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In this work, we investigated the influence of preparation method, calcination temperature, and
Mg : Al atomic ratio on the basic properties of calcined hydrotalcites. The steady-state decomposi-
tion of 2-propanol at 593 K and atmospheric total pressure was studied to compare the surface
reactivities of the mixed oxides with those of pure MgO and ALO;. In general, the activity and
selectivity to propanone formation followed the order MgO = calcined hydrotalcities > alumina,
indicating that catalytically active basic sites are present on the calcined hydrotalcites. However,
the selectivity to propanone is influenced significantly by the method of hydrotalcite synthesis. In
addition, the observed activation energies and pre-exponential factors for propanone formation
compensated each other over mixed oxides of different Mg : Al atomic ratios, resulting in similar
areal reaction rates. The observed compensation effect can be explained by a shift in the rate-
determining elementary step on a nonuniform surface. No significant influence of calcination
temperature on the surface area and 2-propanol reactivity of hydrotalcite was observed for tempera-
tures of 723-923 K, whereas calcination of hydrotalcite at 1173 K resulted in lower surface area,
decreased selectivity to propanone, and formation of separate oxide phases. Temperature-pro-
grammed desorption (TPD) of CO, from calcined hydrotalcites indicated that the incorporation of
aluminum into MgO suppresses the formation of high-strength base sites normally associated with
pure MgO; however, low-strength base sites are still present on the mixed oxide. Based on results
from YAl NMR, XPS, CO, TPD, and 2-propanol reaction, we speculate that some Al is located at
the surface but is in a local oxidic environment not favorable for acid-catalyzed reactions that

typically occur over pure alumina.

INTRODUCTION

Hydrotalcite, or magnesium-aluminum
hydroxycarbonate, is a naturally occurring
anionic clay that reversibly decomposes
upon calcination at high temperature to form
a high-surface-area, basic, mixed oxide. The
structure of hydrotalcite is similar to that of
brucite, Mg(OH),, where Mg?* is octahe-
drally coordinated to the surrounding hy-
droxide ions. These magnesium hydroxide
octahedra share adjacent edges to form
sheets or layers. In hydrotalcite, some of
the magnesium is isomorphously replaced
by A’ and the atomic ratio of magnesium
to aluminum can be quite variable. How-

I Current address: Exxon Research and Engineering,
Florham Park, NJ 07932.
2 To whom correspondence should be addressed.

© 1992 Academic Press, Inc.

ever, values between 1.7 and 4.0 are usually
reported for Mg: Al atomic ratios in syn-
thetic samples. Recently, Shaper et al. syn-
thesized relatively pure hydrotalcite with an
Mg : Al ratio of 10 by strictly controlling co-
precipitation conditions (/). Substitution of
AP* for Mg?* produces net positive charges
on the metal hydroxide layers because the
AP remains octahedrally coordinated to
the hydroxyl groups. This layer charge in
naturally occurring hydrotalcite is balanced
by interlayer carbonate. Therefore, hydro-
talcites are capable of simple anion-ex-
change reactions and one area of current
research with hydrotalcites is pillaring the
layers with large anions to increase the inter-
layer spacing (2, 3). In addition to anions,
water molecules are also located between
the metal hydroxide layers.

The changes that occur during thermal
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decomposition of hydrotalcite have been de-
scribed previously by Reichle ef al. (4) and
Miyata (5). With increasing temperature, in-
terlayer water is lost first, followed by dehy-
droxylation and decomposition of interlayer
carbonate to CO,. Removal of CO, and
structural water from calcined hydrotalcite
is accompanied by a modest increase in spe-
cific surface area, ultimately yielding mixed
oxides of 200-300 m? g~ '. In addition, the
X-ray diffraction pattern of the resulting ox-
ide indicates a diffuse MgO structure with
no separate crystalline phases.

Calcined hydrotalcites are potentially
useful as base catalysts and catalyst sup-
ports since the high surface area is stable
to steam treatment (/). These materials are
active for typically base-catalyzed reactions
including aldol condensation of propanone
(6), double bond migration (I, 6), H-D
exchange of propanone and toluene (6), 3-
propiolactone polymerization (7), 2-propa-
nol decomposition (8), and condensation of
benzaldehyde (9). Calcined hydrotalcite has
also been used as a novel support for Pt
clusters in the catalytic aromatization of n-
hexane (/0, 11). Hydrotalcite synthesis,
characterization, and catalytic function
have been recently reviewed by Cavani et
al. (12).

This work describes the synthesis, char-
acterization, and reaction of 2-propanol
over a series of thermally treated hydrotal-
cites, magnesia and alumina. Characteriza-
tion techniques include X-ray diffraction,
elemental analysis, N, adsorption, tempera-
ture-programmed desorption of CO,, Al
NMR spectroscopy, and X-ray photoelec-
tron spectroscopy. The decomposition of
2-propanol was used to probe relative sur-
face acidity and basicity of the materials,
since 2-propanol usually dehydrogenates to
form propanone over basic catalysts and de-
hydrates to form propene over acidic cata-
lysts (13, 14).

EXPERIMENTAL METHODS

Preparation of Hydrotalcite and
Hydroxide Samples

Hydrotalcite samples were prepared by
coprecipitating an aqueous solution of mag-
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nesium and aluminum salts with a highly
basic carbonate solution (10, 11). The for-
mer solution contained Mg(NO,), -+ 6H,0
and AI(NO,), - 9H,0 dissolved in distilled,
deionized water at Mg: Al molar ratios of
5:1,3:1,and2: 1. The second solution con-
tained appropriate amounts of KOH and
K,CO; - 1.5H,0 so that the Al : CO3~ molar
ratio was equal to 2 and the pH of the final
solution was 8-10. Another series of hydro-
talcites was prepared with basic solutions of
NaOH and Na,CO, instead of the corre-
sponding potassium compounds; however,
most of the results presented are for the
samples prepared with K. All of the com-
pounds listed above were from Aldrich
(ACS Reagent Grade), except NaOH which
was from Fisher (Certified ACS Grade). The
precipitation was carried out by dropwise
addition of the two solutions at 333 K fol-
lowed by stirring overnight at 333 K. The
resulting white precipitate was both filtered
and washed with boiling, distilled, deionized
water three times and was then dried in air
at 373 K. Hereafter, the hydrotalcites and
the materials used in preparation are
identified by the approximate magnesium
to aluminum ratios, e.g., HT5:1-K or
HTS5: 1-Na. Magnesium hydroxide and alu-
minum hydroxide were also precipitated
separately by the addition of aqueous pot-
assium hydroxide to a magnesium nitrate
solution and an aluminum nitrate solution,
respectively. In addition, an MgO sample
from Ube Industries was also studied (15).

Characterization of Catalysts

Bulk elemental analyses of the hydrotal-
cites for magnesium and aluminum were
performed by Galbraith Laboratories. Addi-
tionally, some of these samples were ana-
lyzed for Na or K, which are possible impu-
rity cations from the synthesis procedure.
The surface compositions of some of the
calcined materials were also estimated from
X-ray photoelectron spectroscopy. The
samples were also examined with a Scintag
X-ray diffractometer using CuKe, radiation
at a scan rate of 1-2 degrees per minute.
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Specific surface areas were determined from
N, adsorption by applying the BET formal-
ism. Magic-angle-spinning Al NMR spec-
tra were recorded with a Bruker MSL 300
spectrometer operating at 78.171 MHz with
sample spinning rates of 9-12 kHz. The
chemical shifts are reported relative to a
1 M aqueous solution of AI(NO,); and are
not corrected for second-order quadrupolar
effects.

Temperature-programmed  desorption
(TPD) of preadsorbed CO, from the cata-
lysts was used to estimate the density of
surface base sites. An atmospheric pressure
flow system with a quadrupole mass spec-
trometer was used for the experiment. First,
a fresh catalyst sample was heated at a rate
of 4 K min "' in flowing He and then calcined
in He for 4 h at 823 K. The release of CO,
from hydrotalcite during decomposition was
monitored by the mass spectrometer. Fol-
lowing calcination, the sample was cooled
to room temperature (RT) and exposed to
flowing CO, (Air Products, 99.99%) for
0.5 h. The system was then purged with He
carrier gas to remove weakly adsorbed CO,.
The temperature of the sample was in-
creased linearly by 10 K min~' from RT to
723-823 K to desorb CO, from the catalyst
surface into the He carrier stream while the
CO, concentration was monitored with the
mass spectrometer. The amount of CO, de-
sorbed was quantified by comparing the area
under the TPD curve to the peak areas of
CO, calibration pulses injected after each
experiment.

Reaction of 2-Propanol

The steady-state reaction of 2-propanol at
atmospheric pressure was carried out in a
single-pass, flow system operating at differ-
ential conversion (<5%). Liquid 2-propanol
(Fisher, HPL.C Grade) was pumped into a
constant temperature vaporizer where it
mixed with a flowing He stream (Roberts
Oxygen, 99.99%) that was regulated by a
mass flow controller. The He was used as
received without additional purification;
however, the alcohol reservoir was continu-
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ously sparged with He to remove dissolved
gases. The 2-propanol/He mixture was fed
to the reactor which was a quartz U-tube
with a quartz frit to support the catalyst
pellets and a thermocouple in contact with
the catalyst, surrounded by a furnace. The
vaporizer and all transfer lines were heated
to about 400 K to prevent condensation in
the system. Before loading the reactor, fresh
catalyst was pressed without binder,
crushed, and size separated to produce cata-
lyst pellets with diameters between 0.25 and
0.42 mm. Typically 0.5-1.0 g of catalyst pel-
lets were placed in the reactor, heated at a
rate of 4 K min~!, and calcined in a flowing
helium stream before feeding 2-propanol.
During our usual start-up procedure, the re-
actor was cooled to 593 K after calcination
and a flowing 2-propanol/He mixture (1:1
molar ratio) bypassed the reactor until a
steady flowrate was reached. Feed gases
were then introduced to the catalyst bed and
product gases were analyzed downstream
by an on-line gas chromatograph with an
FID detector. Since little change in 2-propa-
nol conversion was observed after 1-2 h of
operation, all rate data are reported after
this steady state was achieved. The only
products detected in significant quantity
were propanone and propene. Therefore,
product selectivities are defined by the num-
ber of moles produced of either propanone
or propene divided by the total moles of
propanone and propene. Activation ener-
gies and pre-exponential factors were deter-
mined from rate measurements over a tem-
perature range of 573-613 K.

RESULTS
Catalyst Characterization

The elemental analyses for the Mg and Al
contents of the synthetic hydrotalcites are
shown in Table 1. As expected, the mea-
sured Mg : Al atomic ratios are very similar
to the ratios in the original precipitation so-
lutions. Results from X-ray diffraction con-
firmed that all of the hydrotalcites were suc-
cessfully prepared without forming any
separate phases. In addition, the d-spacing
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TABLE 1

Bulk Elemental Analysis of as-Synthesized
Hydrotalcites

Hydrotalcite sample® Measured Mg: Al

atomic ratio
HT5:1-K 4.57
HT3:1-K 3.09
HT2:1-K 1.87
HTS5:1-Na 4.40
HT3:1-Na 3.00
HT2:1-Na 2.01

@ Sample designation refers to the nominal Mg: Al
atomic ratio expected from the synthesis conditions
and to the method of preparation (K or Na precursors).

associated with the 003 peak in the hydrotal-
cite pattern, which is related to the inter-
layer spacing, decreased with increasing
aluminum content and is consistent with
earlier results for hydrotalcites with various
Mg : Al ratios (I). The X-ray patterns of the
precipitated aluminum hydroxide and cal-
cined alumina showed both to be mixtures
of different phases. To make proper com-
parisons, the synthesis conditions were sim-
ilar to those used to form hydrotalcite.
Therefore, optimization of the alumina syn-
thesis procedure to obtain a pure phase was
not performed.

The hydrotalcites were decomposed to
give Mg(A)O mixed oxides by heating in a
helium stream to 723-923 K. Figure 1 shows
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FiG. 1. Release of CO, from HT5:1-K during

calcination in flowing He with a heating rate 4 K min~'.
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a representative profile of CO, evolution
from HTS5:1-K during decomposition.
Since the quantity of CO, represented by
the area under the decomposition curve cor-
responded closely to half of the Al content
in the sample, decomposition of the hy-
droxycarbonate is essentially complete
above 650 K. However, residual surface hy-
droxyl groups may still be present. After
calcination for 4 h, the resulting mixed ox-
ides were examined by CO, temperature-
programmed desorption in order to measure
the density of surface base sites. The TPD
profiles for MgO (Ube Industries), MgO
from calcined Mg(OH),, HTS5:1-K,
HT3:1-K, and HT2:1-K, and Al,O, are
shown in Fig. 2 after calcination at 823 K.
The profiles reveal a significant difference
in CO, adsorption strengths between MgO
and the calcined hydrotalcites. All the TPD
curves have a peak at about 400 K, but both
MgO samples also desorbed significant
quantities of CO, at higher temperatures.
Apparently, more high-strength base sites
exist on the surfaces of the MgO catalysts
than on the calcined hydrotalcites or alu-
mina. The surface areas and base site densi-
ties for these materials are reported in Table
2. Magnesia has the lowest surface area (200
m? g~!) and alumina the greatest (290 m?
g~ "), while the surface areas of calcined hy-
drotalcites are in-between those of the pure
materials. The base site densities measured
by CO, TPD also varied with sample. The
greatest density was found on Ube MgO
(5.3 x 10~°mol m?), followed by MgO ex-
hydroxide (4.4 x 107 mol m~2), then the
calcined hydrotalcites (2-3 X 107% mol
m~2), and, as expected, the lowest base site
density was measured on alumina (1.4 X
10~¢ mol m~?). No significant difference in
surface areas or base site densities were
measured for the calcined hydrotalcites pre-
pared with Na precursors.

The magic-angle-spinning Al NMR
spectra of representative calcined hydrotal-
cites and alumina (calcined at 823 K) shown
in Fig. 3 reveal that aluminum is coordinated
to oxygen primarily in two environments.
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The peak around 0 ppm is attributed to octa-
hedrally coordinated aluminum, Al(o), and
the peak around 50-80 ppm is attributed to
tetrahedrally coordinated aluminum, Al(t)
(16). The spectra in Fig. 3 compare the in-
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Fi1G. 2. CO, TPD profiles for (a) MgO, Ube Indus-
tries, (b) MgO ex-hydroxide, (¢) HTS5:1-K, (d)
HT3:1-K, () HT2: 1-K, and (f) Al,O;. A heating rate
of 10 K min~! was used and all samples were calcined
at 823 K for 4 prior to TPD.
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TABLE 2

Specific Surface Areas and Base Site Densities of
Samples Calcined at 823 K

Sample Surface area® Base site density?
m? g™ (10~ mol m~?)

MgO* 200 4.4
MgO (Ube)! 100 5.3
HTS:1-K 230 2.2
HT3:1-K 210 29
HT2:1-K 230 2.8
HT5:1-Na 200 1.9
HT3:1-Na 220 22
HT2:1-Na 240 2.5
Al,O, 290 1.4

¢ Determined by N, adsorption.

b Determined by adsorption and TPD of CO,.

¢ Magnesia prepared by calcination of Mg(OH),
4 Magnesia from Ube Industries.

fluence of preparation and Al content on
the coordination geometry since (a) and (b)
correspond to HTS:1-K and HT5: 1-Na,
respectively, and (c) and (d) correspond to
HT2:1-K and HT2:1-Na, respectively.
The spectrum for pure alumina is included
in (e) for reference. Although accurate de-
termination of a true Al(t)/Al(o) atomic ratio
in a sample is complicated by asymmetric
line broadening from secondary quadrupo-
lar effects, general trends can be observed
by simply comparing the integrated peak in-
tensities. The Al(t)/Al(o) ratios estimated
from the integrated peak intensities are 1.1
for HTS : 1-K and 0.58 for HT5: 1-Na. The
Al(t)/Al(o) ratios are calculated to be 0.70
for HT2: 1-K and 0.27 for HT2 : 1-Na. The
Al(t)/Al(o) ratio for alumina is estimated to
be 0.40. These results show that the propor-
tion of Al(t) is influenced significantly by
both the hydrotalcite preparation method
and Al content. Both calcined hydrotalcite
samples prepared with K have a greater pro-
portion of Al(t) than their Na analogues,
although the samples containing K and Na
have nearly identical bulk compositions. In
addition, a general trend of decreasing Al(t)/
Al(o) with increasing Al content in the hy-
drotalcite samples prepared with the same
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Fi1G. 3. 7 Al NMR spectra of representative aluminum
containing samples after calcination at 823 K for 4 h.
The spectra correspond to (a) HTS5:1-K, (b)
HTS:1-Na, (¢) HT2:1-K, (d) HT2:1-Na, and (e)
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precursors is also evident. Since the alumina
sample was prepared with K, it also follows
this trend.

The samples analyzed by magic-angle-
spinning 2’Al NMR spectroscopy were then
examined by X-ray photoelectron spectros-
copy to determine the elemental composi-
tion of the surface region. The Mg: Al
atomic ratios measured by XPS for calcined
HT5:1-K and HT2: 1-K were 2.4 and 1.5,
respectively, although the overall bulk ra-
tios for the same samples determined by
elemental analysis were 4.57 and 1.87, re-
spectively. Similar data were obtained for
the Na samples. These results indicate that
the surface regions of calcined hydrotalcites
are enriched in Al. Additionally, the differ-
ences in the surface composition compared
to the bulk composition are greater for the
5:1samples thanthe 2 : 1 samples. The sam-
ples Mg(OH),, HT5: 1-K, and HTS: 1-Na
were also analyzed for bulk K or Na and the
maximum cation impurity levels {Imp/(Mg
+ Al + Imp)} were measured at 2 at.% for
HTS5: 1-K. More importantly, the absolute
surface concentrations of K and Na in
HT5:1-K and HTS5 : 1-Na were calculated
from XPS to be 1.4 and 1.3 at.%, respec-
tively, which demonstrates that the 5: 1 hy-
drotalcites have nearly the same surface
concentrations of impurity cations as well
as Mg and Al.

Reaction of 2-Propanol

A linear variation of conversion with
space time was observed over the range of
conversions studied (0—-5%) confirming that
the reactor operated in a differential mode.
In addition, heat and mass transfer correla-
tions verified that no significant inter- and
intraparticle gradients exist at the condi-
tions used. Varying the alcohol partial pres-
sure betwen 30 and 70 kPa did not affect the
observed rate over calcined hydrotalcite.
Therefore, the decomposition of 2-propanol
can be considered a zero-order reaction
over these materials.

Kinetic results from the reaction of 2-pro-
panol over hydrotalcites calcined for 4 h at
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TABLE 3

Steady-State Reaction Rates for the Conversion of
2-Propanol at 593 K

Catalyst Calcination Rate of Selectivity to
temperature? propanone propanone®
(K) formation (%)
(10" °mol m~2s71)

MgO 723 16 97
HT5:1-K 723 11 90
HT3:1-K 723 6.5 85
HT2:1-K 723 6.1 74
MgO(Ube) 823 31 84

MgO 823 12 97
HTS: 1-K 823 7.3 94
HT3:1-K 823 6.7 84
HT2:1-K 823 7.5 70
HT5:1-Na 823 11 58
HT3:1-Na 823 8.7 66
HT2:1-Na 823 7.4 51

ALO, 823 2.7 2.5

MgO/ALO4(3: 1) 823 8.2 17

MgO 923 13 96
HT5:1-K 923 33 88
HT3:1-K 923 5.1 76
HT2:1-K 923 5.9 64
HT3:1-K 1173 1.7 54

@ Calcination was carried out in flowing He for 4 h at the indicated
temperarture.

b Selectivity is defined as the rate of formation of propanone divided
by the sum of rates of formation of propanone and propene.

¢ This sample is made by physically mixing pure MgO and Al,0, in a
3:1 Mg: Al atomic ratio.

various temperatures are presented in Table
3. Reaction rates and selectivities are re-
ported at a common temperature of 593 K
for typical conversions of 1-3%. The spe-
cific rate of propanone formation was great-
est over the Ube MgO catalyst (31 x 10~°
mol m~2 s~ ') exceeding by about a factor of
2 the rate over MgO prepared by calcination
of Mg(OH), (12-16 x 10=° mol m~? s~1).
The propanone formation rates over the hy-
drotalcites calcined at 723-923 K ranged
from 3.3 to 11 x 107° mol m~2 s~! which
are similar to the rates measured over
MgO ex-hydroxide. The selectivity to pro-
panone formation was greatest over MgO
ex-hydroxide (97%).

The selectivity to propanone over cal-
cined hydrotalcites was influenced by both
the aluminum content and preparation
method. For the hydrotalcites prepared with
K precursors, the propanone selectivity de-
creased as Al content increased. However,
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no trend in propanone selectivity with alu-
minum content was observed over calcined
hydrotalcites prepared with Na. Also, the
selectivities over hydrotalcites prepared
with Na were generally poorer than those
measured for the K samples at identical con-
ditions. Even though Na and K were de-
tected in small amounts by XPS, we believe
that 2-propanol reacts primarily on Mg(Al)O
surface sites and not on the highly basic
oxides of Na and K. The nearly constant
rates of propanone formation over MgO and
calcined hydrotalcites (Table 3) support this
conclusion.

The specific rate of propanone formation
over HT3:1-K calcined at 1173 K was
1.7 x 10~ mol m~2 s~ ! and the propanone
selectivity was 54%, both of which are sig-
nificantly less than the values measured for
HT3: 1-K calcined in the temperature range
0f 723-923 K. In addition, high-temperature
calcination reduced the surface area (com-
pared to low-T calcination) and caused the
formation of crystalline spinel which was
detected by X-ray diffraction.

The activation energy, E,, and pre-expo-
nential factor, A, for propanone and pro-
pene formation were calculated from rate
measurements over the temperature range
573-613 K. As shown by the representative
data in Figs. 4 and 5, the Arrhenius plots are
markedly linear over the range of tempera-

In(rate)
®
‘.p
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1000/T (K1)

Fi1G. 4. Variation of the propanone formation rate
(mol m? s~') with temperature over (a) MgO, ex-hy-
droxide, and (b) HT5: 1-K, both calcined at 823 K.
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tures studied which is consistent with a lack
of transport effects on the kinetic data. Val-
ues of the activation energies and pre-
exponential factors for reactions over MgO,
calcined hydrotalcites, and alumina (all
calcined at 823 K) are reported in Table 4.

Several interesting observations are
noted. First, the lowest activation energies
and pre-exponential factors for propanone
formation were calculated for pure MgO and
Al,O;. However, for the hydrotalcite series
prepared with K, both A and E, significantly
increased from the values measured for the
pure oxides. For example, the pre-exponen-
tial factor and activation energy for
HTS5 : 1-K were greater than the respective
values for MgO by about four orders of mag-
nitude and 40 kJ mol~'. In addition, both A
and E, decreased as the aluminum content
of the hydrotalcites increased. These trends
for the K series hydrotalcites were also ob-
served for samples calcined at 723 and
923 K, demonstrating that the results are
reproducible. For the materials prepared
with Na, no influence of Al content on E,
and A was observed, but the Arrhenius pa-
rameters were greater than those calculated
for pure MgO.

The lowest activation energy for propene
formation was calculated for pure alumina.
The activation energies and pre-exponential
factors for the calcined hydrotalcites were

In{rate)

-20

W (b)

214

162 184 166 188 170 172 174 176
1000T (K1)

Fi1G. 5. Variation of the propene formation rate (mol
m? s~!) with temperature over (a) ALO; and (b)
HT2:1-K, both calcined at 823 K.
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greater over the K-prepared samples than
those prepared with Na. In fact, the activa-
tion energies found over the K series were
similar to the value calculated for pure MgO.
The E, and A for propene formation over
both the K and Na series calcined hydrotal-
cites were little affected by the aluminum
content of the sample.

DISCUSSION

The coprecipitation conditions used in
this work satisfactorily produced magne-
sium aluminum hydroxycarbonates with the
desired compositions. Reichle reports that
coprecipitation of Mg and Al salts results in
hydrotalcite crystals for Mg : Al atomic ra-
tios of about 2—4 (/7). For compositions out-
side that range, hydroxides of Al and Mg
can form in the product. We found no evi-
dence of crystalline phases other than hy-
drotalcite over the entire range of Mg: Al
atomic ratios from 1.9 to 4.6. In addition,
recent work by Shaper et al. demonstrates
that nearly pure hydrotalcite can be synthe-
sized with Mg : Al of 10: 1 if the coprecipita-
tion is performed under strictly controlled
conditions of mixing, temperature, and
pH (1).

The thermal decomposition of hydrotal-
cites has been studied previously in great
detail (4, 5). In general, hydrotalcite loses
interlayer water after heating to about
400-600 K. Above about 600 K, increases
in specific surface area and pore volume re-
sult from evolution of structural water and
CO,. The X-ray diffraction patterns of mate-
rials calcined between 600 and 800 K may
show both MgO and HT crystal structures,
indicating that decomposition is incomplete.
However, only the magnesia crystal struc-
ture is detected in materials calcined at tem-
peratures near 800 K. These mixed oxides
are metastable since very-high-temperature
calcination (~1200 K) causes the formation
of the separate oxide phase MgAl,O, as well
as MgO (5).

Hydrotalcites were usually calcined at
temperatures between 723 and 923 K which
is in the range where hydroxycarbonate
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TABLE 4

Pre-exponential Factors and Activation Energies for the Formation of Propanone and Propene
from 2-Propanol®

Catalyst A Propanone E, Propanone A Propene E, Propene
(10* mol m~2 571 (kJ mol™1) (10* mol m~%s7Y (kJ mol™H
MgO 0.73 134 @° (160
HT5:1-K 940 172 (97) (174)
HT3:1-K 67 159 25 163
HT2:1-K 6.2 146 68 160
HT5:1-Na 8.3 146 1.0 126
HT3:1-Na 12 149 0.71 137
HT2:1-Na 12 150 0.52 133
Al 0, (0.41) 138y 2.6 118

¢ All samples were calcined at 823 K for 4 h in flowing He.
¢ Values in parentheses are not considered as reliable as the other values in the table since very small amounts

of the product were formed at low temperatures.

completely decomposes without forming
crystalline spinel. Gas-phase CO, was moni-
tored during decomposition in order to de-
termine the temperature at which decarbon-
ation was complete. As shown in Fig. 1,
HT5:1-K released all the interlayer car-
bonate by 650 K, which is consistent with
the description of thermal decomposition
given above. In addition, X-ray diffraction
patterns of the calcined materials showed
that the MgO structure was generated, con-
firming that decomposition was complete.
These activated materials were then investi-
gated by CO, TPD, YAl NMR, XPS, and
reaction of 2-propanol.

The fraction of total surface lattice oxide
atoms that are surface base sites can be esti-
mated from the results in Table 2. If the
surface of MgO powder is assumed to pref-
erentially expose the (100) face and if the
Mg-O interatomic distance is the crystal
bond distance of 0.21 nm, then the surface
lattice oxide density is 1.1 x 10" atoms
cm >, Therefore, about one-quarter of the
surface lattice oxygen atoms of the MgO ex-
hydroxide and MgO from Ube Industries act
as surface base sites for the adsorption of
CO,. This compares to 10% found by Kuro-
kawa et al., who studied CO, TPD from
MgO that was pretreated at 873 K for 2 h in

He (18). In addition, Choudhary and Pandit
investigated the influence of Mg(OH), prep-
aration and calcination on the capacity for
CO, adsorption (/9). For an hydroxide sam-
ple prepared and calcined at conditions simi-
lar to those described in Table 2, they report
a total base site density of 4.6 x 10~% mol
m™2, which corresponds to about one quar-
ter of the total surface lattice oxide density
and is in excellent agreement with the basic-
ity of MgO ex-hydroxide reported in this
work. The base site densities of the calcined
hydrotalcites are about half of the value
measured for pure MgO and correspond to
about 10-15% of the total surface oxide
atoms, assuming that the oxide density is
about the same as that of pure MgO. Since
the X-ray diffraction patterns of all calcined
hydrotalcites revealed a slightly distorted
MgO structure, the surface oxide concentra-
tion is probably similar to that of pure MgO.

The results from CO, TPD also indicate
the relative strengths of the surface base
sites. The TPD curves from both MgO sam-
ples in Fig. 2 show a desorption peak at
relatively low temperature and a significant
broad shoulder at higher temperatures. In
fact, the CO, associated with the high tem-
perature shoulder is at least half the total
amount of adsorbed CO, on MgO. How-
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ever, the number of high-temperature ad-
sorption sites is lower on the Mg(Al)O sam-
ples than on the pure MgO samples. This
loss of high-temperature, or high-strength,
surface base sites is largely responsible for
the decrease in basicity measured for the
calcined hydrotalcites (Table 2). Appar-
ently, the incorporation of Al into the pre-
cursor materials alters the final basicity by
inhibiting the formation of strongly basic
surface sites. Kurokawa et al. report that
the total base site density of MgO impreg-
nated with Al is an order of magnitude lower
than that of pure MgO (/8), which is far
lower than any differences between the cal-
cined hydrotalcites and MgO reported here.
In fact, Table 2 shows that pure alumina
has a CO, adsorption capacity one third the
value of pure magnesia.

Magic-angle-spinning Al NMR spec-
troscopy was used to investigate the chemi-
cal environment of Al in the Mg(Al)O struc-
ture. The spectra of Fig. 3 show that both
octahedrally and tetrahedrally coordinated
Al exist in all the mixed oxides as well as
pure alumina. The pure alumina spectrum is
similar to those obtained by Slade et al. (16)
and John et al. (20), who studied the thermal
transformations of alumina hydrates by 7Al
NMR spectroscopy. Dehydration of both
bayerite and boehmite at 800-900 K (the
conditions used in this work) results in alu-
minas with Al(t)/Al(o) ratios of 0.3-0.4,
which are close to the value of 0.40 mea-
sured in this work (20). John et al. speculate
that the large amount of tetrahedral species
observed in transitional aluminas may result
from the typically high specific surface areas
of calcined hydrates which expose a signifi-
cant fraction of Al to the surface (20). Addi-
tionally, the defect spinel structure of y-alu-
mina accounts for the presence of both
tetrahedral and octahedral Al in a ratio of
0.33 (16).

The situation is very different for the
mixed oxides. A significant fraction of tetra-
hedrally coordinated Al is also present in
the mixed oxides and in most cases exceeds
that of pure alumina. Since only peaks asso-
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ciated with MgO were detected in the X-ray
diffraction patterns of the calcined hydrotal-
cites, no separate, crystalline, spinel phases
exist that could account for the tetrahedral
aluminum. However, an amorphous phase
not detected by X-ray diffraction may con-
tribute to the observed Al(t) peak. If the
Al was distributed randomly throughout the
Mg(ADO crystals, it is expected that the
Al(t)/Al(o) ratio would be less than that of
pure alumina since the surface areas of the
calcined hydrotalcites were less than that of
alumina, thus exposing fewer Al atoms to
the surface. However, our XPS results show
that the Mg : Al ratio at the surface is less
than the bulk composition, indicating that
the Al is not randomly distributed but in-
stead concentrates near the surface. There-
fore, the tetrahedral peak may be produced
by surface Al. Reichle also observed the
presence of Al(t) by NMR and measured an
increase in Al surface concentration by XPS
for hydrotalcite calcined at 723 K (4). In
addition, Reichle reports that the surface
Mg : Al ratio is a fairly strong function of
calcination temperature but does not specu-
late on the mechanism for the reorganization
of the surface (¢). Derouane et al. propose
that high Al(t)/Al(o) ratios in calcined hydro-
talcites result from Al migration to intersti-
tial sites of tetrahedral symmetry (27). Our
comparison of the K-samples with the Na-
samples in Fig. 3 shows that the method
of hydrotalcite preparation also affects the
extent at which Al is tetrahedrally coordi-
nated. Why this is the case is not yet clear.

The reaction of 2-propanol was used to
probe the surface reactivity of calcined hy-
drotalcites. Generally, 2-propanol dehydro-
genates to propanone over basic catalysts
and dehydrates to propene over acidic cata-
lysts (13, 14). Therefore, the selectivity of
the 2-propanol reaction measures the rela-
tive acidity and basicity of the mixed oxides
compared to the pure materials. As ex-
pected, the selectivity favored propanone
(97%) over basic MgO and propene (98%)
over acidic Al,O,. However, the rate and
selectivity of the reaction over calcined hy-
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drotalcites depended on many factors, in-
cluding Mg: Al atomic ratio, method of
preparation, and calcination temperature.

The rates of propanone formation cata-
lyzed by hydrotalcites calcined at
723-923 K were essentially the same, vary-
ing by less than a factor of two. Also, the
rates over the mixed oxides equalled ap-
proximately half the rate over pure MgO.
The specific rates of propanone formation
over magnesium hydroxide and MgO (Ube)
calcined at 823 K were 12 x 1077 and 31
x 107 mol m~2 s™!, respectively. These
values compare to 2.1 X 10" mol m~%s~!
(22),2.0 x 10 molm~2s~'1(23), and 25 X
10~ mol m~2 s~ ! (24) measured over MgO
and converted to our conditions. If sufficient
data were not provided in the cited papers,
then the rates were calculated from the acti-
vation energy measured in this work assum-
ing a zero order reaction. Our specific rates
over calcined hydrotalcites fall within the
range of values reported for pure MgO. In
addition, the selectivity toward propanone
over all hydrotalcite samples was greater
than 50%, indicating that little acidity at the
surface is produced by aluminum incorpora-
tion. To confirm this result, 2-propanol was
reacted over a physical mixture of MgO/
AL O; (Mg: Al = 3) and the selectivity was
compared to that obtained over a calcined
hydrotalcite with the same Mg: Al ratio.
The selectivities for propanone formation
over MgO/AL,O; and HT3: 1-K (see Table
3) are 17 and 84%, respectively, confirming
the lack of significant acidity on the hydro-
talcite surface. Apparently, AI’* located
primarily in a MgO Ilattice is less active for
dehydration relative to alumina.

Since results from Al NMR spectros-
copy and XPS indicate that Al concentrates
at the surface of calcined hydrotalcites, we
conclude that the surface Al is in a local
oxidic environment that does not favor acid-
catalyzed reactions that typically occur over
pure alumina.

The influence of hydrotalcite preparation
on selectivity can partially account for the
observation of Kelkar et al. that both dehy-
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TABLE §

The Compensation Effect for Propanone Formation
over Calcined Hydrotalcites

Catalyst A Propanone® E, Propanone
(s7h (kJ mol~h)
HTS: 1-K 43 x 10 172
HT3:1-K 2.3 x 10" 159
HT2:1-K 2.2 x 10 146
MgO 1.6 x 107 134

¢ Pre-exponential factors were calculated from the
values reported in Table 4 (823 K) normalized by the
base site densities in Table 2.

drogenation and dehydration of 2-propanol
occur over calcined hydrotalcite (Mg/Al =
3) at comparable reaction temperatures (8).
Most of the samples in their study were pre-
pared by coprecipitation of nitrate salts with
NaOH; however, the selectivities for propa-
none formation shown in Table 3 over cata-
lysts prepared using NaOH were signifi-
cantly less than those of samples prepared
using KOH, but were similar to the values
reported by Kelkar et al. (8). In addition,
Kelkar et al. observed very little tetrahe-
drally coordinated Al by NMR in their hy-
drotalcite after calcination at 723 K unlike
the rather large fraction of Al(t) reported in
this work. Apparently, direct comparison of
calcined MgAl oxides is complicated by the
sensitivity of surface properties to prepara-
tion conditions.

The origin of the compensation effect for
propanone formation over the hydrotalcite
series prepared with K precursors is not en-
tirely clear. Since the activation parameters
were determined near the isokinetic temper-
ature, it could be argued that variations in
A and E, are due to scatter in the data (25);
however, the reported values are reproduc-
ible and the Arrhenius plots shown in Figs.
4 and 5 are linear. If the active site density
is assumed to approximately equal the base
site density measured by CO, TPD, then the
pre-exponential factors equal the values in
Table 5. This assumption is partially justi-
fied by the results of Peng and Barteau, who
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probed the reactivity of surface acid-base
pairs on magnesia (26). They reported a cov-
erage of 0.34 for methanol dissociatively ad-
sorbed on a sputtered MgO (100) surface at
300 K. This compares to our estimate that
one-quarter of the MgO powder surface is
covered by CO,. The largest pre-exponen-
tial factor of 4.3 x 102 s~ ! for HTS: 1-K is
near the value of kT/h ~ 10 s~! expected
from transition state theory for a unimolecu-
lar, surface reaction (27). However, the
value of the pre-exponential factor de-
creases by three orders of magnitude over
the series in Table 5, with that of MgO being
the lowest. Since surface areas and base site
densities vary by only a factor of 2 through-
out the series, we believe that the decrease
in pre-exponential factor cannot be ac-
counted for by a three orders of magnitude
decrease in active site concentration.

A possible explanation for a variation in
A and E, is a shift in the rate-determining
step. The sequence of elementary steps for
the dehydrogenation of 2-propanol over ba-
sic oxides is generally believed to begin with
the dissociative chemisorption of alcohol to
give surface alkoxide (isopropoxide) and a
hydrogen atom (28, 29). The later steps
probably include: (2) removal of the second
hydrogen from adsorbed isopropoxide giv-
ing adsorbed propanone; (3) hydrogen atom
recombination and desorption; and (4) pro-
panone desorption. Szabé et al. also ob-
served a compensation effect for the reac-
tion of 2-propanol over MgO, CaO and SrO,
where the pre-exponential factor over MgO
was three orders of magnitude less than that
over SrO and four orders of magnitude less
than that over CaO (22). They explained the
variation of A by a shift in rate-determining
step from alkoxide dehydrogenation over
MgO to propanone desorption over CaO and
SrO and we can apply their reasoning to
the results in Table 5. The pre-exponential
factor for the observed zero-order reaction
can be written from transition state theory
as [(kT/h) - exp(AS°T/R)], where AS®T is the
molar entropy of formation of the transition
state at the standard state and R is the gas
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constant. The quantity AS°f/R for the re-
moval of hydrogen from adsorbed isopro-
poxide is likely to be negative since the tran-
sition state probably has fewer rotational
and vibrational modes than the adsorbed
alkoxide. In fact, Szabo er al. estimate the
pre-exponential factor for this step to be 10?
s~1, which is close to the value reported in
Table 5 for propanone formation over MgO
(22). Since the pre-exponential factor for
HT5:1-K is obtained by assuming (AS°t/
R) ~ 0, the rate-determining step over this
catalyst may be the unimolecular desorption
of propanone. Also, propanone adsorbed on
basic oxides such as MgO and ZnO is known
to form a stable surface enolate species
(28-31). Although incorporation of alumi-
num into MgO suppresses the formation of
strong basic sites as measured by CO, TPD,
the presence of AP+ at the surface of
Mg(AO may stabilize the formation of
strongly bound propanone thereby altering
the overall steady-state kinetics of alcohol
decomposition.

Temperature-programmed desorption of
propanone from the Zn(0001) polar surface
of ZnO indicates that propanone can be
strongly adsorbed on a metal oxide (31).
After preadsorption of propanone at 300 K,
the TPD spectrum exhibited a peak maxi-
mum at ~450K, with a significant tail at
higher temperatures. The activation energy
for propanone desorption is calculated to be
120 kJ mol ! using the equation of Redhead
and assuming a pre-exponential factor of
10" s~ ! (32). In addition, the propanone de-
sorption peak maximum in the temperature-
programmed reaction profile of 2-propanol
adsorbed on Zn(0001) is 455 K, suggesting
that the rate constant for dehydrogenation
of adsorbed alkoxide is similar to that of
propanone desorption. These results are
consistent with the observation in this work
of nearly equivalent rates of 2-propanol de-
hydrogenation over MgO and calcined hy-
drotalcites even though the rate-determin-
ing step may shift throughout the catalyst
series.

The concept of a nonuniform surface on
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the catalyst powders may further explain
how pre-exponential factors can be between
the two extremes found for MgO and
HTS5 : 1-K. Zwicker et al. (33) and Vohs and
Barteau (31) studied the decomposition of 2-
propanol over the polar faces of ZnO single
crystals and found that reactivity was highly
dependent on the exposed crystal plane. Re-
sults from work with single crystals indicate
that metal cations at the surface are neces-
sary to form the active site since the
oxygen-terminated surface is completely
inactive for reaction. In contrast, Djéga-
Mariadassou et al. reported that 2-propanol
decomposition over oriented ZnO powders
is structure insensitive (34). The propanone
formation rates in Table 3 may initially sug-
gest that the reaction over MgO and cal-
cined hydrotalcites is also structure-insensi-
tive. However, as discussed above, these
results are measured near the isokinetic
temperature so that rates over all samples
are nearly equivalent. Also, since catalyst
powders have many different crystal planes
that expose cations and anions in various
states of coordination, we do not believe
that structure sensitivity or insensitivity of
alcohol decomposition over oxide materials
can be easily inferred by comparing rates
over different catalyst powders. However,
our results showing different CO, adsorp-
tion sites on the various MgO and Mg(Al)O
materials indicate that the surfaces of the
catalysts are nonuniform. Also, single-crys-
tal studies demonstrate conclusively that
the 2-propanol decomposition is extremely
sensitive to surface structure and justify the
evaluation of the overall reaction kinetics in
the framework of a nonuniform surface.

The two-step sequence of surface reac-
tions for the formation of propanone from
2-propanol over MgO and Mg(Al)O is pro-
posed

0]
@

where (1) corresponds to the removal of the

(propanone),g,— ........ ,
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second hydrogen atom from the adsorbed
alkoxide with rate constant &, and (2) corre-
sponds to the desorption of propanone with
rate constant k,. All other steps and surface
intermediates are considered to be kinet-
ically insignificant. From the kinetic treat-
ment of two step reactions over nonuniform
surfaces developed by Temkin (35), we can
write for a total surface site density [L]:

ki ks
(S A () R

where the superscript zero refers to the val-
ues of the rate constants on sites having the
greatest affinity for the reaction and 7 is an
integration constant of order 1. The expo-
nent m is the difference of two terms with
physical meanings, m = a — 7y, where « is
a transfer coefficient or Brgnsted parameter
that can vary from 0 to 1 and v is related to
the distribution of sites on the surface. A
linear distribution of sites corresponds to
v = 0. The reaction rate is independent of
the gas-phase 2-propanol concentration
which agrees with the experimental results.
For m = 1, the rate expression in (3) reduces
to the rate of step (2), the desorption of
propanone, and the preexponential factor is
expected to be 10" s~!. At the other ex-
treme, for m = 0, the overall rate is equal to
the rate of step (1), the dehydrogenation of
adsorbed alkoxide, and the pre-exponential
factor is expected to be lower than 10 s !
as discussed earlier. These two limits may
explain the observed pre-exponential fac-
tors over HTS : 1-K and MgO and are con-
sistent with the recent definition proposed
by Boudart and Tamaru for a rate determin-
ing step of a catalytic sequence with two
exergic steps (36). In addition, modification
of the surface nonuniformity by additional
aluminum incorporation can result in differ-
ent values for m (0 < m < 1) which would
give preexponential factors between the val-
ues for steps (1) and (2) without assuming
the existence of a single rate-determining
step.

The compensation effect for propanone
formation was not observed over the hydro-

v=r1[L] 3
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talcites prepared with Na. The K series and
Na-series differed in several important re-
spects. First, Al NMR spectroscopy re-
vealed that a lower fraction of the total Al
in the Na samples was tetrahedrally coordi-
nated. Second, the selectivity to propanone
formation was lower over the Na series.
And finally, the activation energies for pro-
pene formation over the Na catalysts are at
least 30 kJ mol ~! lower than the correspond-
ing K catalysts as compared to an estimated
40 kJ mol ! difference in propene activation
energics over MgO and Al,O, (Table 4) with
alumina having the lower value. These dif-
ferences can be explained by an inhomoge-
neous distribution of Al at the surface of
the Na-series hydrotalcites. If some surface
regions were rich in Al and other regions
rich in Mg, then the overall catalytic reac-
tion of 2-propanol would appear as the su-
perposition of reactions occurring over each
region. This interpretation is supported by
experiments with HT3:1-K calcined at
1173 K. The selectivity to propanone for
HT3:1-K calcined at 1173 K was only 54%
but was about 85% for hydrotalcite calcined
at lower temperatures (Table 3). Since X-
ray diffraction indicated that a separate Al-
rich spinel phase formed after high-T
calcination, we attribute the production of
propene to that phase. Apparently, prepara-
tion of hydrotalcites with K precursors
yields a calcined mixed oxide in which Al is
more evenly distributed at the surface. Also,
the direct participation of the impurity cat-
ions (K) in the reaction sequence cannot be
entirely ruled out and may actually contrib-
ute to the nonuniformity of the surface.

CONCLUSIONS

Magnesium-aluminum mixed oxides de-
rived from hydrotalcite precursors exhibit
surface basicities as measured by CO, TPD
and 2-propanol decomposition similar to
pure magnesia. Although aluminum in the
as-synthesized hydrotalcite is probably well
distributed throughout the lattice, calcina-
tion produces a concentration of Al at the
surface that is greater than the overall bulk
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composition; however, this surface AP+ is
in a tetrahedrally coordinated oxidic envi-
ronment that does not significantly catalyze
the formation of propene from 2-propanol
unlike pure alumina. Large differences in
the Al NMR spectra and catalytic activity
of calcined hydrotalcites prepared under dif-
ferent conditions demonstrate the influence
of the synthesis method on the final proper-
ties of the calcined materials. Results from
the decomposition of 2-propanol indicate
that Al is distributed more homogeneously
on the surface of the mixed oxides prepared
with K precursors than on samples prepared
with Na precursors. Since aluminum incor-
poration into MgO reduces the number of
high-strength CO, adsorption sites, we spec-
ulate that the distribution of surface cata-
lytic sites is also affected. Therefore, the
observed compensation effect for propa-
none formation over hydrotalcites prepared
with K can be explained by a two-step sur-
face reaction sequence occurring on a non-
uniform surface.
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