
Ž .Journal of Molecular Catalysis A: Chemical 137 1999 239–252

Effects of structural defects and acid–basic properties on the
activity and selectivity of isopropanol decomposition on

nanocrystallite sol–gel alumina catalyst

J.A. Wang a, X. Bokhimi a, O. Novaro a,), T. Lopez b, F. Tzompantzi b, R. Gomez b,´ ´
J. Navarrete c, M.E. Llanos c, E. Lopez-Salinas c´

a Instituto de Fisica, UniÕersidad Nacional Autonoma de Mexico, A.P. 20-364, 01000 Mexico D.F. Mexico´ ´ ´
b Departmento de Quimica, UniÕersidad Autonoma Metropolitana-I, A.P. 55-534, 09340 Mexico D.F. Mexico´ ´

c Instituto Mexicano del Petroleo, Eje Central Lazaro Cardenas 125, 07730 Mexico D.F. Mexico´

Received 23 September 1997; accepted 12 February 1998

Abstract

Ž .The surface acid–basic properties of sol–gel alumina catalysts were studied by Fourier transform infrared FTIR
spectroscopy of pyridine adsorption and temperature-programmed desorption of CO and NH . The number of acid and2 3

basic sites on the samples varied with the calcination temperatures of the samples. The populations of the three different
aluminum ions—tetrahedral, pentacoordinated and octahedral, which were identified by the 27Al MAS NMR, were strongly
affected by the sample calcination temperature and the crystalline composition. In the reaction temperature range between
100 and 2508C, isopropanol decomposition on sol–gel alumina catalysts was carried out. It was found that isopropanol
decomposition on alumina catalyst was a structural-defect sensitive reaction. The dehydrogenation selectivity to acetone
depended on the surface basic sites and the concentration of aluminum vacancies in the crystalline structure of g-Al O .2 3

Bimolecular reaction to isopropylether was largely governed by the pentacoordinated aluminum ions which were related to
the coordinately unsaturated aluminum ions. A mechanism for the formation of isopropylether was proposed: oxygen

Ž . qvacancies were suggested to involve the adsorption step of isopropanol, an intermediate species, CH HC , reacted with3 2
Ž . yCH HCO yielding isopropylether molecule. q 1999 Elsevier Science B.V. All rights reserved.3 2
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1. Introduction

Alumina can be used not only as ceramics
materials, but also as a carrier for catalysts and
active component in acid–basic catalytic and

w xpetroleum refining reactions 1–6 . It is gener-
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ally obtained by calcining aluminum hydrox-
ides. Its surface properties largely depend on its
crystallographic structure and microporous tex-
ture. In alumina phases, aluminum ions gener-
ally occupy both tetrahedral and octahedral sites
Ž IV VI. w xAl and Al 7–10 ; however, in some cases,

Ž V.pentacoordinated aluminum ions Al can be
w xalso found 11,12 . Based on the observations of

27 w xAl NMR and EPR, Chen et al. 13 reported

1381-1169r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
Ž .PII: S1381-1169 98 00077-6



( )J.A. Wang et al.rJournal of Molecular Catalysis A: Chemical 137 1999 239–252240

that pentacoordinated aluminum ions are associ-
ated to Lewis acid sites. Hence, the effect of
different aluminum coordinated environments on
the surface acid–basic properties and therefore
on the catalytic activity is a very interesting
subject.

The surface acid–basic properties proved to
play an important role in the acid–basic cat-
alyzed reactions and can be characterized by a
large number of techniques, for example, tem-

Ž .perature-programmed desorption TPD of CO2

and NH and analyzed with Fourier transform3

infrared spectroscopy of pyridine adsorption
w x14,15 . On the other hand, the use of 2-pro-
panol decomposition and other alcohols as a
probe of the acid–basic sites is largely reported
w x16–26 . As a main assumption, the dehydro-
genation of 2-propanol occurs on the surface
basic sites and the dehydration is dependent of
the acid sites on the surface of the catalyst.

Recent reports, however, show that dehydro-
genation and dehydration of 2-propanol are not
only determined by the acid or basic properties.
These reactions are strongly affected by the
experimental conditions, for example, reaction
temperature, alcohol partial pressure and other

w xfactors. Rekoske and Barteau 27 report that
when 2-propanol is decomposed on TiO cata-2

lyst, selectivity to acetone significantly depends
on the oxygen and water concentrations in the
fed stream. The rate of 2-propanol dehydrogena-
tion increases in the case of water presence, no
matter whether it was produced by 2-propanol
dehydration or added independently. In our re-
cent work, using sol–gel MgO as catalyst, it
was found that if we use the concept of ‘basic-

w xity’ proposed by Ai 28 , to relate the experi-
mental result, some adjustments such as the
particle size effect must be taken into account
w x29 .

In the present paper, we prepared sol–gel
aluminum oxide catalyst from a homogenous
medium and characterized it with different tech-
niques. BET, 27Al MAS NMR, FTIR-pyridine
adsorption, NH -TPD and CO -TPD were used3 2

to investigate the specific surface area, pore size

distribution, aluminum coordination environ-
ment and the surface acid–basic properties of
the catalyst, respectively. Isopropanol decompo-
sition was used as the reaction probe to find the
relationship between the acid–basic properties
and dehydration or dehydrogenation selectivity
in a wide reaction temperature range. The main
aim of the present work is to analyze the influ-
ence of microstructure, aluminum coordination
environment and surface acid–basic sites prop-
erties of sol–gel alumina catalyst on the activity
and selectivity in the isopropanol decomposi-
tion.

2. Experimental

2.1. Preparation of the catalyst sample

The sol–gel catalysts were prepared by dis-
Žsolving 25.73 ml aluminum trisecbutoxide Al-

.drich, 99% into a given amount of butanol; 1 g
Ž .of oxalic acid Baker, 99% , the hydrolysis

catalyst, was added to this solution until having
pH 5. Then 15 ml of water was slowly dropped
into the solution. Afterwards, this solution was
refluxed for 3 h at 708C with continuous stirring
until a gel was formed. The gel was dried at
708C and calcined at 200, 400, 600 and 8008C.

2.2. Characterization

2.2.1. Specific surface area and pore size distri-
bution analysis

Specific surface area and pore size distribu-
tion were obtained from nitrogen adsorption
isotherms measured with an automatic ASAP
2000 analyzer.

2.2.2. 27Al MAS NMR analyses
27Al MAS NMR spectra were recorded using

an ASX300 Bruker Instrument. The spectral
frequency and width are 300.13 MHz and 50 000
Hz. All measurements were carried out at room

Ž .temperature with a 10 ms pulse length 908 .
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Table 1
Specific surface area, pore size distribution and pore volume of sol–gel alumina calcined at different temperatures

Temperature BET surface area Micropore area Pore diameter Total pore volume Micropore volume
2 2 3 3˚Ž . Ž . Ž . Ž . Ž . Ž .8C m rg m rg A cm rg cm rg

400 504.74 56.85 132.69 1.6744 0.02197
600 346.83 25.08 140.20 1.2157 0.00808
800 172.91 80.88 0.3497

Ž .3qAl H O was used as the reference to mea-2 6

sure the chemical shifts.

2.2.3. Temperature-programmed desorption of
ammonia and carbon dioxide

The total basic and acidic sites of the catalyst
were measured by TPD of CO and NH on an2 3

Altamira automatized apparatus. Before adsorp-
tion, the sample was heated in a He stream at
5008C for 30 min to desorb the impurities.

ŽThen, it was saturated with ammonia carbon
.dioxide for 30 min at 508C. After the reactant

excess was eliminated by flowing dry He at the
same temperature, the sample was heated in
steps of 108Crmin. The desorption signals were
recorded by a computer through a thermal con-
ductivity detector.

2.2.4. Pyridine adsorption Fourier transform
( )infrared FTIR

Samples were characterized with a 170-SX
FTIR spectrometer. Before pyridine adsorption,
the sample in a vacuum was heated to 5008C at
a rate of 208Crmin and then cooled to room
temperature. It was then exposed for 20 min to

Žpyridine a capillary tube containing about 100

.ml of pyridine in the spectrometer cell by
breaking. After adsorption for 30 min, its in-
frared spectrum was recorded at the temperature
of interest with outgassing treatment.

2.3. Catalytic actiÕity

The catalytic activity tests were performed on
Ža flow microreactor–gas chromatography MR–

.GC system. Isopropanol was put in a double
H-type saturator which was placed in a con-
tainer. An ice–water mixture was held in this
container for controlling the temperature of the
saturator at 148C. Nitrogen was used as carrier
in all the tests. The partial pressure of iso-
propanol can be controlled with the temperature
of the ice–water mixture. In this test, the partial
pressure of isopropanol is 22.4 Torr. A total of
50 mg of catalyst sample was used in the activ-
ity measurements. The inlet rate is 10 mlr20 s.
After the reaction was carried out for 15 min,
the experimental data were recorded. In terms
of the product distribution and total conver-
sions, the selectivity for different products was
calculated. All the data used to calculate the
conversion and selectivity were averaged on

Table 2
Data of 27Al MAS NMR of alumina samples calcined at different temperatures

Ž . Ž . Ž .Temperature 8C Population % Position ppm

Tetrahedral Pentacoordinated Octahedral P P Pt p o

400 13.0 16.5 70.5 61.53 33.06 5.58
600 17.3 18.7 64.0 65.32 35.30 5.42
800 22.6 12.2 65.2 63.59 35.76 4.91

P : position of tetrahedral coordination.t

P : position of pentacoordination.p

P : position of octahedral coordination.o
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three measurements done under the same condi-
tions. When the reaction temperature was above
2008C, on the sample calcined at 4008C, a small
amount of unidentified compounds in the prod-
ucts were found, but the total amount was lower
than 1%. In the calculation of selectivity, over-
looking these compounds would not give rise in
a significant effect on the results; therefore, in
the analysis presented in this article, we ne-
glected these unknown compounds in our exper-
imental results.

3. Results

3.1. Specific surface area, pore Õolume and
pore size distribution

Data of the specific surface areas, pore size
distribution and pore volume are shown in Table
1. The sample calcined at 4008C shows a large

Ž 2 .specific surface area 504.74 m rg and a pore
˚size of 132.69 A. Increasing the calcination

temperature from 4008C to 600 and 8008C re-
sults in BET surface areas decreasing from
504.74 m2rg to 346.83 and 172.91 m2rg, re-
spectively. In the three samples, the microporos-
ity increased when the calcination temperature

Fig. 1. In situ FTIR spectra of pyridine desorbed on the sample
calcined at 4008C were recorded at different temperatures with
evacuation.

Fig. 2. In situ FTIR spectra of pyridine desorbed on the sample
calcined at 6008C were recorded at different temperatures with
evacuation.

is raised. These results indicate that thermal
treatment process strongly affects the mi-
crostructure of the alumina samples.

3.2. Aluminum coordinated enÕironment

Table 2 summarizes the estimated data of
27Al MAS NMR. At 4008C, three peaks centered
at 5.57, 33.06 and 61.53 ppm, were observed,
indicating that aluminum atoms were sur-
rounded by different neighbors. The peak at

Fig. 3. In situ FTIR spectra of pyridine desorbed on the sample
calcined at 8008C were recorded at different temperatures with
evacuation.
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Fig. 4. NH -TPD curves of the samples calcined at 400, 600 and3

8008C.

5.57 ppm was a characteristic of octahedral
aluminum ions, and the one located at 61.53
ppm was assigned to tetrahedral aluminum ions;
while, the peak at 33.06 ppm, according to the
reported data, can be ascribed to pentacoordi-

w xnated aluminum ions 30–32 . Similarly, at 600
8C, three peaks appeared at 5.42, 35.30 and
65.32 ppm. However, when the sample was
calcined at 8008C, the intensity of the signal at
about 33 ppm decreased comparing to that ob-
served in the sample calcined at 6008C. This
was probably caused by ion rearrangement and
the generation of structural defects during the
phase transformation.

3.3. Surface acidity and basicity

FTIR-pyridine adsorption technique was used
to determine the types of acid sites and NH -3

TPD was used to determine the total amount of
acid sites.

Table 3
Acid site concentration on the sol–gel alumina catalysts calcined
at different temperatures

Ž . Ž . Ž . Ž .Temperature 8C T 8C T 8C M mmolrgmax1 max2

400 197 314 1410
600 275 422
800 267 142

T : the central temperature of NH -TPD peak 1.max1 3

T : the central temperature of NH -TPD peak 2.max2 3

M: the amount of NH desorbed per gram of catalyst.3

Fig. 5. CO -TPD curves of the samples calcined at 400, 600 and2

8008C.

Generally, in the infrared spectrum of pyri-
dine adsorption on solids, the absorption bands
at about 1577, 1490 and 1450 cmy1 are as-
signed to the different vibration modes of pyri-
dine adsorbed on Lewis acid sites. The absorp-
tion band at 1540 cmy1 is believed as the
characterization of pyridine adsorbed on

w xBrønsted acid sites 33 .
In the sample preheated at 4008C, three pyri-

dine absorption bands, at 1448, 1490 and 1593
y1 Ž .cm , were observed Fig. 1 . This result

showed that Lewis acidic sites were present.
The intensities of all the bands gradually de-
creased when the desorption temperature in-
creased; at 4008C of desorption, the three bands
corresponding to Lewis sites nearly vanished.
The band at 1628 cmy1 is ascribed to the
vibration of hydroxyl ions bonded on the struc-
tures of the sample, which also diminishes due
to its dehydroxylation when the temperature

w xincreased 34,35 .

Table 4
Basic site concentration on the sol–gel alumina catalysts calcined
at different temperatures

Ž . Ž . Ž . Ž .Temperature 8C T 8C T 8C M mmolrgmax1 max2

400 120 222 1270.7
600 102 1115.2
800 100 770.5

T : the central temperature of CO -TPD peak 1.max1 2

T : the central temperature of CO -TPD peak 2.max2 2

M: amount of desorbed CO per gram of catalyst.2
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Fig. 6. Total conversion of isopropanol decomposition on the samples calcined at 400, 600 and 8008C. Reaction was carried out in the
temperature range between 100 and 2508C.

The pyridine adsorption spectra on the sam-
ple preheated at 6008C are shown in Fig. 2.
Three absorption bands at 1445, 1485 and 1590
cmy1 were visible, indicating that Lewis acid
sites were present on the surface of the sample.
Increasing the desorption temperature from 258C
to 100, 200, 300 and 4008C, the relative inten-

sity of the 1590 cmy1 band decreased from 8.69
to 5.00, 1.78, 0.70 and 0.23, respectively. Also,
the relative intensity of the 1448 cmy1 band
reduced from 0.89 to 0.08 when the desorption
temperature increased from 25 to 4008C. At
5008C, both of the 1590 and 1448 cmy1 absorp-
tion bands entirely disappeared. The band at

Fig. 7. Acetone selectivity as a function of the reaction temperature on the samples calcined at 400, 600 and 8008C. Reaction was carried out
in the temperature range between 100 and 2508C.
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Fig. 8. Propene selectivity as a function of the reaction temperature on the samples calcined at 400, 600 and 8008C. Reaction was carried out
in the temperature range between 100 and 2508C.

1627 cmy1 is also ascribed to the vibration of
OH ion bonded on the samples.

The pyridine adsorption-FTIR spectra in the
sample preheated at 8008C are shown in Fig. 3.
The absorption bands assigned to Lewis acid
sites were seen clearly, their temperature behav-
ior was similar to that observed in the sample
preheated at 6008C.

NH -TPD curves are shown in Fig. 4 and the3

data derived from them, in Table 3. For the
sample preheated at 4008C, 1410 mmol NH rg3

were adsorbed. Two desorption peaks centered
at 1978C and 3058C were found, which corre-
sponded to two different types of acid sites.
When the sample preheating temperature in-
creased to 600 and 8008C, the amount of ad-

Fig. 9. Isopropylether selectivity as a function of the reaction temperature on the samples calcined at 400, 600 and 8008C. Reaction was
carried out in the temperature range between 100 and 2508C.
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Table 5
Conversion and selectivity of 2-propanol decomposition on sol–gel Al O catalyst calcined at 4008C2 3

Ž . Ž . Ž .Reaction temperature 8C Total conversion % Selectivity %

Propene Acetone Isopropylether

250 33.04 71.64 27.71 0.65
225 14.76 58.41 36.85 4.74
200 9.38 45.31 47.07 4.42
175 5.91 37.18 52.22 9.17
150 3.88 31.19 56.96 11.86
100 2.66 24.81 69.55 5.64

sorbed ammonia significantly decreased to 422
and 142 mmol NH rg, respectively. Moreover,3

for these preheating temperatures, only one very
weak adsorption peak centered at 2758C was
observed.

The carbon dioxide TPD curves are shown in
Fig. 5, and the data from them derived, in Table
4. When the sample calcined at 4008C, it had
two CO desorption peaks centered at 120 and2

2228C, corresponding to the CO adsorption2

amount of 1271 mmolrg. Of the three samples,
this sample had the largest capacity of CO2

adsorption. Samples preheated at 600 and 8008C,
respectively, adsorbed 1115 and 771 mmol
CO rg. Summarizing, the basicity decreased2

with the preheating temperature as the se-
quence: B )B )B .400 600 800

3.4. ActiÕity and selectiÕity of 2-propanol de-
composition

The isopropanol decomposition reactions on
Al O catalysts were carried out at tempera-2 3

tures ranging from 100 to 2508C. Isopropanol
partial pressure was fixed at 22.4 Torr. Total
conversions are shown in Fig. 6. The selectivity
for dehydrogenation to acetone, dehydration to
propylene and bimolecular reaction to isopropy-
lether on the samples calcined at 400, 600 and
8008C, are shown in Figs. 7–9 and Tables 5–7.

The total conversion of isopropanol decom-
position increased with the increasing reaction
temperature. At different reaction temperatures,
the sequence of the total conversion was C )600

C )C , showing that a high concentration400 800

of active sites were present in the sample cal-
cined at 6008C. In comparison with the data
shown in Figs. 7–9, we found that the selectiv-
ity of dehydrogenation to acetone decreased as
the reaction temperature increased. On the con-
trary, the selectivity of dehydration to propene
increased when the reaction temperature in-
creased. The selectivity to isopropylether with
the reaction temperature, however, varied: first,
it increased with the reaction temperature rang-
ing from 100 to 1508C, and then reached a

Table 6
Conversion and selectivity of 2-propanol decomposition on sol–gel Al O catalyst calcined at 6008C2 3

Ž . Ž . Ž .Reaction temperature 8C Total conversion % Selectivity %

Propene Acetone Isopropylether

250 36.89 95.10 3.09 1.81
225 16.46 53.26 31.14 5.60
200 10.01 51.61 42.35 6.04
175 6.03 45.47 44.51 10.02
150 3.91 32.56 53.18 14.26
100 2.69 28.24 63.87 7.89
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Table 7
Conversion and selectivity of 2-propanol decomposition on sol–gel Al O catalyst calcined at 8008C2 3

Ž . Ž . Ž .Reaction temperature 8C Total conversion % Selectivity %

Propene Acetone Isopropylether

250 24.80 98.00 1.71 0.86
225 11.25 73.20 20.99 5.81
200 4.78 63.14 30.76 4.10
175 3.20 51.58 40.12 9.30
150 1.41 35.64 53.55 10.81
100 0.79 34.01 59.04 6.95

maximum value at 1508C; afterwards, it dimin-
ished when the reaction temperature increased.
When we compare the different selectivity of
isopropanol decomposition on these three sam-
ples, some differences were found. For exam-
ple, on the sample calcined at 4008C, at the
reaction temperature of 1008C, the selectivity of
dehydrogenation to acetone was 69.55%; but on
the samples calcined at 6008C and 8008C, the
selectivity was 63.87 and 59.04%, respectively,
showing an increasing sequence of S -S800 600

-S . At other reaction temperatures, the simi-400

lar sequence was also found. However, for the
selectivity to propene, an inverse sequence was
found: S )S )S . All these results indi-800 600 400

cated that the activity and selectivity of the
decomposition reaction of isopropanol depended
on the calcination temperature of the catalysts
and the reaction temperature.

4. Discussion

The calcination temperature markedly altered
the population of aluminum ions in different
coordination environments. For example, when
the calcination temperature increased from 400
to 6008C, the population of the pentacoordi-
nated aluminum ions increased; at 8008C, how-
ever, it diminished. In our previous work, stud-
ies of XRD and TG-DTG showed that when the

Ž .sample was calcined at 4008C for 8 h, AlO OH
Ž . w xboehmite and g-Al O phases coexisted 36 .2 3

There are 4 aluminum ions and 12 OH groups
Ž .in the unit cell of AlO OH . In the structure of

boehmite, its lattice cell consists of two closed-
packing layers of OH groups separated by a
layer of Al ions in octahedral positions. Since
some oxygen vacancies produced during the
dehydroxylation were found in octahedral posi-

Ž .tions in the AlO OH structure, therefore, the
neighbors of some octahedral aluminum ions

w xwere unsaturated 36 . Because an aluminum
ion in octahedral position surrounded by six
oxygen neighbors, if one oxygen ion is absent,
an oxygen defect site is hence created. In those
oxygen vacancies, the electron density is larger
than that produced by the tetrahedral oxygen,
but smaller than that produced by the octahedral
oxygen, a chemical shift can hence be yielded.
Therefore, it is expected that a signal between
the normal tetrahedral and octahedral aluminum
ions can be observed in the 27Al MAS NMR
spectra. The population of pentacoordinated alu-
minum ions is related to the unsaturated alu-
minum coordination environments.

The number of unsaturated aluminum ions,
however, is affected by the different phase com-
position of the samples. For example, at 6008C,
the sample had g-Al O and u-Al O . u-Al O2 3 2 3 2 3

had oxygen vacancies in its structure, which
decreased when the sample calcination tempera-

w xture increased from 600 to 8008C 36 . Hence,
the population of petancoordinated aluminum
atoms was altered not only with the calcination
temperature but also with the phase composi-
tion.

The population of tetrahedral aluminum ions
also varied with the calcination temperature. It
increased when the calcination temperature in-
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Fig. 10. Aluminum vacancies and basic sites as a function of
calcination temperature. Series 1: Amount of adsorbed CO ;2

Series 2: Aluminum vacanciesrunit cell in the structure of g-
Al O .2 3

creased. Because in the lattice cells of g-Al O ,2 3

aluminum ions occupy both octahedral and te-
trahedral positions. However, aluminum ions in

Ž .the unit cell of AlO OH only occupy octahe-
dral positions. At 4008C, about 11.51% boehmite
phase coexisted with g-Al O ; but at 6008C,2 3

boehmite phase disappeared. Hence, the phase
Ž .transformation from AlO OH to g-Al O seems2 3

to be responsible for the difference of the popu-
lation of tetrahedral aluminum ions between the
samples calcined at 400 and 6008C. When the
sample was calcined at 600 and 8008C, g-Al O2 3

and u-Al O phases were identified, however,2 3

the phase composition was different: about
7.81% increment in u-Al O phase at 8008C2 3

was found in comparison to that at 6008C. In
the unit lattice cell of the normal u-Al O phase,2 3

about 75% Al ions occupy tetrahedral positions.
This means that the ratio of AlIV to AlVI is
about 3 in the normal u-Al O phase, which is2 3

higher than the one in the lattice cell of normal
g-Al O phase, in which the ratio of AlIV to2 3

AlVI is about 2. On the other hand, the reduc-
tion of the population of pentacoordinated alu-
minum ions with the increasing of the calcina-
tion temperature also has an effect on the distri-
bution of tetrahedral and octahedral aluminum
ions. Thus, compared to that at 6008C, the slight
increment of the tetrahedral aluminum popula-

tion at 8008C can be largely explained by the
phase transformation.

Taking into account the acid–basic proper-
ties, as shown in Figs. 4 and 5, the sample
calcined at 4008C adsorbed the largest amount
of CO and NH , hence, it had the biggest2 3

number of basic and acid sites. In addition, for
both CO and NH desorption, two desorption2 3

peaks were found. These results show that there
are two types of acid sites and two types of
basic sites in this sample. Probably it was caused
by the mixture of the phases, because 11.86%

Ž .AlO OH phase coexisted with g-Al O in this2 3

sample.
Some aluminum vacancies existed in both

tetrahedral and octahedral positions in the struc-
ture of g-Al O phase from the results of Ri-2 3

w xetveld refinements 36 . The total number of
these vacancies decreased from 4.36 to 3.15 and
2.47runit cell when the calcination temperature
increased from 4008C to 600 and 8008C. Both
the number of aluminum vacancies and the
number of basic sites decreased as a function of
calcination temperature, which suggests that the
aluminum vacancies can yield the basic sites
Ž .Fig. 10 .

The relationship between the selectivity of
dehydrogenation to acetone and the number of

Fig. 11. Acetone selectivity and basic sites as a function of
calcination temperature. Series 1: Amount of adsorbed CO ;2

Series 2: Acetone selectivity at the reaction temperature of 1008C;
Series 3: Acetone selectivity at the reaction temperature of 2008C.
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Fig. 12. Propene selectivity and acid sites as a function of
calcination temperature. Series 1: Amount of NH adsorbed on3

the samples; Series 2: Propene selectivity at the reaction tempera-
ture of 1008C; Series 3: Propene selectivity at the reaction temper-
ature of 1758C.

basic sites is reported in Fig. 11. On one hand
the selectivity of dehydrogenation to acetone for
all three samples at different reaction tempera-
tures decreased when the calcination tempera-
ture increased; on the other hand, the number of
basic sites also diminished with the calcination
temperature. These results indicate that the for-
mation of acetone depends on the surface basic-
ity. As discussed above, basic sites are deter-
mined by the Al vacancies in the structure.
Therefore, the selectivity for dehydrogenation to
acetone is also dependent of the aluminum va-

cancies. This is not surprising for us because
vacancies in the structures of the catalysts are
often regarded as the active centers in the sur-
face reactions. On the basis of this result, we
can draw a conclusion that the structural vacan-
cies play an important role in the decomposition
of isopropanol and are probably the main factor
for acetone formation.

There is no correlation between the selectiv-
ity for propene and the number of the acid sites
Ž .Fig. 12 . The propene selectivity increased with
the calcination temperature. The total amount of
adsorbed ammonia, however, decreased when
the calcination temperature increased. Even
when we added the effect of the surface area,
their relationship could not be found yet since
the number of acid sitesrnm2 still decreased
from 1.7 to 0.7 and 0.2 when the calcination
temperature increased from 4008C to 600 and
8008C. This result suggests that the dehydration
selectivity to propene does not strictly depend
on the surface acid sites, disagreeing with the

w xresults reported by Luy and Parera 17 .
Several mechanisms for acetone formation

were presented. One of those is that a-H ab-
sorption step is involved in the dehydrogenation

w xreaction 27,37 . This postulate can be supported
by the results of the present study. As discussed
above, the aluminum vacancies were proposed

Fig. 13. Isopropylether selectivity and the population of pentacoordinated aluminum ions as a function of calcination temperature. Series 1:
Population of pentacoordinated aluminum ions; Series 2: Isopropylether selectivity at the reaction temperature of 1008C; Series 3:
Isopropylether selectivity at the reaction temperature of 1508C.
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to involve in the formation of acetone. Because
each aluminum vacancy is surrounded by oxy-
gen ions and hence it has many negative charges;
therefore, a-H can be easily adsorbed on these
sites.

The behaviors of bimolecular reaction to form
isopropylether are different for the three sam-
ples. For example, the selectivity to isopropy-
lether was 5.64 and 11.86% on the sample

calcined at 6008C at the reaction temperature of
100 and 1508C; however, for the samples cal-
cined at 400 and 8008C, isopropylether selectiv-
ity was 7.89 and 6.95% at 1008C, 14.26 and
10.81 at 1508C, respectively. These results show
that the selectivity to isopropylether on the sam-
ple calcined at 6008C is the highest. The iso-
propylether selectivity has the following se-
quence: S )S )S . This sequence is600 400 800

Ž .Scheme 1. A mechanism of isopropylether formation on alumina catalyst oxygen defect site; adsorbed OH group .
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similar to the one of the number of pentacoordi-
nated aluminum ions in the samples as a func-

Ž .tion of calcination temperature Fig. 13 .
As discussed above, the pentacoordinated

aluminum ions correlated to the oxygen vacan-
cies existing in the structures of both boehmite
and u-Al O phases. Therefore, the generation2 3

of pentacoordinated aluminum ions seems to be
relation to the boehmite and u-Al O phases. In2 3

these three samples, the concentration of both
boehmite and u-Al O was lower than that of2 3

g-Al O , the total number of the oxygen vacan-2 3

cies in these two phases was relative small.
Therefore, there were not many active centers
for the bimolecular reaction to form isopropy-
lether, and the isopropylether concentration in
the products was hence no more than 15%.

We assumed that the formation of isopropy-
Žlether depends on the oxygen vacancies coordi-

.nately unsaturated aluminum ions and this sug-
gested mechanism is shown in Scheme 1. In the
first step, because many positive charges existed
on the oxygen vacancies, an isopropanol
molecule could adsorb on an oxygen defect
site, an intermediate with positive charge,
Ž . qCH HC , and an adsorbed hydroxyl species3 2

bonded to the oxygen defect site were formed
owing to the interaction and the transferring of
the electrons between the adsorbed species and
the defect site. In the next step, another iso-
propanol molecule attacked the adsorbed OH
group, resulting in an intermediate with nega-

Ž . ytive charge, CH HCO , and a water molecule3 2

being yielded. Finally the positive charge species
reacting with the negative charged led to the
generation of isopropylether.

The further work for detecting the intermedi-
ates to support the above suggested mechanism
of isopropylether formation will be carried out.

5. Conclusions

Selectivity in the isopropanol decomposition
on sol–gel alumina catalysts was shown to be a
function not only of the surface acid–basic

properties but also of the structural defects of
the aluminum oxide. In contrast to the conven-
tional concept, the selectivity of dehydration to
propene did not strictly depend on the surface
acidic site concentration. The selectivity of de-
hydrogenation to acetone, however, depended
on the surface basic sites of the catalyst. We
found that the selectivity of dehydrogenation
can also be determined by the concentration of
the cation defects in the lattice cell. The defects
in the crystalline structure play an important
role in the isopropanol decomposition, espe-
cially in the pathway of dehydrogenation, which
is often overlooked in the surface acid–basic
studies.

A mechanism of isopropylether formation was
proposed based on the fact that the population
of pentacoordinated aluminum ions as a func-
tion of calcination temperature is similar to the
one of the selectivity for bimolecular reaction to
isopropylether altering with the calcination tem-
perature. In this mechanism, we suggested that
oxygen defects involved in the adsorption step
of isopropanol. A positively charged intermedi-
ate reacting with negatively charged species
yields isopropylether and water.
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