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A novel temperature-programmed desorption technique in which the probe of a mass spectrometer 
is used as the reactor has been developed. FT-IR and this new technique have been used to study 
the adsorption and dehydration reactions of a series of aliphatic alcohols on y-alumina. It was found 
that the facility with which the various alkoxides undergo elimination processes is dependent on 
the size of the alkyl groups and the degree of branching. Reactions involving [I80]ethanol and 
[1SO]methanol produce two isotopomeric ether products (RISOR and RJ6OR), which shows that 
bound alkoxides are formed by two routes; (a) dissociative adsorption on Lewis acid sites and (b) 
nucleophilic attack by a surface oxide on an alcohol that is probably activated toward C-O cleavage. 
Poisoning experiments using 2,6-dimethylpyridine confirm that the ether isotopomers are formed 
from different alkoxide species. Time studies indicate that there is no scrambling of the 160 and 180 
alkoxides between the different types of surface sites. © 1992 Academic Press, Inc. 

INTRODUCTION 

The acid-base properties of metal oxide 
supports can have a significant effect on the 
product selectivities exhibited by heteroge- 
neous catalysts (1-5). One of the most com- 
mon supports in heterogeneous catalysis is 
y-alumina, and there has been much work 
carried out in order to understand the struc- 
ture of the alumina surface and nature of the 
acid-base sites (6, 7). 

The acid-base properties of metal oxides 
are often investigated by studying the prod- 
uct selectivities of the reactions of alcohols 
(8-11). This has led to several infrared and 
gravimetric studies of the adsorbed alcohols 
(12-17). Based on these it was concluded 
that there are three types of species pro- 
duced when short chain alcohols are chemi- 
sorbed onto calcined y-alumina. One such 
species (A) (Structure 1) is produced when 
the alcohol is chemisorbed onto a coordina- 
tively unsaturated aluminum ion (Lewis 
acid site). Lateral H-bonding interactions 
between the alcohol OH group and an adja- 
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cent group (such as O-) contribute to the 
alcohol OH bond breaking: this species may 
be considered to be a precursor state in dis- 
sociative chemisorption (15, 16). 

The second chemisorption species has a 
carboxylate structure (B) and is formed at 
higher temperatures (12, 13). The third moi- 
ety consists of an alcohol adsorbed onto an 
acid-base pair site, which has an exposed 
pair of coordinatively unsaturated AI 3 + ions 
in an anion vacancy in the vicinity of a type 
Ia or lb hydroxyl group (type Ia and Ib, 
etc., are the hydroxyl groups in the model 
developed by Kn6zinger to describe the hy- 
droxyl structure of the alumina surface (6)). 
In the species depicted in C the alcohol is 
coordinated to a type IIa site in a bridging 
manner, and the neighboring most basic 
type Ia group then offers a lone pair of elec- 
trons for interaction with the alcohol proton. 

By comparing the C-H stretching fre- 
quency changes as various alcohols were 
adsorbed, Lavally et al. (17) concluded that 
species A is formed irreversibly while spe- 
cies C is, in part, formed reversibly. This is 
in agreement with Kn6zinger and Stubner 
(16), who also suggested that species C 
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would be formed as long as an alcohol is 
adsorbed on a suitable acid-base site. The 
nature of the acid-base site would therefore 
determine whether the chemisorption is re- 
versible or not. 

Concurrent with these IR studies, there 
were a considerable number of studies 
aimed at understanding the kinetic and 
mechanistic aspects of the dehydration re- 
actions leading to ether and alkene forma- 
tion (7, 18-27). The early catalytic studies 
showed that the alumina-alcohol interac- 
tion was not simple (20). Rate vs partial 
pressure studies and poisoning experiments 
by Jain and Pillai (21) and work carried out 
by de Mourges et al. (22) indicated that ether 
and olefin formation requires different types 
of sites. The results of Jain and Pillai (21) 
showed that ether formation required adja- 
cent acid-base sites while olefin formation 
required stronger acid sites only. This work 
also showed that ether formation occurred 
via a bimolecular reaction between an al- 
koxide species and a strongly adsorbed alco- 
hol. Similar mechanistic models were devel- 
oped by Kn6zinger et al. (23) and 

Padmanabhan and Eastburn (24). The basic 
scheme is shown in Scheme 1. Presumably, 
the alkoxide species (Scheme 1) is a depro- 
tonated form of either A or C. Kn6zinger 
also derived kinetic equations from this 
mechanistic model but found that these did 
not fit the experimental data for the reaction 
of ethanol on alumina. This led Kn6zinger 
to conclude that kinetic analysis is not a 
helpful tool for elucidating the actual mecha- 
nism of the ether formation (23). 

Also, based on a comparative study of the 
dehydration reaction of methanol on alu- 
mina and silica-alumina, Figueras et al. (26) 
postulated an alternate mechanism for ether 
formation. In this mechanism the methanol 
is dissociatively adsorbed on acid-base 
pairs to form CHf and OH- species in paral- 
lel with the production of CH30- and H + 
species. 

The mechanism of alkene formation is 
much more fully understood. The elegant 
work of Kn6zinger et al. (6, 25, 27) showed 
that alkene formation on alumina occurs 

O j ~ O  

AI 
J ~ O  j 

+ ROH 

+ ROll ~ 

R-,? 1 
?- 
AI 

O j ~ O  

R H 2 
i I 

~ ~ 0  ~ ~ 

H, I 
?- o ?. f 
AI /~1 slow ROR + AI AI 

~ O  ~ ~ . /  ~ O  ~ 

~H ~H ~H2 O- 
AI AI fast 

~ O  ~ ~ ~ ~ O  ~ 

4 

SCHEME 1. Mechanistic model for the formation of 
ether from alcohols (21, 23, 24). 
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through an E2-1ike reaction mechanism in 
which the alcohol is first adsorbed on the 
alumina surface by the interaction with a 
surface hydroxyl and oxide pair (D). The 
reaction then proceeds through the transi- 
tion state (E), during which a molecule of 
water is released as the double bond forms. 
Kn6zinger and co-workers (25, 27) and Ya- 
maguchi and Tanabe (9) showed that oxide 
ions and hydroxyl groups are essential for 
alkene production but that Lewis acid sites 
are apparently not involved. 

Therefore, despite the many spectro- 
scopic and reactor studies, there is still no 
detailed understanding of the mechanism of 
ether formation. We have developed a tech- 
nique to study the temperature-programmed 
desorption (TPD) of alcohols adsorbed on 
oxides using the probe of the mass spec- 
trometer as the reactor. We have studied 
the products of a series of aliphatic alcohols 
and have extended the research to the use 
of [1SO]methanol and [1SO]ethanol. The [180] 
ethanol study, to our knowledge, is the first 
of its kind. The TPD results of [r80]metha- 
nol and [~80]ethanol adsorbed on v-alumina 
show that there are two routes to alkoxide 
formation; this is contrary to the findings of 
the earlier work. The results described in 
this paper shed a great deal of light on the 
mechanism of ether formation from the de- 
hydration of alcohols on y-alumina. 

EXPERIMENTAL 

Norton 6375C (20/40 mesh) v-alumina 
was used in this study. The surface area is 
221.8 m2/g and the pore volume 1.4 cm3/g. 
The y-alumina was calcined in flowing air 
(60 cm3/min) at 500°C for 3 h. The calcined 
alumina was stored in an air-tight container. 
Care was taken to ensure that the alumina 
was exposed to the air for as little time as 
possible. 

FT-IR Procedure 

IR spectra were collected using a Nicolet 
170 SX FT-1R spectrometer with a liquid 
nitrogen-cooled MCT detector. All spectra 
were recorded after I00 scans with a resolu- 

tion of 4 cm- 1. Spectra were measured using 
a quartz cell with NaCI windows attached 
to a glass gas handling/vacuum system. A 
self-supporting wafer, 1.6 cm in diameter, 
was prepared by first grinding the sample to 
325 mesh size and then pressing 20 mg of 
the powder at 6000 psi. The wafers were 
then mounted in the cell and dried by heating 
the sample to 300°C for 2 h while under 
evacuation. The dried sample was then ex- 
posed to 45 Torr ethanol (absolute ethanol) 
for 5 min followed by evacuation. The tem- 
perature of the evacuated sample was then 
raised and the FT-IR spectra were recorded 
at various temperatures. This experiment 
was repeated using CH3CH2OD. 

TPD Procedure 

The mass spectrometer used was a Finn- 
igan-MAT TSQ70 instrument. The mass 
spectrometer was scanned from 12 to 170 
Da every 0.5 s and the source was operated 
at 150°C using a 70-eV ionizing potential 
with an ion current of 200/xA under electron 
impact conditions. 

Adsorption of the alcohols was achieved 
by vapor deposition: about 0.2 g of alumina 
was exposed to the vapor of approximately 
0.5 ml of the alcohol for 1 h in an air-tight 
container, About 0.2 mg of each alumina-al- 
cohol sample was placed into a glass inser- 
tion tube, which was loaded into the temper- 
ature-programmed probe of the mass 
spectrometer and immediately inserted into 
the source chamber of the mass spectrome- 
ter with minimal exposure to air. The pres- 
sure of the source of the mass spectrometer 
was 1 × 10 -7 Torr. The temperature of the 
sample was increased from 25 to 300°C at a 
rate of 25°C per min. The probe is within I 
mm of the ionizing electrons, which ensures 
that the desorbed species are analyzed im- 
mediatively upon desorption from the alu- 
mina surface. This situation minimizes dif- 
fusion losses and time delays and is 
therefore much more sensitive than typical 
temperature-programmed experiments. 

For the poisoning experiment, about 0.2 
g of alumina was exposed to the vapors of 
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FIG. 1. IR spectra of CH3CH2OH adsorbed on Y- 
alumina followed by evacuation at: (A) room tempera- 
ture; (B) 50°C; (C) 100°C; (D) 150°C; and (E) 300°C and 
cooling to room temperature. 

0.25 ml of  2,6-dimethylpyridine for 24 h. 
The alumina was then transferred to a clean 
vessel and exposed to the vapors of 0.5 ml 
of [180]ethanol. 

RESULTS AND DISCUSSION 

IR Analysis of the Reactions of 
CH3CH20H and CH3CH20D on 
Calcined y-Alumina 

Figure 1A contains the IR spectrum pro- 
duced when CH3CHzOH (45 Tort)  is ad- 
sorbed onto dried y-A1203 and the sample is 
then evacuated for 5 rain at 1 x 10 -5 Torr.  
IR bands are observed at 2874, 2930, and 
2972 cm -~, which can be assigned to the 
C - H  stretching vibrations of the ethyl 
group; also evident are bands at 1384 and 
1447 cm-  ~, which are due to C - H  and C - H  2 
deformations of the ethyl group. A broad 

signal centered at 3420 cm -  1, which is attrib- 
uted to the OH stretching band of phy- 
sisorbed ethanol, is observed.  There  is also 
a broad signal centered at 3560 cm -1, and 
negative bands at 3621, 3721, and 3760 
cm -1. This spectrum is very similar to that 
obtained by Kn6zinger and co-workers  (15, 
16) and is due to the presence ofphys i sorbed  
ethanol in addition to both types of  chemi- 
sorbed species, A and C. According to 
Kn6zinger and Stt~bner (16), the negative 
signals in the hydroxyl  region are due to the 
formation of species C. Upon evacuat ion at 
temperatures of  up to 150°C (Figs. 1 B -  1D), 
there is a small decrease in the intensities of  
the bands around 2900 and 1450 cm -1, and 
the signal around 3420 cm -1 has disap- 
peared. The disappearance of the 3420 c m - l  
band shows that all the physisorbed ethanol 
has been removed from the alumina surface. 
Evacuation at 300°C and subsequent cooling 
to room temperature (Fig. 1E) results in a 
large decrease in the intensities of all the 
signals compared to the signals in the spec- 
trum obtained prior to the heat t reatment 
(Fig. IA). This decrease is due to a depletion 
of alkoxide species on the alumina surface; 
however,  this experiment provides no infor- 
mation concerning the desorption process 
and products.  

A similar experiment was performed using 
CH3CHzOD (Fig. 2). Adsorption of 
CHsCH2OD followed by a 15-rain evacuation 
at room temperature produces signals at 1384 
and 1447 cm -  i (due to C - H  deformations of  
the ethyl group) and at 2874, 2930, and 2972 
cm-I  (due to C - H  stretching vibrations of 
the ethyl group). Negative signals are ob- 
served at 3606, 3658, 3680, 3727, and 3760 
cm ~, and there is a broad, intense feature 
between 2000 and 2600 cm -1. Some of the 
negative signals (3606, 3727, and 3760 cm I) 
are due to the presence of species C; how- 
ever, some of these signals can be attributed 
to OD formation via hydrogen/deuter ium ex- 
change. Evidence for the formation of OD 
bonds is provided by the appearance of bands 
around 2600 cm -~. Evacuat ion at tempera-  
tures up to 150°C (Figs. 2B-2D) results in the 
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FIG. 2. IR spectra of CH3CH2OD adsorbed on 3'- 
alumina followed by evacuation at (A) room tempera- 
ture; (B) 50°C; (C) 100°C; (D) 150°C; and (E) 300°C and 
cooling to room temperature. 

disappearance of  the band at 2400 cm-  ~; the 
2400 cm- I  band is therefore due to phy- 
sisorbed CHsCHzOD, which is desorbed at 
the higher temperatures.  A signal at 3560 
cm-1 remains and can be attributed to spe- 
cies C. As with the CHsCHzOH, evacuation 
to 300°C results in the desorption of  many of  
the alkoxide species. 

These IR experiments show that alkoxide 
species, as well as physisorbed ethanol, are 
present  on the alumina surface after expo- 
sure to ethanol. Evacuat ion at elevated 
temperatures causes the desorption of 
physisorbed ethanol and, at higher tempera- 
tures, the loss of  alkoxide species. How- 
ever,  this experiment  yields information on 
the adsorption process only; no information 
concerning the desorption reactions and 
products  can be obtained. 

TPD Analysis of  the Reactions o f  
Aliphatic Alcohols on y-Alumina 

Reconstructed partial ion chromatograms 
of the reaction of 1-propanol on calcined alu- 
mina are shown in Fig. 3. Initially, at 25°C, 
only desorption ofphysisorbed water  and al- 
cohol is observed as evidenced by the se- 
lected traces ofm/z = 17, 18 and m/z = 59, 
60. As the temperature increases, two prod- 
ucts are observed: the lower temperature 
product on the m/z = 73, 102 trace can be 
assigned as dipropyl ether, and the higher 
temperature product is the propene,  which 
gives a signal at m/z = 41,42. These products  
are the result of dehydrat ion reactions. Evi- 
dence for the coproduct ion of water  is seen 
in the m/z = 17, 18 ion trace, which shows 
two broad peaks corresponding to the forma- 
tion of the ether and the alkene. The ether  : al- 
kene ratio is calculated to be 1 : 32. Table 1 
summarizes the important peak tempera- 
tures and areas of the signals. No signals due 
to the desorption of the alcohol are observed 
at temperatures above 100°C, which con- 
firms the conclusion from our IR work that no 
physisorbed alcohol remains on the alumina 
surface. Also, no other  signals due to hydro- 
carbons or carboxylate decomposit ion prod- 
ucts were detected,  presumably since such 
species are only produced at temperatures  
above 300°C (10, 30). 

We have repeated the TPD experiments 
on a series of alcohols in order  to investigate 
the effect of  alcohol structure on the produc- 
tion of alkene and ether. The reconstructed 
partial ion chromatograms of the reaction 
of methanol are shown in Fig. 4. Methanol 
yields only dimethyl ether,  as evidenced by 
the signal at m/z = 46. Again, no other  hy- 
drocarbon signals were observed in the total 
mass spectrum. However ,  at the high-tem- 
perature end of the m/z = 46 signal there is 
a shoulder. The presence of  this shoulder 
indicates that dimethyl ether is formed in 
another  reaction, which is only operative at 
higher temperatures (onset 250°C in Fig. 4). 
We suggest that this process involves the 
reaction of  a methoxy group bound at a less 
reactive or less accessible surface site. 
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F1G. 3. Reconstructed partial chromatograms of the temperature-programmed desorption products of 
l-propanol adsorbed on y-alumina. 

TABLE 1 

Summary of Peak Temperatures and Areas for the Products from TPD of Alcohols Adsorbed 
on y-Alumina 

Alcohol Product Peak Peak areas Ratio 
temp. (°C) ROR : C = C  

CH3OH ROR 194 (256)" 
C = C  

CD3CDzOH ROR 213 9,20 x 106 
C = C  288 2,90 x 108 I :33 

CH3CH2CH2OH ROR 185 2.97 x 106 
C ~ C  226 9,70 x 107 1 : 32 

(CH3)zCHOH ROR 163 4,99 x 105 
C ~ C  175 9.97 x 108 1 : 2000 

CH3CH2C(CH3)zOH ROR - -  0.00 
C ~ C  124 2.64 x 108 

CH~8OH RI6OR 243 1,71 x 108 
R~80R 193 2.52 x 108 

CHsCH~SOH RI6OR 220 4,95 x 106 
RIsOR 179 1.59 x 10 v 
C ~ C  261 3.42 x 105 

2,6-Dimethylpyridine R]60R 275 1.37 x 106 
CH~CH!SOH RIsOR 220 8,51 x l0 s 

C ~ C  289 3.10 x 107 

~' Approximate temperature of the shoulder• 
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Fro. 4. Reconstructed partial chromatograms of the temperature-programmed desorption products of methanol 
adsorbed on y-alumina. 

Figure 5 shows the reconstructed partial 
chromatograms of  the products  of  the reac- 
tions of  CD3CD2OH with the alumina sur- 
face. Again, the lower-temperature product  
is the ether  (m/z = 84), and the higher-tem- 
perature product  is the alkene. The ether :  
alkene ratio is 1 : 33. It should be noted that 
these ratios are calculated on the basis of 
products  formed over  the duration of  the 
entire run. Clearly, the production of ether 
is highly favored during the early stages 
of the reaction. Also shown in Fig. 5 are 
the ion traces for H20 (m/z = 18) and DHO 
(m/z = 19). There is a continual loss of H20 
from the alumina surface as the temperature 
is raised, as evidenced by the continuous, 
broad signal on the m/z = 18 trace. This is 
probably due to the dehydroxylat ion of the 
alumina surface (6). DHO is the elimination 
product  from CD3CDzOH and it is observed 
that the m/z = 19 signal has a maximum that 
corresponds to the signal maximum of  the 
m/z = 32 (CD2-CD 2) species. We also ob- 
served a very weak signal on the ion trace 

for m/z = 20, which is due to D20 (the ratio 
of  DHO to D20 is 12" 1). This indicates that 
there is some scrambling of  the alkyl hydro-  
gens with either the alumina surface or the 
hydrogen of  the alcohol hydroxyl.  

The results of  the reactions of isopropanol  
are shown in Fig. 6, and the peak tempera- 
tures and areas are summarized in Table 1. 
While both the alkene (m/z = 42) and ether  
(m/z = 73, 102) are produced,  the ratio of  
ether to alkene is now 1 : 2000. Also, it can 
be seen that the temperature at which the 
alkene is produced is 156°C (compared to 
226°C for 1-propanol), showing that the iso- 
propoxide is less stable toward E 2 elimina- 
tion than the 1-propoxide. The reaction of  
tertiary amyl alcohol (C2HsC(CH3)2OH) 
produces alkene as the only product,  with 
no ether formation observed (Table 1). 

The observation that primary alkoxides 
exhibit ether formation prior to alkene for- 
mation indicates that the former  is the kinet- 
ically favored process in this system. This 
is true even though ether formation is a bi- 
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FIG. 5. Reconstructed partial chromatograms of the temperature-programmed desorption products of 
CD3CD~OH adsorbed on y-alumina. 

molecular reaction requiring the participa- 
tion of alkoxides on adjacent sites (23, 24), 
with alkene presumably resulting from the 
unimolecular elimination of water from a 
single alkoxide (25, 27). It is tempting to 
attribute this behavior to a proximity effect, 
such that the ether formation (favored at 
high surface alkoxide coverage) results in 
partial depletion of the alkoxides; the re- 
maining alkoxides are isolated and thus 
forced to undergo the unimolecular reaction 
resulting in alkene. This suggestion is based 
in part on the observation of a shoulder on 
the high-temperature end of the chromato- 
gram peak for dimethyl ether (m/z = 46, 
Fig. 4); the methoxide species responsible 
for the less facile ether-forming process may 
correspond to the species that would give 
alkene in the reactions of higher alkoxide 
homologues. While we believe that the 
proximity effect is partially responsible for 
the observed desorption chemistry, our la- 
beling studies (discussed below) indicate 
that there are also fundamental differences 
in the nature of the alkoxide sites giving rise 
to the observed products. 

From the data in Table l, it can be seen 
that the size and structure of the alkoxide 
both determine the relative ratio of elimina- 
tion products and the temperature at which 
the reactions occur. The primary alkoxides 
(ethoxy and propoxy) give similar ether : al- 
kene product ratios, and this ratio decreases 
as branching (and thus number of 
/3-hydrogens) increases; similar results have 
been obtained in the reactions of alcohols 
with MgO and TiO 2 (28-30). Finally, we 
note again that there is no evidence in any 
of the systems for the production of any 
surface carbonates (B) or products derived 
therefrom; this is consistent with the claim 
that these oxidation products result only at 
high adsorption temperatures (31). 

TPD Analysis of [180]Ethanol and 
[J80]Methanol Reactions on T-Alumina 

In order to learn more about the nature 
of the alkoxide species giving rise to the 
observed products, we have carried out 
TPD experiments using [180]ethanol and 
[l~O]methanol. The partial ion chromato- 
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FIG. 6. Reconstructed partial chromatograms of the temperature-programmed desorption products ofisopropa- 
nol adsorbed on y-alumina. 

grams for the reaction of [180]methanol on 
T-AI203 are shown in Fig. 7. The reaction 
produces two isotopomeric ether products 
as evidenced by the ion chromatograms for 
m/z --- 45, 46 and m/z = 47, 48. These corre- 
spond to molecular ions that are derived 
from CH~6OCH3 and CH~8OCH3, respec- 
tively. The ~80-containing ether is pro- 
duced at lower temperatures than the 
160-containing ether. Also, it can be seen 
that the signal due to the CH~6OCH3 exhibits 
a shoulder at the higher temperature. As 
expected, both H~60 (m/z = 18) and H~80 
(m/z = 20) are produced during the re- 
action. 

The results of the reaction of [180]ethanol 
are shown in Fig. 8. Again, in addition to 
the two water isotopomers and the ethene 
(m/z = 26, 28), this reaction produces two 
isotopomeric ether products as evidenced 
by the signals on the ion chromatograms 
for m/z = 59, 74 and m/z = 61, 76; these 
correspond to CH3CH16OCH2CH3 and 
CH3CH~8OCH2CH3, respectively. As with 

[]80]methanol, the ether incorporating the 
180 is the first product to appear. A sum- 
mary of the peak temperatures and peak 
areas appears in Table 1. If a portion of 
the AlzO3-[~80]ethanol sample is studied via 
TPD and then the remaining sample is al- 
lowed to stand in a closed container for 1 
week (room temperature), additional TPD 
studies indicate that the []60]ether: [180] 
ether ratio, the ether : alkene ratio, and the 
observed desorption temperatures remain 
virtually unchanged. Thus, there is no evi- 
dence of alkoxide scrambling on the surface, 
suggesting that the alkoxides are formed ir- 
reversibly. 

The two isotopomeric ether products 
originate from two different alkoxide spe- 
cies, one incorporating an 180, the other 160. 
The presence of these two alkoxides sug- 
gests that alkoxide is formed via two routes, 
one involving a direct reaction at a Lewis 
site (resulting in deprotonation of the com- 
plexed alcohol and formation of 180-labeled 
alkoxide, Scheme 2 top) and the other in- 
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FIG. 7. Reconstructed partial chromatograms of the temperature-programmed desorption products of 
[180]methanol adsorbed on y-alumina. 

volving a reaction with a nucleophilic sur- 
face base site (resulting in ~8OH displace- 
ment and the formation of ~60-labeled 
alkoxide, Scheme 2 bottom). This latter 
pathway probably involves a secondary in- 
teraction of the alcohol hydroxyl with an 
adjacent acid site, since hydroxide itself is 
a relatively poor leaving group. 

Further evidence that the ethers are 
formed from different alkoxide species was 
obtained by carrying out a poisoning ex- 
periment using 2,6-dimethylpyridine. 
2,6-Dimethylpyridine is a base that is ex- 
pected to adsorb onto either Br6nsted acid 
sites or Lewis acid sites (32). Adsorption of 
2,6-dimethylpyridine prior to [lSO]ethanol 
adsorption is seen to have a significant effect 
on the ratio of [160]ether to [180]ether (Fig. 
9). This ratio for the alumina/[~80]ethanol 
sample is 1:3 while it is 1:0.6 when the 
alumina had been exposed to the 
2,6-dimethylpyridine prior to ethanol ad- 
sorption (Table 1). This clearly demon- 

strates that the ether isotopomers are 
formed from different alkoxide species and 
that the [180]ether is formed from an alkox- 
ide associated with Lewis acid sites. These 
studies also argue against the formation of 
an 160-labeled alkoxide at a Br6nsted acid 
site (via protonolysis of alcohol hydrox- 
ide), since the latter would be strongly 
inhibited by the pretreatment with 
2,6-dimethylpyridine; this would have led 
to a decrease in the [160]ether: [180]ether 
ratio, rather than the observed increase. The 
aging studies described above also indicate 
that the nucleophilic and acidic sites retain 
their characteristic differences long after 
alkoxide formation. 

Additionally, the 2,6 dimethylpyridine- 
poisoned surface generates the ethers and 
alkene at higher temperatures than the sur- 
face without the poison (Table 1). It also 
changes the alkene to ether ratios. These 
differences can be attributed to the presence 
of the 2,6-dimethylpyridine on the alumina 
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FIG. 8. Reconstructed partial chromatograms of the temperature-programmed desorption products of [~80]etha- 
nol adsorbed on y-alumina. 

surface, which lowers the surface coverage 
of the alkoxides and promotes the unimolec- 
ular reaction. 

The TPD and IR data presented here show 

that alkenes are formed from alkoxides and 
not adsorbed molecular alcohols, as sug- 
gested by Kn6zinger et  al. (25); the alkoxide 
is formed on basic sites as concluded by 

H 
I 

÷ 

/ A I ~ c ~ A I  ~ + 

~i+ 

R I 8 c H  ~ I 8"  y ~ 18 

AI At -~ All AI 
/ ~ O  ~ ~ j ~ O  ~ 

AI + 
J ~ O  j 

H 

_ A I  

R 

/ ~ 0  j 
+ H2180 

SCHEME 2. TWO routes to alkoxide formation on the alumina surface. 
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FIG. 9. Reconstructed partial chromatograms of the temperature-programmed desorption products of ethanol- 
180 adsorbed on y-alumina after exposure of the alumina to 2,6-dimethylpyridine. 

some researchers (33). Indeed, recent stud- 
ies of MgO showed that relatively high se- 
lectivities for alkenes were obtained via 
base-catalyzed dehydration of alcohols (29). 
Also, these data show that the alkene and 
some ether are formed on the same surface 
sites, which is contrary to the early conclu- 
sions that ether and alkenes are formed on 
different sites (21). 

Identification of two isotopomeric ethers 
show that there are two routes to alkoxide 
formation. This suggests that the mecha- 
nism postulated by Kn6zinger et al. (23) and 
Padmanabhan and Eastburn (24) for ether 
formation is not the only mechanistic route. 
Also, our IR and TPD data show that there 
is no physisorbed alcohol present on the 
catalyst surface at the temperature at which 
ether formation takes place; the reaction is 
therefore between two alkoxide species and 
not an alkoxide and a molecularly adsorbed 
alcohol. The mechanism suggested by Fi- 
gueras et al. (26) for the reaction of methanol 

on alumina is consistent with the appear- 
ance of the ['60]ether. 

CONCLUSION 

TPD studies of adsorbed alcohols using 
the probe of the mass spectrometer as the 
reactor yield results similar to those ob- 
tained by TPD using flow-reactor systems 
(10) or high-vacuum systems (28-33). Our 
studies of various alcohols suggest that the 
facility with which various alkoxides un- 
dergo the two elimination processes is de- 
pendent on the size of the alkyl groups and 
the degree of branching. 

From our analysis of ~80-labeled alcohols 
adsorbed on dried (but partially hydroxyl- 
ated) calcined y-alumina we can make sev- 
eral conclusions concerning the alcohol ad- 
sorbing sites and the possible mechanisms 
of the dehydration reactions: 

1. Our data show conclusively that at the 
temperatures at which ether formation oc- 
curs no physisorbed alcohol is present on 
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the alumina surface. This indicates that 
ether formation cannot involve a reaction 
between alkoxide and physisorbed alcohol, 
in contrast to the suggestions of Jain and 
Pillai (21) and Kn6zinger et al. (23). 

2. Surface-bound alkoxides are formed 
by two routes: (a) dissociative adsorption 
on Lewis acid sites and (b) nucleophilic 
attack by a surface oxide on an alcohol 
that is probably activated toward C-O 
cleavage. The operation of two pathways 
and the involvement of two different sur- 
face sites are conclusively demonstrated 
for the first time by use of labeled alcohols 
and the mass spectrometry technique de- 
scribed herein. 

3. Studies involving pretreatment with 
2,6-dimethylpyridine confirm that the ether 
isotopomers are formed from different al- 
koxide species. In addition, time studies in- 
dicate that there is no scrambling of 160 and 
J80 alkoxides between the different types of 
surface sites after a week at room temper- 
ature. 

4. With proper standardization and quan- 
titation, the methods described herein 
should be useful in determining the relative 
numbers of active acid and base sites on the 
alumina surface. 

In conclusion, we have demonstrated 
the use of a novel isotopic labeling/mass 
spectrometric technique for the investiga- 
tion of the reactions of alcohols on 
y-alumina. The sensitivity of the measure- 
ment, which is a consequence of the close 
proximity of the source of the mass spec- 
trometer to the desorbing surface, is an 
important aspect of the technique. This 
work shows that this method will be ex- 
tremely useful in probing the acid-base 
chemistry of catalyst supports, and ongo- 
ing efforts are directed toward similar stud- 
ies of other oxide supports. 
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