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The conversion (dehydration/dehydrogenation) of alcohols in
a-methylated series (methanol, ethanol, 2-propanol, and tert-bu-
tanol) on AIPO, catalysts differently prepared has been studied by
microcatalytic pulse reactor technique at different temperatures
and flow rates. The kinetic parameters have been obtained by
analysis of the data through the Bassett—Habgood equation. De-
hydration to ether and/or olefin is the major reaction process.
Dehydrogenation product was only scarcely found in 2-propanol
conversion. The influence of the reaction temperature upon the
conversion of alcohols and the selectivities of the products was
investigated. Activity increases as a function of surface acidity of
the AIPO, catalyst as well as with the a-substitution in the alco-
hol. Moreover, selectivity studies indicated that ethanol and 2-
propanol dehydration follows a combination pathway of parallel
and consecutive reactions. A good correlation between the results
of dehydration conversion and acid properties, gas-chromato-
graphically measured through the irreversible adsorption of pyri-
dine (473 and 573 K) and 2,6-dimethylpyridine (573 K), is ob-
served. Also, activity poisoning results indicated that Brgnsted
acid sites of AIPO, catalyst participated in dehydration processes,
thus strengthening the carbenium ion reaction pathway in AIPO,
catalysts. © 1995 Academic Press, Inc.

INTRODUCTION

The conversion of aliphatic primary and secondary al-
cohols to olefins and/or carbonyl compounds on catalysts
possessing either acidic or basic centres or only basic
centres has been extensively studied (1-15). The dehy-
drogenation products (aldehydes or ketones) are prefer-
entially formed on basic catalysts, while the dehydration
products, olefins, and ethers are favoured when acid sites
are present. The rate of dehydration of alcohols on a
particular catalyst decreases in the sequence tertiary,
secondary, and primary, parallel to the decrease in stabil-
ity of the carbocation formed on cleavage of the hydroxyl
group. The ratio of dehydrogenation to dehydration prod-
uct is dependent not only on the nature of the catalyst but
also on the reaction temperature. Thus, the dehydrogena-
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tion takes place, as a consequence of the higher activa-
tion energy which must be overcome, at higher tempera-
ture than in the case of dehydration (11).

On the other hand, Kanazirev er al. (12) found that the
selective conversion of methanol to dimethyl ether is
similar to the a-test (10) and is also suitable in the assess-
ment of the catalytic activity as a measure of the overall
acidic properties. Also, the dehydration activity of tert-
butanol correlates with the total acidity. Furthermore,
the conversion of 2-propanol is related to the number of
both acid and basic sites, so that this reaction is used as a
probe reaction to characterize acid—base catalysts (1, 3,
6-9, 11). 2-Propanol usually dehydrates to propene over
acidic catalysts and dehydrogenates to 2-propanone over
basic catalysts. These reaction products are considered
to be stable, undergoing no further secondary reaction
and so they can be used for a precise investigation of
catalytic performance.

It is well known that Brgnsted acid sites are able to
catalyze the dehydration of alcohols to olefins but, how-
ever, the problem is the possible misinterpretation that
olefin activity is only a result of Brgnsted acidity. Thus, it
has also been shown that alcohols can dissociatively ad-
sorb over various metal oxides to form alkoxide interme-
diates (16-22) from which dehydration and/or dehydro-
genation may occur. The pathway of the reacting
alkoxide has been shown to depend on factors such as the
structure (17) and electronic nature (16) of the oxide sur-
face, as well as the structure (18, 20, 21) and partial pres-
sure (16) of the reacting alcohol. Besides, Lahousse ez al.
(23) indicated that 2-propanol dehydrogenation requires
an additional redox ability, since 2-propanol conversion
on well-known basic oxides, such as MgO and magne-
sium aluminates, does not afford any dehydrogenation
product.

The purpose of the present work was to study the ef-
fect of a-methyl substitution upon dehydration/dehydro-
genation of alcohols [methanol (MeOH), ethanol (EtOH),
2-propanol (2-PrOH), and tert-butanol (-BuOH)] on
AIPO, catalysts, obtained by precipitation with several
agents, with respect to reaction rate and selectivity. In
addition, we investigate the correlation of the activity/
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selectivity results with surface acid-base properties of
these catalysts.

EXPERIMENTAL

Catalysts

Three AIPO, catalysts were used; they are obtained by
precipitation with aqueous ammonia (AIPO4,—CA), pro-
pylene oxide (AIPO4~CP), or ethylene oxide (AIPO,~CE)
from aqueous solutions of AICI; - 6H,0 and H;PO, (85
wt%), washed with 2-propanol, dried at 390 K for 24 h,
and then calcined at 923 K for 3 h. Details on preparation
as well as on the characterization of all the catalysts have
been previously described (24, 25). The surface area
(Sger), pore volume (V}), mean pore radius (r,), and sur-
face acidity estimated by the vapour-phase adsorption of
pyridine (PY) and 2,6-dimethylpyridine (DMPY) are col-
lected in Table 1.

DRIFT Measurements

Diffuse reflectance FTIR (DRIFT) spectra were re-
corded on a FTIR instrument (Bomem MB-100) equipped
with an ‘‘environmental chamber’’ (Spectra Tech, P/N
0030/100) placed into a diffuse reflectance attachment
(Spectra Tech, Collector). Pyridine and 2,6-dimethylpyri-
dine were introduced by bubbling a stream of nitrogen
through the liquid and into the sample chamber contain-
ing the neat AIPO, catalyst sample at 373 K. The detailed
experimental procedure is described elsewhere (26).

Catalytic Measurements

The catalytic properties of AIPO, catalysts in the dehy-
dration/dehydrogenation reaction processes of different
alcohols were studied by using a pulsed microcatalytic
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fixed bed reactor inserted between the sample inlet and
the analytical column of an HP-5890 II GC. Initially a
series of pulses of varying sizes were injected onto the
catalyst in order to optimize the pulse size within the
linear range of adsorption isotherm. Thus, catalytic mea-
surements were performed introducing a constant pulse
of 1 ul of pure alcohol into the stream of dehydrated and
deoxygenated nitrogen carrier gas (20-40 ml min~'). A
fresh catalyst was used on each run, and before each run
the catalyst was pretreated in situ heating under nitrogen
(30 ml min~!) for 1 h at 473 K. A blank test showed that
there was insignificant thermal reactivity in the absence
of the catalyst.

Reaction kinetics were followed at different tempera-
tures in the range 423-673 K, depending on the alcohol
reactivity, and with different catalyst weight (5-20 mg in
powder form). Only the data for 3—20% total conversion
were used for the calculation. The gas mixtures were
analyzed by GC with FID and column (1/8", stainless
steel) packed with 5% celanesse ester on Chromosorb
W80/100 at a temperature of 323 K.

The reaction products, characterized by GC-MS (HP-
5970 MSD-detector; 25 m HP-101 capillary column at 523
K) were dimethyl ether for methanol, diethyl ether and
ethene for ethanol, propene and diisopropyl ether for 2-
propanol, and isobutene for ferz-butanol. Carbonyl com-
pound is only scarcely found in 2-propanol conversion.

RESULTS AND DISCUSSION

Catalysts

The three AIPO, catalysts displayed nitrogen adsorp-
tion isotherms of type IV in the BDDT classification (27)
exhibiting H1 hysteresis loops which corresponded to
well-developed mesoporous solids. However, XRD mea-

TABLE 1
Textural and Surface Acid Properties of AIPO, Catalysts

AIPO~CE AlIPO~CP AlPO,~CA
Sger (m?/g) 242 228 109
V, (ml/g) 0.52 0.75 0.48
r, (nm) 43 6.6 8.8
Pore size distribution (vol%)
> 20 nm 7.4 7.1 4.6
10-20 nm 13.1 6.1 8.1
5-10 nm 36.0 18.1 32.6
2-5 nm 36.1 54.7 50.2
< 2 nm 7.3 13.9 4.6
Surface acidity (umol/g) vs:
Pyridine (PY) 473 K 240 166 81
573 K 33 23 15
2,6-Dimethylpyridine
(DMPY) 573K 29 16 4
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surements indicated that AIPO,—CE and AIPO,—~CP were
amorphous, while in the AIPO,~CA catalyst an apprecia-
ble degree of crystallization was found. This is detrimen-
tal to both the textural stability and the acidic properties
of AIPO;, catalysts as shown in Table 1.

Moreover, the DRIFT spectra of AIPO, catalysts, in
the region of OH stretching vibrations, show the charac-
teristic bands of surface AI-OH (3793 ¢cm™!) and un-
bonded surface P-OH (3674 cm™!) groups. A difference
spectrum of the hydroxyl region taken after adsorption of
pyridine (26, 28) demonstrates that both types of OH
interact with pyridine molecules. Pyridine adsorption
leads to the formation of protonated (bands at 1648, 1551,
and 1493 cm™!) and coordinated (bands at 1621, 1493, and
1454 cm™!) species. Besides, the desorption of PY at
increasing temperatures results in the removal of both
Brgnsted and Lewis bound PY but, however, the latter
decreases significantly faster than the former.

Furthermore, the adsorption of DMPY, which is selec-
tively adsorbed on Brgnsted acid sites but not on Lewis
acid sites because of a steric hindrance of two methyl
groups (29-32), shows the characteristic absorption
bands of DMPY interacting with Brgnsted acid sites at
1628 and 1648 cm™~! (Fig. 1B). Simultaneously with the
appearance of these bands, the AI-OH and P-OH bands
disappeared, thus yielding downward bands in the
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FIG. 1. DRIFT spectra of adsorbed DMPY on AIPO, catalysts. The
samples have been dried at 573 K under nitrogen, cooled to 373 K, and
then loaded with DMPY and flushed with nitrogen for 1 h (373 K/1 h).
The temperature was then increased to 473 K and the catalyst re-
mained, in the nitrogen stream, at 473 K for an additional 2 h (473 K/2 h)
and 3 h (473 K/3 h). (a) AIPO,~CE; (b) AIPO,—CP; (c) AIPO,—CA. All
spectra were displaced for presentation.
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DRIFT spectra. This is due to the fact that the reference
spectra (fresh catalyst) has more OH population than the
catalyst treated with DMPY (Fig. 1A). The latter indi-
cates that DMPY interacts with both hydroxyls in AIPQO,
catalysts. When the desorption temperature increases
(Fig. 1B) the Brgnsted-associated DRIFT bands de-
creased. Thus, at 573 K almost all DMPY on AIPO,~CA
is lost and, thus, only a massif of two bands was ob-
served.

On the other hand, and parallel to this, the AI-OH and
P-OH bands increased (less negative) with desorption
temperatures up to 573 K. So, DMPY desorption at vari-
ous temperatures yields a good correlation between the
decrease of the bands ascribed to Brgnsted sites and the
recovery of the OH bands confirming the hydroxyls to be
Brgnsted acid sites. A ranking of AIPO, samples accord-
ing to the intensity of these bands yields the same acidity
sequence (AIPO4~CE > AIPO,~CP > AIPO,~CA) as
found by pulse chemisorption.

In this way, molecular orbital calculations on acidic
active sites on AIPO, catalyst (33, 34) showed that such
P-OH groups represent the most stable Brgnsted acid
sites on AIPQO, surfaces and are quite stable. In addition
Al-OH groups can enhance the P-OH acidity by hydro-
gen bonding (34). On top of this, the presence of bridged
P-OH-AI hydroxyl groups, which are more acidic than
P-OH groups, cannot be ruled out. However, their rela-
tive surface concentration with respect to P-OH is very
low and, therefore, the Brgnsted acidity of AIPO, is de-
termined by P-OH sites. In addition, the proton abstrac-
tion energies for AlI-OH groups indicates that these cen-
tres cannot be considered as strong Brgnsted sites but,
however, might enhance the Brgnsted acidity in P-OH
groups through H-bonding (34).

Furthermore, the analysis of '"H NMR spectra of AIPO,
catalysts (35) has permitted us to show that AIPO,-CE
and AIPO,—CP samples present a considerable amount of
OH, while for AIPO4,~CA sample the amount of OH is
lower. As concerns 'H NMR spectra, this has permitted
the identification of two components which are assigned
to OH groups associated with Al and P atoms, in agree-
ment with infrared data. Besides, the latter exhibited a
higher thermal stability. On the other hand, CP-MAS 3'P
NMR spectra supports the presence of P atoms bonded
to OH groups. This higher Brgnsted acidity is also re-
sponsible for the greater catalytic activity of AIPO,—CE
in relation to AIPO,~CP and AIPO,~CA, in reaction pro-
cesses typically carbocationic, such as the cyclohexene
skeletal isomerization (36) and the alkylation of toluene
with methanol (37).

Catalytic Activity

Under the experimental conditions used, methanol was
converted into dimethyl ether and no hydrocarbons were
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formed. Also, no formaldehyde was found. Moreover,
tert-butanol generates only isobutene. Besides, no oligo-
merization of isobutene was found. Furthermore ethanol
and 2-propanol were converted almost exclusively into
dehydration products: diethyl ether and ethene (mostly
diethyl ether) in the case of ethanol and diisopropyl ether
and propene (mostly propene) in the case of 2-propanol.
Besides, ethanol dehydrogenation to acetaldehyde was
never obtained, while 2-propanol dehydrogenation to 2-
propanone was scarcely found (selectivities never
reached 4 mol%).

Because of the different alcohol reactivities, reactions
on AIPO, catalysts were carried out at different tempera-
tures: methanol and ethanol (523—673 K) and 2-propanol
(473-598 K), at 25-K intervals in the three cases, and
tert-butanol (398-473 K) at 10-K intervals.

The influence of the reaction temperature on the con-
version products of ethanol over AIPO, catalysts is dis-
played in Fig. 2. The experimental results show an in-
crease in both ethanol conversion and ethene selectivity
when the reaction temperature increases from 523 to 673
K; however, diethyl ether always predominates. Thus,
the production of diethyl ether over AIPO, catalysts is
several orders of magnitude higher than that of ethene.

In the conversion of 2-propanol (results not shown) an
increase in the reaction temperature (473-598 K) was
accompanied by an increase in both 2-propanol conver-
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FIG. 2. Effect of reaction temperature on conversion and selectivity
for ethanol reaction over AIPO,~CE (circles), AIPO~CP (squares), and
AIPO—CA (inverted triangles) catalysts. Closed, open, and dotted sym-
bols denote ethanol conversion, diethyl ether, and ethene selectivities,
respectively.
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FIG. 3. OPE curves for ethanol (A) and 2-propanol (B) conversion.
Fractional conversion at a particular reaction product (X) versus alco-
hol conversion (X7) for APAI-E catalyst. (e), Diethyl ether; (4),
ethenc; (W), propene.

sion and propene selectivity as well as by a decrease in
the selectivities to diisopropyl ether and 2-propanone.
However, for all catalysts and reaction temperatures pro-
pene was always the major reaction product so that reac-
tion selectivities varied between 91-95 mol% for pro-
pene, 5-3 mol% for diisopropyl ether, and 4-2 mol% for
2-propanone.

As far as the selectivity behaviour of products in etha-
nol and 2-propanol conversions is concerned, we have
developed the corresponding optimum performance en-
velope (OPE) curves by plotting the fractional conver-
sion (X) to each of the reaction products against the total
conversion (X1) for different weight ratios of the catalyst
to the alcohol introduced, as described by Ko and
Wojciechowski (38). The OPE curves represent conven-
tional selectivity behaviour of active sites present on a
fresh catalyst and whose slope at origin represents the
initial selectivity for those products. In these OPE curves
for obtaining the product distribution as a function of the
conversion we have included experiments performed us-
ing different weights so that conversions as high as 40-50
mol% can be achieved. However, for kinetic analysis
(see below) only the data for 3—20 mol% total conversion
were used.

The product profiles for ethanol dehydration on
AlPO,~CP catalyst (Fig. 3A) show that both diethyl ether
and ethene are present from the onset of the reaction,
indicating that both reaction products are formed by di-
rect dehydration; i.e., they are primary reaction products
coming from ethanol through a parallel reaction network.
A primary product is defined as that which is produced
from the reactant no matter how many surface intermedi-
ates may be involved in its formation. However, diethyl
ether is an unstable product since a downward deviation
from the straight line at origin is obtained due to the fact
that it also participates in the formation of ethene. So,
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ethene is a primary plus secondary stable reaction prod-
uct. A secondary product is formed from a primary prod-
uct no matter how many surface intermediates may be
involved in its formation. The same occurs on the re-
maining AIPO, catalysts. Thus, the pathway of the for-
mation of diethyl ether and ethene from ethanol dehydra-
tion on AIPO, catalysts is a combination pathway of
parallel and consecutive reactions:
C,HsOC,Hs + H,0

C,H;OH — —-C,H;OH
T~ C,H, + H,0

The same thing occurs in 2-propanol conversion (Fig.
3B), although in this case the selectivity to propene in all
cases remained higher than 90 mol% and a little dehydro-
genation was also found. Therefore, propene is primary
plus secondary reaction product while diisopropyl ether
is a primary unstable product. As for the dehydrogena-
tion product, 2-propanone, it seems to be a primary sta-
ble product, although in all cases its selectivity never
surpassed 4 mol%. Thus, a parallel consecutive reaction
pathway also operates in 2-propanol conversion.

So, in ethanol and 2-propanol conversions the selectiv-
ity to a given reaction product is determined by alcohol
structure (primary or secondary), reaction temperature,
and surface acidity of the catalyst.

Apparent Rate Constants

The alcohol conversion reaction data in all AIPO, cata-
lysts were found to fulfill the Bassett—Habgood rate
equation (39) for first-order reactions in which the partial
reactant pressure is low and the adsorption rate is faster
than the rate of surface reaction, the latter being the rate
determining step. In this sense, only the data for 3-20
mol% total conversion were used for the calculation. The
Bassett—Habgood (39) equation was in the form

In [1/(1-X)} = k. RT (W/F), (1]

where X is total conversion, k, the apparent rate constant
of surface process, W the catalyst weight, and F the flow
rate of carrier gas.

The In [1/(1-X)] vs F~! plots, according to Eq. [1], for
the conversion of alcohols on AIPO, catalysts at various
flow rates of the nitrogen carrier gas (20-40 ml min~!) and
different reaction temperatures are linear and also pass
through the origin, indicating a good fit of the data to Eq.
(1] and, therefore, the first-order process in the alcohol
conversion. Also, the data for different catalyst particle
sizes below 0.7 mm lie on the same plot; i.e., the reac-
tions are not influenced by internal diffusion for catalyst
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particle sizes =0.7 mm. Furthermore, the catalytic runs
have also been carried out at different weight ratios of
catalyst from the alcohol introduced, showing that the
fractional conversion of a pulse of reactant to products
was independent of the pressure, which determined the
first-order reaction process. This behaviour also ensured
linear chromatography in the pulse mode, i.e., ensuring
equilibrium chromatography.

The apparent rate constants, k,, obtained from the
slopes of the linear plots of In [1/1-X)] vs F~! for X less
than 20 mol%, where the equilibrium reaction can be ne-
glected, are collected in Tables 2 and 3.

Position of the 98% confidence limit lines and the value
of the coefficient of determination (always over 0.99) for
the regressions are used to check the adequacy of the
data. A students’ ¢-test of significance showed that these
are significant at levels over 1%. At least three measure-
ments were used to calculate each value of &k,. All values
are reproducible to within about 7%.

In the comparison of Tables 2 and 3, it was found that
the apparent rate constants of the dehydration of alcohols
follow the sequence

MeOH < EtOH < 2-PrOH < r-BuOH.

Basicity of +-BuOH is stronger than that of primary and
secondary alcohols because the substitution of the
methyl group in place of hydrogen enhances the basicity.
Then, because of the strong basicity, a weak acid seems
to be enough for the acid-catalyzed reaction.

Moreover, as can also be seen from the data in Tables 2
and 3, the rate constants of catalysts for the conversion
of alcohols also depend on the precipitation method.
Thus, the catalytic activities are greater when catalyst is

TABLE 2

Apparent Rate Constants (k,) and Activa-
tion Parameters (E, and In A) for Methanol
and tert-Butanol Conversion on AIPO, Cata-

lysts

k, 10° E, In A
Catalyst (mol/atm g s) (Kcal/mol)

MeOH — dimethyl ether
AlIPO,~CE 482.3% 7.0 0.3 -0.2
AIPO-CP 336.4¢ 10.6 = 0.4 0.6
AlPO,—CA 305.2¢ 7804 -1.8
1-BuOH — isobutene

AlPO,~CE 3405.3¢ 6.2 + 0.3 1.7
AlPO,-CP 2362.3¢ 3702 -1.6
AlIPO,~-CA 1522.1¢ 7.0+ 02 1.9

¢ A is expressed in mol/atm g s.
b At a reaction temperature of 623 K.
¢ At a reaction temperature of 423 K.
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TABLE 3

Apparent Rate Constants at 573 K (k,) and Ac-
tivation Parameters (E, and In A) for Ethanol and
2-Propanol Conversion on AIPO, Catalysts

k, 106 E,
Catalyst (mol/atm g s) (Kcal/mol) In A¢
EtOH — diethyl ether
AlPO,~CE 209.5 93+04 -0.3
AlPO,~CP 120.6 10.2 = 0.3 -3.8
AlPO,~CA 94.6 99+ 0.5 -0.6
EtOH — ethene
AlIPO,~CE 14.5 189 04 5.5
AIPO-CP 6.2 172 £ 0.5 3.2
AIPO,-CA 2.7 199 = 1.0 5.5
2-PrOH — propene
AlPO,-CE 983.8 11.8 0.3 3.5
AlPO,-CP 719.8 96 04 1.2
AlIPO,~CA 490.0 12.4 £ 0.5 33
2-PrOH — di-isopropyl ether
AlPO~CE 47.8 57+ 0.6 -4.9
AlPO,-CP 30.9 48 0.7 -2.3
AlIPO-CA 22.7 10.2 = 0.6 -1.7

% A is expressed in mol/atm g s.

obtained with ethylene oxide (AIPO,~CE) than when
they are prepared in propylene oxide (AIPO,~CP) or in
aqueous ammonia (AIPO,—~CA). This is attributed to the
Brgnsted acidity of the surface P-OH groups on calcined
AIPO, catalysts. The greater Brgnsted acidity of AIPO,-
CE catalyst is also manifested in a greater retention of
base at increasingly higher temperatures (see Table 1),
measured by pyridine and 2,6-dimethylpyridine chemi-
sorption.

In this way, it is well known that the dehydration of
alcohols to the corresponding olefins proceeds on acid
catalysts via carbenium-like intermediates. This reaction
is considered to be a monomolecular elimination of the 8-
hydrogen atom. The dehydration to the corresponding
ether is also possible. Even the nominally weak acidic
OH groups in alkali cation exchanged faujasites catalyze
2-propanol dehydration (6).

The irreversible poisoning by nitrogen bases, such as
PY, DMPY, and hexamethyldisilazane (HMDS), the lat-
ter being more Brgnsted selective, as well as the hydro-
gen—deuterium exchange reaction of the alcohol, only in
the hydroxyl group, and in the formed alkenes, using
D,O-pretreated AIPO, catalysts, are other facts which
indicate that conversion of alcohols over AIPO, catalysts
involves Brgnsted acid sites.

Poisoning Measurements

The poisoning of the active sites of AIPO, catalysts in
the 2-propanol conversion was performed through the
previous saturation of the acid sites with PY, DMPY, and
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HMDS according to the following procedure. After mea-
suring the conversion activity of the AIPO,—CE catalyst
at 523 K (in triplicate: ~7% error) the catalyst was satu-
rated with the probe reactant (pulses of pure base) in the
nitrogen stream. After saturation, the bed was flushed
with nitrogen at 523 K (30 min) to remove all traces of
unreacted reagent, the activity of the AIPO,—CE catalyst
was measured again at that temperature. In this way,
while PY is bonded to Brgnsted and Lewis sites (29, 30),
DMPY (29-32) and HMDS (40, 41) are specifically
bonded to the Brgnsted sites. The method using HMDS
was slightly different from the method using PY and
DMPY. The silylating agent reacts easily and quantita-
tively with Brgnsted acidic hydroxyl groups, with the
formation of stable trimethylsilyl (TMS) ethers (40, 41),
i.e., a covalent bond rather than the acid-base reaction
characteristic of PY or DMPY probe. In this way, DRIFT
spectra of adsorbed HMDS (results not shown) indicated
that the silylating agent reacts easily and quantitatively
with Brgnsted acidic hydroxyl groups so that AI-OH and
P-OH stretching vibrations in AIPO, catalysts disap-
peared almost completely. Besides, the adsorbed HMDS
remained on the surface at 573 K so that the OH bands
were not regenerated.

The poisoning effect of PY, DMPY, and HMDS on 2-
propanol conversion has been demonstrated on AIPO,-
CE catalyst through the changes obtained in the apparent
rate constants and, hence, in product selectivities. The
results obtained on the influence of probe reagents in
catalytic activities and product selectivities at a reaction
temperature of 523 K are shown in Table 4. As can be
seen from Table 4, the reagents strongly suppressed the
activity for the 2-propanol dehydration but the effective-
ness of PY and DMPY was much lower than that of
HMDS, corresponding to their lower basicity, thus poi-
soning part of the acid sites. So, the PY treatment low-
ered the activity of the catalyst to about 50%, whereas
HMDS decreased the activity to only about 7%. The de-
crease in activity by DMPY poisoning was intermediate
(ca. 62%).

As the dehydrogenation activity practically does not
change by base poisoning, a drop in dehydration activity
is accompanied by a change in product selectivities, get-
ting greater as the poisoning effect increases (Table 4).
These data indicate that 2-propanol dehydration occurs
on Brgnsted acid sites of AIPO, catalysts, thus strength-
ening the carbenium ion reaction. In this sense, it is note-
worthy to indicate that at 523 K HMDS completely poi-
soned AIPO,—CE catalyst acid sites for methanol and
ethanol conversions.

H-D Exchange Reaction

In regard to the hydrogen—deuterium exchange reac-
tion of the alcohol, the surface of the AIPO,-CE catalyst
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TABLE 4

Poisoning Experiments in 2-Propanol Conversion over AIPO,—CE Catalyst

Sc—c So Sc—o

Poison T (K) ke—c (X10%)% ko (X109 ke—o (X 109)® (mol %) (mol %) (mol %)
_ 523 366.1 17.9 15.2 91.9 4.7 39
PY 523 174.0 12.1 15.4 84,1 7.2 8.6
DMPY 523 136.1 8.3 14.8 83.1 6.2 10.6
HMDS 523 27.9 1.3 14.4 61.7 33 35.0

4 Temperatures of both nitrogen base adsorption and reaction process.
& All k values are expressed in mol/atm g s (C=C, alkene; -O-, ether; C=0, 2-propanone).

was saturated with D,0, as described by Baumann et al.
(42), and afterwards the 2-propanol conversion was car-
ried out in the pulse method using a GC connected with a
VG-AUTOSPEC. As separation column we used an
SPB-1 capillary column 60 m X 0.32 mm, film thickness
0.25 pm, from Supelco. The deuterium uptake indicates
that 2-propanol dehydrates to form carbenium ion-like
intermediates (oxonion or carbenium ions) prior to de-
sorbing as olefin products. The carbenium ion cannot re-
vert to the alcohol, hence deuterium exchange occurs
during the second step, causing deuterium uptake into
the alkene. Thus the primary interaction between the al-
cohol and the catalyst may be assumed to be the proton
transfer at the P-OH sites and so the sequence of alcohol
reactivity can be explained according to their proton af-
finities (43). Therefore, 2-propanol and fert-butanol are
much more reactive than the primary alcohol because of
the increased stability of the secondary and tertiary ions
that they can form.

Activation Parameters

The temperature dependence of apparent rate con-
stants, k,, for the conversion of alcohols has been studied
according to the Arrhenius equation. Tables 2 and 3 set
out the results of apparent activation energies, E,, and
pre-exponential factors of Arrhenius equation, In A, from
linear plots In &, vs T~!. A least-squares regression analy-
sis always shows correlation coefficients over 0.99. Also,
students’ r-test indicates that these are significant at lev-
els over 1%. This is a measurement of fit data, under all
experimental conditions, for the linear plots of In k, vs
T-1. All values are reproducible to within about 9%.

On the other hand, there is a relationship between the
values of In A and E, according to the expression for the
compensation effect or isokinetic relationship (44-49)

InA=Ina+ E,/OR,

where R is the gas constant and 6 is the isokinetic temper-
ature at which identical values of reaction rate constant

k, = « are obtained. In fact, such plots of In A vs E, for
the alkene formation in ethanol, 2-propanol, and terr-bu-
tanol indicate a linear correlation (with regression coeffi-
cients over 0.99) for every one of the three AIPO, cata-
lysts. 8 and a are obtained from the slope and intercept.
When a compensation effect holds for a reaction occur-
ring on a series of homologous catalysts, a single com-
mon interaction mechanism and, consequently, a com-
mon transition state intermediate can be expected for all
catalysts (44—-49).

The effect is interpreted essentially as a consequence
of the heterogeneity of acidic sites (48) due to the fact
that the catalytic reaction involved adsorbed species and
that the surface heterogeneity of the catalysts affects the
activation energy for the reaction. Thus, the distribution
of acid strength determines the energy barrier for the
reaction to occur; the number of sites is also important.
So, the global rate will be the sum of the individual rates
on each type of site, each one proceeding with a different
activation energy.

In this way, the differences in reaction rate originate in
changes in the energies and number of reactive species.
Moreover, the number of sites which are active for a
given reaction depends mainly on the activation energy
(49). Thus, strong acid sites are characterized by a lower
activation energy while the relative abundance of such
sites can be related with the relative activity.

So, the differences between the activities of AIPO, cat-
alysts are due to differences in the number and strength
of acid sites. Thus, the balance between the factor of (i)
the amount of acid sites, which mainly affected the fre-
quency factor values, and (i) their activity, which mainly
affected the activation energy, determines the sequence
of catalytic activity in AIPQOy catalysts. In this way, the
AIPOj catalyst obtained in ethylene oxide in general pro-
duces a higher number of acid sites than the catalyst
obtained in propylene oxide. However, according to their
increased values in activation energy ought to be less
active.
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CONCLUSIONS

The conversion of alcohols in a-methylated series
(methanol, ethanol, 2-propanol, and tert-butanol) on
AIPQ, catalysts follows the requirements of the Bassett—
Habgood kinetic for first order reaction processes. Activ-
ity increases as a function of surface acidity of the AIPO,
catalyst as well as with the a-substitution in the alcohol.
Besides, ethanol and 2-propanol follow a combination
pathway of parallel and consecutive reactions. More-
over, a good correlation between the results of dehydra-
tion conversion and acid properties, measured through
the irreversible adsorption of pyridine and 2,6-dimethy-
Ipyridine vapours, is observed. Furthermore, DMPY and
HMDS poisoned surface active sites, which were there-
fore Brgnsted acidic and readily accessible, because even
a large molecule such as HMDS has been able to react
easily.
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