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Alumina-doped silica gels used as catalysts for a new pyridine synthesis from cyclopentadiene
and ammonia have been investigated using X-ray photoelectron spectroscopy. Two different types
of aluminum species are identified. Their chemical nature is assigned to a “‘normal”’ Al oxide and a
more electron-rich Al species (Brgnsted centers). The distribution of the two species within the
samples as a function of distance from the surface is not homogeneous and is strongly dependent
upon the preparation of the catalyst. The concentration of the Brgnsted centers in the proximity of
the catalyst surface seems to correlate with the activity of the catalyst in the pyridine synthe-
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INTRODUCTION

Pyridine, a valuable intermediate in a va-
riety of industrial processes, is manufac-
tured today: either by fractional distillation
of coal tar or by condensation of acetalde-
hyde and ammonia (/). These technical
routes for the production of pyridine are
limited. For example, coal tar contains only
little (0.1%) pyridine, and its isolation and
purification are difficult and very expen-
sive. In addition coking plants are disap-
pearing more and more since the demand
for coke and coking gas is decreasing. In
the aldehyde—ammonia process the forma-
tion of pyridine is always accompanied by
side products (picolines, lutidine, collidine)
which limit the economical feasibility of
this process.

As an alternative to these processes we
have investigated the heterogeneously cata-
lyzed formation of pyridine from cyclopen-
tadiene (2). The latter hydrocarbon is read-
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ily available at low cost from the Cs-cut of

refined oil:
O =z Q)

A variety of catalysts have been examined.
Alumina-doped silica gels were found to be
most active in this process. The catalysts
were prepared by incorporating aluminum
salts during silica gel formation. Their ac-
tivity could be varied by adding the salts
during different stages of silica gel develop-
ment. In order to characterize the catalyst
and to investigate the chemical state of the
aluminum, which is possibly the active
metal species, we have applied X-ray pho-
toelectron spectroscopy (XPS). In contrast
to other methods often used, (such as IR
spectroscopy (3) and titration methods (4)),
XPS allows one to specify directly in a sur-
face sensitive manner the ‘‘chemical state”
of the operative metal species in the vicin-
ity of the catalyst surface. The present pa-
per is intended to give preliminary experi-
mental hints about the chemical nature of
the metal species and to trigger further ex-
perimental work on these materials.

The paper is organized as follows. We
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first briefly present the experimental condi-
tions of the study and the applied proce-
dures. In a second part the results are out-
lined and discussed with respect to an iden-
tification of the active species. A final part
summarizes the conclusions of our study.

EXPERIMENTAL

The pyridine synthesis was carried out in
a stainless-steel reactor (16 X 70 mm) filled
with the catalyst (pellets, 2-mm diam.). The
reactor was heated in a salt bath (T =
300°C) and exposed to a gas stream consist-
ing of cyclopentadiene (0.4 g/h)/NH; (5 li-
ters/h)/H,O (10 g/h)/air (7.5 liters/h). The
gas was analyzed by gas chromatography
(210°C, 1.5-m Purpak QS column) before
and after the reaction. From the difference
the yield of pyridine was determined.

Photoelectron and Auger spectra were
recorded using a modified Leybold-He-
raeus LHS 10 electron spectrometer in the
AE/E = constant mode (5). The X-ray tube
was equipped with a Si anode (6) (1739.5

eV) to allow ionization of Al 1s electrons.

For characterization purposes we compare
in Fig. 1 the Si Ka- and Mg Ka-excited
spectra of a gold foil in the region of the Au
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F1G. 1. Mg Ka (1254.6 €V)- and Si Ka (1739.5 €V)-
induced Au 4f spectra of a polycrystalline gold foil
The Au 4f;,-line maximum is given as energy zero.

4f spin-orbit doublet. Although the separa-
tion of the two components of Si K« radia-
tion is larger than for Mg Ko radiation the
observed shapes of the Au 4f doublets are
identical. Differences appear at lower bind-
ing energies due to the different satellite
lines associated with Si K« radiation as
compared to Mg Ka radiation.

The spectrometer is interfaced (7) with a
PDP 11/10 computer (Digital Equipment).
Data were taken every 0.1 eV with a dwell
time of 2 s/channel. To keep the signal to a
reasonable noise level, spectra were aver-
aged up to 150 scans/spectrum in those
cases in which signals of small intensities
are of significance. The spectrometer en-
ergy scale was calibrated using the known
binding energies of Au 4f and Cu 2p (8).
Charging was checked upon using previ-
ously described methods (9, 10). To ana-
lyze our data, however, we use the Auger
parameter which is independent of sample
charging.

The silica—alumina catalysts were pre-
pared by incorporating aluminum via alumi-
num salts into the silica gel during different
stages of the silica gel development. Some
of the dry catalysts prepared in this way
were annealed at 300°C. The stage of silica
gel development during which aluminum is
doped and the amount of incorporated alu-
minum govern the activity of these silica—
alumina catalysts, as seen in Table 1. We
refer to the samples by the roman numerals
given in Table 1. The relative activities of
the samples are

I<IV<V<I<IHII<VL

The activity of VII has not been measured.

Samples V and VII were prepared by an-
nealing samples IV and VI at 300°C for 24
h. This procedure has been applied to study
the effect of loss of volatile components of
the catalysts on the observed spectra. As
reference we used the metal and oxide sig-
nals of an oxidized aluminum foil.

The silica—aluminas of types 1 to V were
studied as received. In particular they have
not been sputtered before recording the
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TABLE 1

Characterization of Catalyst Samples

No.® Amount Yield of

Stage of doping
of Al  pyridine the aluminum
(AL;Oy) (%)
(%)

I 2.2 36.7 During an intermediate
stage before the develop-
ment of the internal silica
gel structure

6.5 20.7 During an early stage of the
silica gel development
I (3) 1.2 45.5 During a late stage after the
development of the
internal silica gel struc-
ture
38 27.2 During an intermediate
stage before the develop-
ment of the internal silica
gel structure
\4 3.8 36.1 No. IV heated 24 h at 300°C
VI (5) 0.9 49.5 During a late stage after the
development of the
internal silica gel struc-
ture
viI 0.9 No. VI heated 24 h at 300°C

Note. The Al contents in the silica gels are determined as
Al,Os. The last column contains specific remarks on the indi-
vidual preparation of the sample before spectroscopic study.

2 Silica—alumina cogels from Grace GmbH, Worms; (1) No.
4, (3) No. 10, (5) No. 8, (2) No. 3, (4) No. 6.

spectra. Figure 2 shows a 200-eV-wide scan
of the region of Si 2s, Si 2p, and Al 2p signals
to illustrate the relative signal intensities of
Si and Al ionizations. The reproduced spec-
trum reflects the relative amount of Al and
Si within the escape depth of sample II,
which contained the largest amount of alu-
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F1G. 2. Wide scan (200 eV) of a representative sam-
ple (II) below 50-eV binding energy. The peaks in-
duced by the X-ray satellites of the source are marked
by ‘“Sat.”” The peaks of the Si KLL Auger spectrum
are characterized by their term symbols.

T T

F1G. 3. Al 2p spectra of samples I-VII. The peak
areas have not been normalized. For comparison a
spectrum of an oxidized Al foil (Al(ox)) is shown at the
bottom.

minum. Our discussion in the next section
is restricted to the electronic structure of
the aluminum sites. Therefore we show in
Figs. 3-5 the Al 1s, Al 2p, and the most
intense peaks of the Al KLL photoinduced
Auger spectrum (I14) of samples I to VIIL
We include for comparison the spectra of
an oxidized Al foil. Figure 6 shows the full
photoinduced Al KLL spectrum of the oxi-
dized aluminum foil, excluding the 'S state
at lowest energy originating from the 25%2p®
double-hole-state configuration.

RESULTS AND DISCUSSION

Figure 3 shows the spectra of the Al 2p
signals as determined for samples I to VII
together with the signal of the oxidized alu-
minum foil which is included at the bottom
of Fig. 3.

Before discussing the spectra of Fig. 3 we
note that ionization of a 2p electron out of a
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FiG. 4. Al KL,L; 'D, Auger spectra of samples
I-VII. The peak areas have not been normalized. For
comparison a spectrum of an oxidized Al foil (Al(ox))
is shown at the bottom.

filled 2p shell leads to two final states with
total spin % and £ (2p,, and 2psp») and inten-
sity ratio 2pin/2psp = 3. The splitting of
these two states, however, is Ejp3, = 0.4
eV (11) and cannot be resolved with the
chosen spectrometer setting, which allows
for a resolution of 1.5 eV. Therefore the
two lines observed for the oxidized foil are
due to two different chemical species,
namely ionization of metallic aluminum
(Al) at 72.8 eV and aluminum oxide (Aly)
at 76-eV binding energies. Satellite struc-
ture can be excluded since the relative in-
tensity of the two lines depends on the
chemical composition of the sample, which
can be varied by sputtering. Upon compari-
son of the Al 2p spectra of our samples I to

VII with the spectrum of the oxidized Al
foil it is obvious that those spectra exhibit
linewidths much too large to be due to a
single species. Clearly, spectra I, II, IV, V,
and VI indicate a doublet structure. The po-
sitions of the two most important compo-
nents are marked Al 1 and Al 2. They do
not coincide with metallic aluminum (Al)
and aluminum oxide.(Al,x). Al 1 has a bind-
ing energy of 74.4 eV, intermediate be-
tween metallic aluminum and aluminum ox-
ide. Al 2 has a binding energy of 76.8 eV,
which is greater than that of aluminum ox-
ide. Although the spectra of samples III and
VII do not show a pronounced doublet
structure the widths of the signals is consis-
tent with the superposition of spectra of
two (or more) different chemical species in
the energy range between 73- and 77-eV
binding energy. Particularly, spectrum II
seems to indicate that there is relatively
more of Al 2 present in the probed surface

Al 1s

1570 1565

T T

{1560 | Eglev]

FiG. 5. Al 1s spectra of samples I-VII. The peak
areas have not been normalized. For comparison a
spectrum of an oxidized Al foil (Al(ox)) is shown at the
bottom.
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Fi16. 6. Al KLL Auger spectrum of a sputtered oxidized Al foil. The peaks are assigned by their term

symbols.

region with depth of approximately 20 A.In
addition, if we measure the aluminum con-
tent using the (Al 2p)/(Si 2p) intensity ratio
(corrected for differences in cross section
(15) we find, e.g., for samples I, II, and VI:
0.24, 0.30, and 0.20, respectively. These
values deviate considerably from those for
the bulk (Table 1). Although one has to use
this quantitative information with caution
we conclude that within the probed sample
volume the concentration of Al is higher
than expected from the bulk values.

In order to obtain further evidence
about the chemical nature and number of
species involved in the spectra, we recorded
the Al KLL spectra of all samples. The data
are collected in Fig. 4. Again the spectrum
of the. oxidized aluminum foil is shown at
the bottom of the figure. Note that the en-
ergy scale now refers to the kinetic energy
of the Auger electrons (I4). To point out
clearly the part of the Al KLL spectrum to
which we refer, Fig. 6 shows a more com-
plete spectrum of an oxidized aluminum foil
which has been sputtered slightly longer
than the one which leads to the spectrum in
Fig. 4. Due to the reduced escape depth of
electrons with approximately 1400-eV ki-
netic energy (~15 A), a more extended

cleaning process was necessary to produce
an Auger spectrum which shows the peaks
of both aluminum metal and oxide.

The assignment given in Fig. 6 is straight-
forward on the basis of literature data (12,
14) and it is not appropriate to discuss it in
this context. We shall only compare in the
following the most intense multiplet com-
ponent, marked as 'D,, originating from the
configuration Al 2s22p* (14). The important
point is that the chemical shift between the
metal !D, state and the corresponding peak
of the oxide is 7.2 eV, in agreement with
data from the literature (12). This is larger
by a factor of 2 than the chemical shift ob-
served for Al 2p hole states. Briefly, this
enhanced shift is a consequence of in-
creased screening in the final double-hole
state of the system (16).

If we return to Fig. 4 we find that the
Auger spectra (D, band) of the samples ex-
hibit two bands (with the exception of I and
VII with only one band) which do not coin-
cide with Al;, and Al (which is not even on
the energy scale of the section shown). Ac-
cording to their energy positions the lines
have to be assigned to Al 2, which is the
most intense one at low Kkinetic energies,
and to Al 1 which is situated at higher ki-
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netic energies. The chemical shift between
the two species is now approximately 5 eV,
which is about 2 eV more than observed for
the Al 2p hole states. The intensities of the
two component bands vary rather strongly
with sample preparation. As stated before,
Al 1 is not observable for VII and I while it
seems to be most intense for III. The
shaded areas in Fig. 4 attached to the
dashed Al 1 line are included to indicate
that the energy position of the Al 2 band is
not as uniform as was suggested from the
analysis of Fig. 3. With the higher sensitiv-
ity of the Auger final state to chemical shifts
this can be resolved. For I, 111, and IV the
shift is slightly smaller, and for V it is
slightly larger, than is indicated by the
dashed line. Spectrum Il seems to indicate
that there is possibly some Al present in
the probed region of the sample volume.
The relative intensities of Al 1 and Al 2 as
observed in Auger electron spectroscopy
(AES) are different from the relative inten-
sities in XPS. There are several reasons for
this behavior which are hard to separate.
Thus, the sample is inhomogeneous and
even a small reduction in escape depth for
Al KLL in comparison to Al 2p may con-
tribute to the observed changes. In addi-
tion, it is known (/5) that lineshape changes
observed for Auger signals of a specific ele-
ment can influence relative intensities. We
note, however, that samples with high Al 1
intensities in Fig. 3 also exhibit the largest
Al 1 signal in the Auger spectra. In this
study the Auger signal intensities are not of
primary interest. The important informa-
tion is the relative chemical shift of the Au-
ger signal in comparison with Al 2p chemi-
cal shifts as observed by XPS to determine
the chemical nature of the species giving
rise to Al 1 and Al 2 signals.

To obtain information on the distribution
of Al 1 and Al 2 we use the Al ls spectra
shown in Fig. 5 in comparison with the Al
2p spectra in Fig. 3. For reference purposes
the spectrum of a sputtered, oxidized Al
foil is shown at the bottom of Fig. 5. The
binding energies are in the range 1550 to

1570 eV. The kinetic energy of the photo-
electrons is therefore between 150 and 200
eV. With respect to the Al 2p spectra this
means a considerable reduction in escape
depth (to a value below 10 A). It is clear
that the predominant species is Al 2. In
fact, a significant amount of Al 1 is only
present in sample VI, and some is indicated
in sample III. Obviously the topmost sur-
face region is free of Al 1 in most cases.
Before we discuss the results of our mea-
surements in connection with the catalytic
activity of the samples, let us try to identify
the chemical nature of the two species, so
far only characterized as Al 1 and Al 2. This
can be done by comparison with spectra of
a variety of other aluminum-containing ma-
terials using the two-dimensional plot in
Fig. 7. This method has been put forward
by Wagner (17, 18). The binding energies of
the Al 2p bands are plotted versus the mea-
sured kinetic energies of the Al KLL 'D,
Auger band. The diagonal lines refer to the
right-hand ordinate where the modified Au-
ger parameter a, as defined by Wagner (17,

mtden madt bdeanidan

v Al metal
4 AlAs
a AIN

1395
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/

1385 7
-

Exn Al KLgly:'D,

78 % ™ 7
Eg Al 2p
FiG. 7. Chemical state plot of aluminum-containing
materials as taken from Ref. (19) with the differences
discussed in the text.
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18), is plotted. « is defined as the difference
between the Auger kinetic energy and the
photoelectron kinetic energy. In order to
avoid sign changes in this parameter, de-
pending on whether the kinetic energy of
the Auger electron or the kinetic energy of
the photoelectron is the larger absolute
number, the difference is always added to
the photon energy hv. « is constant along
the diagonal lines and has the advantage of
being free from charging effects, since both
photoelectron kinetic energy and Auger
electron energy are influenced by the same
surface potential if taken on the same sam-
ple. In other words, in the presence of
charging the data points move along the di-
agonal. Most of the entries [36] shown in
Fig. 7 have been taken from Wagner et al.
(19). The values taken from the present
work are also indicated as filled circles.
Disregarding our own values, Fig. 7 is a
reproduction of Fig. 1 and 4 in Ref. (19)
with one difference. We have shifted all en-
tries except the ones for AIN and AlAs with
respect to abscissa and ordinate along the
diagonal in such a way that the binding en-
ergy separation between oxidized and me-
tallic aluminum agrees with our results (3.2
eV) of Fig. 3. The binding energy separa-
tion between Al and Al,, shown in our
spectrum is in agreement with literature
data (12, 20). This inconsistency in Fig. 1
of Ref. (19) has also been recognized by
Wagner (21). This point is not important for
the future analysis but is mentioned here
for completeness.

Let us now turn to the details of Fig. 7.
The entries fall into three groups, namely
around 76-e¢V binding energy, between 73-
and 75-eV binding energy, and metallic alu-
minum below 73-eV binding energy. The
group around 76-eV binding energy falls
into two subgroups, the tetrahedrally coor-
dinated aluminum centers in aluminum sili-
cates (H), namely zeolites, with an Auger
parameter between 1460 and 1461 eV and
octahedrally coordinated aluminum centers
in oxides, hydroxides (O), and silicates (CI)
with an Auger parameter around 1462 eV

(19). The binding energy derived from alu-
minum oxide layers on top of metallic alu-
minum is shown as a filled circle (@) within
the region of aluminum oxides, i.e., octahe-
drally coordinated aluminum. The Al 2 spe-
cies with an Auger parameter of 1461.5 eV
(filled circle with arrow) is found in the re-
gion of octahedrally coordinated aluminum
in silicates as expected. Since the values for
Al 2 are almost independent of sample
preparation the single entry represents the
values for all samples. The values for Al 1
lie within the second group of values above
74-eV binding energy and vary with respect
to the Auger parameter within a range of
slightly more than 1 eV. Five entries are
presented because for the other two sam-
ples an Auger peak could not be observed,
as pointed out in connection with Fig. 5.
The variation of the Auger parameter
clearly shows that Al 1 does not represent a
single unique chemical species, while Al 2
could be suspected to be unique. Note that
Al 1 and Al 2 originate from one sample,
which means that there are definitely two
different chemical species present, while
for the other aluminum-containing mate-
rials only one line has been observed, ex-
cept with H-Zeolon (marked with a curved
bracket). In the latter case the line was
broader, so that two species might have
been present (19, 21).

Having thus established the different na-
ture of Al 1 and Al 2 we can use Fig. 7 to
draw conclusions about the electronic
charge on the aluminum centers Al 1 and Al
2. This cannot be done by just using the
difference in binding energy of the Al 2p
lines, because the observed shift in the
spectrum is a superposition of initial-state
(electronic charge) and final-state effects,
as discussed by various authors (22). The
Auger parameter, however, which is inde-
pendent of sample charging, can be used to
determine in an approximate manner the
contribution of the final state. This has been
shown by Wagner et al. (17, 18), Wertheim
et al. (23), and recently by Pulm et al. (6,
24). The difference between the observed
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Auger parameter and a reference value, for
which we use the Auger parameter of me-
tallic aluminum, is approximately equal to
twice the relaxation confribution to the
shift. Since relaxation always stabilizes the
final state, the observed shift has to be re-
duced by the relaxation contribution. Ap-
plying this procedure to our data we end up
with binding energy differences due to ini-
tial-state effects as shown in Table 2.

On the basis of Table 2 Al 1 obviously
carries a higher electron density than Al 2.
Since our samples only contain silicon, alu-
minum, oxygen, and hydrogen we conclude
from Fig. 7 that Al 2 is due to photoemis-
sion from oxygen-coordinated aluminum
centers. It is not clear whether the alumi-
num centers are octahedrally or tetrahe-
drally coordinated although the observed
Auger parameter is closer to the one found
for octahedrally coordinated aluminum
centers in silicates. For the species that
gives rise to the Al 1 emission we propose
aluminum centers of Brgnsted type.
Clearly, this assignment can only be tenta-
tively based solely on our XPS resuits. The
application of other experimental tech-
niques is highly desirable to provide fur-
ther conclusive evidence. However, the as-
signment of Al 2 to a species whose
chemical nature is different from an oxide
center (Al 2) is reasonable considering the
difference in the observed Auger parame-
ter. The Brgnsted centers are formed from

Shift

Species

V)
Alger 0.0
Al2 2.6
Al 1a 1.02
Al 1b 0.98
Al Ic 1.35
Al 1d 0.97
Al le 0.98
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the reaction of aluminum centers in three-
fold oxygen coordination with hydroxyl
ions from water (25). If the OH bond disso-
ciates, the remaining oxygen ion is only co-
ordinated to one aluminum atom and can
donate more electron density toward the
aluminum atom. This in turn leads to the
smaller chemical shift with respect to me-
tallic aluminum.

Summarizing the spectroscopic analysis
so far, we find evidence for the presence of
two different aluminum species, which can
be identified as the ‘‘normal’’ octahedrally
coordinated aluminum oxide species usu-
ally found in silicates, and an electron-rich
species, tentatively assigned to Brgnsted
centers. The distribution of the two ob-
served aluminum species as a function of
distance from the surface is not homoge-
neous. The presence of the Brgnsted cen-
ters in the proximity of the sample surface
strongly depends on the preparation proce-
dure of the catalyst material. The amount of
Brgnsted centers close to the surface does
not scale with the amount of aluminum in
the sample. In fact, almost the inverse is
true. Sample VI which was impregnated
with the smallest amount of aluminum
shows the largest Brgnsted aluminum sig-
nal in the Al 1s spectrum, indicating a high
concentration close to the sample surface.
This same sample leads to the highest pyri-
dine yield in the catalyzed reaction as
shown in Table 1. Sample III with second
lowest aluminum load shows the most
asymmetric peak in Fig. 5 and we suspect a
rather high Brgnsted center concentration
in surface proximity. Again, this sample
leads to a rather high pyridine yield.

We therefore deduce from our study,
qualitatively that there is a correlation be-
tween catalyst activity and Al 1 concentra-
tion in the surface region. Figure 5 allows
us to draw this conclusion since in this case
only a small region below the sample sur-
face is probed while for the spectra shown
in Fig. 3 the escape depth of the measured
electrons is too large to give us the relevant
information directly. Figure 3 leads via Fig.
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7 to an identification of the chemical nature
of the involved species. To what extent the
presence of the second observed chemical
aluminum species besides the Brgnsted
centers are relevant to the catalytic process
cannot be deduced from this study. Usually
it is assumed, however, that a single type of
catalytic center is active in processes on
alumino-silicate surfaces (25).

The mechanism of the catalytic process,
and in particular the question about the spe-
cies that is produced by interaction of am-
monia and/or cyclopentadiene with the alu-
minosilicate surface, cannot be answered
from the study presented here. It is sus-
pected, however, from infrared studies
that, by interaction of NH; with Bregnsted
centers on aluminosilicates, ammonium
ions are formed (25, 26). These ions may
attack the m-system of the carbon-ring sys-
tem so that the pyridine heterocycle can be
formed.

CONCLUSIONS

We have presented results of an X-ray
photoelectron spectroscopic study of sil-
ica—alumina catalysts used for a new pyri-
dine synthesis. The results indicate the
presence of two different types of alumi-
num species which are distributed with dif-
ferent depth profiles within the catalysts.
The chemical nature of the two species is
identified as “‘normal’’ aluminum oxide
centers and species with higher electron
density on the metal center. We tentatively
assign the latter species to Brgnsted cen-
ters. The concentration of the Brgnsted
centers in the proximity of the catalyst sur-
face seems to correlate with the activity of
the catalysts in the pyridine synthesis.

The results of our study explain why a
low loading of aluminum is sufficient to
yield high pyridine yields when we choose
the silica gel phase after development of its
internal structure for doping the aluminum.

A higher aluminum loading at an earlier
development stage of the silica gel obviously
influences the incorporation of the alumi-
num into the gel in a way that is unfavor-

7
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