller factor and attendant incoherent EXAFS
signals [29–31]. Therefore, the observed EXAFS oscilla-
tions are due exclusively to the fraction of gallium atoms
remaining (tetrahedrally coordinated) in the gallosilicate
framework, and the derived values of coordination num-
ber are anomalously low because of the presence of silent
gallium atoms which form heterogeneous extra-framework
aggregates. Note that these gallium atoms do contribute
to the edge jump in the measured µx spectrum to which
the corresponding χ(k) function was normalized (see sec-
tion 2). In conclusion, gallium coordination numbers signif-
icantly lower than N = 4, as obtained for samples treated
at 923 K, have to be interpreted as a clear indication of
formation of extra-framework species containing gallium.
In agreement with our EXAFS results, Bayense et al. [26]
reported a 71Ga MAS NMR study showing that a large
fraction of gallium is removed from the framework of MFI-
type gallosilicates upon steaming at 923 K. More recent IR
spectroscopic studies [14] also proved the same behaviour
of GaZSM-5 molecular sieves.

Finally, the apparent shortening of the Ga–O bond length
in the samples treated at 923 K (table 1) can also be ex-
plained in terms of structural disorder of extra-framework
gallium oxide species. The effect of a large disorder is
equivalent to a system having an asymmetrical radial distri-
bution function, which can lead to an apparent contraction
of bond length in the usual analysis of EXAFS data [32,33].

4. Conclusions

In agreement with previous reports, our EXAFS studies
show that by means of hydrothermal synthesis, using gels
of appropriate chemical composition, Ga3+ ions can be in-
corporated (at regular tetrahedral sites) into the framework
of MFI-type silicates. The gallosilicates thus obtained are
not much disturbed by template burning at 773 K; most of
the gallium present remains in the framework. However,
further heating at 923 K (in vacuo) causes removal of a
substantial part of the framework gallium, with concomi-
tant formation of extra-framework gallium oxide particles.
These small particles appear to have a high degree of struc-
tural disorder, which leads to incoherent EXAFS signals.
Extra-framework gallium is indirectly detected by EXAFS;
its presence is reflected in the anomalously low values of
the coordination number and Ga–O bond length obtained
for gallium atoms remaining in the zeolite framework.

Acknowledgement

We are indebted to the staff of the EXAFS13 beamline at
LURE DCI for providing generous technical support. We

thank Professor G. Vlaic and Mr. D. Arduino for helpful
discussions.

References

[1] J.R. Mowry, R.F. Anderson and J.A. Johnson, Oil Gas J. (1985) 128.
[2] J.M. Thomas and X. Liu, J. Phys. Chem. 90 (1986) 4843.
[3] T. Inui, H. Matsuda, O. Yamase, H. Nagata, K. Fukuda, T. Ukawa

and A. Miyamoto, J. Catal. 98 (1986) 491.
[4] H. Kitagawa, Y. Sendoda and Y. Ono, J. Catal. 101 (1986) 12.
[5] A.Yu. Khodakov, L.M. Kustov, T.N. Bondarenko, A.A. Dergachev,

V.B. Kazansky, Kh.M. Minachev, G. Borbely and H.K. Beyer, Zeo-
lites 10 (1990) 603.

[6] P. Mériaudeau and C. Naccache, Stud. Surf. Sci. Catal. 69 (1991)
405.

[7] N. Katada, S. Kuroda and M. Niwa, Appl. Catal. A 180 (1999) 1.
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