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Al,O3-SnQ; systems as a support for metallic catalysts.
ITI. Acid-base properties of modified aluminas
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This study is concerned with the effect of various amounts of Sn species in modifying the sur-
face acidic and basic properties of alumina, important in catalytic activity. The decomposition
of isopropanol and conversion of cumene were chosen as a measure of the changes to the
acidic/basic catalytic sites, and the adsorption of pyridine (measured by IR spectroscopy) to
separate out the Bronsted and Lewis acid activity.
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1. Introduction

Pure aluminas are widely used themselves as catalysts for several group reac-
tions where they are able to activate hydrogen-hydrogen, carbon-hydrogen and
carbon-carbon bonds, although with varying efficiency. Thus, the ortho-H,—para-
H, equilibration reaction occurs at liquid nitrogen temperature [1], C-H bond acti-
vation in isomerisation reactions is effective near room temperature [2] and C-C
bond activation as in skeletal isomerisation at 600 K [3]. One of the most important
uses of aluminas is as a support for noble metals, which systems find wide use in
many areas of chemistry.

Notable features of alumina supports as well as their good mechanical proper-
ties are their ability to disperse the active metal phase. A considerable drawback of
alumina, however, is the undesirable metal-support interactions, especially at low
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loadings [4]. An attempt has been made to overcome these drawbacks through alu-
mina modification or by the use of alternative support materials.

Aluminum ions in the Al O3 crystal are known to occupy octahedral and tetrahe-
dral interstices between the surrounding densely packed oxygen ions. These ions
are responsible for the local acceptor states in the band gap of the crystal energy
scheme and, provided they are sterically accessible to gas-phase molecules, may act
as Lewis acids.

Various transitional aluminas are classified by the ratio of octahedrally to tet-
rahedrally coordinated ions AI** and by the oxygen lattice packing density. The
surface charge in aluminum oxides is neutralized by attached hydroxyl groups,
their concentration being dependent upon the type of alumina [5,6]. The surface
hydroxyl groups bind the metallic precursor from which the metal is later depos-
ited. It is generally desirable to minimize the metal particle size so as to optimize the
maximum number of exposed metal surface atoms, the active part of catalyst.
A high dispersion will be found, if the metal particle is formed from a well-
defined precursor complex. The type of surface precursor complex formed will
depend on the types of OH groups available to the surface and on the metal com-
plex used as a reagent. The alumina surface contains basic OH groups as well as
acidic Brensted acid sites. The former are OH groups coordinated end-on to an
APY jon. The acidic protons are bonded to bridging oxygen atoms. Their acidity
depends on how and how many AP** ions the bridging oxygen atoms intercon-
nect. For example, to prepare Pt metal particles on a metal-oxide support in a
water phase, the reactant to be used can be the PtCI3~ or the Pt(NH,)’" ion. The
first complex reacts with the alumina by exchange with basic OH™ groups, the sec-
ond with Brensted acid protons. At value of the pH where alumina does not dis-
solve and the Pt complexes are stable, the number of basic OH groups on the
alumina surface is much larger than the acidic one. As a consequence the use of
the PtCLz,‘ in complex is to be preferred if a high Pt dispersion on alumina is
required. The transformation of the acidic or basic centers in alumina is depen-
dent on the presence of ions such as F~, C1~, Zn**, Mg?* and Na™ [7,8], hence the
activity of catalysts prepared on these different supports is dependent on the nat-
ure of the ionic species present. The chemical and mechanistic reason for such
changesisnotclear.

Many of the explanations for the superior properties of the bimetallic (Sn +
active metal) catalysts are based on a structural argument. On the other hand,
the superior activity and selectivity may be the result of high dispersion of the
active metal and the stabilization of the dispersed phase by the second component,
for example tin. In this context the incorporation of various amounts of tin as
the second component in aluminas has been the subject of a number of studies
[9-15] and of concern is the form (metallic or ionic) of tin which is present in
the support, and the stabilization of the different forms of tin when associated
with metallic catalysts. At present, the changes which may occur in the alumina
matrix due to the addition of tin have not been well studied. By applying the
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method involving coprecipitation of both aluminium and tin which we have devel-
oped [16,17], it is possible to study this problem from the point of view of the modi-
fied support.

Of particular interest is our current work on the hydrogenation of halocarbons
which are of environmental concern [18,19]. These compounds, we believe, form
hydrogen bonds with surface hydroxyl groups which groups are subject to modifi-
cation by Snin Al,Os.

2. Experimental
2.1. MATERIALS

The method of preparation of the Al;03-SnO; systems is described in detail in
previous papers [16,17,20,21]. The binary composition Al;03-SnO; with molar
ratios between 1 : 0 and 1 : 1, was synthesized by coprecipitation methods. A solu-
tion of tin(IV) acetate in carbon tetrachloride, and a solution of aluminum isoprop-
oxide in isopropanol were used as starting materials. Homogeneous mixtures of
the reagents were subject to hydrolysis at 363 K with the pH maintained between
7.0 and 7.5. Under these conditions a precipitate formed and this was aged for one
week in the solution mix. The aged precipitate was filtered, washed (with isopropa-
nol and distilled water), and dried at 373 K for 48 h, after which the product was
annealed in air at 773 K for 8 h. The symbols and the composition of the samples
used in the investigations are givenin table 1.

2.2. FT-IR SPECTROSCOPY

Infra-red measurements were carried out in the range 40001100 cm~! on a
Bruker IFS88 FTIR spectrometer flushed with dry air. The spectra (resolution 1

Table 1
Sample, chemical composition and concentration of chemisorbed pyridine
Sample Molar ratio Pyridine
AbLO; : SnOy (umol/m?)
Al 1:0 0.78
Sn-0.01 1:0.01 0.76
Sn-0.02 1:0.02 0.65
Sn-0.05 1:0.05 0.60
$n-0.075 1:0.075 0.61
Sn-0.1 1:0.1 0.61
Sn-0.2 1:0.2 0.54
Sn-0.5 1:0.5 0.51
Sn-1.0 1:1 0.61




394 P. Kirszensztejnet al. / Al;03-SnO; catalytic support

cm~1; 250 scans) were recorded in the transmittance mode. The sample of alu-
mina or Sn doped alumina was compressed into a self-supporting pellet (25 mm
diameter) and placed in a greaseless IR cell equipped with NaCl windows con-
nected to a high-vacuum system, and outgassed for 4 h at 673 K under vacuum
(10~3 Pa). These treatment conditions produce surfaces containing a variety of
“free” and hydrogen-bonded hydroxyl groups [22]. In addition a variety of
strongly hydrogen-bonded forms of water are present, however, these are low in
concentration as evidenced by the relatively weak intensity of the H-O-H bending
vibrations in the ~ 1600 cm~! region. These relative intensities are shown in fig. 3
where the dashed line represents the background spectrum for sample Sn-1.0.
After cooling the cell under vacuum, the IR spectrum of the outgassed sample
(the reference) was recorded at room temperature. The adsorption of the probe
molecule, pyridine, was then carried out on a particular reference sample as fol-
lows. Pyridine vapour (Aldrich >99.9%) was allowed to be adsorbed at room
temperature for 5 min. This procedure allows for the complete saturation [23] of the
alumina surface as a large excess of the probe molecule is admitted into the IR
cell. The adsorption step was followed by outgassing for 1 h at 423 K (with con-
trolled heating —10 K/min). The characteristic spectrum of pyridine adsorbed on
the catalyst was found to vary as a function of the nature of the particular adsorp-
tion sites.

The samples were subject to elemental analysis in order to determine the amount
of pyridine adsorbed on their surfaces. This analysis was carried out on a Perkin-
Elmer 2400 CHN Elemental Analyzer.

Reactions carried out on the modified aluminas are described below.

2.3. REACTIONS

2.3.1. Conversion of isopropanol

The dehydration of isopropanol (Merck >99.9%) on the Sn doped alumina sam-
ples was carried out in a conventional microreactor made from a quartz tube (5
mm i.d.) at atmospheric pressure. In this process the “pulse-reactant” mode was
employed. In each case a catalyst sample (10 mg, particle size 100-200 um) was
placed in the reactor and heated under helium at 573 K for 3 h. Isopropanol and the
dehydration products were analyzed by a Chrom-4a gas chromatograph fitted
with a thermal conductivity detector on a 1 m column filled with Emulfor O (15%
w/w) on Chromosorb WAW at 323 K.

2.3.2. Cracking of cumene

The cracking (at 650 K) of cumene (Aldrich >>99.9) was carried out in the
apparatus similar to that used for the dehydration of isopropanol. The analysis of
the products of cumene cracking was carried out on the same gas-chromatographic
column as was used in the dehydration of isopropanol but at a temperature of
393K.
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3.Results and discussion

Beside the bands arising from H-bonded hydroxyl groups, transition aluminas
typically exhibit up to five discrete bands in the region from 3690 to 3800 cm ! aris-
ing from the stretching vibrations of different types of isolated hydroxyl groups,
two of which are basic, one neutral and two acidic in character [24]. These types of
OH are assigned as follows: around 3775 cm™! (basic OH groups), around 3730
cm~! (neutral OH groups) and around 3690 cm~! (acidic OH groups) [25] which
have different calculated charges varying from —0.5 to +0.5 [24]. Fig. 1 shows the
IR spectra of some SnO, /y-Al,Os catalysts containing differing amounts of SnO,.

The adsorption intensity changes of the bands can be taken as a measure of
changes in concentration of particular OH groups, and in fig. 2 an attempt has been
made to show such changes with the extent of Sn doping. The addition of Sn, how-
ever, changes the optical transmittance property and hence it is only possible to
make comparisons using a normalized procedure. Thus the data in fig. 2 is pre-
sented normalized to the acidic OH intensity set at 1.0. On this relative scale it is
seen that the basic OH groups are relatively little affected and remain around 50%
of the acidic OH, however the neutral OH groups increase significantly (0.4-1.0)
as the Sn concentration ratio increases to 1 : 1. The normalization procedure pre-
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Fig. 1. IR spectra OH stretch region Sn0O, /y-Al03 samples.
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Fig. 2. Relative intensities of bands assigned to acidic, neutral and basic OH groups.

cludes any statement concerning changes in the total number of OH groups of all
types.

To answer the question whether any of these OH groups or Lewis acid centers
are structurally accessible to probe molecules, IR measurements with adsorbed
pyridine were carried out. The spectra of alumina and alumina containing tin
admixture exposed to pyridine contained four strong IR bands at 1613-1625, 1575,
1494 and 1451 cm™! (fig. 3). These are assigned to the ring vibrations of ligated pyr-
idine respectively [26,27] and confirm the existence of Lewis acid adsorption sites
on the surface. The 1613-1625 cm~! band is the most important in elucidating the
quantity and strength of the Lewis sites. For samples poor in tin oxide, this band is
clearly resolved into a number of components one of which is attributable to weak
Lewis acid sites (1615 cm™!), and one to strong Lewis acid sites (1625 cm™!). With
an increase in the tin composition, the band responsible for strong Lewis acid sites
disappears.

Bands (around 1540 and 1640 cm™!) characteristic of the pyridinium ion were
not observed. This indicates the absence of surface Brensted acid sites on the mod-
ified aluminas of sufficient strength to protonate pyridine. The weakly basic pyri-
dine, is selective for strong acid sites and does not interact extensively with weak
sites [28], thus, as indicated by Corma et al. [29] weak Bronsted acid sites could exist
on modified aluminas, such as ours, without being detected by measurements invol-
ving pyridine.

This implication of the absence of strong Brensted acid centers was confirmed
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Fig. 3. IR spectra of adsorbed pyridine on SnO; /y-Al;O3 samples.

by the results from cumene cracking. The formation of a-methylstyrene would pro-
vide an indication of the dehydrogenation (and therefore hydrogenation) capacity
of the catalyst, and benzene formation would indicate the presence of strong
Brensted acid sites on the surface. Our results yielded only 1% conversion to a-
methylstyrene on pure y-Al,0O3; and no formation of benzene. The doped samples
were completely inactive with respect to either reaction. We therefore conclude that
strong Bronsted acid sites are absent in both y-Al,O3 and the Sn doped samples.

For pure y-Al,O; and for most of the samples doped with tin, the only products
of isopropyl alcohol decomposition are the dehydration products (propene and
water). The general tendencies in the change of activity of the Al;03-SnO; system
activity in the alcohol dehydration reaction are shown in fig. 4. As the amount of
the tin admixture increases, the activity of these samples decreases, the activity for
the Sn-1.0 (molar ratio 1 : 1) sample is several times smaller than for the sample
not doped with tin.
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Fig. 4. Conversion of isopropyl alcohol to propene and to acetone.

The results of elemental analysis (table 1) of the amount of adsorbed pyridine
indicate that the total concentration of the acid centers in samples containing tin
admixture varies very little. Hence, we are inclined to conclude that the drop in
activity as observed in the dehydration of isopropanol can be attributed to the
acceptor strength of these sites. Such a conclusion seems to be confirmed by the
measurements of the IR spectra of adsorbed pyridine where a clearly resolved band
(components 1615 and 1625 cm™") is observed. These band components are attribu-
ted to weak and strong Lewis acid sites respectively, and are observed to vary in
relative intensity as a function of Sn content in the Al,O3 sample fig. 3.

Another confirmation of our conclusion is provided by a quantum-chemical
model of Lewis acidity on the surface of y-Al,O; developed by Shimanskaya and
coworkers [30], which presented cluster modeling interactions between the surface
Lewis acid sites and water molecules. The values they reported for adsorption-com-
plex stabilization energies, electron density transfer from water molecule to sur-
face site and optimal H;O-Al distance clearly show that aluminium ions which
occupy the tetrahedral interstices between the surrounding densely packed oxygen
ions, act as stronger Lewis acids than the octahedrally coordinated Alions.

Preliminary studies on the conversion of halocarbons to hydrogenated species
using H; indicate that adsorption of the halo system to the aluminas is an impor-
tant mechanistic requirement. Presumably this occurs through a Hal-H-O center.
Modification of the alumina with Sn markedly affects the adsorption of the halo-
carbon, and hence the rate of hydrogenation. These studies include both metallic,

e.g. with Pt, and non-metallic aluminas and a significant difference in observed pro-
ducts occurs.
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4. Conclusion

The binary composition Al,03—-SnO; synthesized by coprecipitation methods
shows a wide variety of acidic-basic sites of various strength which are dependent
on the concentration of SnO;,. Strong Lewis acid sites are diminished by the addi-
tion of Sn and strong Brensted acid sites do not appear. This does not, however,
exclude formation of weak Bronsted acid sites.
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