JOURNAL OF CATALYSIs 140, 209-225 (1993)

The Chemical State of Gallium in Working Alkane
Dehydrocyclodimerization Catalysts. /In Situ Gallium
K-Edge X-ray Absorption Spectroscopy

GEORGE D. MEITZNER, ENRIQUE IGLESIA, JOSEPH E. BAUMGARTNER,
AND EnocH S. HUANG'

Corporate Research Laboratories, Exxon Research and Engineering Company, Route 22 East,
Annandale, New Jersey 08809

Received May 1, 1992: revised November 3, 1992

Ga species in H-ZSMS zeolites catalyze rate-limiting dehydrogenation steps during the conversion
of alkanes to aromatics. Specifically. they promote the recombinative desorption of H-adatoms as
H, and thus inhibit undesired cracking reactions. Here, we describe studies of the physical and
chemical state of Ga using in-situ X-ray absorption at the Ga K-edge. Ga™" species initially present
in fresh catalysts reduce at temperatures below 770 K during hydrogen pretreatment or propane
reactions. Reduced Ga is present in highly dispersed form without Ga nearest neighbors, probably
as a monomeric hydride species coordinated to basic oxygens within zeolite channels. These
hydride species are driven to release molecular hydrogen by the high surface hydrogen fugacities
that develop during propane dehydrocyclodimerization on H-ZSMS. Reduced Ga species reoxidize
to Ga™* when samples are cooled to room temperature in flowing H,, suggesting that active forms
of Ga exist only at reaction conditions. This work illustrates the critical need for in-situ techniques
1o establish the chemical form of catalytic sites and the misleading conclusions that can arise from
the exclusive use of pre- and postreaction characterization to suggest the nature of the catatlytic

sites.  « 1993 Academic Press, Inc.

INTRODUCTION

Ga (/) and Zn (5) promote the reactions
of alkanes on metal oxides and specifically
the formation of aromatic molecules via se-
quential dehydrogenation, oligomerization,
and cyclization steps. These types of materi-
als are presently used in the CYCLAR pro-
cess for conversion of light alkanes to aro-
matics (4). Recent reports (6—12) have
provided increasing support for an earlier
proposal that Zn (5) and Te (/3) species
within zeolite channels catalyze the rate-
limiting removal of H-adatoms as H, from
zeolite surfaces. These recombinative de-
sorption steps lower the high hydrogen sur-
face fugacities that slow down dehydrogena-
tion steps and lead to cracking reactions as
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the predominant hydrogen removal path-
way during alkane reactions on H-ZSMS
(10-12).

The chemistry of the active Ga species in
these materials, and the means by which
they catalyze hydrogen removal as H,, are
poorly understood. The role of Ga ions as
a Lewis acid that stabilizes hydride species
required for H*~H~ recombination was re-
cently proposed without direct experimen-
tal evidence (6, 10-12). This behavior of Ga
species is particularly interesting because
Ga is not a good hydrogenation catalyst and
in fact not a commonly used catalytic ele-
ment; yet, Ga ions on acid supports (e.g.,
H-ZSMS5) promote dehydrogenation steps
more effectively than better dehydrogena-
tion catalysts (e.g., Pt). The low concentra-
tions of Ga (1-2 wt%) in these materials
preclude the use of X-ray diffraction for
their structural characterization. Solid-state
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NMR (14, 15) and extended X-ray absorp-
tion fine structure (EXAFS) (/6) were pre-
viously used in the study of gallosilicate mi-
croporous materials, which are inactive in
propane aromatization reactions and where
all Ga species are initially present within
the zeolite framework. To our knowledge,
structural techniques have not been pre-
viously applied to the study of actual cata-
lysts containing extraframework Ga under
catalytic reaction conditions.

EXPERIMENTAL

The chemical state of Ga in working
catalysts was characterized by Ga K-edge
X-ray absorption spectroscopy (XAS)
using beamline X10C at the National Syn-
chrotron Light Source, Brookhaven Na-
tional Laboratory. The beamline setup has
been described in detail elsewhere (17); it
includes a Si1(220) two-crystal monochroma-
tor, and a bent cylindrical mirror in order to
focus and toreject higher energy harmonics.
The resolution of the monochromator at the
Ga K-edge (10,368 eV) was 4 eV. Spectra
were obtained with a 0.5 eV increment be-
tween data points near the absorption edge
and an increment of 0.02 A~' (wavenum-
bers) in the extended X-ray absorption fine
structure (EXAFS) region. Ga K-edges
were fitted by linear combinations of spectra
from standard Ga*® compounds and from
Ga metal. The resulting best fit gave the
fraction of the Ga present in various reduced
and oxidized states (/8). Ga(NQ;); hydrate
(Johnson Matthey) and a gallosilicate sam-
ple with ZSMS-type structure and con-
taining 0.5% Ga in the framework structure
(1/9) were used as standards for octahedral
and tetrahedral Ga*? species, respectively.
Ga metal granules (Aldrich, 99.9999%) were
used as the zero-valent Ga standard.

Ga/H-ZSM5 materials were prepared
by impregnation of H-ZSMS (Zeochem,
Si/Al = 14.5) with a Ga nitrate solution.
These samples were calcined in air at
623 K for 2h and pretreated in H, or propane
in situ during XAS and catalytic experi-
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ments. Catalytic tests were performed in the
in-situ XAS cell (20) and in a gradientless
batch reactor (/3). The products were ana-
lyzed by gas chromatography and mass
spectrometry.

X-ray absorption spectra were measured
on a Ga/H-ZSMS wafer formed by pressing
1 g of the material at 35 MPa in a stainless
steel die (3.3 cm diameter). The in-situ XAS
cell was essentially the same as one de-
scribed previously (20). The wafer was held
within the cell by a circular mount that also
provided the resistive heating required to
reach reaction temperatures. This mount,
through which He, H,, and propane could
flow, was located between aluminized Kap-
ton windows. The cylindrical cell was gas-
tight; still, it was contained within an alumi-
num box with Kapton windows, which was
flushed continuously with He in order to
exclude oxygen from the sample even in
case of a leak in the primary cell vessel.
Hydrogen (Matheson, 99.99%) was purified
by acatalytic Pd bed and by a 13X molecular
sieve. He (Matheson, 99.999%) and propane
(Air Products, >99.5%) were dried by also
flowing through a 13X molecular sieve. All
gases arrived at the in-situ XAS cell through
welded tubing in order to minimize contami-
nation by leakage through connecting joints.

NEAR-EDGE AND EXAFS DATA ANALYSIS
AND RESULTS

The X-ray absorption spectrum of a cal-
cined Ga (2.0 wt%)/H-ZSM5 catalyst is
shown in Fig. 1. The sharp increase in ab-
sorbance at 10368 eV defines the Ga K-edge
and results from the excitation of Ga 1s elec-
trons by incoming X-ray photons. As the
X-ray energy approaches the binding energy
of 1s electrons, resonant e¢xcitations to va-
cant bound states with p-type symmetry be-
come possible. These orbitals are often
hybridized and involved in bonding; conse-
quently, the resulting K-edge structure is
very sensitive to the chemical environment
and to the bonding symmetry of the ab-
sorber atoms (/8&). Also, the 1s binding en-
ergy, which defines the K absorption edge,
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F1G. 1. X-Ray absorption spectrum at the K-edge of
Ga in the calcined 2.0% wt. Ga/H-ZSMS5 as received
(room temperature). The sharp increase in absorbance
near 10.4 keV is the edge. The near edge region extends
about 50 eV above the edge. The EXAFS, when pres-
ent, occurs as series of oscillations in absorbance up
to 1 keV above the edge.

is influenced strongly by the oxidation state
of the absorber; the edge shifts to higher
energy as oxidation occurs (27).

The energy region slightly above the ab-
sorption edge (AE = +50 eV) reflects the
absorption of X rays that excite 1s electrons
into the continuum of (unbound) states
above the vacuum level. Scattering interac-
tions of the ejected electrons with atoms
near the absorber lead to oscillations in the
absorption coefficients and to fine structure
in this extended absorption region. The re-
sulting EXAFS spectrum [X(K)] is de-
scribed by

— Nj

J

- F(K) exp( —2K?a7j) -
sinKR, + 28(K) (1)

K = 2m(E - E)]"/#. (2)
E and E, are the incident photon energy and
the core electron binding energy, respec-
tively, m is the mass of the electron, and 4
is Planck’s constant divided by 27. N, is the
number of neighboring atoms in the jth shell
located a distance R; away from the ab-
sorber, and (rf is the Debye—Waller factor
(the mean-square relative displacement of
these neighbors about R;, arising from ther-

211

mal motion or structural disorder). The
F(K) and 28(K) are the element-specific
scattering factor and phase-shift function,
respectively. The summation of these terms
in Eq. (1) occurs over all coordination shells
at distances R;.

K-edge and EXAFS data were analyzed
by fixing the zero point in the energy scale
at the first inflection point in the edge region.
The pre-edge part of the spectrum (50 to 20
eV below the edge) was then fit by a straight
line. A cubic spline polynomial with three
equally spaced knots was used to describe
the high energy side of the edge (10 to 750
eV above the edge). Both fitting functions
were extrapolated to the absorption thresh-
old energy and the entire spectrum was
normalized by the height of the result-
ing absorbance step at the edge. The
near-edge and EXAFS spectra were ob-
tained by subtracting the pre-edge and post-
edge fitting function from the raw absorption
spectrum. Representative edge spectra for
several Ga/H-ZSMS samples are shown in
Fig. 2.

The energy scale was then converted to K
units (wavenumbers, A~!) and the EXAFS
data (weighted by K') was subjected to a
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F1G. 2. Near-edge spectra of Ga/H-ZSMS5: (a) at the
beginning of the hydrogen treatment at 780 K: (b) at
an intermediate state of reduction; (¢) after 6-8 h in
hydrogen at 780 K (steady-state); (d) treatment as in
(¢) but cooled to RT before obtaining spectra.
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F1G. 3. K-weighted EXAFS [K * x(K)] and Fourier-
transformed EXAFS (radial structure functions) of Ga/
H-ZSMS: (a) at the beginning of the hydrogen treatment
at 780 K; (b) at an intermediate state of reduction; (c)
after 6-8 h in hydrogen at 780 K (steady-state); (d)
treatment as in (c) but then cooled in flowing H, to RT
before obtaining spectra.

Fourier transform in the range from 2 to 13
A~'. Raw EXAFS data [K * x(K)] and the
magnitudes of the corresponding Fourier
transforms (radial structure functions, RSF)
are shown for several Ga/H-ZSM5 samples
in Fig. 3. During reduction at high tempera-
ture, the EXAFS almost disappeared, but
appeared again in slightly modified form,
when the reduced samples were cooled
to room temeprature (RT) in flowing hy-
drogen.

Our analysis of the EXAFS data was lim-
ited to a comparison of the magnitudes of
the peak located at 1.4 A in the Ga radial
structure function (Fig. 3). The remaining
EXAFS features in the samples reduced at
high temperature were so weak that distin-
guishing neighboring atoms as either Ga or
oxygen was difficult. In general, the electron
scattering factor (F(K) in Eq. (1)) decays
much faster when absorber atoms are bound
to lighter elements (22). The rapid damping
of the K - F(K)function in K-space (Fig. 3a)
suggests that Ga atoms were predominantly
bonded to oxygen (or carbon) at all experi-
mental conditions.

Several Ga compounds of known crystal
structure were used as standards to identify

MEITZNER ET AL.

Ga species formed on Ga/H-ZSMS during
pretreatment and catalysis. The spectrum of
Ga(NO,), - xH,0 (x = 6) (Johnson Matthey),
the Ga salt used in catalyst preparation, was
measured from a wafer consisting of 1 g of
silica (Davidson 12) and 0.2 g of Ga nitrate.
The crystal structure of Ga nitrate has not
been determined as far as we know. How-
ever, we believe the K-edge of the gallium
in this compound is representative of gal-
lium in an octahedral environment. First,
aqueous Ga’** ions show octahedral coordi-
nation by aquo ligands (23). Second, AP**
ions in AI(NO,); - xH,O (x = 6, 8, or 9)
also have octahedral coordination by aquo
ligands (24), and most gallium and aluminum
compounds are isostructural. Finally, we
also found that equal contributions of our
tetrahedral (framework) gallium standard
spectrum and the Ga nitrate spectrum accu-
rately describe the Ga edge spectrum from
B8-Ga,0,, in which Ga*~ ions are equally
distributed between tetrahedral and octahe-
dral sites. Also, the EXAFS analysis shows
that Ga** ions in the nitrate have six oxygen
neighbors in their first coordination sphere,
consistent with octahedral Ga coordination.

The XAS spectrum of tetrahedral Ga spe-
cies was obtained from a ZSMS5 sample syn-
thesized with 0.5% Ga in the framework us-
ing a 1-g wafer of the pure gallosilicate
material (/9). Tetrahedral framework Ga
species were stable even after extensive
reduction in hydrogen at 780 K; these gallo-
silicate materials were inactive in propane
aromatization reactions below 800 K;
they became active only after extensive
removal of Ga from the framework by
calcination treatments above 800 K. A Ga
metal standard was prepared by mixing
0.1 g of the metal with 0.9 g silica in a
grinding mill.

A final standard spectrum was obtained
by reduction of the Ga/H-ZSMS5 catalysts
at 780 K in hydrogen for 10 h; after this
treatment, subsequent spectra were unaf-
fected by longer reduction times. This spec-
trum reflects a steady-state catalytic mate-
rial and is denoted GaH,, for reasons that
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F1G. 4. Near-edge XAS spectra of four Ga standards.
Sample denoted as GaH, is the same as the steady-
state sample shown as part ¢ in Figs. 2, 3, 6.7, and 8.

we discuss later. The XAS spectra of all
standard materials are shown in Fig. 4. All
spectra, except for the GaH, spectrum,
were obtianed at RT without further pre-
treatment. The GaH, spectrum was ob-
tained at 780 K after pretreatment in H, for
10 h. Spectra were also taken of the GaH,
sample after cooling in H, to RT.

We used near-edge spectra from our stan-
dard materials to analyze sample spectra ob-
tained across a wide range of temperatures.
Among our standards, the GaH, near-edge
spectrum was measured at high temperature
where the species is stable. Gallium nitrate
thermally decomposes to Ga,O; at 470—
530 K (26); therefore, we have used a low-
temperature spectrum from the nitrate
throughout this work. We have confirmed
that the spectrum from the tetrahedral gal-
lium standard (framework Ga in ZSMS5) was
not affected by extended reduction in H, at
780 K. We did not measure the high-temper-
ature spectrum of Ga metal because Ga
metal melts near room temperature.

In another series of experiments, cata-
lysts previously subjected to two reduction
(773 K)/oxidation (623 K) cycles were ex-
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posed to propane (20 kPa) at 623 K with
He as the carrier gas and the temperature
increased to 800 K. Spectra were measured
at 800 K while flowing the propane/He re-
actant mixture. A residue left in the in-situ
XAS cell after about 5 h contained aromatic
compounds ranging from toluene to polynu-
clear aromatics, but apparently no Ga com-
pounds.

GALLIUM SPECIES DURING REDUCTION
AND PROPANE REACTIONS

Changes in the Ga oxidation state and
structure during hydrogen pretreatment and
catalytic reactions of propane clearly shift
the energy of the absorption edge, modify
the shape of the near-edge region, and de-
crease the intensity of the fine structure os-
cillations in the EXAFS region. The ab-
sorption energy shifts were accurately de-
termined by comparing the edge energy with
that of a germanium foil (11,103 eV K-edge)
placed between two detectors after the cata-
lyst sample. The edge energies measured
for all standard Ga samples are listed in
Table 1.

We established structural and chemical
changes during the course of the Ga** re-
duction by describing the experimental
X-ray absorption spectra on Ga/H-ZSM35
samples as linear combinations of weighted
spectra of standard Ga samples (Fig. 4) (/8).

TABLE 1

Absolute Energies of Ga K Absorption Edges for
Standards Used in This Work

Standard Edge energy (eV) AE (eV)
Ga metal 10367.1 eV 0
GaH, 10368.0 0.9
Tetrahedral Ga'* 10372.7 5.6
Octahedral Ga'~ 10373.3 6.2

Note. The positions of the edges are defined by the
first inflection points. The absolute positions were de-
termined by reference to the K-edge measured simulta-
neously from a Ge foil (11,103 eV) placed between two
detectors after the catalyst sample.
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F1G. 5. Near-edge spectrum of Ga/H-ZSMS5 sample
after 2.5 h reduction in hydrogen at 780 K (solid line)
and the calculated spectrum (dotted line) using spectra
from the four standards. The contributions from GaH,
and Ga (NO;), - x H,0 are also shown. The correspon-
dence shown by the upper curved is typical of the
qualities of all the edge fits.

Absorption edge spectra from calcined,
partly reduced, and fully reduced Ga/H-
ZSMS samples are shown in Fig. 2. A typical
fit for the edge spectra of a partially reduced
sample is shown in Fig. S, where the contri-
butions from the GaHy and the octahedral
Ga nitrate standards are also shown. The
best fit is shown as a dotted line in the top
spectrum of Fig. 5; it also included contribu-
tions from tetrahedral and metallic Ga stan-
dards, which are not shown. All Ga states
observed in Ga/H-ZSMS5 catalysts were de-
scribed accurately by linear combinations
of the four standard materials used in our
study: tetrahedral Ga~*, octahedral Ga*?,
Ga metal, and the steady-state GaH, cat-
alyst.

We have also used the EXAFS data from
Ga/H-ZSMS5, even though the information
contained in the fine structure data was lim-
ited. The corresponding EXAFS and radial
structure functions for the edge spectra in
Fig. 2 are shown in Fig. 3. The Ga EXAFS
intensity gradually decreased and the fea-
tures in the fine structure almost disap-
peared completely during the reduction.
The intensity of such features was insuffi-
cient to support much quantitative analysis.
We measured, however, the intensity of the
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1.42-A peak (uncorrected for phase-shift) in
order to monitor changes in the Ga chemical
environment during reduction and propane
reactions.

THE REDUCTION OF GALLIUM SPECIES IN
Ga/H-ZSMS5

The reduction of Ga,0; to Ga,O occurs
in vacuum at about 773 K (26) and the reduc-
tion to Ga metal is favored by thermody-
namics at 780 K for [H,O]/[H,] ratios less
than 107°, conditions clearly achievable
during H, pretreatment and propane reac-
tions (25). Ga spectra in Ga/H-ZSMS5 under-
went significant changes during hydrogen
treatment or propane reactions at 780 K;
these changes, however, were reversed by
cooling the samples in hydrogen to RT. Fig-
ure 6 shows energy shifts in the Ga K-ab-
sorption edge during hydrogen reduction
and subsequent cooling. The absorption
edge corresponding to Ga,O, was slowly re-
placed during reduction by one resembling
that of the steady-state reduced samples
(GaH,). This edge appeared several electron
volts below the oxidized sample edge and
increased in intensity as the original Ga*?
absorption edge features decreased in inten-
sity. The contributions of one of the oxi-
dized and one of the reduced components
in the spectrum for a Ga/H-ZSM5 sample
at an intermediate state of reduction are
shown in Fig. 5.

H2780K Hz RT

Ga K Edge Shift / eV
w
i
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Fi1G. 6. Gallium K-edge energy shifts during reduc-
tion in H, at 780 K and during cooling to RT in flowing
H: .
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FiG. 7. Normalized magnitudes of the 1.42 A (uncor-
rected) peak in the radial structure functions during
reduction (H,, 780 K) and subsequent cooling (H,, RT)
of Ga/H-ZSMS5.

The deconvolution of these spectra into
contributions from standard forms of Ga are
shown in Figs. 8 and 9. The Ga in the cal-
cined starting material was present as Ga*?
equally distributed between octahedral and
tetrahedral sites (Fig. 8), as expected for
bulk Ga,0,. As the reduction proceeds,
some metallic Ga forms and then disappears
(Fig. 9); Ga metal appears to act as a pre-
cursor to the final steady-state form of
Ga, which we have described as GaH,.
These changes and the ultimate formation
of this steady-state GaH, form initially
required several hours in flowing hydrogen
at 780 K.

The intensity of the single strong peak in
the EXAFS spectrum (Fig. 3) decreases
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FiG. 8. Atomic fraction of Ga present as Ga ™" tetra-
hedral (A) or octahedral (@) during reduction (H,, 780
K) and subsequent cooling (H,, RT) of Ga/H-ZSMS35.
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Fi1G. 9. Atomic fraction of Ga present as Ga metal
(A) and as GaH, (@) during reduction (H,, 780 K) and
subsequent cooling (H,, RT) of Ga/H-ZSMS. The shape
of the Ga metal curve suggests that Ga metal is formed
as an intermediate species and ultimately converted to
the steady-state GaH, form.

with increasing reduction time (Fig. 7). Itis
well known that thermal motions of atoms
weaken the fine structure of X-ray absorp-
tion spectra as materials approach their
melting point (33). The effect is represented
by the Debye-Waller factor (o) in Eq. (1).
The EXAFS of elements in refractory oxide
compounds, such as oxygen in Al,O;, is in-
fluenced by thermal motion only at very high
temperatures; in contrast, such effects are
observed in metallic phases at much lower
temperatures. Ga metal melts near RT (302
K): consequently, it is unlikely to show any
EXAFS features at 780 K. Thus, one possi-
ble explanation for the decline in EXAFS
intensity as reduction proceeds is the forma-
tion of metallic Ga. It would not contribute
to the EXAFS features in the spectrum
whether or not it is atomically dispersed or
not.

We do not believe that the formation of
liquid Ga metal explains the disappearance
of EXAFS features during reduction. The
absorption edge of the steady-state reduced
Ga/H-ZSMS sample does not resemble that
of Ga metal (cf. Figs. 4 and 5). Also, the
EXAFS amplitude reached a minimum, but
did not disappear, at an interatomic distance
consistent with coordination of Ga to oxy-
gen atoms. Finally, molten Ga metal would
have sintered, and probably left the zeolite
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channels, because extremely strong in-
teratomic forces between Ga atoms would
favor Ga-Ga interactions {(Ga melts at 302
K but boils above 2200 K) over monomeric
reduced Ga species. The resulting sintered
Ga aggregates would not reoxidize readily
when the sample is cooled and would be
recognizable at RT by the edge and EXAFS
spectra characteristic of solid Ga metal. We
propose instead that the steady-state Ga/
H-ZSMS5 spectra correspond to Ga hydride
monomeric species (GaH,) that would be
expected to coordinate to one or more basic
framework oxygen within zeolite channels
without full oxidation to Ga™* jons.

Ga and H electronegativities are very sim-
ilar; therefore, Ga—H bonds in GaH, species
are covalent in nature and available elec-
trons are equally shared between the two
atoms. As we observe, reactions between
Ga cations and hydride (H ~) species should
lead to net reduction of the former because
of significant transfer of electron density
from H - to the electropositive cations. The
resulting valency of Ga atoms in reduced
catalysts is between 0 and 1; it cannot be
determined more precisely by our XAS
measurements.

Recent reports suggest that the reduction
of Ga*? in Ga,0,/H-ZSMS5 mixtures is in-
fluenced by the intimacy of mixing between
the two components (34). In our studies, the
initial reduction of Ga*? species was slow
compared with subsequent reductions (e.g.,
Fig. 10). This also suggested that migration
of Ga*? species, initially present as Ga,O,
on the outer zeolite surface, to intracrystal-
line sites precedes their reduction to GaH,
species. The initial reduction appears to be
limited by the diffusion of Ga™? intermedi-
ates, possibly Ga*' as mobile Ga,0 com-
pounds. Subsequent reductions, which no
longer required macroscopic mobility, oc-
curred significantly faster.

These GaH, species reoxidized to Ga*?
upon cooling to RT in flowing hydrogen,
as shown by the shift in its K-edge, by its
chemical state determined from K-edge
analysis using standard Ga compounds, and
by the higher intensity of its EXAFS fea-
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FiG. 10. Atomic fraction of Ga present in unreduced
Ga ' species during: (a) reduction in H, at 775 K: (b)
propane reaction (20 kPa, 800 K) after two reduction
(775 K)-oxidation (623 K) cycles.

tures. This oxidation at RT and the subse-
quent reduction with hydrogen or propane
at 780 K was reversible and was replicated
several times. Ga metal would scavenge ox-
ygen very effectively if O, were present in
the cell as an impurity; however, it would
have required 100-ppm oxygen levels in the
hydrogen stream and about 20 h to reoxidize
all the Ga in our sample. Hydrogen (initially
99.99%) was purified to reduce its O, and
H-O content below | ppm before entering
the sample cell. Therefore, oxygen or water
impurities in the hydrogen feed can not be
responsible for this oxidation, which occurs
in less than 2 h at RT. There are, however,
oxidizing species always present on H-
ZSMS channel surfaces. These include pro-
tons formed during the Ga** reduction and
located at bridging hydroxyl and silanol
groups. Metal clusters within Y-zeolite
channels can undergo oxidation by reac-
tions with protons formed during the initial
reduction of exchanged metal cations (35).
This oxidation occurs during heating of re-
duced catalysts even in inert atmospheres.

Clearly, the initial equimolar distribution
of Ga*? ions between tetrahedral and octa-
hedral sites, characteristic of Ga,0,, is not
restored by the oxidation of GaH, within
H-ZSMS channels near room temperature
(Fig. 8). Instead, Ga*? ions show predomi-
nant tetrahedral symmetry, consistent with
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their preferential location in “*epitaxial’’ po-
sitions as extraframework species with
structures resembling those of framework
Al*? ions within the ZSMS5 framework. The
rapid rereduction of these species suggests
that tetrahedral Ga*? species do not reside
within the ZSMS framework. Tetrahedral
Ga*? within our gallosilicate structures re-
duced very slowly in hydrogen even above
873 K.

Reactions of propane on calcined Ga/H-
ZSM5 samples at 780-800 K also reduce
Ga*? species to GaH, (Fig. 10). Changes
in X-ray absorption spectra during reaction
resembled those observed during hydrogen
pretreatment. During separate experiments
in a catalytic reactor, the propane conver-
sion rate and aromatics selectivity increased
with reaction time when calcined Ga/H-
ZSM5 samples were not prereduced before
propane reactions (Table 2). Reduction of
Ga/H-ZSMS to its active form during pro-
pane reactions is consistent with the genera-
tion of high surface hydrogen fugacities on
H-ZSMS3 surfaces during catalysis (10, 11).
These high surface fugacities arise from the
rate-limiting nature of the hydrogen removal
steps and lead to hydrocracking of C-C
bonds in hydrocarbons. Not surprisingly,
they also appear to lead to the hydrogeno-
lysis of Ga—-O bonds and to the reduction
of Ga*? in unreduced Ga/H-ZSMS5 during
catalytic reactions of light alkanes.

We suggest that the steady-state product
of the reduction of Ga*? species in either
hydrogen or propane at 780-800 K is a hy-
dride form of Ga stabilized by interactions
with basic oxygens within ZSMS5 channels.
These species may represent zeolite-
analogs of GaHCl, (26) or R;N - GaH; (38),
which are relatively stable Ga hydride com-
pounds compared to GaH,. The trialkyl-
amine gallane adduct is known from its X-
ray diffraction pattern to be monomeric
(38). In H-ZSMS5, basic oxygen sites within
zeolite channels would replace CI or tri-
alkylamine as the basic ligand required to
stabilize monomeric GaH, species.

Coordination of partially reduced Ga spe-
cies (Ga,0) to framework oxygen in
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H-ZSMS5 was previously proposed to ex-
plain temperature-programmed reduction
profiles of Ga/H-ZSMS5 materials (34). Mix-
tures of Ga,0; and H-ZSMS5 reduced at
lower temperatures than Ga,O;, but these
effects were sensitive to the number of
acidic protons in H-ZSM5 (34). This pro-
posal is consistent with our EXAFS results,
which show that the coordination number of
Ga with oxygen nearest neighbors decreases
from near six (octahedral Ga*?) to about
one. This proposal also accounts for the
reduction—-oxidation behaviour of these
ions.

Our measurements of dihydrogen con-
sumption during reduction of calcined Ga/
H-ZSM5 samples confirm that Ga*'? (in
(Ga,0,) reduces only to Ga*! even after 2-6
h at 773 K in (49%) H./Ar mixtures. In con-
trast, Ga,0; on Al,O, samples reduce com-
pletely to Ga" during the same treatment.
Calcined Ga/H-ZSMS5 consume 1.8 mol of
H, per Ga g-atom, consistent with a valence
reduction from Ga**to Ga™' (4/). Our near
edge measurements show the complete ab-
sence of Ga*? in reduced samples; thus, the
observed Ga*!' valence in reduced samples
is unlikely to arise from mixtures of Ga® and
Ga*’. We conclude that reduction treat-
ments lead to Ga't' species at cation ex-
change sites, where strong interactions with
framework oxygen stabilize these species
against further reduction to Ga®".

This interaction between Ga and basic
framework oxygens occurs without signifi-
cant oxidation of Ga ions in the presence of
H-adatoms, as evidenced by the similarities
in K-edge energy between our samples and
Ga metal, because hydrogen atoms can act
as both reduction and oxidation agents and
some hydrides of Ga indeed decompose as
they cool (26). Such Ga hydride species
would form at steady state during hydrogen
treatment or propane catalysis at 780-800
K because the decomposing hydride species
is continuously replenished by dihydrogen
or by hydrogen adatoms dissociated from
propane during reaction. Both dihydrogen
dissociation and propane conversion rates
become very slow at low temperatures and
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TABLE 2

Catalytic and X-ray Absorption Data on H-ZSMS and Ga/H-ZSM5S

Ga content (% wt.)
propane reactions’

H-ZSMS

Q 0.3 2.0 2.0 (activated during
{reduced) (calcined)” reaction)’

2.0
(reduced, 2h)

Aromatics turnover
turnover rate (per
Al-atom, 1073571}

(Aromatization/
cracking) ratio

Hydrogen removed
as H, (%)

2-Methyl-2-pentene

reactions”
4-Methyl-2-pentene

rate
(10° - molec - Al"! - 571
3-Methyl-2-pentene

rate
(10" - (molec - Al - 571)
Acid strength

ratio*

X-ray absorption/
Reduced Ga content
(% wt)

NH; adsorption”
Strongly adsorbed NH;
(NH;/AD

0.34 0.49 1.2 4.6

0.042 0.16 0.61 1.37

4.0 7.5 19.6 28.1

1.67 — 2.38 —
0.30 — 0.34 —

0 0.12 0.35 1.4

0.82 — 0.77 —

3.91

1.4

“ 773 K, 26.6 kPa propane, balance He, 7.2-11.2% conversion.

b 448 K, 0.083 h on stream, 7 kPa 2-methyl-2-pentene, 34.3-38.1% conversion.
¢ Percentage of hydrogen in reacted propane that appears as H,.

¢ From deconvolution of near-edge data; GaH, component.

© (.67 h time on stream, not prereduced before catalytic measurements.

77.0 h time on stream, not prereduced before catalytic measurements.

* (3-Methyl-2-pentene/4-methyl-2-pentene).

# RT adsorption, strong adsorption defined as that requiring temperatures above 573 K for desorption.

can no longer restore the decomposing hy-
dride, which becomes less favored by ther-
modynamics at lower temperatures (25).
The resulting unsaturated Ga-0O species ac-

quire a stable structure (predominantly tet- atoms:

rahedral, Fig. 8) by reconstructing bonds
with neighboring oxygen atoms in a tetra-
hedral or truncated tetrahedral coordina-
tion resembling that of framework metal
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Our proposal also suggests a possible
mechanism by which Ga species act as
“‘portholes’” (27) for the desorption of hy-
drogen during propane reactions (/0-12).
This step can involve the recombinative de-
sorption of two hydrogens in a GaH, species

o
o) O (I) "
/\i N\‘\\\./\
AN NSNS

N

A hydrogen desorption step that requires
the cycling of Ga species between reduced
and oxidized state is consistent with the het-
erolytic dissociation of dihydrogen on other
oxide surfaces, such as Zn (32) and Cr (39)
oxides. For example, hydrogen chemisorp-
tion on ZnO surfaces occurs by the concur-
rent formation of hydridic and protonic
forms of hydrogen adatoms (32) and is ac-
companied by the partial reduction of Zn
ions and by the formation of surface hy-
droxyl groups. The hydrogen recombination
step proposed in the above scheme and in
Eq. (4) below becomes the microscopic
reverse step of this heterolytic hydrogen
chemisorption process. We propose that it
occurs during alkane dehydrogenation on
Ga and Zn ions contained within the chan-
nels of H-ZSMS and other acidic zeolites.

GENESIS OF ACTIVE Ga SPECIES DURING
SYNTHESIS AND PRETREATMENT
Impregnation of H-ZSMS5 zeolites with Ga
nitrate solutions can lead to a mixture of
exchanged Ga™*
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or the reaction of hydridic hydrogens on
GaH, with protons from zeolite bridging hy-
droxyls. In this manner, catalysis proceeds
by the continuous decomposition and subse-
quent reformation of the GaH, species sug-
gested by our EXAFS studies:

H 2(9)

H*Z~

Ga™? + 3NO; == (Ga"I)Z"),
+ 3H" + 3NO; (1)

and Ga nitrate crystals residing outside zeo-
lite channels,
(H™Z™)
Ga™? + 3NO; == Ga(NOy),. (2)
(H™Z7)
In the first case, Ga*® cations replace pro-
tons in cation-exchange sites within H-
ZSM5 channels; this process does not ap-
pear to occur readily during the initial im-
pregnation of these samples with Ga nitrate.
During calcination, Ga nitrate crystals de-
compose to Ga,0,;, without affecting the
density of protons in cation echange sites:
(H*Z")
pranam 4
(H*Z")
Ga,0; + 6NO, + 3/20,. (3)

In contrast, exchanged Ga*? ions are unaf-
fected by the oxidation treatment, which

2Ga'" + 6NOy
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only removes HNO; residues from zeolite
channels. Our near edge measurements
show equivalent number of Ga** species in
octahedral and tetrahedral sites, suggesting
that calcined materials contain predomi-
nantly Ga,Os crystals. Therefore, a majority
of the Ga*?® species initially reside away
from cation exchange sites, where they
would exist in tetrahedral-type structures.
These data suggest that no significant ion-
exchange occurs during the initial impregna-
tion of H-ZSMS5 with Ga nitrate.

The previous discussion suggests that ex-
changed Ga** ions would decrease zeolite
Brgnsted acidity by replacing actdic protons
in bridging hydroxyls but that extracrystal-
line Ga,0, species would not. The reactions
of 2-methyl-2-pentene, a well-established
probe of acid site density and strength (29,
36), suggest that Ga*? species formed fol-
lowing calcination of impregnated Ga/H-
ZSMS5 retain the initial acid site density and
strength of the starting H-ZSMS material
(Table 2). The acid site density controls the
rate of double-bond (leading to 4-methyl-2-
pentene) and methyl (leading to 3-methyl-2-
pentene) shift reactions. The ratio of methyl
to double-bond shift rates is a measure of
acid strength, because methyl-shift carb-
enium ion reactions require stronger acid
sites and longer surface residence times than
double-bond migration (29, 36). None of
these reactive characteristics differ signifi-
cantly between H-ZSM5 and calcined Ga/
H-ZSM5. Moreover, the surface density of
strongly adsorbed NH; on H-ZSMS5 (0.82
NH./Al) is almost unchanged by impregna-
tion with Ga nitrate and subsequent calcina-
tion (0.77 NH;/Al) (Table 2). Thus, these
catalytic and adsorption studies confirm that
Ga*? ions reside predominantly in extra-
crystalline Ga,O; and not at cation-ex-
change sites after the initial calcination of
Ga/H-ZSMS5 materials prepared by impreg-
nation with Ga nitrate.

The reduction of the exchanged Ga™** spe-
cies, formed by intracrystalline migration at
high temperatures, regenerates acidic
protons

MEITZNER ET AL.

Ga+3(3 . Z—) + (3 ; 8) Hg -

Ga*™8Z ) + 3 — ®H'Z ", (4)

while Ga,0, species reduce instead by re-
moval of oxygen anions as water:

63203 + (3 - 8)H: + 8H+27 2
2Ga~%8Z") + 3H,0. (5)

In either case, the initial density of acid pro-
tons is unchanged following reduction. In-
deed, 2-methyl-2-pentene isomerization
rates and selectivity on reduced Ga/H-
ZSMS5 samples are almost identical to those
observed on unpromoted H-ZSM35 (Table
2). The reduction process decreases the sur-
face density of strongly adsorbed ammonia
(0.82 NH;/Al on H-ZSMS to 0.62 NH,/Al
on reduced Ga/H-ZSMS) (Table 2). This ob-
served decrease, the stoichiometry de-
scribed by Eq.(5), and the ratio of available
Ga to cation-exchange sites (Ga~*Z =
0.28) lead to an estimate of 1.06 for the value
of & in Eq. (5). It appears that NH; adsorp-
tion at room temperature also reduces tetra-
hedral Ga™* species to Ga'! cations inter-
acting with individual (Z7) exchange sites.

At lower temperatures, even in the pres-
ence of gas phase hydrogen, the reverse of
reaction (4) becomes favored by thermody-
namics and reoxidation of Ga*? species by
acidic protons occurs. Hydrogen chemi-
sorption uptakes at room temperature (RT)
are very low (H/Ga = 0.055) even on Ga/
H-ZSMS5 samples pretreated in H, for 2 h
(Fig. 11) before chemisorption experiments.
Chemisorption uptakes increase markedly
with increasing chemisorption temperature
and reach H/Ga values of 0.3-0.4 at 673-773
K, temperatures similar to those required
for catalytic reactions of light alkanes on
H-ZSM5 and Ga/H-ZSMS. This behavior
suggests that the surface density of hydro-
gen adatoms on Ga/H-ZSMS, formed in dis-
sociative chemisorption steps, becomes sig-
nificant only at high temperatures (>673 K).

Total chemisorption uptakes on unre-
duced Ga/H-ZSMS5 samples are much lower
than on prereduced samples at low chemi-
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Fic. 11. Temperature dependence of hydrogen
chemisorption uptakes on calcined (A) and cal-
cined-reduced (@) Ga/H-ZSMS5 (2.0% wt),

sorption temperatures (Fig. 11). These up-
takes increase and approach values similar
to those on prereduced samples as the che-
misorption temperature increases. The hy-
drogen consumed during ‘‘chemisorption™
in the reduction of Ga™* in Ga,0, (Eq. (5)),
is not detected in our volumetric adsorption
measurements because each H, molecule
extracted from the gas phase is replaced by
a water molecule. This is in contrast to the
previously reduced sample. in which volu-
metric measurements of chemisorption up-
takes are not obscured by the release of
H,0. Clearly, chemisorption temperatures
near 672-773 K allow the reduction of Ga**
species, less efficiently but in much the same
manner as the hydrogen pretreatment of un-
reduced samples. At high chemisorption
temperatures, hydrogen uptakes on reduced
and unreduced samples become very
similar.

THE ROLE OF Ga IN THE CATALYTIC
CONVERSION OF PROPANE ON Ga/H-ZSM3
In this final section, we discuss how the
catalytic properties of Ga/H-ZSMS5 in reac-
tions of propane to aromatics can be related
to the presence of hydridic forms of Ga that
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exist on the catalyst, but only while the cata-
lytic reactions occur.

The conversion and aromatics selectivity
on Ga/H-ZSMS catalysts increases gradu-
ally from wvalues typical of unpromoted
H-ZSMS5 to steady-state values as propane
reactions occur on uncalcined Ga/H-ZSM3
(Table 2). This catalytic behavior parallels
the slow formation of hydridic Ga species
detected by XAS measurements during the
initial reduction treatment. Changes in cata-
lytic behavior occur over 4-8 h, reaction
times similar to those required for the attain-
ment of steady-state concentrations of hy-
dridic Ga species. Additional evidence is
provided by comparing propane reaction
rates and the concentration of GaH, species
in a series of Ga/H-ZSMS5 catalysts with
varying Ga concentration. Table 2 shows
that the rate of propane conversion to aro-
matics increases as the concentration
of hydridic Ga species detected by XAS
measurements increases. Increasing con-
centrations of GaH, species also lead to a
decrease in the cracking selectivity during
propane conversion, a feature of the cata-
lytic chemistry caused by a decrease in the
surface hydrogen fugacity generated by
rate-limiting hydrogen removal steps
(10-12).

Our proposal may also explain an appar-
ent contradiction between two measure-
ments of the acidity of promoted Ga/H-
ZSMS catalysts. The intensity of infrared
hydroxyl bands appears to decrease when
Ga is introduced into the channels of
H-ZSMS5, whether the sample is calcined
or reduced before study (28). Also, zeolite
hydroxyl groups appear to reduce Ga ! with
a stoichiometry of two O-H groups per
Ga ion (37). However, the selectivity of 2-
methyl-2-pentene reactions, a sensitive
probe of acid site density and strength (29,
36), is not strongly influenced by the pres-
ence or by the reduction of Ga species in
H-ZSMS5 (Table 2). Thus, the density of acid
sites remains almost unchanged even
though Brgnsted acid sites associated with
bridging (Si-O-Al) hydroxyl groups appear
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to decrease as Ga is introduced. If O-GaH,
species replace a fraction of these O-H
groups, the resulting stabilized hydride of
Ga residing at cation-exchange sites can
maintain the Brgnsted acidity previously as-
sociated with protons in bridging hydroxyl
groups. In effect, the ability of the catalytic
Ga species to recombine hydridic and pro-
tonic hydrogen species to give H, is a clear
indication that such species provide a sta-
ble, but possibly short-lived, binding site
for H™ and possibly for H* forms of H-
adatoms. Clearly, infrared measurements
near RT detect only oxidized forms of Ga
(Ga*?) residing at cation-exchange sites.
Oxidation of GaH, species near RT and the
accompanying desorption of H, can indeed
decrease the density of bridging O-H
groups, as observed in these IR measure-
ments (28). These hydroxyl groups and the
required Brgnsted acidity are restored by
the formation of GaH, species during cataly-
sis at higher temperatures.

Ga species at steady-state provide a
“‘porthole™ (27) for the exit and entry of
hydrogen atoms (from H,) into catalytic re-
actions occurring on metal oxide surfaces
(10-12). The selectivity of propane reac-
tions on H-ZSMS5 is not influenced by the
pressure of dihydrogen in the contacting gas
phase (Fig. 12), because neither dissociative
adsorption nor recombinative desorption
occur readily during catalysis. In effect, the
H-ZSMS5 surface is supersaturated with in-
digenous H-adatoms during propane reac-
tions; these H-adatoms are formed in pro-
pane dehydrogenation steps and are present
at virtual pressures (30) (or surface fugacit-
ies (31)) significantly exceeding those in the
contacting gas phase (//, 12). In other
words, the hydrogen desorption steps are
irreversible and very far from equilibrium;
thus, the rate of H, adsorption is negligibly
small compared with H-adatom desorption
rates during propane conversion. In con-
trast, increasing dihydrogen pressure de-
creases the aromatics selectivity on Ga/H-
ZSMS5 to values that begin to approach those
on the hydrogen-rich H-ZSMS surfaces
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Fi1G. 12. The effect of dihydrogen pressure on the
selectivity of propane dehydrocyclodimerization on
H-ZSMS5 and Ga/H-ZSMS [steady-state prereduced
catalyst; 773 K, 26.6 kPa propane. balance He. 8-12%
propane conversion].

(Fig. 12). The presence of Ga species per-
mits reversible communication between
surface and gas phase (H,) pools of H-
atoms, a proposal consistent with deuterium
exchange measurements reported pre-
viously (/0-12). Similar observations on
Zn/H-ZSMS catalysts were also attributed
to a hydrogen desorption rate-limiting step
that was partially relieved by the presence
of Zn species within H-ZSMS35 channels (5,
12).

The recombinative desorption of hydro-
gen adatoms as H, becomes increasingly re-
sponsible for the removal of hydrogen ad-
atoms during propane conversion when Ga
or Zn species are introduced into H-ZSMS
catalysts (Fig. 13). The fraction of the hy-
drogen in converted propane that is re-
moved as H, is much higher on samples
containing Ga and Zn than on unpromoted
H-ZSMS (Fig. 13). Recombinative desorp-
tion replaces hydrogen transfer to surface
intermediates and required cracking of ad-
sorbed hydrocarbons as the predominant
hydrogen removal mechanisms during pro-
pane conversion to aromatics. As a result,
cracking selectivity decreases markedly
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Fi1G. 13. Hydrogen removed as H, during reactions
of propane on H-ZSMS5 and Ga/H-ZSMS, [steady-state
prereduced catalysts:; 773 K, 26.6 kPa propane, balance
He].

when H-ZSMS catalysts are promoted with
either Ga or Zn.

THE ROLE OF Zn IONS IN CATALYTIC
REACTIONS OF PROPANE

Zn ions also increase the rate and aromat-
ics selectivity in propane reactions on H-
ZSMS (5, 12). In-situ XAS studies of Zn/H-
ZSMS5 catalysts show that Zn*? ions do not
reduce significantly during H, pretreatment
or propane reactions at 773 K. Also, these
materials did not require a H, pretreatment
or extensive activation during catalysis in
order to achieve steady-state catalytic rates
and selectivities.

In-situ XAS studies, however, detected a
clear change in the Zn~? coordination
sphere, reflected in both the near-edge and
the EXAFS energy regions. These changes
may reflect the disruption of Zn—O bonds
in near surface regions by the heterolytic
chemisorption of hydrogen during pretreat-
ment and propane reactions. These results
will be described and discussed in detail
elsewhere (40).

Dent and Kokes (32) have previously
shown that H, dissociates heterolytically on
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Zn-0 pairs during ethylene hydrogenation
reaction on zinc oxide. The reverse of this
process may also account for the ability of
zin¢ oxide to catalyze the desorption of H-
adatoms (H* and H™), in much the same
manner as we have proposed for catalytic
hydrogen desorption on Ga species within
H-ZSM5 (11, 12).

CONCLUSIONS

Ga *? species initially present in calcined
Ga/H-ZSMS5 materials reduce during hydro-
gen pretreatment or propane dehydrocy-
clodimerization reactions. Propane conver-
sion turnover rates, aromatics selectivity,
and the ability to remove hydrogen as H,
(and not as cracking products) also increase
as reduction occurs. This reduced form of
Ga (GaH,, +96 oxidation state) resembles
zero-valent Ga in the energy of the X-ray
absorption edge but lacks the fine structure
expected of Ga metal. The weak EXAFS
features suggest that reduced Ga species
lose significant coordination to oxygen dur-
ing reduction; they appear to change from
bulk oxide-like structure into isolated Ga*?
atoms in oxidation states between 0 and |
coordinated to the equivalent of a single ba-
sic oxygen within zeolite channels.

We propose that such monomeric Ga*?
species probably occur in the form of hy-
dride compounds of Ga stabilized by coordi-
nation to basic oxygens. This is consistent
with the decomposition and self-oxidation
to tetrahedral Ga * * that occur when reduced
samples are cooled to RT in a hydrogen or
inert atmosphere. Therefore, the catalytic
Ga species is unstable near RT; it is detect-
able only at reaction conditions in the pres-
ence of a reducing agent such as H, or pro-
pane. These catalytic sites can not be
detected by analysis of Ga/H-ZSMS5 cata-
lysts before and after propane reactions;
these characterization protocols would in-
correctly conclude that tetrahedral (frame-
work) Ga** ions account for the active hy-
drogen desorption sites introduced by Ga.

The proposed ligand-stabilized Ga hy-
dride is certainly unstable with respect to
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recombinative and oxidative loss of hydro-
gen and must be replenished continuously
by a kinetic process that forms H-adatoms.
The catalytic behavior of these hydrides re-
quires that reactions be carried out near the
limit of their thermal stability in order to
ensure their rapid decomposition and refor-
mation, processes that lead to the net de-
sorption of H, during alkane dehydrogena-
tion reactions. Hydrides of other metals
may also become sufficiently stable by li-
gand stabilization near the temperatures re-
quired to cause the cleavage of C—H bonds
in alkanes. Thus, we expect that metallic or
oxidic forms of these elements will also yield
useful dehydrogenation functions when in-
troduced on the surface of non-reducible
metal oxides (such as SiO, - Al,O,); these
nonreducible oxides can activate C-H
bonds but are unable to desorb the resulting
H-adatoms as H,. In these cases, as in the
case of Ga/H-ZSMS3, the limited stability
and the facile re-oxidation of active stabi-
lized hydrides will require that we detect
them by in-situ structural characterization
at the conditions required for the catalytic
reactions to occur.
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