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Abstract

Zeolites are aluminosilicate molecular sieves that have great potential as basic catalysts and catalyst supports. In particular
discusses recent work and future directions with zeolite X containing exchanged alkali metal cations, occluded alkali metal ox
occluded alkali metals. Probe reactions such as alkylation of toluene with methanol, cyclo-addition of carbon dioxide to ethyle
isomerization of 1-butene, and alkylation of toluene with ethylene are catalyzed by the basic X zeolites, depending on the p
method. Basic zeolites are also excellent supports for nanometer-sized Ru metal clusters used to catalyze the ammonia synthesis
that case, occluded barium oxide effectively promotes the reaction on Ru-loaded Ba-exchanged zeolite X. These examples illustrat
principles that can be used to guide future design of shape-selective base catalysts.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Tanabe and Hölderich performed a statistical surve
industrial processes using solid acids, solid bases, and
base bifunctional catalysts and counted 103, 10, and
industrial processes for these types of catalysts, res
tively, [1]. Clearly, solid acids have received most of t
attention in industrial applications. However, as novel b
materials become known and new base-catalyzed reac
are found to be commercially relevant, fundamental stu
of solid bases will be necessary for these catalysts to ach
the success of solid acids.

Solid base catalysts exhibit high activities and selec
ities for many kinds of reactions, including condensatio
alkylations, cyclizations, and isomerizations; however, m
of these processes are carried out industrially using liq
bases as catalysts. These applications can require near
ichiometric amounts of the liquid base for conversion to
desired product. Replacement of liquid base catalysts
solid base catalysts allows easier separation from the pro
as well as possible regeneration and reuse. Basic solids
have the added advantages of being noncorrosive an
vironmentally friendly, which allows easier disposal. Sol
that expose both acidic and basic surface sites are called
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functional” and represent an exciting new class of catal
materials.

A molecular-level understanding of solid basicity is
quired before structure/function properties of new mat
als can be effectively predicted. A significant fraction
the research on solid bases therefore involves the cor
tion of base strength to catalyst composition. However, s
strong bases are also poisoned by carbon dioxide and w
common side products in catalytic reactions, new base
alysts that are more resistant to deactivation by these m
cules need to be developed. The search for novel solid b
that catalyze transformations with high product selectiv
high reaction rate, and low deactivation rate is an ongo
process.

This paper is not intended to be a comprehensive rev
but instead focuses on recent aspects of our work de
with zeolites as basic solids and as basic supports
alkali metals and alkali metal oxides. To the best of
knowledge, an industrial process utilizing a basic zeo
catalyst has not been commercialized. A couple of proce
have reached pilot plant scale. For example, Merck and
used cesium sulfate impregnated into ZSM-5 as a cat
for the synthesis of 4-methyl thiazol (Fig. 1a) [2]. Becau
the reaction was run in the vapor phase (723–773 K) in
presence of water vapor, a zeolite with high hydrother
stability was chosen. Another example of a basic-zeo
catalyzed process is the oxyiodination of naphthalene
eserved.

http://www.elsevier.com/locate/jcat
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(a)

(b)

Fig. 1. (a) Synthesis of methylthiazol catalyzed by Cs-loaded ZSM-5. (b) Oxyiodination of naphthalene catalyzed by K-exchanged X zeolite
hers
ngly
tion
tes
. In
also
tha

site
lite
this

rom
h
ron.

is

able
he
rge-
ape

n-

the
lu-
e-

asic
lent
nsive

the
rob-
ized
med
rbon
].

nly
ction
ro-

les,
e to
sed
pect
n
and
potassium-exchanged zeolite X (Fig. 1b) [3]. Researc
at Eastman Chemical Co. suggest that iodine is stro
adsorbed in the basic zeolite, which leads to polariza
of the molecule. The resulting product distribution indica
that shape selectivity may be important in this system
addition to supporting occluded bases, zeolites can
be used as supports for transition metals. Reactions
require base promotion of a catalytic transition metal
are particularly interesting. Our progress with basic zeo
X as a support for Ru metal clusters is also described in
paper.

2. Ion-exchanged zeolites as electron donors

Zeolites are aluminosilicates that are constructed f
TO4 tetrahedra (T = tetrahedral atom, e.g., Si, Al) with eac
apical oxygen atom shared with an adjacent tetrahed
When tetrahedra containing Si4+ and Al3+ are connected
to form a three-dimensional zeolite framework, there
a negative charge associated with each Al3+ atom. The
negative framework charge is balanced by an exchange
cation, yielding electrical neutrality. Figure 2 illustrates t
highly porous nature of faujasite and the need for cha
balancing cations. The examples discussed in this p
t

r

focus on zeolite X, a faujasite-type zeolite with a silico
to-aluminum ratio ranging from 1 to 1.5.

The basicity of ion-exchanged zeolites arises from
framework negative charge. Thus, the relatively high a
minum content of zeolite X results in a substantial fram
work negative charge, which makes X one of the most b
zeolites when in the alkali-exchanged form. For an excel
discussion of basic zeolites, please see the comprehe
review by Barthomeuf [4].

Finding an appropriate probe molecule to interrogate
basicity of alkali-exchanged zeolites has proved to be p
lematic. Basic sites in zeolites are commonly character
by IR spectroscopy coupled with temperature-program
desorption of adsorbed probe molecules such as ca
dioxide [5–9], pyrrole [10–12], and chloroform [13–15
A problem with this technique is that many of the commo
used probe molecules decompose or react upon intera
with the basic site and, therefore, do not effectively inter
gate the catalyst surface.

To complement IR spectroscopy of probe molecu
we have used UV–vis spectroscopy of adsorbed iodin
probe the basicity of zeolites. A sample with an expo
ionizable electron may act as a Lewis base with res
to I2 [16]. The use of I2 as a molecular probe of electro
donor strength associated with the gas phase [17–22]
Fig. 2. Schematic diagram of a faujasite-type zeolite. M+ is a charge-balancing cation.
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Fig. 3. Partial negative charge on oxygen as a function of energy calcu
from the blue shift of adsorbed iodine in relation to gaseous iod
(Reproduced from E.J. Doskocil, S.V. Bordawekar, B.G. Kay, R.J. Da
J. Phys. Chem. B 103 (1999) 6277, with permission from the Amer
Chemical Society.)

solvated molecules [16,23–37] has been well docume
in the literature. Many researchers have correlated the b
shift in the visible absorption band of an iodine don
acceptor complex with its heat of formation [23,25,38].

Mulliken predicted the use of iodine adsorption to pro
donor strength of solids [24], and sorption of iodine
zeolites has been investigated in the past [39,40]. Re
confirm that iodine interacts with the basic framewo
oxygen and not the charge-balancing cation [39,40].

Recently, the visible absorption spectrum of iodine
been used to rank the basic strength of the oxygen a
in various zeolites [41]. Choi et al. have shown that a b
shift occurs in the visible spectrum of adsorbed iodine w
increasing electropositivity of the alkali counterion from
to K, as well as with increasing aluminum content in
zeolite framework [41]. Figure 3 summarizes the basi
ranking of alkali-exchanged X and Y zeolites determin
by the blue shift in the UV–vis absorption spectrum
adsorbed iodine [42]. The average partial negative charg
the oxygen atoms in the zeolite framework was estima
from the Sanderson intermediate electronegativity princ
Thus results in Fig. 3 clearly show that Cs- and K-exchan
X zeolites are the most basic samples in the series.
reason that CsX is not more basic than KX is that onl
fraction of the cations in zeolite X can be exchanged with
whereas nearly all of the cations can be exchanged with K
addition, a smaller degree of blue shift of CsX might res
from the steric hindrance between I2 and framework oxygen
due to the large size of Cs.

The stabilization of radicals in zeolite pores is a
related to the basicity of the framework oxygen atoms.
example, the formation of anion radicals by photoexcita
of pyrene [43,44] and 1,2,4,5-tetracyanobenzene [45]
used to evaluate the electron donor properties of zeo
In addition, adsorbed methyl viologen [46] and its radi
cation formed by photoexcitation [47,48] were used to r
the donor strength of alkali-exchanged zeolites. For a m
-

f

.

Fig. 4. Toluene alkylation over alkali-exchanged zeolites X and Y. Co
tions: w/F: 20–30 ghmol−1; T = 680–690 K. Yield is based on the amou
of side-chain alkylation products relative to methanol fed. Selectivity is
fined as the amount of methanol used to form side-chain alkylation prod
divided by the total amount of methanol reacted—the only other side p
uct of significance was carbon monoxide resulting from methanol dec
position. (Adapted from W.S. Wieland, R.J. Davis, J.M. Garces, J. C
173 (1998) 490, with permission from Academic Press.)

complete discussion on the photochemistry of molec
adsorbed on zeolites and other solids, please see the r
by Thomas [49].

3. Reactivity of ion-exchanged zeolite X

Characterization of ion-exchanged zeolites indicates
they expose solid base sites, especially after exchange
heavy alkali metal cations. Whereas many reactions are
alyzed by ion-exchanged zeolites, one that is particul
interesting over these materials is the side-chain alkyla
of toluene with methanol to form styrene and/or ethylb
zene [50–52], with alkali-exchanged zeolites demons
ing the highest activity and selectivity. Figure 4 summari
the activity and selectivity of the reaction over a range
alkali-exchanged faujasites. (Selectivity in this case is
fined as the amount of methanol used to form side-c
alkylation products divided by the total amount of metha
reacted—the only other side product of significance
carbon monoxide resulting from methanol decompositi
Whereas Cs-exchanged X zeolite is the most effective
alyst represented in Fig. 4, no activity for the reaction w
observed over a Cs-doped alumina [52]. In addition, the
action was promoted further by the addition of boric acid
the Cs-exchanged zeolite, presumably by lowering the
composition rate of methanol to carbon monoxide [51,5
Even after addition of boric acid, no side-chain alkylat
was observed on Cs-doped alumina. Evidently, the un
environment inside the microporous zeolite is important
this base-catalyzed reaction.

Palomares et al. used in situ infrared spectroscop
study the reaction over basic catalysts, including magn
hydrotalcites, and zeolites [53]. They concluded that
key requirements for the reaction are: (1) sufficient b
strength to dehydrogenate methanol into formaldeh
(2) stabilization of sorbed toluene and polarization of



R.J. Davis / Journal of Catalysis 216 (2003) 396–405 399

of
are

he
n to
hea

In a
ptor
ith

tion
oth
d
ally
me

es
re-
rials
ced
ol-
om-
ed a

een
ide
to

s of
sive
ty

des
houl
th a
uld
l
kali
ult

sium
lite-

sic-
d-
]. W
-

es.
tion

ad-

t
n-

as a
l
.
rom

ined
ides
,

s.

at-

ome
in

on-
uts
vor-

d on
The
sent
he

f
O
sed
i-

e
ared
O
tion
e

e of
ind-
methyl group, and (3) balanced sorption stoichiometry
the two reactants. The second and third requirements
achieved in zeolites by interaction of toluene with t
exchangeable alkali metal cation. Indeed, CsX was show
have adequate basicity to activate methanol and a strong
of toluene adsorption associated with the Cs cations.
related study of zeolite X, Lee et al. showed that the acce
strength of alkali metal cations for iodide ions increased w
increasing size, with Cs exhibiting the greatest adsorp
energy [54]. It is therefore very important to consider b
the Lewis acid and base character of alkali-exchange
zeolites when considering their use in reactions norm
thought of as base-catalyzed. This will be a recurring the
throughout this paper.

4. Basic zeolites containing occluded alkali metal oxides

Occlusion of alkali metal oxide clusters in zeolite cag
via decomposition of impregnated alkali metal salts
sults in a further increase in the basicity of these mate
[5,55–60]. The supported species are typically introdu
through wet impregnation of a solution containing the s
vated precursor into the zeolite pores. Calcination dec
poses the occluded compounds and creates the support
kali metal oxides.

The nature of the final occluded alkali species has b
elusive, and the actual structure of the occluded ox
is still in question. NMR spectroscopy has been used
study cesium species loaded into zeolites in exces
ion-exchange capacity, but the results were inconclu
[58,61,62]. In addition, a recent NMR study of a varie
of bulk alkali metal oxides, superoxides, and peroxi
suggests that the peroxide and superoxide phases s
be considered for their role in catalytic reactions as bo
base and an oxidant [63]. In particular, Krawietz et al. co
not successfully prepare bulk phase Cs2O by conventiona
chemical methods, whereas stoichiometric lighter al
metal oxides could be prepared. Their intriguing res
suggests the possibility that higher oxides such as ce
peroxide and cesium superoxide might be present in zeo
supported cesium oxide samples.

Iodine cannot be used as a probe molecule for the ba
ity of occluded alkali metal oxides since it irreversibly a
sorbs and probably decomposes on those samples [42
have therefore focused on CO2 adsorption to probe the ba
sicity of alkali metal oxides occluded in the zeolite por
Figure 5 shows the differential heat released upon adsorp
of CO2 on Cs-exchanged X zeolite containing various lo
ings of occluded cesium oxide, denoted as CsOx/CsX [64].
Most basic sites adsorb CO2 with an enthalpy of abou
−100 kJmol−1. This result is very different than the e
thalpy of adsorption associated with bulk “Cs2O,” which was
measured to be about−270 kJmol−1. Thus, the bulk ox-
ide had sites significantly stronger than those in CsOx/CsX.
As mentioned earlier, the commercial bulk “Cs2O” sample
t

l-

d

e

Fig. 5. Differential heats of adsorption (plotted as heat released)
function of CO2 uptake for CsOx/CsX zeolite. For comparison, the initia
heat of adsorption on bulk “Cs2O” is also shown. (Adapted from S.V
Bordawekar, R.J. Davis, J. Catal. 189 (2000) 79, with permission f
Academic Press.)

was probably not a pure compound, but may have conta
a mixture of cesium suboxides, peroxides, and superox
with an average formula claimed to be Cs2O. Nevertheless
after thermal treatment the surfaces of “Cs2O” were much
more basic than those of the occluded alkali metal oxide

To help us interpret the results from CO2 adsorption
microcalorimetry, we initiated, together with Professor M
thew Neurock, a computational study of CO2 adsorption on
model cesium oxide surfaces. Our goal was to gain s
insights into the nature of the cesium oxide occluded
zeolite pores by comparing the energetics of CO2 adsorption
on bulk cesium compounds.

In this study, stoichiometric cesium oxide (Cs2O), cesium
peroxide (Cs2O2), and cesium superoxide (CsO2) were ex-
amined. The unit cell for each crystal structure was c
structed and the geometry was optimized. Different c
were made in the superstructure to establish the most fa
able surface. A carbon dioxide molecule was then place
the surface in order to calculate its adsorption strength.
detailed results of the calculations are too lengthy to pre
here but will be described in a forthcoming paper [65]. T
major findings are presented below.

The crystal structure of Cs2O contains double layers o
Cs atoms that, if exposed to the surface, do not adsorb C2.
Evidently, both oxygen and cesium atoms must be expo
in order to chemisorb CO2. This result makes sense chem
cally since adsorption of CO2 on basic solids forms surfac
carbonate structures that can be easily identified by infr
spectroscopy. The CO2 adsorbs most favorably at the Cs–
pair present at the low index surface plane. The adsorp
is quite strong at−284 kJmol−1, presumably because of th
basicity of the oxide surface and the multidentate natur
the adsorbate structure. It is interesting to note that the b
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ing energy from our calculation is similar to that obtained
adsorption microcalorimetry on bulk “Cs2O” obtained from
Aldrich (see Fig. 5). Even though bulk “Cs2O” is a mixture
of peroxide and superoxide, it is quite possible that the
ide surface restructures under vacuum treatment at 62
in the microcalorimeter to reveal a Cs2O-like configuration.
More importantly, the low heat of CO2 adsorption on zeolite
supported cesium oxide(−100 kJ mol−1) suggests that th
oxide clusters are not stoichiometric oxides.

We next explored the adsorption of CO2 on model Cs2O2
surfaces. The calculated adsorption energy for uniden
CO2 on the (001) surface of Cs2O2 was −95 kJ mol−1,
which is much closer to the adsorption energy found
zeolite-supported cesium oxide. Analogous calculation
the bidentate structures (see Fig. 6) indicated that bide
adsorption was favored over unidentate adsorption. In a
tion, the binding energy varied from−124 to−186 kJmol−1,
depending on the exposed crystal plane. Nevertheless
binding energy of the configurations we explored on Cs2O2
were always significantly less than that on stoichiome
Cs2O and was closer to the enthalpies of adsorption m
sured in our microcalorimeter for CO2 adsorbing on zeolite
supported cesium oxide. Attempts to adsorb CO2 onto a
model surface of CsO2 were unsuccessful. The oxygen-ri
surface repels the carbon dioxide.

Two important trends were observed in this study. F
the adsorption strength of CO2 on cesium oxides increase
in the order CsO2 < Cs2O2 < Cs2O, which parallels the
anticipated order in basicity. Second, the calculated va
of binding energy suggest that cesium oxide occluded
zeolite pores is not a stoichiometric oxide as proposed
many researchers, but may instead be a peroxide. Indee
measured stoichiometry of adsorption (1 CO2 adsorbed pe
4 occluded Cs atoms) does not match that needed to co
stoichiometric Cs2O into Cs2CO3. Much additional work is
needed to clarify these issues. For example, the stability
basicity of stoichiometric oxide and peroxide nanoclus
need to be elucidated. In addition, the role of the zeo
support on the structure and basicity of the occluded ox
should be explored.

5. Catalytic activity of occluded cesium oxide clusters

The rather moderate adsorption strength of CO2 on
zeolites containing occluded alkali metal oxides sugg
that CO2 can be used as a reagent in a catalytic reactio
these solids. Cyclic carbonates synthesized by the add
of CO2 to epoxides are useful as highly polar solvents
reagents in polymer synthesis [66–70]. Many organic
inorganic compounds, including onium halides, phosphi
amines, and metal halides, catalyze the reaction of CO2 with
epoxides under mild conditions to give high yields of cyc
carbonate [66–68]. Solid bases such as MgO and calc
hydrotalcite (Mg–Al mixed oxide) have also been explo
as possible catalysts for the reaction [69,70]. Interestin
e

r

rt

stereospecific addition of CO2 has been reported over th
Mg-based solid oxides.

We investigated the reactions of CO2 with ethylene ox-
ide and epoxypropylbenzene over a series of base cata
including alkali-loaded X zeolites, Cs-loaded alumina, a
magnesia, as well as a homogeneous catalyst, tetraeth
monium bromide [71]. To make the comparison betw
homogeneous and heterogeneous catalysis, rates on t
olites were expressed as site–time yields based on a
sites counted by CO2 adsorption, whereas the rates w
[N(C2H5)4]Br were based on the number of formula un
Interestingly, the homogeneous catalyst was only 3 t
times more active for the cycloaddition of CO2 to ethylene
oxide than the basic zeolite catalysts containing occlude
kali metal oxide.

The reactivity results also indicated that basicity affe
the rate of cycloaddition of carbon dioxide to epoxides [7
For example, the rate of ethylene carbonate formation
basic zeolites increased with increasing basicity as evalu
by carbon dioxide adsorption microcalorimetry. Clearly,
basic strength of a catalyst cannot be too great or ca
dioxide will be adsorbed too strongly to react. The cataly
used in this study are apparently of appropriate base stre
to allows both CO2 adsorption and subsequent reaction.

Although epoxypropylbenzene and ethylene oxide
acted at about the same rate (within about a factor o
in the presence of a homogeneous catalyst, the larger e
ide reacted an order of magnitude slower than the sm
one on the solid catalysts. Apparently, the steric restrict
caused by the bulky substituent lowered the observed ra
epoxypropylbenzene conversion on solid catalyst surfa
Rates of reaction with mixed epoxides (both epoxypro
benzene and ethylene oxide in the reactor) were consi
with the majority of active sites on the zeolites being
cated in the micropores instead of on the external surf
This phenomenon of “reverse” reactant shape selectivi
illustrated in Fig. 7. For the mixed epoxide experimen
both epoxypropylbenzene and its cyclic carbonate reta
the diffusion of ethylene oxide into the zeolite pores a
severely reduced the production of ethylene carbonate. H
ever, the bulky reactant and product negligibly affected
rate of ethylene carbonate production over nonmicropo
MgO. These results indicate that most of the basic site
the zeolite catalysts containing occluded alkali metal ox
species are within the micropore network and suggest
use as shape-selective base catalysts. Indeed, future
with these materials should exploit the molecular siev
property of the zeolite support.

It has been reported that the calcined hydrotalcite (M
Al mixed oxide) was more active than MgO in the react
of CO2 with epoxides because of the coexistence of Le
acid sites on the former [70]. These acid sites are believe
stabilize the adsorbed epoxide prior to addition of car
dioxide. Therefore, the proximity of Lewis acid sites
basic sites capable of adsorbing carbon dioxide may
required to catalyze the cycloaddition reaction. A poss
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argest
Fig. 6. Adsorption of CO2 in bidentate mode on low index planes of Cs2O2. The (001) plane undergoes significant reconstruction upon adsorption. The l
spheres represent cesium atoms and the smallest spheres represent oxygen atoms. Other spheres represent carbon atoms.

Fig. 7. Schematic illustration of how the bulky epoxide (epoxypropylbenzene) in a microporous base catalyst inhibits the reaction of ethylene oxidewith CO2
to form ethylene carbonate.
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reaction mechanism for the addition of CO2 to epoxides
over solid base catalysts has been suggested by Yama
et al. [70]. In that mechanism, carbon dioxide is adsor
on Lewis base sites (e.g., O2−) to form a surface carbona
species. The strength and number of the surface base
are likely to be very important for the activation of CO2.
The epoxide is then adsorbed onto a neighboring Lewis
site, most likely an exposed cation. The carbonate sur
anion reacts with the less sterically hindered carbon a
of the adsorbed oxirane to generate the oxy anion, w
subsequently yields the cyclic carbonate product. For
basic zeolites, the exchangeable cations provide adeq
coordination sites for the reacting epoxides. Similarly to
case of toluene alkylation with methanol, neighboring Le
acid andbase sites are apparently needed for the reactio
occur. The well-known idea of acid–base bifunctionality
zeolite catalysts applies to this case.

Although results from CO2 adsorption microcalorimetr
indicate that the majority of base sites on CsOx/CsX are
not very strong, this material catalyzes double bond shi
i

s

e

Fig. 8. Effect of Na azide loading on NaX zeolite for side-chain alkylation
toluene with ethylene at 523 K. The major products are from mono-, di-,
tri-alkylation reactions. Selectivity refers to the amount of mono-alkyla
product formed relative to all alkylation products. (Adapted from J. Tai,
thesis, University of Virginia, 2001.)
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olefins at relatively low temperature [5,58,64]. For exam
the isomerization of 1-butene tocis- and trans-2-butene is
catalyzed with high rate and selectivity to thecis product
at 373 K. To help quantify the number of active sites
butene isomerization, CO2 poisoning experiments were pe
formed [72]. In this set of experiments, a pretreated c
lyst was purposefully exposed to a known amount of CO2 to
eliminate all activity. Then the catalyst was thermally trea
in helium at various temperatures to desorb the adso
CO2. Isomerization rates were measured after each ac
tion step. For CsOx/CsX, virtually no activity was observe
after treatments at 373, 473, and 573 K. The catalyst re
ered about 20% of the original activity after treatment in
at 673 K for 2 h and was completely regenerated after h
ing at 773 K for 2 h. These observations demonstrate
the active sites in 1-butene isomerization are mainly th
associated with a CO2 desorption temperature greater th
673 K, which are only about 5% of the entire CO2 inven-
tory adsorbed on CsOx/CsX at 373 K. The atomic structur
of these few active sites on zeolite catalysts is currently
known but is the subject of on-going investigation.

6. Basic zeolites containing occluded alkali metals

Zeolites containing alkali metals in cages have been
vestigated as high-strength solid base catalysts. A n
preparation technique has been reported in which a
metal clusters are prepared via the decomposition of a
metal azides in the presence of a zeolite [73–81]. Un
their alkali metal counterparts, the azides themselves are
ble at ambient conditions. Decomposition of the alkali az
in the pores of the zeolite has been claimed to form ei
ionic or neutral alkali metal clusters, depending prima
on the heating rate used to decompose the supported a
faster heating rates(∼ 25 K min−1) resulted in ionic clus
ters while slower heating rates(∼ 1 K min−1) gave primarily
neutral metal clusters [80]. Electron spin resonance (E
spectroscopy was used to determine whether alkali met
ionic clusters were present in the cages of X and Y zeo
[75,80,82]. Interestingly, charged alkali metal clusters of
and K (i.e., Na43+, Na3

2+, Na2
+, K3

2+) were also observe
by ESR spectroscopy of ion-exchanged zeolites after irr
ation byγ -rays [83–87]. Neutral alkali metal clusters we
not reported in the studies involving irradiation of zeolit
Although some of the clusters formed by decomposition
alkali metal azides in zeolites are claimed to be neutral,
likely that some charge is associated with the cluster du
the interaction with the support. In the following paragrap
the term alkali metal cluster refers to a product of azide
composition having an undetermined charge.

We have also used ESR spectroscopy to characterize
lites that have been loaded with alkali metal azide and t
mally treated [88]. For example, the location of the cen
line g-value in the ESR spectrum of the alkali-metal-load
KX zeolites indicated the formation of potassium cluste
l

-

;

-

despite the use of sodium and cesium azides as precu
Xu and Kevan [74] also reported this result for NaN3 and
CsN3 decomposed on KX zeolite. Apparently, the zeo
cations exchanged with the impregnated alkali either
ing azide impregnation or thermal treatment. Reduction
potassium ions by cesium metal makes sense thermody
ically, but reduction of potassium ions by sodium meta
harder to rationalize. Evidently, the reduction potential o
cluster of potassium cations in a zeolite host is sufficie
different than that of a bare cation to enable electron tr
fer from the added Na. The dehydrated zeolite plays the
of a polar solid solvent in this reduction reaction [89]. Int
estingly, both of the KX zeolites also exhibited broad E
lines at highg-values, indicating the presence of additio
extralattice alkali metal clusters. The relative importanc
extraframework metal clusters in catalytic reactions is
cussed in the next section.

7. Reactions on zeolite-supported alkali metals

The side-chain alkylation of aromatics with olefins is c
alyzed by strong solid bases like alkali metals. Pines
co-workers did pioneering work on the side-chain alkylat
of alkylbenzenes with olefins [90–92]. They carried out
reaction using sodium metal in the presence of organic
moters such as anthracene,o-chlorotoluene,o-toluic acid,
pyridine, and organic peroxides. The sodium metal rea
in situ with the organic promoter to form an organosodi
compound, which then catalyzed the alkylation react
Martens et al. have studied the side-chain alkylation of a
laromatics with ethylene over zeolites containing occlu
alkali metals [93]. They observed that the alkylation activ
of Na metal in NaX zeolite was higher than that of Na me
in NaY zeolite. Also, the alkylation activity for isopropy
benzene was lower than that of ethylbenzene, possibly
to steric effects.

We have investigated the influence of azide loading
the side-chain alkylation of toluene with ethylene [9
Figure 8 summarizes the results from that study. At v
low loadings (< 2 wt% Na), the catalysts were essentia
inactive in the reaction. At higher loadings (> 6%), the
conversion of toluene was essentially constant at about
whereas the selectivity to monoalkylated product continu
decreased. Evidently, higher loadings of azide precu
eventually form catalysts with a propensity for di- and
side-chain alkylation of toluene with ethylene. We specu
that Na “metal” clusters are ultimately deposited on
external surfaces of the zeolite at higher loadings. T
the shape-selective environment of the supercage, w
minimizes multiple side-chain alkylation reactions, is
longer important at the higher loadings.

We also investigated the liquid-phase side-chain alke
lation reaction ofo-xylene with butadiene to form 5-o-
tolyl-2-pentene, or OTP [88]. Like side-chain alkylati
of toluene with ethylene, the side-chain alkenylation
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action requires a base site stronger than that assoc
with supported alkali metal oxides. The selectivity to OT
based on the total amount of mono-, di-, and tri-side-ch
alkenylated products, was greater than 85% foro-xylene
conversions ranging from 1 to 14%. The active mater
were true catalysts since the ratio of the amount ofo-xylene
reacted to the theoretical amount of alkali metal present
ceeded unity after a reaction time of 7.5 h. The OTP prod
formed over Cs/KX had atrans/cis ratio of 1.3, which was
close to that seen over unsupported potassium metal, w
according to ESR spectroscopy was present in the ze
cages.

Extralattice metal clusters were evident on each of
alkali-metal-loaded zeolites, which were effective cataly
for the side-chain alkenylation reaction, suggesting
these clusters might be the active species. For each rea
in which OTP was produced, the solution color indicated t
alkali metal formed from the decomposition of the suppor
azide may have leached into solution to form an organoa
complex. Thus, catalytic activity was likely due to me
species in the solution as well as those associated with
zeolite (possibly through reaction with the zeolite).

The difficulty with maintaining the “metal” phase insid
the microporous environment and the extreme sensitivit
these alkali metals to poisons limit their usefulness. H
ever, if these major problems can be overcome, these m
rials are potentially useful strong base shape-selective
alysts. One can envision that the microporous environm
inside a zeolite might even prevent or slow deactivation
the alkali metal during catalytic reaction if oligomerizati
side reactions are responsible for the loss in activity.
steric restrictions in the micropore should prevent bimo
ular reactions involving large molecules.

8. Basic zeolites as supports for transition metals

Base-promoted Ru materials are expected to becom
second-generation ammonia synthesis catalyst since
permit milder operating conditions than the conventional
based catalyst [95,96]. Zeolites are of particular interes
supports for Ru since the maximum size of occluded m
particles is limited to the size of the zeolite pores or cag
Also, the basicity of the zeolite is easily modified by i
exchange with Group IA and IIA cations, with the consen
being the promoter effectiveness for supported ruthen
catalysts increases with basicity.

Cisneros and Lunsford studied ammonia synthesis
alyzed by ruthenium supported on alkali-metal-exchan
zeolites X and Y [97]. The catalysts were found to be ac
at atmospheric pressure over the temperature range from
to 723 K, with ruthenium-supported zeolite X being mo
effective. They found the activity to be strongly depend
on the zeolite cations, the turnover frequency increasin
the order Cs< Na< K for ion-exchanged X zeolites. Th
turnover frequency was a factor of 25 less over Ru/CsX
d

n

-

3

Fig. 9. Effect of added barium on ammonia synthesis turnover frequ
over Ru/BaX at constant ammonia pressure (0.001 atm). The two diffe
symbols represent results from two different catalyst batches prepare
tested by two different people. (Adapted from B.C. McClaine, T. Bec
C. Lock, R.J. Davis, Kinetic Analysis of Ammonia Synthesis Catalyz
by Barium-Promoted Ruthenium Supported on Zeolite X, J. Mol. Cata
Chem. 163 (2000) 105–116, with permission from Elsevier Science.)

compared to Ru/KX at 350◦C, presumably due to the rela
tively low level of Cs exchange in their sample. Cisneros
Lunsford concluded that the turnover frequency decrease
the partial charge of the zeolite support increased by ch
ing the alkali compensating cation. Our lab found that C
was a better support than KX for a Ru ammonia catal
which agrees with basicity ranking of the zeolites [98].

We have also synthesized nanometer-sized Ru m
clusters inside the cages of KX and BaX zeolite a
subsequently promoted the catalyst with occluded K and
compounds, respectively [99]. The promotional effect of
on Ru-catalyzed ammonia synthesis at 20.7 atm was sup
to that of K, which is counter to the anticipated basic
of the occluded compounds. More importantly, addition
Ba beyond ion-exchange capacity promoted the reactio
intrazeolitic Ru by an order of magnitude, as illustrated
Fig. 9 [99,100].

Analysis of RuK-edge EXAFS recorded at low tempe
atures in H2 indicated that the zeolite-supported Ru clust
were about 1 nm in diameter, regardless of barium lo
ing [101]. The average Ru–Ru coordination number w
4.8 at an interatomic distance of 2.61 Å. Adding barium
Ru/BaX beyond ion-exchange capacity caused new feat
to appear in the Ru EXAFS that were attributed to the
teraction of oxygen atoms with Ru clusters at a distanc
1.91 Å. It should be noted that a short Ru–Ba distance
about 2 Å can also fit the EXAFS spectrum. The combi
tion of infrared and BaLIII near-edge spectroscopy revea
that the occluded barium was predominantly in a carbo
form prior to treatment in dihydrogen, but most of this c
bonate decomposed after heating to 773 K in H2. Since in-
corporation of Ba into the samples did not alter the struc
or chemical state of the Ru clusters, the promotional ef
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Table 1
Results from isotopic transient analysis of Ru catalysts for amm
synthesisa

τb Fractionalc Turnover frequencyd

(s) coverage (s−1)

Ru/SiO2 670 0.030 0.0015
Ba–Ru/BaX 15 0.064 0.0670
Cs–Ru/MgO 7.1 0.051 0.1410

a Stoichiometric feed at 3 atm total pressure and 673 K [102].
b The average residence time of nitrogen-containing intermediates o

surface.
c The fractional coverage of the Ru surface by nitrogen-contain

intermediates.
d Inverse ofτ .

of Ba on ammonia synthesis rate is likely due to the crea
of highly active sites at the promoter–metal interface.

Steady-state isotopic transient kinetic analysis was u
to evaluate the intrinsic turnover frequency (TOFintr) and the
fractional surface coverage of nitrogen-containing spe
(θNHx ) on a Ba-promoted Ru/BaX zeolite catalyst during
ammonia synthesis at 3 atm, 673 K, and a stoichiome
ratio of N2 and H2 [102]. In the case of the basic zeoli
catalyst, artifacts resulting from inter- and intraparti
readsorption of product ammonia on the kinetic parame
were removed by co-feeding ammonia to the system
varying the total flow rate. The values of TOFintr and
θNHx determined from the intrinsic lifetime of surfac
intermediates at low ammonia pressure were 0.067 s−1

and 0.064, respectively. In Table 1, parameters for
zeolite-supported catalyst are compared to those of a po
active, unpromoted Ru/SiO2 catalyst and a highly active C
promoted Ru/MgO catalyst. Although the TOFintr spanned
two orders of magnitude, the value ofθNHx was very low and
fairly independent of support and/or promoter. From th
results, it appears that base promoters increase the int
turnover frequency of the active Ru sites by an electro
effect that lowers the barrier for N2 dissociation (the rate
determining step) since the surface coverage of nitro
containing intermediates was about the same for all of
catalysts. These results also show that basic zeolites
function as very effective supports for transition metals.

9. Summary

Zeolite X is a microporous aluminosilicate having
silicon-to-aluminum ratio ranging from 1 to 1.5. Becau
of the significant negative framework charge of zeolite
it functions as an effective electron donor, especially w
a heavy alkali metal cation such as Cs+ is present for
electroneutrality. Although alkali-exchanged zeolites
considered to be solid base catalysts for the alkylatio
toluene with methanol, the active site should be envisio
as a combination of a Lewis acid and a Lewis base site.

Additional base sites can be formed in zeolite X by
composition of supported alkali metal precursors into
cluded oxides. However, the resulting materials do not
c

n

pear to be as strong as bulk phase alkali metal oxides
may actually be peroxides instead, depending on the
ditions of pretreatment. Cycloaddition of CO2 to ethylene
oxide is catalyzed by alkali metal oxides occluded in
olite micropores at nearly the same rate (within abou
factor of 3) as a homogeneous catalyst, demonstrating
similarity between homogeneous and heterogeneous
catalysis for this case. Analogous to toluene alkylat
with methanol over ion-exchanged zeolites, Lewis acid–b
pairs are likely to be important for the cycloaddition of C2
to epoxides.

Incorporation of alkali metals into zeolite X via decom
position of the corresponding azide results in the forma
of very strong bases capable of catalyzing toluene alkyla
with ethylene. However, extreme sensitivity of these m
rials to poisons and migration of the metal to the exte
surface currently limit their utility.

Basic zeolites are also excellent supports for a trans
metal like Ru, which is considered to be the active com
nent of a second-generation ammonia synthesis cataly
that system, Ba-exchanged X zeolite that contains 1-nm
metal clusters is promoted by occluded BaO for the syn
sis of ammonia. Presumably, interfacial contact of Ru ac
sites with basic BaO promotes the dissociation of N2, the
rate-determining step.

These examples illustrate the wide utility and untap
potential of basic zeolites as catalysts and catalyst supp
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