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Abstract

The distance between active centers is the key factor in studying the activity of a gallium promoted zeolite catalyst.
Special conditions, preserving the long distance between gallium and zeolite acid center (i.e. distance preservative
conditions), were found in mechanically mixed catalysts. Catalyst samples were tested with the n-butane aromatization
reaction under these conditions. The observed catalytic cooperation between active centers was ascribed to a bifunctional

catalyst and /or a remote control mechanism.
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1. Introduction

Aromatization of light paraffins, using gal-
lium promoted HZSM-5 zeolite catalyst, which
has been implemented in the Cyclar process,
was recently developed by BP and UOP [1].
Extensive industrial research has been done to
scale up this process to the commercial 1000
bpd plant at the BP oil refinery in Grangemouth
(UK) [2,3]. This large financial and technologi-
cal effort has now started to show great benefits
in the planning of a 46 000 bpd unit for SABIC,
Yarbu (AE) [4].

Much scientific research on gallium modified
zeolite catalysts has followed since the introduc-
tion of the Cyclar process as evidenced by the
number of recent reviews published on this
topic [5-8].

* Corresponding author. FAX: (+39-2) 7063-8129; E-mail:
carli@rs14.csrsrc.mi.cnr.it.

In spite of this extensive investigation the
specific role of the catalyst components and
their cooperation in the catalytic activity is still
not completely understood (in the following we
use expressions catalytic cooperation and syner-
gistic effect as analogous, overlooking the ac-
tual differences between cooperation and syn-
ergy).

The main aim of the present work is to
propose a heuristic criterion for synthetic and
clear analysis of a large set of published experi-
mental data. Moreover we focus our research
work on defining special conditions allowing us
to study the catalytic activity of some gallium
oxide zeolite mechanically mixed catalysts, pre-
serving the long distance between the active
centers of these catalytic systems.

1.1. Distance between the active centers

It has been found that the promoting effect of
gallium is quite independent of the technique
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used in the catalyst preparation. Thus, catalyst
prepared by various methods, such as impregna-
tion [9] or ion exchange [10] and more recently
by CVD of GaCl, [11,12], performs as well as a
steamed gallosilicate [13,14] or a mechanical
mixture of gallium oxide and zeolite, usually of
MFI structure [15-17].

Trying to schematize the concepts involved
with these experimental results, it is suggested
to consider, firstly, that the various catalyst
preparation methods produce a difference in the
distance between gallium and zeolite acid cen-
ter, d{Ga~HZ), as shown in Fig. 1. Taking into
account these observations, we could remark
that the synergistic effect between gallium and
the zeolite acid center seems to overcome any
distance between the active sites.

Because of this singular feature the catalytic
cooperation between gallium oxide and the zeo-
lite could be explained in terms of one of the
following: (i) a bifunctional catalyst, (i) a re-
mote control mechanism. Both these mecha-
nisms suggest that gallium enhances the paraffin
dehydrogenation reaction. In the first case, gal-
lium directly provides an additional dehydro-
genation function [18-23], whereas in the sec-
ond case, gallium provides a recombinative des-
orption function for hydrogen adatoms, formed
as a result of C—H bond cleavage on the zeolite
acid centers [15,16,24—27]. Therefore, the dif-
ference between the two viewpoints arises from
the site at which paraffin activation occurs: in
the first case on both the gallium and the zeolite

10
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Fig. 1. Distance between active centers in gallium promoted
zeolite catalysts prepared by different methods.

acid center or as in the second case just the acid
center [12].

In the following we refer to these mecha-
nisms as LDMs (the acronym stands for long
distance mechanisms).

1.2. Interaction between the active centers

In some recent work it has been shown that
Ga,0,/H-MFI mechanically mixed catalyst
(long d[Ga-HZ]) [28-30] and also gallium im-
pregnated or ion exchanged MFI zeolite [31],
when treated with hydrogen (pretreatment pro-
cedure) or light paraffins (aromatization reac-
tion) at 700-900 K, undergoes a great transfor-
mation. In fact gallium oxide interacts directly
with the zeolite acid center by means of a solid
state reaction, composed of the following steps:
(i) reduction of Ga,0, to Ga,0; (ii) migration
of Ga,O species into the zeolite phase; (iii)
reaction of spread Ga,O with the zeolite acid
centers [29].

This reaction has been recently named reduc-
tive solid state ion exchange, RSSIE [32]. Simi-
lar phenomena have been reported for some
others metals /H-MFI zeolite systems such as In
[32], Cu [33,34], Zn [35], Mo and Cr [36].

Consistently with the former observation, the
parameter d[Ga—HZ] seems to be pointless, be-
cause of the following conceptual equation:
Long d[Ga-HZ] “>3" Short d[Ga-HZ] (1)

Moreover, from the point of view of the
paraffin activation mechanism, Eq. (1) intro-
duces the possibility that metal species directly
participate in the paraffin activation, sharing the
heterolytic dissociation of the paraffin into H
and the corresponding carbocation [37].

In the following we refer to this mechanism
as SDM (short distance mechanism). It should
be stressed that the solid state reaction between
gallium and the zeolite acid center [38] or at
least their proximity [39,40], is an essential
requirement for direct participation of metal in
paraffin activation/dissociation but it does not
exclude, in principle, any of the LDMs, dis-
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cussed in the former paragraph. Light paraffins
transformation requires both gallium and the
zeolite acid center. Indeed, catalysts without any
residual acid function, prepared by completing
the replacement of H* with gallium using the
CVD technique, resulted in a catalyst with no
activity for paraffin aromatization [41].

1.3. RSSIE limit temperatures

In our previous work [42] we focused our
attention on verifying the actual occurrence of
RSSIE in a mechanically mixed Ga,03 H-MFI
catalyst. By means of XPS measurements we
have shown that in situ hydrogen treatment over
a wide range of temperatures (400-800 K) pro-
duces a detectable reduction of Ga™ to a lower
oxidation-state species, recognized to be Ga'
[43]. As far as the migration of such reduced
species is concerned, we have pointed out that
no significant transfer phenomena occur be-
tween gallium oxide and MFI zeolite phases
below 673 K. Only at higher temperature (773
K), clear evidence of gallium spreading onto the
MFI zeolite phase has been found. This corre-
sponds to a remarkable decrease of the Ga/Si
signal ratio [42] as reported also by other au-
thors [44—46].

These important experimental observations
allow us to define two limits of temperature for
RSSIE: (i) HNRT = 673 K (highest no RSSIE
temperature) the highest temperature at which
RSSIE does not occur; (ii) LRT = 773 K (lowest
RSSIE temperature) the lowest temperature at
which RSSIE does occur.

Accordingly, Eq. (1) should be modified as
follows:

RSSIE
Longd[Ga-HZ| - Shortd[Ga-HZ] (2)
T>LRT

For a hydrogen pretreatment temperature 7T,
< HNRT we expect that the RSSIE is not acti-
vated. Furthermore, while for T, > LRT the
RSSIE is definitely activated, for HNRT < 7, <
LRT we assume that RSSIE might or might not
be activated, depending on the specific morpho-
logical characteristics of the catalysts (ion ex-

changed, impregnated, etc.). Indeed, well dis-
persed gallium oxide particles have been found
to be less liable to reduction than larger gallium
oxide particles [47].

1.4. Reaction map

With the aim of analyzing the correlations
between hydrogen pretreatment, reaction tem-
perature and the catalytic activity of a
Ga,0,/HMFI mechanically mixed catalyst, we
summarize in a synoptical scheme the observa-
tions discussed in the former paragraph.

Thus, a graph assigning the pretreatment tem-
perature values to the abscissae and the reaction
temperature values to the ordinates is drawn.
Reporting HNRT and LRT both on the X and Y
axes, we obtain the patchwise reaction map,
reported in Fig. 2.

For a description of the zones composing this
reaction map, it is important to keep track of the
fact that RSSIE leads to the process described in
Eq. (2), thus, giving the basis for the SDM
hypothesis on the paraffin activation mecha-
nism. On the contrary, absence of RSSIE ac-
counts for a complete exclusion of SDM, sup-
porting LDMs hypotheses.

14.1. Zone ‘A’

The catalyst has been pretreated in hydrogen
at a temperature T, > LRT, thus, RSSIE has
been activated. The catalytic activity at any
temperature could be ascribed to the synergistic
effect due to the short distance between gallium
and zeolite acid center, i.e. SDM.

8713 I ‘
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213 HNRT  LRT 873
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Fig. 2. Reaction map. See text for description of the zones
composing the reaction map.
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1.4.2. Zone ‘B’

The catalyst has been pretreated in hydrogen
at a temperature 7, < HNRT, thus, RSSIE has
not been activated. Since the reaction is carried
out at a temperature 7. > LRT, the activity in-
creases during the reaction, leading to an induc-
tion period for aromatics production. This phe-
nomenon is due to auto-activation of the cata-
lyst [28-31]. In this case, changes in the cat-
alytic activity could be ascribed to the activation
of RSSIE during the reaction. This results in a
gradual enhancement of the synergistic effect by
reduction in the distance between gallium and
the zeolite acid center or a solid state reaction
between them.

1.4.3. Zone ‘T’

The catalyst has been activated at tempera-
ture HNRT < 7T, < LRT, thus, RSSIE has been
partially activated. The catalytic activity could
show an intermediate behavior between zones A
and B.

1.4.4. Zone ‘C’

The catalyst has been pretreated in hydrogen
at temperature 7, < HNRT, thus, RSSIE has not
been activated. The reaction is carried out at a
temperature 7, < HNRT: no activation of RSSIE
is expected. Catalytic activity, if observed,
maybe due to a mechanism consistent with the
long distance of the active sites, as expected for
a Ga,0,/H-MFI mechanically mixed catalyst.

2. Experimental

Comments stated in the former paragraph
give a new perspective to the discussion on the
mechanism governing the activity of mechani-
cally mixed catalysts.

It has been pointed out that cooperation be-
tween gallium and zeolite acid center in zone C
of the reaction map, if found, may account for a
complete exclusion of SDM, strongly support-
ing the LDMs hypotheses. Therefore, studies on
the catalytic activity of mechanically mixed cat-

alysts in these distance preservative conditions
are of great importance.

To our knowledge, very few authors have
reported experimental data on the activity of
gallium promoted zeolite catalysts for light
paraffins aromatization at low temperature (7, <
HRNT) [40,48]. Unfortunately, the catalysts
samples, used by these authors, did not clearly
match the characteristics of long d[Ga-HZ],
which is the essential parameter in order to
ascribe their activities to zone C behavior. For
these reasons, in the following work, zone C
catalytic activities of some Ga,0,/H-MFI me-
chanically mixed catalysts, are thoroughly in-
vestigated.

2.1. Catalyst preparation

MEFI zeolite (Si/Al = 32.0) was synthesized
according to the well-known method of Argauer
and Landolt [49]. XRD analysis showed the
high crystallinity of our sample. The acid form
of the zeolite, HZ (HZ standing for the zeolite
in its acidic form), was prepared by multiple
ion-exchange treatments with a 0.1 M NH,Cl
solution followed by drying and activation at
823 K. The final sodium content was 0.2 wt%.

The catalysts were prepared by mechanical
admixing of the zeolite and the following co-
catalysts:

a-Quartz (Fisher Scientific), was crushed,
acid washed and sieved. The sample was named
HZ-QZ.

Ga,0,, produced by thermal decomposition
of Ga(NO;); (Strem Chemicals). The sample
prepared was defined as HZ-GAOX.

Ga,0,/SiL, gallium oxide supported on Sil-
ica Ludox (AS 40, Dupont) obtained by co-
evaporation of a gallium nitrate—Silica Ludox
solution followed by activation at 800 K as
described in [16]. This sample was defined as
HZ-C046, CO standing for co-catalyst of com-
position 4:6 (this composition referred to the
weight ratio Ga(NO,),/SiL in the starting solu-
tion).

For all our samples, the relative composition
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was kept constant: zeolite 80.0% wt, co-catalyst
16.0% wt. The final form of each catalyst was
prepared by extrusion with bentonite (Aldrich)
as binder (4.0% wt), followed by thermal activa-
tion at 813 K. So the total amount of gallium in
HZ-QZ, HZ-CO46 and HZ-GAOX was respec-
tively 0.0% wt, 2.0% wt and 16.0% wt.

2.2. Catalysts testing

Catalysts were tested for the n-butane aroma-
tization reaction. The catalytic testing procedure
was as follow: 4 g of fresh catalyst was charged
into a quartz reactor heated to the operating
temperature under a flow of nitrogen (10
ml/min). As soon as the temperature was sta-
ble, in order to start the catalytic test, the reactor
was fed with flowing n-butane (14 ml/min,
WHSV = 0.5). The average time employed to
perform a single run was approximately 3 h. All
products, being in the gas phase, were identified
by using a Hewlett-Packard GC (model 5790,
FID detector) equipped with a 3-m column
packed with Chromosorb P coated with 20% wt
of Squalene. Some of the products were identi-
fied by using a Hewlett-Packard GC-MS (model
5890, quadrupole). Then, the collected data were
elaborated to obtain the n-butane conversion
and hydrocarbon selectivities. Moreover, the
calculated final material balance was satisfac-
tory for all runs.

In order to measure the amount of hydrogen
produced, GC analysis was also performed in an
independent way with a Hewlett-Packard GC
(model 5890, TCD detector) equipped with a
HayeSep A packed column, from Chromato-
graphic Specialties.

Several catalytic tests were done at different
temperatures chosen in the range of 573-650 K.

3. Results and discussion
3.1. Catalytic activity in zone C

The first results showed that all catalyst sam-
ples show comparable activities at the lowest

Table 1
Comparison between experimental results of the present work
and published data

Samples HZ-QZ HZSM-5°?
Reaction temp. (°C) 300 300
Butane conversion (C atom%) 282 232
Cracking products (C atom%) 62.9 59.0
Isomeriz. products (C atom%) 15.9 24.0
Cs, (Catom) 21.2 16.0
Aromatics (C atom%) 0.0 0.0

# Data from [50).

testing temperature, 573 K. In particular, the
cracking, the isomerization and the oligomeriza-
tion activities have corresponding values. In-
deed selectivities to cracking products (C,-C,
hydrocarbons), to isomerization products (iso-
butane and butenes) and oligomerization prod-
ucts (Cs,) are quite similar. Only traces of
aromatics are produced at this temperature. Fur-
ther, as shown in Table 1, these data are consis-
tent with other data reported for n-butane arom-
atization on HZSM-35 zeolite catalyst carried out
under similar conditions [50].

Differences depending on the catalyst gal-
lium content were seen when the reaction tem-
perature was adjusted to a value higher or equal
to 598 K, see Tables 2—4. Selectivity to aro-
matic hydrocarbons improved by increasing the
amount of gallium introduced into the co-cata-
lyst formulation, in the following order:

HZ-QZ < HZ-C0O46 < HZ-GAOX 3)

The above outcome is consistent with the
hydrogen production data which become signifi-
cant at temperatures higher than 623 K, show-

Table 2

Catalytic activity of sample HZ-QZ

Reaction temp. 300 325 350 375
)

Butane Conversion (C atom%) 282 312 394 480
Cracking products (C atom%) 629 659 689  71.6
Isomeriz. products (C atom%) 159 14.8 134 11.9

C,, (C atom%) 212 163 140 118
Aromatics (C atom%) 0.0 3.0 3.7 4.7
Hydrogen (% gas vol.) 0.0 028 038 083
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Table 3

Catalytic activity of sample HZ-CO46

Reaction temp. 300 325 350 375
(O]

Butane conversion (C atom%) 264 31.2 39.4 48.2
Cracking products (C atom%) 62.1 659 689  72.6
Isomeriz. products (C atom%) 15.8 144 132 11.8

Cs, (C atom%) 21 159 137 103
Aromatics (C atom%) 00 38 4.2 5.3
Hydrogen (% gas vol.) 00 035 08 19

ing a relevant difference between gallium con-
taining samples and HZ-QZ, see Table 2, Tables
3 and 4.

By reaching the highest testing temperature,
648 K, we can induce further changes in the
behavior of our catalysts as evidenced for the
similar results obtained for both hydrogen and
aromatics production by gallium containing
samples. At this temperature the aromatization
activity is beginning to not simply depend on
the amount of gallium content but also is
strongly correlated to its dispersion [40,51], i.e.
to the reduction properties of the co-catalyst as
already pointed out for these catalytic systems
at 813 K [16,52].

These interesting results imply that the syn-
ergy between the catalyst components (zeolite
acidic center, gallium site) has a large effect on
both the hydrogen and aromatics production,
even in zone C of the reaction map. Such
experimental results need to be thoroughly ex-
amined, since the question arises on the specific
role of gallium in light paraffin aromatization
activity.

Table 4
Catalytic activity of sample HZ-GAOX
Reaction temp. (°C) 300 325 350 375

Butane conversion (C atom%) 27.0 33.0 409 491
Cracking products (C atom%) 62.2 657 69.0 733
Isomeriz. products (C atom%) 159 142 12.9 11.7

Cs, Catom%) 219 155 13.1 9.3
Aromatics (C atom%) 00 46 5.0 5.7
Hydrogen (% gas vol.) 00 08 149 218

3.2. Paraffin activation in zone C

As pointed out in a previous paragraph, ab-
sence of RSSIE in a mechanically mixed cata-
lyst, strongly supports LDMs hypothesis for
paraffin activation at low temperature (T <
LNRT). Therefore, it seems worthwhile to ana-
lyze the experimental data in order to check for
the consistency of our findings with the afore-
mentioned mechanisms.

The data in Table 2, Tables 3 and 4 suggest
that: (i) catalyst samples at any reaction temper-
ature show similar cracking and isomerization
product selectivities; (ii) dehydrogenation activ-
ity, as depicted from the hydrogen production
data, is higher in gallium containing samples
than in HZ-QZ. The first remark emphasizes
that, for these temperatures, no changes are
produced in the activation path of n-butane, by
increasing the gallium content of the catalyst
composition. Actually, no significant differ-
ences in C,/C; have been found, probably for
the following reasons: (i) the data correspond to
relatively high conversion activities; (ii) gallium
oxide is known to be only active at high temper-
ature for the dehydrogenation of small alkanes
[8,53,54].

These experimental results seem to suggest
that n-butane activation in this temperature
range occurs on the zeolite acid center. On the
other hand, the second observation suggests a
contribution of gallium oxide towards dehydro-
genation activity. All these aspects of the nature
of gallium and zeolite acid center cooperation in
zone C of the reaction map are consistent with
LDMs hypotheses.

3.3. Role of gallium

Despite the fact that our experimental results
seem to fit the LDMs hypotheses satisfactorily,
the actual role of gallium in zone C catalytic
activity deserves discussion.

In order to propose a suitable explanation for



R. Carli, V. Ragaini / Catalysis Today 31 (1996) 257-264 263

the nature of the observed zone C gallium pro-
moting effect, we should first consider that the
aromatic and C,, product selectivities appear
strongly interdependent: when aromatic produc-
tion increases, C5, production decreases, see
the data in Table 2, Tables 3 and 4. It is
well-known that the last step of aromatics syn-
thesis from light paraffins consists of the
oligomers dehydrocyclization reaction.

Thus, it seems reasonable to assume that
gallium oxide participate in this reaction step,
directly enhancing the dehydrogenation of Cs,
oligomers [54-56] to triene intermediates under-
going thermal cyclization [24]. This fact could
be due to a specific activity of gallium oxide in
the dehydrogenation of C,, paraffins. How-
ever, it is also important to consider the relevant
hydrogen ads/desorption functions of gallium
oxide zeolite mechanically mixed catalyst. As
we demonstrated in a previous work [57], our
samples show two hydrogen ads/desorption
sites identified by means of H,-TPD measure-
ments. These analyses revealed the presence of
two signals with peak maxima centered, respec-
tively, at 663 and 758 K. Analogous results
have been published by other authors
[15,41,57-60]. It has to be stressed that the site,
showing a peak maximum centered at the lower
temperature, could provide a recombinative des-
orption function for hydrogen adatoms.

4. Conclusions

Our experiments demonstrate that, gallium
oxide (pure or silica supported) seems to play a
key role in promoting the aromatization activi-
ties of H-MFI in mechanically mixed catalysts,
even at temperatures which are quite different
than the usual operating temperatures. In partic-
ular, before reductive solid state ion exchange
becomes effective (reaction temperature, T, <
673 K), gallium oxide composing the co-cata-
lyst phase, can improve the aromatic selectivity
and hydrogen production of our catalyst sam-
ples. It has been pointed out that gallium pre-

sent in our catalyst samples seems to provide a
dual function: (i) alternative path for dehydro-
genation of oligomers; (ii) hydrogen ads/de-
sorption sites.
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