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e Tecnologie Inorganiche e Metallorganiche, Università di Cagliari, via Ospedale 72, 09124 Cagliari, Italy

Received February 10, 1997; revised April 21, 1997; accepted May 14, 1997

A series of aluminosilicates with similar silica/alumina ratios and
similar structural properties of natural pumice, but with differing
amounts of alkali ions in their framework, were prepared and char-
acterized by different techniques such as IR, TG, physisorption, and
XPS. The synthesis through the gel route yields quite homogeneous
materials and, by varying the reaction mixture and the calcina-
tion parameters, allows one to obtain supports closely resembling
the natural pumice. The corresponding palladium catalysts are pre-
pared starting from two different precursors, [Pd(NH3)4](NO3)2 and
Pd(C3H5)2. The electronic properties, as obtained from photoelec-
tron spectroscopy, and the structural parameters, obtained from
X-ray diffraction techniques, are discussed in terms of the alkali
ions/Pd atomic ratio and also in terms of the preparation methods.
c© 1997 Academic Press

INTRODUCTION

Pumice, a volcanic aluminosilicate, has recently been
used as a support for palladium catalysts (1). Such cata-
lysts exhibited good activity and selectivity in the liq-
uid phase hydrogenation of 1,3-cyclooctadiene (2, 3) and
phenylacetylene (4, 5) and in the gas phase hydrogenation
of acetylene in ethylene rich feedstocks (6). The good cata-
lytic performance was maintained even with high metal dis-
persion, differently from palladium catalysts supported on
alumina (7–9), silica (9–11), and carbon (11, 12), showing a
decline in activity above 20% metal dispersion.

The negative effect of a high metal dispersion in the hy-
drogenation of alkadienes (7, 8, 11–13) and alkynes (9, 10,
14, 15) over Pd/Al2O3, Pd/SiO2, and Pd/C was attributed
to the progressive loss of metallic character with decreas-
ing particle size, as indicated (16, 17) by the positive Pd 3d
binding energy shift with respect to unsupported palladium
(7–15) in the XPS analyses. The electron deficiency char-
acter of the metallic centers would increase the strength of
their interaction with the electron rich substrates, hindering

the subsequent hydrogenation process. Recently (18), posi-
tive Pd 3d binding energy shifts were attributed to the mor-
phology of the supported metal particles which, growing
epitaxially on the α-alumina support, interact strongly with
it. As a consequence the metal centers would be covered
with the electron-rich substrate, obstructing the adsorption
of hydrogen and favoring the isomerization reaction of the
but-1-ene with respect to the hydrogenation reaction (19).

In contrast to the above findings, the XPS studies of
pumice-supported palladium catalysts have detected a neg-
ative binding energy shift of the Pd 3d level. Such a shift
was attributed to a metal–support interaction producing an
increase in the electron density of the palladium particles
(20, 21). The combination of the binding energy shifts with
the Auger chemical shifts, yielding the Pd Auger parame-
ters, allowed for the estimation of the electronic charge on
the small palladium particles (22). The negative charge was
found to increase with metal dispersion and also with the
alkali metal ions/Pd atomic ratio (23). It was considered
responsible for the enlarged range of applicability toward
higher metal dispersion of these catalysts with respect to the
palladium catalysts supported on alumina or silica. Similar
negative binding energy shifts were observed in alkali ion-
doped Pd/SiO2 catalysts (24); however, the catalytic effects
of the dopant ions appear different depending on whether
they are added to the surface of the catalysts, as in the pro-
moted Pd/silica catalysts, or they are present in the support
framework, as in Pd/pumice catalysts. The different loca-
tion of the promoter ions established by low-energy ion
scattering (LEIS) analyses (25) accounts also for a differ-
ent behavior in the adsorption of CO and CO2 (26).

On the basis of the above results a series of amorphous
aluminosilicates with variable Na+, K+, and (Na++K+)
contents and the relative palladium catalysts were prepared
in order to study the effect of the support added alkali
metal ions on the catalytic properties of these catalysts. The
present article will describe the synthesis and the structural
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characterization of the supports and corresponding Pd
catalysts. The catalytic performances in the hydrogenation
of 1,3-cyclooctadiene will be reported in the subsequent
paper (27).

EXPERIMENTAL

Materials

Supports. All operations were performed in standard
Schlenk glassware under an atmosphere of prepurified ni-
trogen. Anhydrous alcohols (Aldrich) were obtained ac-
cording to literature procedures (28) and distilled under ni-
trogen just before use. All other chemicals (Aldrich) were of
reagent grade purity and used as received. All the supports
with their chemical composition, their structural proper-
ties, and the thermal treatments are listed in Table 1. For
comparison, the pumice and the precursor gelsynt0 are also
reported. The preparation of the supports was based on
published procedures (29–31), modified to obtain the ap-
propriate amorphous supports.

A typical preparation for the sodium containing supports,
labeled in Table 1 with an a, is the following: a solution
of Al(O-sec-Bu)3 in anhydrous sec-butanol (100 ml) and
a solution of MeONa in 10 ml anhydrous methanol were
added to a stirred solution of Si(OEt)4 in anhydrous ethanol
(100 ml). The relative amounts of the three alkoxides were
accordingly to the desired composition SiO2/Al2O3/Na2O
(see Table 1). The hydrolysis was performed by adding im-
mediately water, in a fivefold excess of the required stoi-
chiometric amount, to the rapidly stirred reaction mixture.
The solution was then treated at 353 K for 3 h under N2 flow.
Upon cooling, a transparent, homogeneous, and colorless

TABLE 1

Chemical Composition, Calcination Procedure, Specific Surface Area, and Specific Pore Volume
of Natural Pumice, Precursor Gelsynt1, and Synthetic Supports

Density Heating rate Tmax BET Sp. pore vol.
Support (g/cm3) SiO2 Al2O3 Na2O K2O H2Oa (◦C/min) (K) (m2/g) (cm3/g)

Pumice 2.3 85.5 6.8 2.0 3.2 2.5
Gelsynt0 1.4 84.1 14.4 1.5 40 0.6
Synt0 (a) 2.4 84.3 14.4 1.3 8 973 81 0.4
SyntNa1 (a) 2.4 83.5 14.3 0.6 1.5 8 1073 43 0.4
SyntNa2 (a) 2.4 83.4 14.2 1.4 0.9 8 1273 12 0.05
SyntNa3 (a) 2.4 81.1 13.9 4.0 0.9 8 1273 10 0.05
SyntNa4 (a) 2.4 79.9 13.6 5.6 0.9 8 1273 11 0.06
Na-synt (a)b 2.4 82.6 14.1 1.4 1.9 8 1273 14 0.05
SyntNa-K1 (b1) 2.0 83.1 14.2 0.6 0.7 1.4 1.7 973 162 0.6
SyntNa-K1 (b2) 2.3 83.5 14.3 0.6 0.7 0.9 0.3 1173 13 0.15
SyntNa-K2 (b1) 2.0 80.9 13.9 1.7 2.1 1.4 1.7 973 169 0.7
SyntNa-K2 (b2) 2.3 81.3 14.0 1.7 2.1 0.9 0.3 1173 11 0.05
SyntK (b1) 2.0 80.0 13.6 5.1 1.4 1.7 973 106 0.6
SyntK (b2) 2.3 80.2 13.8 5.1 0.9 0.3 1173 15 0.1

a Determined by thermogravimetric analysis.
b Synthetic support with sodium surface doped.

gel was obtained, which was filtered off under reduced pres-
sure and washed with sec-butanol and ethanol to remove
possible traces of alkoxides not hydrolyzed until washing
fractions were completely clear on water addition. The xe-
rogel was then calcinated, in air, at different temperatures,
between 973 and 1223 K (see Table 1 for details on tem-
peratures and time of calcination). After a rapid cooling to
293 K the product was crushed and sieved in various frac-
tions. Only the powders of 40–70 mesh were collected and
used for the preparation of the catalysts.

The precursor xerogel of synt0 was divided into two por-
tions: one was calcined at 973 K and yielded the amorphous
synt0; the other was treated with a solution of MeONa in
CH3OH/H2O, at 298 K for 3 h, and, following the above pro-
cedure, was calcined at 1273 K to give the support Na-synt,
which showed some crystallinity.

The potassium containing supports were prepared with
the same procedure, using MeOK, except that only a 10%
excess of water with respect to the required stoichiometric
amount was used. Such catalysts are labeled in Table 1 with
a b. The precursor gels were divided into two portions which
were thermally treated differently, yielding the supports of
type b1 and type b2.

Catalysts. Palladium catalysts were prepared with two
different procedures; by ion exchange (32–34) and by an
organometallic precursor (35).

The first method consisted of the following steps:
[Pd(NH3)4](NO3)2, in aqueous solution, was passed
through an ionic exchange resin (Amberlite IRA 100 re-
generated in KOH, 0.5 N ) to form [Pd(NH3)4](OH)2 and
dropped in a previously stirred (2 h) suspension of the syn-
thetic pumice support in NH3 saturated aqueous solution,
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under nitrogen atmosphere. The precursor, likely consisting
of a diamine complex (32) of Pd anchored to two oxygens of
the support surface, was centrifuged and washed with H2O
(five times), dried in an oven at 353 K, under vacuum for
10 h, then calcined in oxygen at 573 K (0.5◦C/min) to elim-
inate ammonia, and finally reduced in hydrogen for 10 h at
573 K (0.5◦C/min).

The other method, producing good metal particle disper-
sion on low-surface-area supports (35), was already used
for the preparation of the natural pumice catalysts (36). It
consisted of reacting the hydroxyl groups of pumice with
the Pd(C3H5)2 complex in pentane, followed by reduction
at low temperature. Details of the experimental procedure
have been previously described (36).

Methods

Element concentration of the supports and catalysts were
obtained by atomic absorption spectrophotometry (AAS)
analyses with an accuracy of 10%.

X-ray analysis. The structure of the supports and Pd
catalysts was checked with X-ray diffraction measurements
performed on a Philips vertical goniometer connected to
a highly stabilized generator (Siemens Kristalloflex 805).
Nickel-filtered CuKα radiation was employed and the
diffracted beam was monochromatized with a focusing
graphite monochromator (Bragg–Brentano geometry). A
proportional counter and 0.05◦ step sizes in 2θ for an accu-
mulated counting time of 100 s per angular abscissa were
used. Details for acquisition and calculations were reported
previously (36). For palladium content above 0.3 wt% the
line broadening of the Pd(111) diffraction peak, according
to the Scherrer method, was used to obtain the metal parti-
cle sizes. For lower Pd content, the particle diameters were
obtained by small angle X-ray scattering (SAXS) analysis
following a procedure described in Ref. (36).

Infrared analysis. The F TIR spectra were recorded
with a Bruker IFS 5 48 instrument with a resolution of
2 cm−1. The samples were analyzed as thin pellets obtained
mixing equivalent amounts of support and KBr and using
a pressure of 180 kg cm−2.

Specific surface area and specific pore size volume de-
termination. The microstructural characterization of the
supports was carried out with a Carlo Erba Sorptomat 1900
instrument. By the analysis of the adsorption isotherm of
nitrogen on the samples cooled in liquid nitrogen, through
a fully computerized system, the specific surface areas and
the specific pore volumes were calculated. Before measure-
ments the samples were outgassed for 12 h at 523 K to re-
move water moisture.

Thermal analysis. Thermogravimetric analysis (TGA)
and differential thermal analysis (DTA) were performed on
a STA 1500 Stanton Redcroft instrument operating in the

range 293–1073 K, at a heating rate of 5 K min−1.α-Alumina
was used as reference for the TG–DTA analyses.

Density determination. The densities of the solids were
determined with the Accupyc 1330 by Micromeritics, with
helium gas as probe.

XPS analyses. The X-ray photoelectron analyses were
performed with a VG ESCALAB Mk II (Vacuum Gener-
ator Ltd., UK) equipped with an aluminum anode as un-
monochromatized X-ray source (1486.6 eV) run at 20 mA
and 15 kV. Sample charging was constant during the anal-
ysis so that the energy shifts could be compensated for by
referencing all the spectra to the binding energy of the ap-
propriate component of the C 1s signal set at 285.0 eV. For
the catalyst, the use of the internal standard Si 2p of the
corresponding support, previously calibrated with respect
to C 1s yielded the same binding energy values of the Pd 3d,
as those obtained with respect to the C 1s calibration, rul-
ing out any differential charging effects. The spectra were
resolved into their Lorentzian and Gaussian components
using a nonlinear least square fitting routine. Binding en-
ergies and atomic ratios were obtained according to pre-
viously described procedures (20–23). The energy values
reported here are the average of two measurements whose
reproducibility was ±0.1 eV.

RESULTS AND DISCUSSION

Attempts to decrease or increase the percentage of al-
kali metal ions in natural pumice, by treatment with HNO3

of different concentrations and for different times in one
case, and by addition of the alkali ions in the second case,
produced only minor changes in the alkali metal ion con-
centration. For this reason a series of amorphous alumi-
nosilicates with similar content of silica and alumina as in
natural pumice (37) but with different concentrations of al-
kali metal ions were prepared. The gel-route synthesis was
chosen because of the advantage of a higher homogeneity
of the final materials with respect to other classical melting
methods (38).

The reactions involved in the preparation procedure are:

(a) hydrolysis of the alkoxides as

–M–OR+H2O⇒ –M–OH+ROH [1]

with M= Si, Al, Na, K followed by
(b) polycondensation as

–M–OR+ M–OH⇒ –M–O–M–+ROH, [2]

producing a transparent gel. By calcination, the gel turns
into a vitreous material containing residual hydroxide
groups (30). As seen in Table 1, the transition gel→ glass
occurs with a large change in density, from 1.4 to 2.4 g/cm3,
indicative of a structure shrinkage. This behavior can be
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attributed to a thickening of the –Si–O–M–O–Si– net-
work and also to the loss of water, as indicated by
the TGA.

According to the literature (29) the amount of water
added for the hydrolysis of the alkoxides is crucial for the
crystallinity of the product. Usually an excess of water of
more than 10 times the required stoichiometric amount
leads to some crystallinity in the final material. On the other
hand a water quantity just above the stoichiometric may not
guarantee the complete hydrolysis process. The procedure a
using larger amount of water produced final supports with a
small percentage of crystallinity (10%) as evidenced by the
X-ray diffractograms. Procedure b gave completely amor-
phous materials characterized by the typical diffractogram
of an amorphous aluminosilicate (36). The best results, as
far as the color and purity of the gel is concerned, are ob-
tained by hydrolyzing the alkoxides immediately after they
are mixed together and washing the gel with anhydrous
sec-BuOH and EtOH before calcination, to eliminate un-
reacted alkoxides and excess of water.

The calcination temperature and the heating rate affect
the specific surface area of the materials (30). As shown
in Table 1, a higher calcination temperature and also a
slow heating rate produce lower specific surface area. Un-
der the reaction conditions of samples b, using a calcina-
tion temperature of 973 K with a heating rate of 1.7◦C/min,
supports of larger surface areas than samples a, under the
same calcination temperature, are generally obtained. Us-
ing a temperature of 1173 K with a slower heating rate of
0.3◦C/min produces low surface area supports. In conclu-
sion, the method b2 allowed for the reproduction of some
of the natural pumice structural characteristics, i.e., amor-
phicity and low specific surface area, which are of interest
in kinetic study since they minimize the effect of heat and
mass transfer and moreover they increase the efficiency co-
efficient of the supported metal (2).

The specific surface areas listed in Table 1 are calculated
within the BET (39) model. The adsorption isotherms of
the various supports, according to the Brunauer classifica-
tion, are of the IV type with the hysteresis loop charac-
teristic of mesoporous structure (pore sizes between 2 and
50 nm). Within such range of pore sizes, from the desorption
branch of the nitrogen isotherms, the specific pore volumes
(Table 1) were also obtained, using the procedure devel-
oped by Dollimore and Heal (40) assuming that the pores
are cylindrical. Overall, the relation between the specific
surface area and the pore volume is such that at higher ar-
eas correspond larger volumes. The data relative to gelsynt0
and to the corresponding calcined support synt0 indicate a
microstructural change from larger pores, formed during
the gel formation and determining a relatively low surface
area, to smaller and longer cylindrical pores with a larger
surface area and slightly smaller volume, formed after the
calcination process.

FIG. 1. TG curve of samples, synt0, syntNa-K2 (b1), and pumice.

In Fig. 1 the TGA profiles of selected samples, synt0,
syntNa-K2 (b1), and natural pumice are reported. At about
623 K the synthetic supports have lost most of the water,
unlike pumice, which seems to retain water up to 873 K.
The much higher temperatures involved in the formation
of the volcanic pumice may have determined much stronger
water bonding (37). The DTA profile for the gelsynt0 and
synt0 are shown in Fig. 2. According to previous findings
(30), the exothermic peak around 573 K, observed for the
gelsynt0 sample, may be attributed to oxidation of residual
organic products which are then removed by the calcination
treatment as shown from the synt0 DTA profile.

FIG. 2. DTA curve of sample synt0 and precursor gelsynt0.
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FIG. 3. Enlarged portion of the infrared spectra in the range 4000–3000 cm−1 of (a) pumice and (b) synt0. (c) IR spectrum in the range 1750–350 cm−1

of synt0.

The density values are listed in Table 1. All the supports
with relatively low area (10–81 m2/g) have values typical of
the skeletal density of an aluminosilicate. Those supports
with higher specific surface area are characterized by a low
density, in accord with the more porous structure indicated
by the larger specific pore volume.

The infrared spectra of the synthetic supports are practi-
cally the same, regardless the different amount of alkaline
ions and also the preparation procedure, they are charac-
teristic of the aluminosilicates (41, 42). In Fig. 3 the re-
gion 4000–3000 cm−1 of the pumice and synt0 samples and
the 300–2000 cm−1 range of the synt0 are reported. The
peaks in the range 380–1300 cm−1 are attributed to vibra-
tional modes of the basic structural units constituted by
TO4 tetrahedra (T=Al or Si). The high-frequency region
(4000–3000 cm−1) is associated with the OH vibrations. Be-
cause of a larger quantity of water retained by the porous
supports, it is generally difficult to study the infrared spec-
trum of such region in air. The most interesting feature is
represented by a broad peak in the spectra of the synthetic
supports above 3780 cm−1. According to the literature, it
can be assigned to an OH group bound to an aluminum in
an octahedral environment (43). Such a feature is missing
in the IR spectrum of pumice, which as indicated by a previ-
ous Al27 NMR study contains only aluminum in tetrahedral
environment (44).

In Table 2 are listed the most significant XPS binding en-
ergies of the support elements, Al 2p, Si 2p, O 1s, Na 1s, and
K 2p3/2. For comparison, the data of the natural pumice af-
ter the purification treatment are also given (44). The Al 2p
and Si 2p binding energies are characteristic of the alumi-
nosilicates. The sodium and potassium energy values are
typical of the (+1) species. The binding energies of the dif-
ferent elements do not change significantly with the alkali
concentrations and with the preparation procedure. Differ-
ences in the full width half maximum (FWHM) of the peaks
may arise from morphological effects. Moreover, within the

series of supports prepared with method a, the O 1s region
presents two components; the one at higher binding energy
can be attributed to a modified silica oxygen and the other
at low energy to an alumina component (44–46). In Fig. 4, a
typical spectrum of the O 1s of the synthetic support Na-synt
is shown. The presence of a hydroxide species would be dif-
ficult to ascertain since its position would be very close to

TABLE 2

Binding Energies of the Main Elements of the Supports

O 1sa O 1s
Supports Al 2p Si 2p (Si–O−, OH−) (Al–O−) Na 1s K 2p3/2

Pumice 74.7 103.5 533.1 531.7 1072.7 294.2
(2.0) (2.2) (2.2) (80%) (2.2) (2.7) (2.3)

Synt0 (a) 74.9 103.3 532.7 (2.3) 531.1
(2.3) (2.3) (91%) (2.3)

SyntNa1 (a) 74.7 103.1 532.5 (2.2) 531.4 1072.6
(2.2) (2.1) (90%) (2.2) (2.4)

SyntNa2 (a) 74.8 103.1 532.4 (2.1) 530.9 1072.6
(1.9) (2.0) (83%) (2.1) (2.3)

SyntNa3 (a) 74.7 103.2 532.6 (1.9) 531.2 1072.6
(1.9) (2.0) (81%) (1.9) (2.2)

SyntNa4 (a) 74.7 103.2 532.6 (2.0) 531.5 1072.8
(1.9) (2.0) (73%) (2.0) (2.2)

Na-synt (a) 74.2 103.1 532.5 (2.2) 531.1 1073.1
(2.2) (2.2) (32%) (2.2) (2.3)

SyntNa-K1 (b1) 75.0 103.3 532.7 (2.6) 1072.6 294.0
(2.3) (2.5) (100%) (2.5) (2.4)

SyntNa-K2 (b1) 75.1 103.2 532.6 (2.5) 1072.8 294.2
(2.2) (2.4) (100%) (2.4) (2.1)

SyntK (b2) 75.1 103.3 532.5 (2.5) 294.4
(2.2) (2.3) (100%) (2.3)

Note. The precision is estimated as ±0.1 eV. The full widths half max-
imum (FWHM) (eV) are given in parentheses.

a The percentage of this component is given in parentheses.
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FIG. 4. Experimental and fitted components of the XPS O 1s of sam-
ple Na-synt.

the silica oxygen. However, the decreasing relative inten-
sity of the two components with increasing sodium content
is in accordance with a diminished surface Brønsted acid-
ity of the supports; therefore the high-energy peak is likely
to contain some hydroxide component. The oxygen peaks
relative to the supports prepared by method b involving
lower calcination temperature have larger FWHM. How-
ever, being quite symmetric, they have been fitted with the
high-energy component.

The oxygen Auger spectra, O KLL, have been collected
to obtain further information on the surface chemical state
(47) of the different samples. The KLL transition of oxygen
is in fact an Auger transition of the KVV type, i.e., involv-
ing the valence levels L23. For this reason, the shape of
the peak is dependent on the chemical environment. The
Auger spectra of the Na-synt is shown in Fig. 5. The two
Auger transitions O KL1L23 and O KL23L23 are indicated.
The spectrum is typical of all the other samples. However,
the separation between the two transitions, as given in Ta-
ble 3, changes. There is a small but steady increase of the
separation of the two transitions with increasing sodium
content along the a sample series. It should be pointed out
that, even if the changes are small, they can be considered
highly reliable since they are independent on charging and
energy referencing processes. Since it has been stated (47)
that a decrease of the ionic character of the bond to oxy-
gen produces an increase of the separation of the O KLL
transitions, it is possible that the addition of the sodium

FIG. 5. O KLL Auger spectrum of sample Na-synt.

TABLE 3

Silicon and Oxygen Modified Auger Parameter and Energy
Separation of the Auger Transitions of All Samples

Supports α′ (eV) KL1L23–KL23L23 (eV)

Pumice 1039.7 21.4
Synt0 (a) 1039.6 20.9
SyntNa1 (a) 1039.7 21.1
SyntNa2 (a) 1039.9 21.2
SyntNa3 (a) 1040.0 21.3
SyntNa4 (a) 1040.1 21.5
Na-synt (a) 1040.2 21.6
SyntNa-K1 (b1) 1039.4 21.0
SyntNa-K2 (b1) 1039.4 20.9

ions, localized near the aluminate ions AlO−2 , decreases the
ionicity of the oxygen bonds to silicon representing the ma-
jority of the total oxygen bonds. The modified Auger pa-
rameters (48), taken as the kinetic energy of the sharpest
Auger line of the O KLL plus the binding energy of the
most intense O 1s component, have been calculated for all
the samples and they are reported in Table 3. The values,
typical of silica–alumina compounds (48), increase with the
sodium content in the a sample series. As described before
(21), changes in the Auger parameter are related to changes
in the extra atomic relaxation energy (Rea) as

1α = 21Rea, [3]

which depends on the polarizability of the whole molecule
and therefore on the structural arrangement. The increase
of the oxygen parameter with the sodium content suggests
an increased polarizability of the electron clouds around the
oxygen atoms due to the presence of sodium. The two re-
sults, decrease of the ionicity and increase of the polarizabil-
ity, are complementary and agree with the idea of “group
shift” rather than elemental shift (49).

In Table 4 are reported the (Si/Al)B, (Na/Si)B, and
(K /Si)B bulk atomic ratios of all the supports, as determined

TABLE 4

Bulk Atomic Ratios, as Determined by Chemical Analysis, and
Corresponding Surface Atomic Ratio, as Determined by XPS
Analysis

(Si/Al)B (Si/Al)XPS (Na/Si)B (Na/Si)XPS (K/Si)B (K/Si)XPS

Synt0 (a) 5.0 6.4 — — — —
SyntNa1 (a) 5.0 5.9 0.01 0.02 — —
SyntNa2 (a) 5.0 5.6 0.04 0.04 — —
SyntNa3 (a) 4.9 4.7 0.09 0.17 — —
SyntNa4 (a) 5.1 4.8 0.15 0.20 — —
Na-synt (a) 4.9 6.8 0.04 0.14 — —
SyntNa-K1 (b1) 5.0 9.0 0.01 0.01 0.01 0.01
SyntNa-K2 (b1) 5.0 4.6 0.04 0.05 0.03 0.03
SyntK (b2) 5.0 5.0 — — 0.08 0.08
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by chemical analysis, and the corresponding surface atomic
ratios, obtained from the XPS measurements. The data in
the table are in accord with a homogeneous distribution
from the bulk to the surface. The only exception is repre-
sented by the syntNa-K1 values, from which an enrichment of
silicon at the outermost layers probed by the surface tech-
nique seems to occur. A fair agreement exists between the
alkali ion to silicon bulk atomic ratios and XPS derived ra-
tios. As expected the support Na-synt, which was prepared
adding the sodium alkoxide to the already formed gelsynt0,
has a large surface segregation of sodium.

Some of the Pd catalysts prepared from the different sup-
ports are listed in Table 5 along with the Pd content, the
atomic ratio of alkali ions to palladium atoms (R), the dis-
persion percentage of the metal particle (%D), and the XPS
chemical shift of the Pd 3d5/2 with respect to unsupported
metal Pd. As previously established (20) the addition of
the metal does not modify the binding energies of the sup-
port lines. The Pd 3d experimental and fitted photoelectron
spectra of the catalyst without sodium, Z0, and the one with
sodium, Na1, are given in Fig. 6. Detailed studies aimed to
determine the effect of metal particle sizes and of increas-
ing sodium concentration have shown that both factors are
important in determining the electron density of the Pd
particles (22, 23). As confirmed in the present study, the
catalyst preparation method does not influence such prop-
erties, whereas it does affect the morphology of the particle.
With supports of large surface area (>80 m2/g) both meth-
ods of preparation, from ammine or allyl complex, pro-
duce good dispersion (23) whereas with the low surface
area (≤40 m2/g) supports, the Pd allyl complex route yields
better dispersion. As seen in Table 5, a catalyst containing
sodium, Na1, presents a Pd 3d chemical shift of −0.4 eV

TABLE 5

Support, Metal Loading, Alkali to Palladium Atomic Ratio Metal
Dispersion Percentage, and XPS Chemical Shifts of the Palladium
Catalysts

Pd R R D 1E
Catalyst Support (wt%) (Na/Pd) (K/Pd) (%)a (Pd 3d5/2)

Z0 (ammine) Synt0 (a) 1.2 0 0 39 −0.1
Na1 (allyl) SyntNa2 (a) 1.4 3.5 0 39 −0.4
Na4 (ammine) SyntNa1 (a) 0.9 2.1 0 27 −0.5
Na5 (allyl) SyntNa4 (a) 0.3 68 0 25b −0.5
Na6 (allyl) SyntNa1 (a) 0.3 6.4 0 18 −0.6
K0 (allyl) SyntK (b2) 0.5 0 20 56 −0.1
K2 (allyl) SyntK (b2) 0.2 0 64 27b 0.1
Pd/Na-synt Na-synt (a) 0.2 22.5 0 12 —

(allyl)

Note. The method of preparation is given in parentheses.
a Determined from volume weighted average Pd crystallite diameters

obtained by LB analysis of the (111) XRD peak [Ref. (36)].
b Determined from SAXS measurements according to a previous pro-

cedure [Ref. (36)].

FIG. 6. Experimental and fitted photoelectron spectrum of Pd 3d of
catalysts Z0 and Na1.

differently from the catalyst, Z0, with the same dispersion
but no sodium which does not show any significant chemical
shift. Moreover, as already determined for the pumice cata-
lyst (22), there is a limit of sodium concentration, beyond
which no further increase in chemical shift is observed. As
indicated in Table 5 the addition of potassium does not have
significant effect on the photoelectron binding energy of the
Pd 3d. The difference with sodium could be ascribed to the
larger electrostatic field associated with the ion of a smaller
radius. As a consequence the dipole (Na+–O−) produces a
large electron donation to the metallic centers (22).

CONCLUSION

Aluminosilicates with variable amounts of sodium and
potassium, and with quite homogeneous structure and con-
centration, were obtained from gels by mixing the appropri-
ate alkoxides in alcoholic solution. As shown with physical
techniques and with spectroscopic analysis (XPS and IR),
the gel preparation method succeeded in reproducing the
most important feature of the natural pumice such as the
amorphous structure and the low surface area. With two dif-
ferent procedures of preparation, palladium catalysts with
a wide range of atomic ratio of alkali ions to palladium
atoms were synthesized. A dependence of the metal par-
ticle size from the preparation procedure was found for
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the low specific surface area supports. Differently from the
sodium ions, determining a negative binding energy shift
of the Pd 3d level of the catalysts with respect to the un-
supported metal Pd, addition of potassium in the support
structure does not affect such binding energy.
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