3 CAIALYSIS
d TODAY

e AT 1
ELSEVIER Catalysis Today 31 (1996) 305-315
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for exchanged gallium cation active centers
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Abstract

It is shown that certain metal-loaded zeolites (e.g., Ga-MFD) initially prepared as separate metal-containing and zeolite
phases are reducible, resulting in solid-state transfer of the metal to the zeolite. The final material is similar to those initially
prepared as ‘unsegregated’ by methods such as aqueous impregnation. Reduction occurs either through appropriate
pretreatment or onstream in certain hydrocarbon reactions. First, preparation methods leading to one or the other type of
material are examined. Then it is shown that reduced catalysts give far higher ratios of dehydrogenation to cracking rates
(for alkanes) than either segregated or unsegregated but unreduced systems. The product distributions of the propane reaction
at low partial pressure and low conversion are also reviewed, and new data presented for unsegregated, reduced catalysts.
There are great differences in the distribution obtained using reduced 1/1 metal/Al catalysts from corresponding
distributions for the H-form zeolites or for segregated systems. The differences suggest a mechanism which may be entirely

independent of catalysis by protons.
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1. Introduction and overview

Gallium-loaded zeolites are known to be ac-
tive for the aromatization of light paraffins upon
which the Cyclar process is based [1-3]. Many
formulations of Ga-containing zeolites are
known, but the overwhelming majority of useful
materials are based upon the Ga/MFI system
and we will focus on such materials here. These
materials may also be useful for other chain-
building and dehydrogenation reactions, for ex-
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ample the transalkylation of aliphatic amines [4]
and in NO, reduction using, for example, CH,
[5].

In this paper, we classify metal-containing
zeolite formulations as either segregated or un-
segregated with respect to the method by which
the metal and the zeolite are initially prepared.
Examples of segregated materials include those
studied by Le Van Mao and co-workers, who
describe their materials as hybrid catalysts [6—
11], the mechanical mixtures studied originally
by Guisnet and co-workers [12,13] then later by
Price and co-workers [14—-19] and others [20—
22], and materials prepared by vapor deposition
of GaCl, onto H-MFI [23-25]. Unsegregated
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materials are those where Ga is deposited nearly
uniformly within MFI, and they include aque-
ous impregnates, and gallosilicates and galloalu-
minosilicates isostructural with aluminosilicate
MFI. These formulations have been studied by a
broad range of researchers.

Whether or not Ga and MFI remain segre-
gated under reaction conditions is of primary
importance. The Ga oxide and acid sites of MFI
are thought to act according to a bifunctional
reaction mechanism whenever both types of
sites are present; whether or not this synergistic
interaction occurs over long distances is of great
interest. It is thought that Ga as a dispersed
oxide accelerates dehydrogenation by increasing
the rate of H, recombinative desorption [26-29],
while cyclo-oligomerization of olefins is thought
to occur on the zeolite’s Bronsted acid sites
[13,30]. However, a number of researchers have
provided evidence in support of catalyst trans-
formations which occur via pretreatment or un-
der reaction conditions which result in Ga™*
replacing H*. Such a transformation has broad
implications for the reaction mechanism be-
cause it greatly affects the relative acid strength.

We have observed that reduction of impreg-
nated or mechanically mixed Ga,0,/H-MFI
catalysts with H, or hydrocarbons is an effec-
tive method for incorporation of Ga* into the
cationic positions of the zeolite framework [14—
17]. We and others have also studied the rela-
tionship between initial activity and pretreat-
ment method for Ga,0,/H-MFI alkane aroma-
tization catalysts. It was found that reduction
with H, is the most beneficial pretreatment,
again giving Ga®' cations within the zeolite
prior to reaction [15,19,31,32]. The reduction of
Ga, 0, appeared to be kinetically limited by the
number of available cation sites in the host
zeolite [15,33].

It is noteworthy that high surface area Ga,0;
and steamed gallosilicates (with little measur-
able Bronsted acidity) by themselves can react
propane to propene, and aromatize dienes, 1-
hexene, cyclohexene and methylcyclohexene at
significant rates over the range 770-870 K

[13,34,35]. For alkanes C; and larger, the for-
mation of aromatics, while sensitive to H, par-
tial pressures [36,37], is less sensitive to the
almost complete absence of protons [15-17,37].
Zeolitic Ga cations, with enhanced Lewis acid
strengths resulting from the electron-withdraw-
ing nature of the zeolite, may therefore catalyze
almost the entire transformation. It was recently
observed that Ga,0,/silicalite gives the same
product distribution (mostly cracking products)
as H-MFI at the same conditions [31]. The only
thing in common between these two materials is
the absence of Ga in reducible cationic form.
For intimate mechanical mixtures of Ga,0,
and H-MFI, the Ga,0; reduction and dispersion
in the zeolite can be represented as follows [15]:

Ga,0, + 2H, — Ga,0 + 2H,0 (1)
Ga,0 +2H*Z~ — H,0 +2Ga*Z" (2)

This dispersion by reduction has been con-
firmed in a variety of FTIR [37,38], STEM [39],
EXAFS [28] and XPS [40—42] studies, and has
been extended to include Ga(NO,), aqueous
impregnates [43-46] and gallosilicates which
contain extraframework Ga as an artifact of the
preparation and calcination procedure [47]. Re-
duced catalysts are far more active for alkane
dehydrogenation (relative to protolytic cracking
reactions) than unreduced Ga,0,/H-MFI mix-
tures and other segregated catalysts
[14,15,31,48]; this will be demonstrated conclu-
sively here using both new and past results at
low conversion, but it should be noted that
beneficial effects of reducing Ga-containing ze-
olites were noted some time ago in the patent
literature [49].

Our recent results are consistent with a hy-
pothesis that only a few zeolite proton sites, in
conjunction with nearby Ga™ sites, are needed
to generate adsorbed alkyl chain carriers [37],
which rapidly undergo dehydrogenation,
oligomerization, and dehydrocyclization
[25,27,50]. The catalytic cycle can of course be
perpetuated by an H-transfer reaction of are-
nium, benzylic or similar carbenium ion with
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the alkane feed, especially at high conversions.
We further explore this hypothesis in the fol-
lowing discussion, while also trying to explain
why great differences in the catalytic behavior
of Ga/MFI and related materials can exist even
at similar metal /framework Al (M /Al) ratios.

2. Segregated materials

The discussion of this class of materials
should begin with the distinction that these ma-
terials are initially segregated. Treatments can
be applied which result in transformation to
single-phase materials. An important aspect of
the discussion of segregated materials is the
conditions which are favorable for such trans-
formations to occur.

Perhaps the best way to begin the discussion
is to consider a class of segregated materials
which are unlikely to undergo transformation to
a homogeneous gallium-containing phase under
typical pretreatment or catalytic reactor condi-
tions. We consider this class to be the materials
termed ‘hybrid’ by Le Van Mao and co-workers
[6-11]. Typically, these materials are prepared
by extrusion of a physical mixture of a Ga-con-
taining co-catalyst, H-MFI, and a binder. The
Ga-containing co-catalyst is usually a dried and
calcined mixture of aqueous Ga(NQ,), and col-
loidal silica. The effect of the preparation of the
co-catalyst is to bind the gallium into an amor-
phous silica matrix which is relatively stable to
the effects of hydrogen or hydrocarbon reducing
agents. Indeed, treatment of a mechanical mix-
ture of the Ga-containing co-catalyst and H-MFI
in n-butane at 813 K for 10 h resulted in
virtually no transfer of Ga into the zeolite; when
the MFI crystals were retrieved from the mix-
ture, they exhibited catalytic behavior virtually
identical to H-MFI [9]. In a later publication
[51], the possible transfer of Ga was further
checked by treating a similar mechanical mix-
ture at 813 K for 3 h in H,, then separating the
mixture by sieving. The resulting MFI phase
contained less than 0.2% Ga,O; which corre-

sponded to less than 5% of the total initial
gallium. Clearly, the 0.2% Ga,O, residual could
have resulted from imperfect sieving.

Buckles and Hutchings [21,22] have noted
similar behavior with physical mixtures of
Ga,0; and H-MF], reporting catalytic activities
for these materials as being greater than the sum
of the activities of the individual materials. They
also separated the physical mixtures after treat-
ment both with H, and with hydrocarbon under
reaction conditions, and noted that the MFI
component obtained after the separation process
was chemically and catalytically similar to the
original H-MFI used to make the mechanical
mixture. This result prompted the researchers to
claim ‘reversible formation of a catalytically
active site’ [21]. However, Buckles and Hutch-
ings have noted the ‘materials were mixed using
gentle agitation in a glass tube’ [22], so that the
post-reaction separation was possible. In con-
trast to our previous findings that intimate me-
chanical mixtures (prepared by intense ball-mill-
ing) undergo an activation process when placed
on a propane feedstock at reaction conditions
[14], Buckles and Hutchings noted that the in-
crease in activity with time onstream for their
mechanical mixtures ‘is not substantial’ [21].
These observations all point to the conclusion
that transfer of gallium into the zeolite is mini-
mal.

We should also note the pioneering work of
Gnep et al. [13], who were among the first to
test physical mixtures of Ga,0, and H-MFI for
light alkane aromatization. Unfortunately, the
details of the mixing process were not reported,
direct H, reduction was not applied, and post-
reaction analysis was not performed; there is
therefore not enough evidence to judge whether
or not Ga transferred into the zeolite. However,
the lack of a slow increase in the catalytic
activity with time onstream, and the fact that
careful attention to the intimacy of the mixture
must be made for successful transfer suggests
that, like the materials of Buckles and Hutch-
ings, transfer did not take place.

Next, we would like to consider some segre-



308 K.M. Dooley et al. / Catalysis Today 31 (1996) 305-315

gated materials which do undergo transforma-
tion into a single phase, and discuss why the
transformation process takes place. Kwak and
Sachtler [24] have reported on materials pre-
pared from -a physical mixture of GaCl, and
'H-MFL The physical mixture was heated at 473
K for 2 h, then 773 K for an additional 2 h.
Prior to catalytic reaction, the material was
treated in the reactor at 853 K, in O, for 1 h,
then in H, for 2 h. As GaCl,; melts at 351 K
and boils at 474 K, these heat treatments will
allow migration of the GaCl, to the zeolite
where it can absorb, adsorb, or react. Thus
Kwak and Sachtler have termed this process
‘chemical vapor deposition’. Whether or not the
GaCl; enters the zeolite pores during the initial
heat treatment stage, and at what point reaction
between GaCl,; and protons of the zeolite oc-
curs is not important to the discussion at hand.
The important point is that GaCl, undergoes a
close physical interaction with H-MFI by this
process, and such an interaction is required
before transformation can take place. We should
further emphasize that at our present under-
standing of the process, the ‘degree of intimate
contact’” which must be achieved cannot be
quantified, but clearly a gentle agitation of two
phases, such as that described by Buckles and
Hutchings, is insufficient. Kwak and Sachtler
also provided the second component for a suc-
cessful transfer of Ga, which is reduction. In
their case, direct H, reduction was used, but for
a truly intimate mixture, the hydrocarbon feed-
stock is a suitable reducing agent.

Mechanical mixtures of Ga,0, with H-MFI
undergo a relatively slow activation period when
placed on propane feedstock at typical aromati-
zation conditions, but the transient activation
period can be eliminated by pretreatment in H,
[14]. Later we proposed a solid-state ion-ex-
change process for the interaction of Ga,O,
with H-MFI which included Ga™ replacement
of zeolitic protons [15]. Since intimacy of the
mechanical mixture is of paramount importance,
we should note that these initial studies used a
mechanical mixture prepared by ball-milling

Ga,0; with H-MFI for 3 h. We later reported
findings regarding the degree of ball-milling
required to achieve substantial transfer of Ga
[33]. For materials with 10 wt% Ga,O,, marked
improvements in both the rate and ultimate
degree of Ga,0O; reduction were observed as
ball-milling time was increased to 3 h, after
which both the rate and ultimate degree of
reduction reached a plateau. This result itself
suggests that the materials of Buckles and
Hutchings, which were characterized as gently
mixed, will not undergo reduction.

Our experiments measuring migration rates
(by TGA, during reduction) of initially segre-
gated systems find the rates dependent on tem-
perature [15], amount of Ga present [46], amount
of contact surface between MO, and zeolite
crystals [37], and crystal size of MO, [52]. How
slow the migration can be under typical reaction
conditions can be seen in Fig. 1, where data
were taken using pelletized mixtures of H-MFI
and dried B-Ga,0O; or In,0,, after initial ball-
milling. Total conversion and aromatics yield of
the Ga,0;/MFI was still increasing after 90 ks
onstream. These data were taken using a flow
microreactor (see Experimental section).

A synopsis of the potential for segregated
materials to undergo transformation to a single
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Fig. 1. Propane % conversion (C) and % yield to aromatics (Y)
for initially unreduced mechanical mixtures of Ga,0, /H-MFI
(UOP) and In,0, /H-MFI (UOP), C, partial pressure = 12 kPa,
WHSV =10 h™!. The Ga/Al and In/Al molar ratios are 1/1.
Mixing by ball-mill for 3 h (Ga) or 1 h (In).
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phase material is as follows. Systems can be
designed with high or low reduction potential.
Highly intimate mixtures will undergo transfor-
mation when reduced, but poorly mixed systems
and systems that bind gallium in a separate
phase can remain segregated even under rather
severe conditions.

3. Unsegregated materials

The broad types of Ga-containing catalytic
systems which we will term unsegregated in-
clude materials treated with aqueous Ga salts
and gallosilicates with the MFI framework
topology. For this class of materials there is a
wealth of evidence that, under reaction condi-
tions, Ga zeolitic cations exist and are responsi-
ble for most of the catalytic activity.

The strong Lewis acidity associated with re-
duced Ga-cations at lattice sites has been mea-
sured through changes in EPR intensity upon
adsorption of electron donors [53], in IR fre-
quency of adsorbed pyridine [54] or CO [27], in
NH, TPD [24], and in thermal analysis of ad-
sorbed 1-PA [4]. All studies suggest the pres-
ence of strongly acidic sites in reduced Ga-MFI,
even when FTIR data indicate almost no zeolite
proton sites [37]. Perhaps the strongest direct
evidence that H-MFI catalysts impregnated with
Ga(NO,), undergo Ga reduction and solid-state
ion exchange was provided by NEXAFS /EX-
AFS studies [28]. X-ray absorption near edge
measurements detected reduction of Ga by H,
or propane at reaction conditions, and EXAFS
has shown that Ga is highly dispersed and mostly
in the zeolite pores after reduction. The relation-
ship of impregnated to Ga,O; mechanically
mixed systems is clear; impregnated materials
yteld Ga,O, in intimate contact with H-MFI
after any heat treatment breaking down the ni-
trate ion; the high initial rates of reduction for
impregnates are consistent with this view
[19,33,43]. We also observed no substantive
differences in catalytic behavior between
Ga(NO,), impregnates and Ga,0, mechanical

mixtures once transfer of Ga into the zeolite
was complete.

Gallosilicates with MFI topology also contain
Ga zeolitic cations under reaction conditions
[47]. Extraframework Ga,O,, in intimate con-
tact with the zeolitic framework, results from
uncrystallized synthesis material or by acciden-
tal or purposeful removal from the framework.

4. Cataytic behavior of segregated vs. unseg-
regated materials

4.1. Experimental

Some additional data on propane conversion
were necessary to delineate the behavioral dif-
ferences in these materials as discussed below.
The data were taken at propane partial pressures
of 12-14 kPa with 90-100 kPa of He diluent
using either a flow microreactor [37] or a batch
recirculation reactor [4,52]. Operating proce-
dures and analytical procedures for GC were
exactly as described in these references. Selec-
tivities to products and conversions of propane
were computed on the basis of moles of carbon;
yield is the product of selectivity and conver-
sion. The starting zeolites were fully exchanged
H-MFIs from PQ (lot CBV-3020 with frame-
work SiO,/Al,0; = 43) and UOP (framework
Si0,/Al, 0, = 40). The framework ratios were
determined using the 1-propanamine adsorp-
tion /desorption technique as described else-
where [4,37].

The metal addition to H-MFI was by me-
chanical mixing. Initially, the appropriate quan-
tity of Ga or In was ball-milled for 3 h (Ga) or 1
h (In) in the presence of the H-MFI. In the
course of the work we found that the rate of
reduction of Ga was more dependent on the
aggregate size of Ga,0, than H-MFI, and so it
was more efficient to ball-mill the Ga,0, alone
for 24 h, then mix with H-MFI briefly in an
agate mortar [52]. This new procedure did not
affect the final weight upon reduction, which
for all Ga and In catalysts followed the stoi-
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chiometry (to + 5% by weight) of the solid-state
reactions (1)-(2). The times required for com-
plete reduction at 848 K (Ga) or 673 K (In), and
the final weights, were determined using a
Perkin-Elmer TGA7 microbalance as described
previously [4,15,33,37]. In the discussion below
we denote an unreduced mechanical mixture as,
for example, Ga,0;/MFI and a fully reduced
material as, for example, Ga-MFI.

5. Results and discussion

In alkane dehydrogenations, the total alkane
conversion is greatly affected by extraneous
factors such as particle size, feed purity, frame-
work Si /Al ratio, etc., making catalyst compar-
isons on this basis unreliable [37,52]. We have
found that a relative dehydrogenation/cracking
activity (R, /R.) is a better indicator of cation
replacement, one which we have duplicated
working with slightly different preparations. An
estimate of R;,/R in a series-parallel network
of propane dehydrogenation reactions was com-
puted from a simple model of the overall reac-
tions at low conversion and low propane partial
pressure, similar to one proposed previously
[55]:

C,H;=C,H,+CH, 3)
C3Hg=C;Hs+H, (4)
C,H,+C;Hy=i-C,H;+C,H,+H, (5)
C,H,+C,H;=C,H;+4H, (6)
2C,H,+C,H;=C,H; +C,Hs+3H, (7)
C,H,=C,H,+H, (8)
i-C,H,,=i-C,H; + H, 9)

The above reaction sequence is also justified
based on the following observations from pre-
sent and recent [52] work with reduced M /Al
= 1 catalysts:

(a) the ratio of moles (C, + C,) products to
moles (ethane + ethene) is close to 1 when aro-
matics are in low concentration, and is <1
otherwise;

1.20
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Fig. 2. Key product ratios for 1/1 (molar) Ga/Al Ga-MFI
catalyst from conversion of propane (12-14 kPa, 748-803 K).
Catalyst prepared by ball-milling Ga,0; for 24 h, mixing with
H-MFI (PQ) in agate mortar, then reduction with 25 kPa H, /75
kPa He at 848 K for 3 h.

(b) the isobutane /n-butane and isobutene /(1-
and 2-butene) ratios are large;

(c) benzene is the primary aromatic product
at low conversion.

Data summarizing the key ratios (C,+
C,)/C,, ethene/C,, and benzene/aromatics
for a 1/1 Ga/Al Ga-MFI are in Fig. 2; for
Ga-MFI the ratios rapidly decrease from 1.0
with increasing conversion. For this reason In-
containing analogs of Ga-MFI are especially
useful in verifying reaction (5), because they are
less active and also relatively inactive for aro-
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Fig. 3. Key product ratios for 1/1 (open symbols) and 0.8/1
(filled symbols) In/Al molar ratio In-MFI catalysts from conver-
sion of propane (12 kPa, 723-803 K). Catalysts prepared same as
in Fig. 1, followed by reduction with 25 kPa H, /75 kPa He at
673 K for 3 h.
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matics formation (more C,s). Product distribu-
tion data for In-MFI catalysts in Fig. 3 again
show a trend to an average of 1 for the key
ratios, at low conversion.

Preliminary data suggest that the above prod-
uct distributions at low conversion are also
characteristic of catalysts prepared by wet im-
pregnation and gallosilicates, for Ga-, In-, and
Cu-guest metals. Our equilibrium calculations
support the hypothesis that the product distribu-
tion at low conversions arises from a few spe-
cific reactions rather than any general equilibra-
tion of hydrocarbon products. For example, the
iso/n-butane and iso/2- or 1-butene prefer-
ences of 1/1 M/Al (M = Ga, In, or Cu) MFI
catalysts are far in excess of equilibrium ther-
modynamic ratios. Using the ASPEN PLUS®
[56] global Gibbs free energy minimization rou-
tine, we determined (at 723-773 K and pressure
< 15 kPa) these ratios, allowing formation of
all C,—C, alkanes, alkenes, cycloalkanes and
cycloalkenes. The predicted iso/n-butane equi-
librium ratios are slightly < 1, while the equi-
librium isobutene /(2- and 1-butene) ratios are
1. The total C,/C, equilibrium ratios are less
than 0.05.

It is possible that each reaction (5)—(7) is
really a combination of a few rapid serial reac-
tions which cannot be distinguished easily. Re-
action (5), for example, might occur as propane
dehydrogenation in series with the classical
Bronsted acid-catalyzed dimerization /3-crack-
ing sequence for hydrocarbon disproportiona-
tion [57-59]. However, the primary product na-
ture of isobutene can be rationalized even if it is
assumed that propane rather than propene reacts
with a carbenium ion. For example, the reaction
to isobutene on a Lewis acid—base pair site
might take place as shown in Scheme 1 (Z~
represents an anionic site of the zeolite lattice).

A similar mechanism for formation of a car-
bonium ion during the disproportionation of
butane was recently proposed to explain such
kinetics on Mordenite with extraframework Al
[60]. The cyclopropane-type intermediate is
consistent with the rapid scrambling of propane

H™ Ga*

Wt 7o ) -
M M (10)
H™ Gat Ho Ga*

+ -
s~ _*CHs HT 2
+
S (11)
H Gat .
Wt s i-C,H, H Ga
4o (12)
CH3CH, Z

Scheme 1.

2-13C observed prior to the appearance of prod-
ucts in NMR studies [50]. Attack of the sec-
ondary carbon on an allylic intermediate in step
(11) is consistent with the preponderance of
iso-C, products we observed, the excess of Bc
at the tertiary position of the isobutane product,
and the apparent commonality between the in-
termediates for °C scrambling and butane for-
mation [50]. Assuming reversibility of step (5),
the scheme is also consistent with observed
rapid deuterium incorporation in propene from a
propene /D, feed [29].

The possibility of a different mechanism for
highly exchanged, Ga-loaded zeolites than for
H-form zeolites is in fact suggested by our
kinetics data; the total butane formation rate
from propane for a typical H-MFI is < 5% that
of the corresponding reduced 1/1 Ga/Al cata-
lyst at < 3% conversion [52], and a very low
iso/n-C, ratio is characteristic of H-MFI
[24,61]. However, further study would be neces-
sary to rule out the more conventional dimeriza-
tion /B-cracking mechanism, or the alternative
proposed by Huang and Kaliaguine [62] to ex-
plain their results on alkali-exchanged zeolites.
Here it was assumed that an attack of propene
would occur at the a-position of a o-bonded
C,-alkyl. While plausible, this mechanism
would not explain Derouane’s [50] results.

In the set of proposed initial reactions, (4)—(7)
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Fig. 4. Dehydrogenation /cracking rate ratio calculated according
to Eq. (13) using various Ga-containing MFI catalysts and H-MFI,
as described in text. New data for reduced materials at Ga/Al =1
and 0.95 (molar) were taken using catalysts prepared same as in
Fig. 2.

can be identified as dehydrogenations, leading
to an estimate of R,/R as follows:

Rp/Rc= (Mca= +2Mc, +2My + 3MT)/MC1
(13)

where M;_ is moles of propene product, My
moles of benzene product, etc. This ratio should
be low when either a low extraframework
Ga/(framework Ga or Al) ratio is present, or
when the extraframework Ga is unreduced. Ex-
amining results for the propane reaction for just
the Ga,0,/MFI (unreduced), Ga/MFI (re-
duced) and H-MFI systems, we prepared Fig. 4
using data from sources where the following
information was available: (a) detailed product
distribution at low propane conversion; (b) some
measure of extraframework Ga /(framework Al)
ratio; (c) information on catalyst pretreatment.

Such information can be found for H-MFI
[15,24,27,31,34,55,61], for Ga,0,/MFI
[3,13,15,34,48], and for extensively reduced Ga-
MFI [15,24,25,27,31,34,48,52]. Some gaps in
the graph were filled in with new data taken as
discussed previously. Gallosilicates were ex-
cluded because, as discussed previously, it is
difficult (impossible?) to ascertain the frame-
work Ga composition after typical thermal treat-
ments prior to reaction, unless post-treatment
characterization is performed [47].

Fig. 4 raises several interesting points. First,

the reduced Ga/MFI data follow a relatively
smooth curve except in the vicinity of Ga/Al =
1.0. Second, the non-reduced (Ga,O,/MFI)
materials always fall at or below the Ga/MFI
smooth curve (at Ga/Al=0.63 the non-re-
duced and reduced data almost exactly coin-
cided). The Rp/R. estimator for the non-re-
duced but unsegregated materials cannot de-
scribe a smooth curve because in this case the
dehydrogenation rates are strongly dependent
upon the time onstream at which product sam-
pling took place (see Fig. 1) and the propane
partial pressure. In other words, the reduction of
Ga’* in intimate mixtures, using H, produced
in the dehydrogenation reactions, takes place
during the microreactor experiments if we start
with unreduced materials.

The third conclusion from Fig. 4 is that the
optimum Rp/R. occurs at Ga/Al~ 1, and
that at this composition R,/R. depends on
factors other than Ga/Al and extent of Ga®*
reduction. One of these factors is dealumination.
Our *°Si MAS-NMR results suggest that long-
term exposure to H, at > 800 K, while neces-
sary to completely reduce Ga**, also increases
framework Si/Al gradually. This causes mis-
matches between the amounts of Ga and frame-
work Al. Using combined FTIR and adsorption
measurements, it has recently been shown [63]
that non-framework Al from thermal treatment
can be highly dispersed. Therefore replacement
of Ga* by oxyaluminum cations may result in
decreased dehydrogenation selectivity with re-
spect to time onstream, a decrease we continu-
ally observe.

We have also found that (in ethane aromati-
zation) R /R, and overall yield to aromatics,
can vary in the presence of small amounts of O,
or H,O in the feed. For Ga-MFI these impuri-
ties act to restore Bronsted sites in the zeolite
through the reactions [19,23,24,37]:

[GaH,]"Z"+ 0, - [Ga(OH),] "Z~  (14)

H,O + [Ga(OH),] "Z~ — Ga(OH); + H*Z"~
(15)
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2Ga(OH), ~ Ga,0, + 3H,0 (16)
2Ga*Z "+ 0, - 2[Ga0] " Z~ (17)
Ga*Z +H,0 — [GaO] "Z~ +H, (18)
H,0 + [GaO] “Z~ - [Ga(OH),] "Z~  (19)

At ~ 800 K, short times onstream and low
water pressures the gallyl cations [GaO] ™ appar-
ently predominate. There is no reason to assume
that small quantities of O, and H,O would not
have similar effects on propane aromatization,
especially in experiments using flow microreac-
tors where the effects on the actual Ga*/Al
ratio would be cumulative until an equilibrium
determined by the impurity concentrations of O,
and H,O had been reached. Because R is
already very low at Ga/Al ~ 1, the spread of
the R/R. results in Fig. 4 is unsurprising.
Finally, we note that the highest R, /R values
recorded in Fig. 4 were taken in the quartz
batch recirculation reactor using carefully re-
duced and specially purified helium and propane
feeds [52].

As previously discussed, segregated catalysts
can be effectively ‘locked’ into this state by
starting with poorly mixed, large crystal sources
of both metal oxide and zeolite. For example,
such a system was used by Buckles and Hutch-
ings [22], although at a higher temperature and
propane partial pressure than in Fig. 4. It gave
Rp/R. values of only ~ 1.5-2.2 at Ga/Al ~
0.6. On the other hand, gallosilicates show high
R,/R even when not pre-reduced. Some ex-
traframework Ga is typically present after syn-
thesis [47], and thermal activation at > ~ 800
K removes some framework Ga [28,64]; this
extraframework Ga is easily reducible under
reaction conditions. Data for such materials
[65,66] suggest Rp/R.>7.5 at 723 K with
Si/Ga ~20. With pre-reduced catalysts [66],
even higher values are observed (R, /R > 8.4
at 773 K with Si/Ga~21) . And of course

2 Actually there was a small amount of Pt present in this
catalyst (Pt/Ga = 0.035). But the Rp, /R ratio was <1 using a
corresponding aluminosilicate with far more Pt.

the addition of Ga to a gallosilicate in a post-
synthesis step, followed by reduction, also in-
creases Ry,/R. (=0.40 at 773 K with Si/Ga
=45, but increasing to 3.1 after 1 wt% Ga
added and H, reduction [31]).

The In,0,/MFI system is more complex
than its Ga counterpart owing to the instability
of the In* state in the MFI zeolite at tempera-
tures characteristic of alkane dehydrogenation.
For In,0,/MFI, the reduction of In** and sub-
sequent exchange of In* is rapid even at 700 K
[67,68], and there is some further reduction to
In® at higher temperatures [67,69]. Therefore the
In-containing material builds to its maximum
activity rapidly (Fig. 1), then loses dehydro-
genation activity as the In is further reduced.
Only cracking activity remains. Our results for
these materials further confirm that optimal de-
hydrogenation activity is closely associated with
the exchanged M ™! state in the post-transition
metals.

Examining Fig. 1, and considering the ease
of occurrence of reactions (14)—(19), it seems
safe to conclude that even in carefully pre-re-
duced materials the maintenance of a 100%
Ga™ exchange state would be difficult, and that
unreduced Ga,0,/MFI catalysts could deacti-
vate and /or dealuminate at a faster rate than Ga
exchange could take place. Conversely,
In,0,/MFI, with its rapid solid-state ion ex-
change, can sometimes appear more active than
Ga,0,/MFI, which helps explain some previ-
ous results comparing the two materials [70].

6. Conclusions

It is incorrect to assert that only one type of
catalytic behavior is characteristic of medium-
pore zeolites with guest Ga and related cations.
The observed behavior will differ depending on
whether the material is unsegregated to begin
with, segregated but ‘locked’, or initially segre-
gated but in a dispersed fashion such that metal
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migration takes place on experimental time
scales.

Under conditions where Ga is locked into a
separate phase from the MFI, evidence shows
that a synergism may still take place, resulting
in catalytic materials which are more active
together than the separate components. How-
ever, this does not preclude that Ga can undergo
transformation, and given the appropriate reduc-
ing conditions there is clearly a transfer of Ga to
cationic sites up to a level approaching 100%
exchange. This is the case with conventional
Ga-MFI formulations, so that, either by design
or under reaction conditions, the replacement of
protons by gallium cations eventually takes
place. Also, because segregated materials are
active and long range synergism does take place
still does not preclude short range synergism
involving reduced Ga cations and the zeolite. It
is this synergism which results in high ratios of
dehydrogenation to cracking rates.
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