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A nonconventional method, based on the thermal decomposition of aluminum nitrate in the
presence of a suitable reducing agent, was applied to the preparation of amorphous alumina with
high surface area. Modified aluminas were obtained in a further step by hydration and crystalliza-
tion of the amorphous form. The characteristics of all these materials were investigated by XRD,
DTA, and FT-IR spectroscopy. The presence of surface acidic sites was examined with the aid of
pyridine as an adsorbed probe molecule. The catalytic properties of the materials were tested using
as a probe reaction the dehydration of methanol to dimethyl ether at temperatures between 450 and
560 K. The results of catalytic tests and surface characterization of the materials are discussed in

terms of three different AP+ cationic sites.

INTRODUCTION

Aluminas constitute a family of materials
whose importance in the field of heteroge-
neous catalysis is enormous and constantly
growing (1). The solid state chemistry of
aluminum oxides is very complex, several
different metastable crystal phases being
formed under different conditions (2, 3). All
of these transform at high temperature into
the most thermodynamically stable form,
a-Al,O; (corundum).

‘“Transition aluminas’’ with cubic struc-
tures, notably y-AlO; and 5-ALO;, may be
prepared with high to very high surface ar-
eas and find many applications as catalysts
or active catalyst supports (4). a-ALO;,
usually obtainable with a surface area not
exceeding 50 m?/g, also finds application
as an inert mechanically very strong sup-
port for metal (especially silver) catalysts
“).

Amorphous aluminas are also known and
may be prepared as precursors of transition
aluminas; these have been claimed to be in-
teresting catalytic materials in their own
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right (5). Significant efforts have been de-
voted, particularly by Teichner and co-
workers (6-8), to prepare high-surface-area
amorphous aluminas. It has recently been
proposed that significant amounts of amor-
phous phases may be present on high-sur-
face-area transition alumina preparations
(9). However, very few data are reported in
the literature on the surface properties of
amorphous alumina and on its role in cata-
lytic behavior.

Although the surface chemistry of alumi-
nas has been extensively investigated (10-
13), the nature of the surface sites is still far
from clear, as recently pointed out by Zec-
china et al. (14). Recently in one of our lab-
oratories a method was developed for the
preparation of high-surface-area amor-
phous aluminates (I5, 16). This method
may be successfully applied to the prepara-
tion of amorphous alumina and, following
its crystallization, of chlorine-free and al-
kali-metal-free transition aluminas and co-
rundum powders. This paper describes the
preparation and surface characterization of
these materials.
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EXPERIMENTAL METHODS

a. Materials and Instrumentation

Aluminum nitrate [ANOs); - 9H,0],
tartaric acid, and methanol were reagent-
grade products from Carlo Erba (Milano,
Italy). Pyridine was a purer product from
Carlo Erba (Milano, Italy) and was further
purified by multiple freeze—-pump—thaw cy-
cles before vaporization.

Differential thermal analysis (DTA) was
performed with a Netzsch 404 DTA cell
equipped with a computerized 434 pro-
grammer unit. X-ray powder diffraction
(XRD) analyses were performed with com-
puter-aided Philips PW 1710 equipment. In-
frared spectra were recorded with a Nicolet
MX1 Fourier transform spectrometer,
equipped with conventional gas-manipula-
tion and an evacuation ramp. Samples for
study (alumina) were pressed into self-sup-
porting disks and pretreated by heating un-
der dynamic evacuation (10~° Torr for 2 h)
in the IR cell.

b. Sample Preparation

The preparation of amorphous alumina
was based on a widely applicable procedure
developed by some of the present authors
with the aim of obtaining high-surface-area
ceramic powders which are easy to sinter.
This method consists of a low-temperature
thermal decomposition of nitrate or nitrate
mixtures of different metals, sustained by
the simultaneous oxidation of a suitable or-
ganic reducing agent. More specifically,
tartaric acid is added (about 10 wt%j to alu-
minum nitrate and the resulting mixture is
heated to 373 K until it completely melts.
The resulting liquid is then heated directly
to 453 K. Under this condition a vigorous
evolution of gas (NO,, CO,, H;0,,,) takes
place, resulting in the formation of a brown-
greenish solid, probably so colored because
of the presence of residues of nitrogen ox-
ides. A final heat treatment to 673 K (2 h)
allows one to remove the last traces of NO,
and to accomplish the transformation to a
product, which is a white, soft solid charac-

terizable (see later) as amorphous alumina
(sample A).

Samples of hydrated alumina were ob-
tained from this amorphous alumina A by
hydrothermal treatment. About 10 g of
amorphous alumina were mixed with 200
ml of water and magnetically stirred at
room temperature. The open vessel was
thereafter transferred to a furnace at 383 K
and heated until completely dry (about 15
h). XRD analysis of the material obtained in
this way (designated as sample B) produced
a pattern (Fig. 1) which is typical of pseudo-
boehmite.

c. Catalytic Measurements

The catalytic activity of the alumina sam-
ples was tested by isothermal runs of meth-
anol dehydration to dimethyl ether in a tu-
bular reactor. Liquid methanol from a
metering pump was mixed in a vaporizer in
known proportions with a gaseous stream
of inert diluting gas (helium or nitrogen) and
the mixture was passed to a stainless-steel
reactor containing a fixed bed of alumina.
The reactor was electrically heated and
the catalyst temperature was monitored
through two thermocouples placed at the
ends of the cylindrical bed of alumina. The
bed occupied 0.6 ml in volume and was
composed of particles 0.5-1 mm in size ob-
tained by crushing a pressed self-consistent
sheet of material.

In a typical run the catalyst was condi-
tioned overnight at 450 K under helium flow
and the methanol to dimethyl ether conver-
sion was then tested in the range 450-560
K starting from the lower temperature and
increasing in steps of 10 K. At each tem-
perature the gas leaving the reactor was
sampled and analyzed by on-line gas
chromatography (Carlo Erba Fractovap D)
equipped with a TCD detector and a HP
3900A integrator. Data were collected only
when steady-state reaction was established
and this was generally obtained a few min-
utes after isothermal conditions were set-
tled. After the whole temperature range had
been explored, the reactor was cooled to
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Fi1G. 1. X-ray diffraction patterns of alumina samples designated in Table 1.

450 K and another cycle was started to in-
vestigate whether the catalyst had been
modified under the reaction conditions.

From the observed reaction rate and the
molecular diffusion coefficient of the gas-
eous mixture the parameter suggested by
Weisz and Hicks (I7) as an influence index
of the transport phenomena was evaluated.
The gaseous flow throught the reactor was
thus set at 100 ml/min to exclude kinetic
control by external film resistance.

RESULTS
a. Characterization

The material obtained by the procedure
reported in the experimental section (desig-
nated as sample A) was characterized by
XRD, DTA, and surface area measurement
using BET adsorption isotherms at 77 K. It
was conclusively established that it con-
sists of amorphous alumina. DTA showed
that on heating, the A sample undergoes
two exothermic transitions: the first is to -
ALO; (onset temperature 1075 K, maxi-
mum peak temperature 1118 K) and the

second from y-AlLQ; to a-Al,O; (onset tem-
perature 1360, maximum peak temperature
1408 K). The specific surface area deter-
mined after outgassing at 473 K for 15 h was
about 310 m?%/g.

The specific surface area of sample B was
370 m?/g, markedly greater than that of the
starting product. Both aluminas (A and B)
obtained by procedures reported were sub-
mitted to further thermal treatments by
heating at 673, 923, and 1173 K for 2 h. The
materials obtained, respectively designated

as Al, A2, and A3, and B1, B2, and B3,

were characterized by surface area mea-
surements and XRD. The results are sum-
marized in Table 1. DTA of sample B mate-
rial showed two exothermic transitions as
with the amorphous material, but at differ-
ent temperatures. This is characteristic of
pseudo-boehmite. The first transition (on-
set temperature 695 K, maximum peak
temperature 798 K) is that from pseudo-
boehmite to +y-alumina and the second
(onset temperature 1367 K, maximum
peak temperature 1407 K) the transition
to a-alumina.
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TABLE 1

Characteristics of the Tested Samples of Alumina

Sample Thermal treatment?  Surface area Crystal structure
(K) (m?/g)
A 310 Amorphous
Al 673 300 Amorphous
A2 923 225 Amorphous
A3 1173 100 v-ALO;
B 370 Pseudo-boehmite
Bl 673 350 y-Al;O; + pseudo-boehmite
B3 1173 135 v-Al, 05

a All thermal treatments were carried out under an air flow which had been
previously bubbled through water at 283 K.

b. Catalytic Behavior in Methanol
Dehydration

In the range of temperatures selected for
the catalytic dehydration of methanol the
reaction products were only water and
dimethyl ether. At higher temperatures
(about 670 K) there was evidence of forma-

tion of low-molecular-weight hydrocar-
bons. Figure 2 shows the observed metha-
nol conversion at different temperatures for
three thermally treated amorphous alumi-
nas. For each catalyst the conversion in-
creases as the reaction temperature in-
creases.

On the basis of the alumina specific sur-
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F16. 2. Methanol conversion versus reaction temperature on amorphous alumina. Catalyst volume,
0.6 ml. Methanol pressure in feed, 23 Torr. Diluent gas, helium. Alumina features as given in Table 1.
Open symbols, first run. Solid symbols, second run.
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face areas the observed reaction rates at
three temperatures are reported in Table 2.
These data show that the surface activity
follows the same order as the treatment
temperature (A3 > A2 > Al) with a marked
increase for the A3 alumina.

Higher activities are shown by the cata-
lysts of the B series obtained through hy-
dration of the amorphous alumina samples.
The methanol conversion on these mate-
rials at different temperatures are reported
in Fig. 3. Above ca. 520 K, B1, B2 and B3
show a constant level of conversion in the
range 0.65-0.69. This behavior indicates
that reaction equilibrium is already ap-
proached so that in this temperature range
no kinetic data can be used to provide evi-
dence for differences in catalytic activities.
This is confirmed by the evaluation of the
equilibrium constant for the reaction of
methanol dehydration. From 500 to 600 K,
according to the thermodynamic data re-
ported by Stull et al. (18), a theoretical con-

TABLE 2

Observed Reaction Rate for Series A and B
Aluminas as Catalysts in the Dehydration of
Methanol to Dimethyl Ether at 473, 483, and 493 K

Catalyst Reaction rate (umol h~! m~2)
473K 483 K 493 K
Al 4.36 8.04 11.7
A2 8.34 13.6 18.8
A3 22.4 40.9 59.5
B 1.27 2.06 2.86
B1 29.2 40.0 50.7
B2 63.4 80.9 98.7
B3 351 56.3 77.6

version of 0.67 is evaluated, in good agree-
ment with the observed conversion.

Also in Fig. 3 are shown two curves for
sample B (i.e., no prior heat treatment). It
can be seen that the activity of the catalyst
was modified by the reaction conditions of
the first run.
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Fi1G. 3. Methanol conversion versus reaction temperature on hydrated amorphous aluminas. Reac-
tion conditions as in Fig. 2. Alumina features as given in Table 1. Open symbols, first run. Solid

symbols, second run.
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At the lower temperatures the activity of
the aluminas shown in Fig. 3 follows the
order B2 > Bl > B3 > B while from the
data of Table 2 the activity per unit area is
in the order B2 > B3 > Bl > B. In any case
there is evidence that the thermal treatment
initially causes an enhancement of the cata-
lytic properties of the material despite the
simultaneous effect of decreasing the spe-
cific surface area. Only by treatment at
temperatures higher than 923 K is there a
decrease of the catalytic activity.

A sample of commercial alumina (Akzo
001-1.5E extruded vy-alumina of surface
area 290 m?/g) showed a conversion curve
between those of Bl and B3 aluminas.

c¢. FT-IR Characterization

FT-IR experiments have been carried out
after activation of samples under dynamic
evacuation at temperatures not exceeding
those used during preparation (to avoid fur-
ther bulk transformation). Consequently,
activation has been carried out at 673 K for
samples A, Al (spectroscopically equiva-
lent), B, and B1, but at 773 K for all other
samples. The spectra show the usual back-
ground (cut-off due to bulk Al-O absorp-
tions below 1000 cm™!, maximum transmit-
tance in the region 1500-1200 cm™!,
transmission decrease toward higher fre-
quencies due to light scattering above 1500
cm™!) on which some bands due to impuri-
ties are superimposed. These bands are
very strong on samples A and Al (near 1560
and 1300 cm™!, rather broad) and arise from
residual tartrate and/or nitrate ions. These
bands are much decreased in intensity on
all other samples, and are completely ab-
sent from samples A3 and B3.

After the activation treatment, bands
may be observed in the region 3800-3500
cm™!, due to free surface hydroxy groups.
However, for the lowest surface area sam-
ples (A3 and B3) the transmittance in this
region is very low and does not allow the
inspection of such bands. The spectra of
the samples Al, A2, B, and B2 are reported
in Fig. 4. They may be compared with those
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F1G. 4. FT-IR spectra of alumina samples in the vou
region.

of the different alumina forms reported in
the literature (19, 20). The spectrum of sam-
ple B2 (y-Al,0;) shows weak components
at 3790 and 3770 cm™!, with more evident
bands at 3730 and 3680 cm~!. These bands
correspond to those generally observed on
transition aluminas as vy, 8, and n phases (1,
2). The spectrum of the pseudo-boehmite
sample B is similar, but with a lower resolu-
tion of the two higher frequency compo-
nents as well as with a much stronger over-
all intensity of the voy absorption.

For samples Al and A2, both amor-
phous, the spectra are rather different. The
spectrum of sample Al shows again the
most intense band at 3685 cm™!, with a
shoulder at 3730 cm~!. However, on the
higher frequency side a very clear although
weak component is evident near 3780 cm™!.
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The spectrum of sample A2, rather noisy
due to very small light transmittance,
shows only well-resolved bands at 3785 and
3730 cm~1.

To characterize further the surface of our
alumina samples, we have investigated
their Lewis acidity by making an IR study
of adsorbed pyridine. The spectra obtained
after contact with pyridine vapor and fol-
lowing evacuation at room temperature as
well as those recorded after evacuation at
473 K, are reported in Fig. 5 for samples
Al, A2, and A3, in Fig. 6 for samples B and
B1, and in Fig. 7 for samples B2 and B3. It
is known that chemisorbed pyridine under-
goes some rearrangement upon heating, re-
sulting in changes in band intensities as well
as in frequency shifts. It is also well known
that the position and multiplicity of the »8a
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Fi16. 5. FT-IR spectra of adsorbed pyridine on series
A alumina samples following evacuation at room tem-
perature (full lines) and at 473 K (broken lines).
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Fi1G. 6. FT-IR spectra of adsorbed pyridine on sam-
ples B and B1 following evacuation at room tempera-
ture (full lines) and at 473 K (broken lines).

ring vibration of chemisorbed pyridine
(1579 cm™! in the liquid) is related to the
strength and number of the different types
of Lewis sites.

The spectra of pyridine chemisorbed on
the alumina samples may be interpreted,
following Morterra et al. (21, 22), by con-
sidering that three types of species are
formed, characterized by the »8a band at
1600-1590 cm™! (site III), 1618-1612 cm™!
(site II) and 1626-1620 cm™! (site I). From
Figs. 5, 6 and 7 it is seen that after evacua-
tion at room temperature the species inter-
acting with sites II and III are clearly evi-
dent on all our surfaces. However, the band
near 1590 cm™! is more intense on sample
Al than on the other samples. In the sam-
ples of the B series, there is also a shoulder
corresponding to the »8a vibration of pyri-
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dine on site 1. After evacuation at 473 K,
the most intense band on the samples of
series A corresponds to pyridine adsorbed
on site I (near 1615 cm™!), while on sam-
ples of series B the intensity of the bands
due to species interacting with sites I and 11
is clearly inverted, except on B itself. We
may note that the same conclusions can be
drawn if the position and multiplicity of the
19b band is taken into account (site I, 1456
em™l; site TI, 1449 cm™!; site 111, 1443
cm™Y),

DISCUSSION

The data reported above indicate that the
decomposition of aluminum nitrate in the
presence of an organic reducing agent (in
this case tartaric acid) is a useful method
for the preparation of high-surface-area alu-
minas of different crystallinity. Hydrother-
mal treatments further increase the surface
area and favor crystallization; if purely
thermal treatments are carried out the
amorphous material is stable up to about
1000 K, according to previous data of
Teichner and co-workers (6-8), and trans-
forms directly to a gamma phase by further
heating. The evolution we observe may be
schematized as

amorphous —— (1118K) —
l (hydrothermal treatment)
pseudo-boehmite — (798 K) —

The FT-IR spectra of the samples in the
vOH region show that both series A and
series B samples are largely hydroxylated
after evacuation at 673 or 773 K, as is usual
for aluminas. The spectrum of the surface
hydroxy groups is similar to the usual one,
showing four components near 3790, 3770,
3730, and 3685 cm~! on the B-type samples,
while on the A-type samples the first two
components are substituted by a single
peak near 3780 cm~!. However, the inten-
sity of the components at 3780 and 3730

49
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F1G. 7. FTIR spectra of adsorbed pyridine on sam-
ples B2 and B3 following evacuation at room tempera-
ture (full lines) and at 473 K (broken lines).

gamma — (1408 K) — alpha

gamma —— (1407 K) — alpha

cm™! seems unusually high on the amor-
phous sample A2 treated at 925 K.

The FT-IR characterization of the sur-
face cationic sites obtained using pyridine
as the probe molecule confirms the exis-
tence of three different Lewis sites on the
alumina surfaces as observed in the results
of Morterra et al. (21, 22). They interact via
a coordination bonding with pyridine, form-
ing three adsorbed species characterized by
the »8a band near 1625 cm™! (site 1), 1615
cm™! (site II), and 1600-1595 cm™! (site
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III). On the samples of series B, as ob-
served by Morterra et al. (21) for the » form
and by Knézinger et al. (23) for the 8 and ¢
forms as a general behavior for the transi-
tion aluminas, the three sites are all
present. By contrast, on the samples of se-
ries A the species interacting with sites I
are difficult to reveal, the band at 1625 cm™!
being absent or evident only as a weak
shoulder. Moreover, on sample Al the
spectrum recorded after evacuation at
room temperature indicates an anoma-
lously high concentration of site ITI (band at
1590 cm™!). Sites I and II have been as-
signed by Morterra et al. (21, 22) to coor-
dinatively unsaturated (cus) tetrahedral
AP* and to a pair of cus AP* ions in octahe-
dral and tetrahedral coordination, respec-
tively, while site III is assigned to cus octa-
hedral APB* cations.

The presence of the more acidic tetrahe-
dral sites agrees with the high catalytic ac-
tivity of the B1, B2, and B3 preparations in
the methanol dehydration test reaction.
This is typical of transition aluminas. It has
in fact been shown that a key intermediate
in this reaction is the surface methoxy
group (24-26) produced by dissociation on
cus cation-anion pairs having a predomi-
nantly acidic character (25, 26).

The activity of the amorphous aluminas
(A, Al, A2) toward methanol dehydration
is much lower, and this is in line with the
absence or deficiency of the strongly acidic
sites I, assumed to be responsible for the
catalytic activity in methanol dehydration.
On such samples, the cus octahedral sites
III and the cus ‘“‘mixed’ sites II (in the
model of Morterra et al.) would be in a rela-
tively higher concentration. It seems rea-
sonable to suppose that this reflects the
state of the bulk. We therefore conclude
that in amorphous alumina AP* cations are
predominantly in an octahedral coordina-
tion state. However, the surface appears to
transform faster than the bulk toward the
structure typical of the transition phases,
because of the presence of some sites I and
the predominance of sites II on prepara-

tions that are still amorphous but have been
treated at temperatures nearer to those of
the amorphous-to-gamma transformation
(A2). Accordingly, sites III, apparently
more concentrated on the amorphous sam-
ples A and Al, are reported to largely pre-
dominate also on a-Al;O; (22) and on mag-
nesium aluminate (27), where AP* is in
octahedral coordination.
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