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Samples of zinc oxide supported on y-ALOs (5, 15, 30, and 36 Zn atoms per 100 Al atoms) have
been calcined at different temperatures and subjected to oxidation-reduction treatments in order to
investigate the type and the extent of the metal-support interaction and the defect state of the
surface. The samples were then tested as catalysts in the decomposition of 2-propanol. They were
found to give both dehydrogenation and dehydration. The dehydrogenation reaction is due to
“free”” zinc oxide present on the surface of the support, whereas the dehydration is due to the
support. The effect of the calcination temperature on the formation of a *‘surface spinel”” and of the

redox pretreatments on the activity and selectivity are also discussed.

INTRODUCTION

In recent years alumina-supported cata-
lysts have attracted considerable interest
because of the increasing number and vari-
ety of industrial and technological applica-
tions. Great interest has been focused on
copper-based catalysts, which are widely
known as active and selective for methanol
synthesis (/-3), the water-gas shift reac-
tion (WGS) (4), and the hydrogenation of
alkenes and ketones (5-7).

In particular CuO/Zn0O/Al,O5 catalysts
are currently investigated for their special
properties in methanol synthesis and the
WGS reaction. Major efforts are devoted to
the correlation between surface properties
and copper content and between Cu/Zn ra-
tio and oxidation state of the copper. The
system ZnO/Al,O5 constitutes a simplified
model for characterizing the more complex
ternary system CuO/Zn0O/Al,0Os;, and,
along this line, in our laboratory we have
already investigated the CuO/AlLO; system
(8). On the other hand, ZnO/ALO; cata-
lysts are also used, per se, for the elimina-
tion of hydrochloric acid from 1- and 2-
chlorobutenes and for the 1-butene to
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isobutene isomerization (9-11); they also
constitute an important component of the
ICI catalyst for the WGS reaction (3). In
the present work, the 2-propanol decompo-
sition has been chosen as a test reaction for
investigating activity and selectivity toward
dehydration as a function of the zinc con-
centration, calcination temperature, and re-
dox pretreatments. The first two factors af-
fect the type and the extent of the
metal-support interactions, whereas the
last factor sheds some light on the role of
the defect state of the surface on the activ-
ity and selectivity. In addition, it will be
shown that the 2-propanol decomposition
can be used as a probe reaction for the de-
tection of surface heterogeneity.

EXPERIMENTAL

Samples: Preparation, Characterization,
and Conditioning

The ZnO/ALO, samples are designated
AZx, where x = 5, 15, 30, and 36 indicates
the real number of zinc atoms per 100 at-
oms of aluminum as determined by atomic
absorption analysis. They were obtained by
impregnating a given amount of y-alumina,
prepared according to Maclver et al. (12),
with zinc nitrate solution. A calcination at
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773 K in air for 3 h was finally performed.
The sample AZ36 was prepared by copre-
cipitation from nitrate solutions with am-
monia at pH 7 and a caicination at 773 K for
24 h in air (13). Zinc oxide, ZO, was ob-
tained by thermal decomposition of zinc ni-
trate in air at 773 K for 4 h. Zinc aluminate,
ZA,, was prepared by spray decomposition
from nitrate solutions at 873 K. The sample
was successively washed in 2 M HNO; and
then calcined in air for 5 h at 773 K. All
chemicals were Carlo Erba reagent grade.
The catalysts were analyzed by atomic
absorption for zinc loading. XRD (CuKa
radiation = 1.54178 A, Ni filtered) at room
temperature and reflectance spectra (250—
2500 nm, MgO as reference) were used for

phase comnosition and surface investica-
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tion, respectively. The surface areas were
measured before and after catalysis with a
conventional BET apparatus (N, as adsor-
bate).

The sample conditioning consisied of
thermal treatments and/or of oxidation—re-
duction treatments. The thermal treatments
simply consisted of a longer calcination
time in air at the same preparation tempera-
ture and/or of a further calcination at higher
temperatures. The catalysts, after the ther-

A ant th £,
mal treatmento, unacrwent (ng 1GuGWing

oxidation-reduction procedure. A freshly
prepared sample was treated overnight in
oxygen (S.1.0. 99.95%) at 693 K, flushed in
helium at 693 K for 1 h, and then subjected
to catalysis. This sample will be referred to
as “‘oxidized.”” The oxidized sample, after
the catalytic runs, was usually treated in
hydrogen (S.1.0. 99.995%) for 0.5 h at 693
K and then flushed in helium at the same
temperature for 1 h. On this “‘reduced”
sample catalytic runs were performed. As a
fuirth
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sis, could be retreated in oxygen overnight
at 693 K; the subsequent catalytic experi-
ments are then referred to as being con-

ducted on a ‘‘reoxidized” sample.

nla
er step, areduced sample, after cat

Catalysis: Method and Data Treatment

The catalytic experiments were carried
out in a flow system with a 2-propanol par-

tial pressure of about 20 Torr in helium as
carrier gas. The total pressure was main-
tained constant in all the experiments and it
was slightly higher than 1 atm. Details on
the apparatus and on the GC analysis can
be ‘annrl in Raf (,Q\

AN,

The kinetic treatment used assumes that
the two possible reactions due to the de-
composition of 2-propanol, i.e., dehydro-
genation and dehydration, are parallel and
both of the first order

1

R 4+ W,
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where A = 2-propanol, B = acetone, and C
= propene. The mass balance in an efement
of a flow tubular reactor gives
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where F = feed flow (feed mass/time); A,,
A2 = numbers of moles of acetone, propene
{(mol/feed mass); r(, r, = reaction velocities
for dehydrogenation, dehydration (mol/
(time X cat. mass)); w = catalyst mass; &;,
ky experimental velocity constants for
dehydrogenation, dehydration (mol/(time X
cat. mass X pressure)); and p, = partial
pressure of A.

radw = kyp,dw,

d\/dN, = kilk,
the integrated form of Eq. (1) gives
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where 7 = contact time = w/F (cat. mass X
time/feed mass); a = moles of 2-propanol in
the feed/feed mass; R = moles of helium in
the feed/moles of A in the feed; 2 + R)a =
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0; and x = A; + A,. Taking into account
that P = 1 atm (1 atm = 1.01 X 10° N m?),
a = 0.0046 (mol of 2-propanol/feed mass),
and that 2 + R)a = Q = 0.2 (mol/feed
mass), it turns out that in Eq. (4) it is pos-
sible to neglect x/P with respect to (Q/P)
In(a/(a — x)). In fact, for conversion of 10%
the error is about 2.0% and for 50% conver-
sion is 1.8%. The calculated values of k;
and &, are reported as Arrhenius plots un-
der Results.

RESULTS
Catalyst Characterization

The samples of AZx investigated by XRD
showed the presence of y-alumina and zinc
aluminate phases only. The peaks at 260 =
34.5° and 47.5°, diagnostic in our conditions
of the presence of ZnO, were never ob-
served (ASTM Nos. 10-425, 5-0664, 5-
0669). However, the optical reflectance
spectra showed a significant difference be-
tween the more diluted samples AZS and
AZ15 and the samples AZ30 and AZ36. The
latter ones, in fact, exhibited an absorption
edge at about 400 nm, typical of the transi-
tion valence-conduction band of zinc oxide
(E; = 3.2 eV). A mechanical mixture con-
taining only 1% in atoms of zinc with alu-
mina showed that the band at 400 nm was
as intense as those presented by AZ30 and
AZ36.

The thermal treatments either at the
same preparation temperature for a longer
time or at higher temperatures had the same
qualitative effect on AZx samples. In fact,
the XRD spectra envisaged an increase in
the intensity of the spinel peaks at 20 = 31°
and 37°, whereas the reflectance spectra did
confirm the presence of zinc oxide on the
surface of AZ30 and AZ36.

The ZA, sample, before and after the
washing in HNO;, was found to be mono-
phasic (spinel phase). Neither XRD nor re-
flectance spectra revealed the presence of
ZnO.

Finally, the surface areas, S.A., de-
creased as the zinc content increased and,
at a given zinc loading, a longer calcination

TABLE 1

Samples and Their Features

Sample Calcination Phases S.A. Sino

—_— detected (m* g™t

T Time by

Ky XRD
AZS 773 3 A ZA, 180 0.9 (490 K)
AZ15 773 3 A ZA, 160 0.8 (489 K)
AZIS 773 27 A, ZA, 133 1 (487 K)
AZ30 773 3 A, ZA), Z0¢ 166 0.1 (483 K)
AZ30 773 27 A, ZA,, Z0¢ 109 0.6 (482 K)
AZ30 873 24 A, ZA,, Z0¢ 95 0.9 (483 K)
AZ36 773 24 A, ZA, ZO¢ 145 0.1 (487 K)
AZ36 873 22 A, ZA,, Z0O* 90 0.5 (474 K)
Z0 773 4 ZO 10 —
ZA; 773 5 ZA, 140 Inactive

Note. A, y-alumina; ZO, Zn0O; ZA,, zinc aluminate.
« As detected by reflectance spectra.

time and/or a higher calcination tempera-
ture provoked a similar decrease. No differ-
ence was detected between the values mea-
sured before and after catalysis. Table 1
summarizes the main features of the sol-
ids.

Catalysis

v-Alumina and zinc aluminate. y-Al,Os
was studied previously (8) and in the fol-
lowing, when needed, its activity level will
be given as reference. Here it is sufficient to
recall that in the T range 433-523 K y-Al,O;
gave only propene as a result of the 2-pro-
panol decomposition and both its activity
and F, were unaffected by oxidizing or re-
ducing treatments, the latter quantity being
170 = 10 kJ/mol (8). The ZA, catalyst
treated either in hydrogen or in oxygen did
not show any appreciable activity below
600 K. If, however, the experiment was
performed at 600 K and higher tempera-
tures a low dehydration activity appears.

Zinc oxide. Several portions of the same
ZnO batch were investigated in the T range
490-560 K. Dehydrogenation was the only
reaction observed in stationary conditions,
while traces of propene were observed dur-
ing the first minutes on stream. The results
were highly reproducible on different por-
tions of ZnO and a linear relationship
In(a/(a — x)) vs W/F was satisfactorily
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FiG. 1. Arrhenius plot for 2-propanol dehydrogena-
tion on zinc¢ oxide. O, Oxidized; @, reduced; O, reox-
idized; @, reduced, initial activity, @, reduced and
poisoned with acetone (see text); B, reduced, poi-
soned with acetone, and flushed in He, 24 h (see text).

obeyed at 500 and 530 K. The E, value
found was 126 = 10 kJ/mol. It is worthy of
note that the dehydrogenation activity of an
oxidized sample was practically constant
after 1 h on stream and then remained con-
stant for times as long as 172 h. The effect
of reduction, as described in the condition-
ing section, had a very pronounced effect
on the activity. In fact, the initial dehydro-
genating activity of a ZO reduced in hydro-
gen is well above that of an oxidized one.
However, the activity tended to decay
slowly and, in a time of 24 h, reduced to
that of the oxidized sample. No further de-
cay was then observed. Due to the rapidity
of the decay, it was not possible to monitor
substantial differences in initial dehydrating
activity of reduced ZnO with respect to oxi-
dized ZnO.

In order to investigate the effects of the
reoxidation procedure and of water or ace-
tone preadsorption on the activity of ZO,
the sample was reoxidized and checked for
its activity which turned out to be equal to
that of the oxidized sample. Then two ex-
periments of selective poisoning were per-
formed with either water or acetone. The
procedure consisted of (i) reduction in hy-
drogen; (ii) flushing in helium at 693 K, 1 h;
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(iii) flushing in helium containing water (P
= 24 Torr) or acetone (P = 250 Torr) at 530
K, 0.5 h; (iv) flushing in helium at 693 K for
1 h. The treatment with water suppressed
the initial dehydration activity but did not
produce any change in either the activity or
the E, with respect to the oxidized sample
for dehydrogenation. By contrast the pres-
ence of acetone had a pronounced effect on
the dehydrogenation activity. The catalyst
showed an activity less than that of the oxi-
dized sample, but it tended to increase
while on stream. The phenomenon is
clearly shown in Fig. 1 where initial activity
of the reduced ZO and activities of the ZO
oxidized, reoxidized, and reduced are re-
ported together with the results of the poi-
soning test. It must be added that after
about 50 h on stream, the activity of the
catalyst treated in acetone is still below that
of the oxidized sample; however, the pro-
cess of approaching the activity level of the
oxidized sample can be accelerated if after
step (iii) the catalyst is flushed in He at 693
K but for a longer time, typically 24 h. The
increase in flushing time in He over 24 h,
after which the catalyst reached the activity
of the oxidized sample, did not have any
further effect on the activity level in sta-
tionary conditions.

Zinc oxidelalumina. Several portions of
catalysts with different zinc content were
investigated in the T range 450-540 K, al-
though the upper limit of this range was sel-
dom reached. They were both dehydrating
and dehydrogenating. That the assumptions
made in the Data Treatment section were
correct was proved by plotting the experi-
mental data at 450 and 530 K according to
Eq. (4). Good straight lines were obtained
for AZ30 and AZS, both oxidized. Both re-
actions are a complex function of (i) zinc
content and (ii) thermal treatments. With
respect to the dehydration reaction, the
samples AZS, AZ15, and AZ30 all calcined
at 773 K for 3 h showed a decreasing activ-
ity as the zinc content increases. Given that
the E,’s for all the samples agree well with
that of the pure alumina (broken lines in
Figs. 2a and 3a), the activities, taking as a
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Fi1G. 2. Arrhenius plots for 2-propanol decomposi-
tion on AZS and AZ15. (a) Dehydration, ——~ vy-alu-
mina from Ref. (8), and (b) dehydrogenation, ———
ZnO from Fig. 1. (1, AZ5 oxidized; M, AZ5 reduced;
A, AZ15 oxidized; A, AZI1S reduced; 4, AZ15, 773
K, 27 h, oxidized; &, AZ15, 773 K, 27 h, reduced; @&,
AZ5, reduced, initial activity; 4, AZ15, reduced, ini-
tial activity.

reference that of AZS, are in the ratios 1
(AZS), 0.25 (AZ15), 0.025 (AZ36), and
0.008 (AZ30). As a consequence the selec-
tivity toward dehydration, Su,0, defined as
the ratio between the conversion to pro-
pene and the total conversion, passes from
0.9 for AZ5, 773 K for 3 h, to about 0.1 for
AZ30, 773 K for 3 h (see Table 1).

The Arrhenius plots are reported in Figs
2a and 3a. In the latter the activity of copre-
cipitated AZ36 is also shown. It may be
noted that it is only slightly more active
than AZ30.

The pretreatments in hydrogen did not
modify the dehydration activity in station-
ary conditions. In Figs. 2a and 3a the points
relative to those experiments are well in
line with the activity levels of oxidized and
reoxidized samples.

The effects of thermal treatments, as de-
scribed in the Conditioning section and as

summarized in Table 1, are very pro-
nounced. AZ15, AZ30, and AZ36, when
calcined at 773 K for a longer time or at 873
K for 22-24 h (see Table 1), increase their
dehydration activity to such an extent that
Stao for AZ30 passes from about 0.1 (773 K
for 3 h) to 0.9 (873 K for 24 h) and for AZ15
from 0.8 (773 K for 3 h) to about unity (773
K for 27 h). The different quantitative effect
of the thermal treatment on AZ30 and AZ36
should be noted. This can be thought of as a
consequence of the different preparation
method.

As far as the dehydrogenation is con-
cerned, the reducing treatments had a tran-
sitory effect giving rise to an initial dehy-
drogenating activity higher than the one
found in stationary conditions for all the
samples. The behavior is quite similar to
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F16. 3. Arrhenius plots for 2-propanol decomposi-
tion on AZ30 and AZ36. (a) Dehydration, —~—- y-alu-
mina from Ref. (8), and (b) dehydrogenation, ——~—
Zn0 from Fig. 1. O, AZ30, oxidized; ®, AZ30, re-
duced; @, AZ30, reoxidized; O, AZ30, 773 K, 27 h,
oxidized; ‘, AZ30, 773 K, 27 h, reduced; O, AZ30,
873 K, 24 h, oxidized; @, AZ30, 873 K, 24 h, reduced;
<&, AZ36, 773 K, 24 h, oxidized; 4, AZ36, 873 K, 22
h, oxidized; &, AZ30, reduced, initial activity.
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that of pure ZnO. At the same time, the E,
values are well in agreement with that
found on ZnO. The Arrhenius plots in Figs.
2b and 3b do not show dramatic variations
in activity in spite of the different zinc con-
tent and/or of the thermal treatment. It
must be stressed, however, that the ratio
in dehydrogenation activity, expressed as
moles of acetone produced per gram of cat-
alyst per second, between AZ15, 773 K for
3 h, and AZIS, 773 K for 27 h, is 4.4,
whereas it is 1.3 between AZ30, 773 K for 3
h, and AZ30, 773 K for 27 h.

DISCUSSION

Zinc Oxide, y-Alumina, and Zinc
Aluminate

Zinc oxide is known for its dehydrogena-
tion activity even though a limited dehydra-
tion ability is frequently reported. In recent
years there has been detailed work, mainly
by temperature-programmed techniques,
on the kinetics and mechanism of primary
and secondary alcohol decompositions on
zinc oxide (I14-17). Two different mecha-
nisms have been proposed for the 2-pro-
panol decomposition. The first (15) sug-
gests that acetone formation proceeds via
elimination of the a-hydrogen from an ad-
sorbed isopropoxy species, whereas the de-
hydration occurs via a reaction between an
adsorbed isopropanol and a surface hy-
droxyl group leading to an adsorbed iso-
propoxy species, water and an oxygen
vacancy. The second mechanism (18)
proposes that dehydrogenation takes place
via hydrogen S-elimination leading to a sur-
face enolate (19), whereas the dehydration
proceeds via a reaction between an ad-
sorbed isopropoxy species and a surface
hydroxyl group leading to a surface eno-
late, water, and an oxygen vacancy.

The former mechanism for dehydrogena-
tion is substantiated by the results of de-
composition of deuterated 2-propanol (20)
and, as rds, the a-¢limination was proposed
(16). The latter is based on experiments of
acetone adsorption—desorption (I7), which
showed the evolution of both acetone and

propene as a result of the presence of a
common surface intermediate, i.e., a sur-
face enolate. The B-elimination was pro-
posed as the rds for the dehydrogenation
17).

Whatever the mechanism, the 2-propanol
decomposition is found to be a reaction
which is ‘“‘nonfacile’’ or ‘‘structure depen-
dent.”’ Bowker et al. (14) proposed that the
dehydrogenation sites are possibly Zn*
ions, on polar (0001) planes, whereas (0001)
and prism planes would be responsible for
dehydration. Cheng et al. (21) suggested
that the (0001) surface possesses the high-
est dehydrogenation activity in methanol
dehydrogenation. By contrast, Chadwick
and O’Malley (17) found that only propene
is formed in a significant amount on (0001)
planes and that acetone is produced on
(1010) nonpolar faces only. The present
results obey a first-order kinetic law in
agreement with both the rds proposed
above. Also the present value of E, are in
accord with previous findings (22). In addi-
tion the following facts need to be given a
reasonable rationalization: (i) the disap-
pearance of a dehydration activity after a
few minutes on stream; (ii) the time needed
for having a constant acetone conversion
on oxidized samples; (iii) the high initial de-
hydrogenation activity of reduced samples;
and (iv) the poisoning effect of preadsorbed
water on dehydration.

The disappearance of the dehydration ac-
tivity could be due to a surface defect state
equilibration of zinc oxide and/or to recon-
struction of polar planes. In fact, in both
the schemes proposed above, the dehydra-
tion occurs via a reaction involving an oxy-
gen vacancy and water formation. Waugh
et al. (16) claimed that water is dissociated
into adsorbed oxygen and hydrogen on zinc
oxide when 2-propanol is preadsorbed on it
and that the defect state of the ZnO surface
depends on the reaction atmosphere, ther-
mal treatments, and/or redox pretreat-
ments. Cheng et al. observed by LEED
that, due to the high surface energy of the
(0001) polar surface of ZnO, a reconstruc-
tion into well-ordered surfaces may occur
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(21). These indications suggest that the ox-
ygen vacancies may be destroyed either by
surface reoxidation or by surface recon-
struction in the first minutes of reaction, so
that the dehydration reaction is suppressed.

As regards the stabilization of the dehy-
drogenation activity, the surface defect
state of nonpolar planes such as (1010) has
been related to the activity in methanol de-
composition (27). The (1010) planes, when
reduced, are more active than the stoichio-
metric ones. The slow increase in dehydro-
genation presently observed is an indica-
tion that the defectivity of nonpolar planes
(i.e., the amount of Zn") is increasing, due
to a reducing medium such as 2-propanol.
Accordingly a surface heavily reduced at
693 K in hydrogen would be expected to
show a high initial dehydrogenation activity
(Fig. 1). Due to the rapidity of the decay, it
was not possible to monitor differences in
initial dehydration activity.

As to the experiments with preadsorbed
water, we found complete suppression of
the transient dehydration activity and no in-
fluence on the dehydrogenation. Coadsorp-
tion of 2-propanol and water gave rise to
TPD spectra where the acetone peak was
unaffected and propene was selectively dis-
placed by hydroxyl groups (/7). In addi-
tion, the presence of a higher hydroxyl
coverage increased the amount of water de-
sorbed at a high temperature (around 700
K). An IR study (23) assigned the most sta-
ble hydroxyl adsorption states to polar
planes; it turns out that propene is mainly
formed on (0001) polar planes and acetone
on nonpolar planes as suggested by
Chadwick and O’Malley (17). Their results
did not exclude that propene could be
formed on nonpolar planes even in a lesser
amount with respect to polar planes. The
present results show that, in stationary con-
ditions, the fraction of sites active for dehy-
dration, located on nonpolar planes is not
effective possibly because of a fast self-poi-
soning due to the strongly held water.

Finally, the effect of acetone preadsorp-
tion can be discussed. A study of acetone
adsorption on ZnO by Chadwick and

O’Malley (17) yielded a TPD spectrum con-
taining a CQO, desorption peak at 750 K.
Given that the CO; desorption from carbon-
ate decomposition or from CO, adsorption
takes place at 580 K (24) it was inferred that
the evolution of CO, at 750 K derived from
the decomposition of a carboxylate com-
plex produced by oxidation of a surface
enol (17).

The long time required in the present
case to recover a stationary activity after
acetone adsorption could be a result of the
carboxylate decomposition and/or of the
highly activated oxidation of possible car-
bonaceous residues by surface hydroxyl
species.

As far as y-alumina is concerned, the
mechanism and the Kinetic parameters of
secondary alcohol dehydration have been
extensively reviewed in the past and the
results reported here have been presented
elsewhere in connection with a study of the
CuO/ALO; system (8). With regard to the
inactivity of zinc aluminate in the tempera-
ture range presently explored, this finding
agrees quite well with the classical work by
Alsop and Dowden (25). They clearly
showed that on stoichiometric zinc alumi-
nate no activity was present below 573 K
and that in the system ZnO/Al,O; the dehy-
drogenation reaction, when present, was
due to zinc oxide finely dispersed on the
surface.

Zinc Oxide/Alumina

Turning now to the ZnO/ALO; system
calcined at 773 K for 3 h, we recall that it
shows both dehydration and dehydrogena-
tion activities. The dehydration activity ap-
pears to depend on zinc content, time, and
temperature of calcination, whereas the de-
hydrogenation activity shows minor varia-
tions.

The picture can be rationalized by con-
sidering the surface chemistry of the ZnO/
ALO; system calcined at 773 K in air. It is
generally accepted that various oxides sup-
ported on y-alumina give rise to a surface
spinel (26-28). In particular, Zn** ions dif-
fuse into the T, vacant sites of the y-alu-
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mina (29). Strohmeier and Hercules (30)
calculated that saturation of the surface of
vy-alumina of 195 m%/g occurs at a metal con-
tent of approximately 21%. They also found
that, as the calcination temperature in-
creases, a greater percentage of zinc ions
can diffuse into the vy-alumina lattice and
that the percentage of metal ions in the
spinel form is the greatest at low metal
loading. However, they also claimed that
once all the available surface sites are satu-
rated, further addition of zinc can be ac-
commodated by segregation of a separate
ZnO phase (30).

The present results add more details to
this picture, In fact, even at the lowest zinc
contents (i.e., AZS and AZ1l5), a well-
developed dehydrogenation activity is
present. Because the E, values resemble in
all cases that of the pure ZnO, first-order
kinetics are obeyed as for ZnO, and, finally,
the behavior of reduced samples is quite
similar to that of ZnO, is is reasonable to
attribute the dehydrogenating activity to a
ZnO phase. At the same time, the E, values
found for the dehydration are in good
agreement with the value found for pure y-
alumina. Given that pure zinc aluminate is
completely inactive it is reasonable to at-
tribute the dehydration activity to the y-alu-
mina surface. Thus, the 2-propanol decom-
position appears to occur on two different
sites belonging to pure y-alumina and pure
Zn0, respectively, and any role of the in-
terface between zinc oxide and zinc alumi-
nate may be disregarded (31, 32).

The presence of a ZnO phase on the y-
alumina, even at low zinc content, deserves
further attention. The free energy of forma-
tion of bulk zinc aluminate from Al,O; and
ZnO in the range of 1060-1317 K is given
by

AG® = —59,022 + 4.89T J/mole (33).

However, the preparation of a bulk spinel is
still incomplete after a calcination at 1173 K
for 72 h (30).

Even though the surface reaction be-
tween zinc oxide and vy-alumina, as oppo-
site to bulk reaction, may require much

milder conditions, the present results
clearly show that, in addition to surface
zinc aluminate, some zinc oxide is still
present on the surface in a form unable to
give observable coherent diffraction. It may
be noted that, according to Strohmeier and
Hercules (30), the specimens AZS and
AZ15 have a zinc content insufficient to
give a monolayer of a surface spinel. The
valuable results of these authors (30) may
then be complemented by the present cata-
lytic results and it is possible to evaluate
the amount of the *‘free’’ zinc oxide present
on the surfaces. By neglecting, as a very
rough approximation, any difference in pa-
rameters such as crystallinity, crystal size,
defectivity, and, in general, morphology
and texture between pure zinc oxide and
free zinc oxide, the upper limits of surface
coverages of the free zinc oxide calculated
simply by the moles of acetone evolved per
gram of catalyst per second in stationary
conditions are 2.4, 5.2, and 16.6%, respec-
tively, for AZS5, AZ15, and AZ30 (Table 2).

Finally, the trend of the dehydration ac-
tivity may be discussed as a function of the
thermal treatments. The catalysts results
show that the dehydration activity in-
creased as the samples AZ15, AZ30, and
AZ36 underwent more severe thermal
treatments. From the kinetic parameters it
appears that the y-alumina is responsible
for the dehydration and an increasing num-
ber of sites on it are active when the time
and/or the temperature of calcination is in-
creased. In fact, by increasing the time and/

TABLE 2
Zn0 Coverages on AZx Samples (773 K, 3 h)

Sample T Acetone [6: 0 ZnO
(K) (mol x (cm?/s) (m%g..)
107/gcat)
Z0 518 2.62 0.387 10.0
AZS 519 0.85 0.530 4.4
AZ15 514 2.15 0.395 8.4
AZ30 519 6.70 0.415 27.5

2 Flow rate of effluent gas.
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or the calcination temperature, a greater
percentage of zinc ions can diffuse into the
v-alumina lattice. As a result the Zn/Al ra-
tios, measured by ESCA, decreased when
the calcination temperature was increased
from 673 to 873 K (30). In addition, the ISS
spectra, due to the shorter sampling depth,
indicate that the uppermost layers are de-
pleted to a greater extent than the outer
ones seen by ESCA (5-10 atomic layers)
(30). The present AZ15 sample (773 K for
27 h) exhibited a dehydration activity
slightly less than that of pure alumina, and
the calculated zinc oxide coverage dimin-
ished from 5.2 to 1.4%. Similarly, the ther-
mal treatments on AZ30 and AZ36 de-
creased the percentage of ZnO coverages,
and the dehydration activity was enhanced
almost to the level of that of the pure alu-
mina. It appears that, in spite of the lesser
quantity of ZnO present on AZ15 with re-
spect to AZ30 and AZ36, the complete dis-
solution of it is never realized. In addition,
the increase in dehydration and an easily
measurable dehydrogenation would suggest
that zinc migration from the surface zinc
aluminate into the alumina lattice is faster
than the surface reaction between free zinc
oxide and y-alumina.

In conclusion, for all the Zn loadings, the
surface of the ZnO/ALO; system, calcined
at 773 K, appears to be constituted by dis-
persed zinc oxide, surface zinc aluminate,
and pure y-alumina. The relative coverages
are a function of the zinc loading and of the
thermal treatments, but, in the conditions
experimentally used, a complete dissolu-
tion of ZnO into y-alumina has never been
observed Thus, the 2-propanol decomposi-
tion can be used as a probe reaction for
detecting surface heterogeneity not always
observable by means of other surface tech-
niques.
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