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Infrared studies of adsorbed 2-hexanol and l-da-2-hexanol over thoria show that secondary 
alcohols are dehydrated on this catalyst via a surface alcoholate. A study of dehydration of 
2-hexanol and cis-2-methylcyclohexanol over typical basic catalysts, alkaline earth oxides, 
gives results in selectivity which can be explained by an ElcB-type mechanism, the role of the 
basic centers being preponderant. 

Catalytic dehydration of alcohols pro- 
vides a good model for elimination reaction 
mechanisms in heterogeneous systems, as 
well as an activity scale for catalysts with 
acidic properties (1, 2). 

Numerous oxides are good catalysts for 
alcohol dehydration yielding either olefins 
or ether (S), the best known being cer- 
tainly alumina. Dehydration to olefins on 
this catalyst has been shown to consist in 
a concerted trans elimination with an 
Es-like mechanism (4); Kniizinger (5) has 
proved that olefin formation from primary 
and secondary alcohols can proceed through 
several paths, with or without an inter- 
mediate ether, the latter being prepon- 
derant at low temperature. 

Thoria is also a good catalyst for de- 
hydration of alcohols (6) but it has partic- 
ular properties in that ether oxide is not 
an intermediate in the reaction path (7) 
and secondary alcohols of the R-CHOH- 
CH, type are dehydrated with very good 
selectivity to yield terminal olefins (8, 9). 

In earlier papers (10, 11), it was shown 
that the particular properties of thoria 
with secondary alcohols can be explained 
by the basic character of the surface. To 

define more accurately the mechanism, the 
adsorption of R-CHOH-CH, type second- 
ary alcohols has been studied over thoria 
by means of infrared spectroscopy. This 
allows a more precise characterization of 
the adsorbed species. 

The present study reports also the de- 
hydration of 2-hexanol and cis-2-methyl- 
cyclohexanol on alkaline earth oxides. The 
results obtained using these model sys- 
tems on the basic catalysts lead us to 
conclude that our earlier results with thoria 
are typical of the general class of basic 
catalysts. 

Catalysts 

Thoria used for infrared studies was ob- 
tained by calcination of hydroxide, as de- 
scribed previously (IL). Infrared wafers 
(18 mm diameter, 40-50 pm thickness) of 
thoria were pressed at 6 T cm-* of wafer. 

All alkaline earth hydroxides have been 
prepared by hydration of the oxides, as 
described by Baird and Lunsford for MgO 
(15). The hydroxides were obtained by 
boiling for 2 hr a suspension of oxide in 
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deionized water, filtering with a Buchner 
funnel and drying for 24 hr at 150°C. The 
catalyst so obtained was used after sieving, 
the only particles retained being those with 
sizes between 0.08 and 0.125 mm. 

Apparatus 
Infrared spectra have been recorded on 

a Perkin-Elmer spectrometer Model 125 
or 457, at room temperature. The double 
beam mode was used and the transmit- 
tance was recorded as a function of wave- 
number. Catalyst wafers were introduced 
in an aluminum holder which was placed 
in a Pyrex cell. At the upper end, two 
KBr windows were sealed on both sides 
and a stopcock allowed different treatments 
to be applied. Alcohols were admitted 
under their own vapor pressure at room 
temperature from a vacuum-sealed tube, 
after drying on a 4A molecular sieve. 

Reactions with basic catalysts have been 
performed in a fixed bed integral reactor 
(14) and reaction products were analyzed 
by vapor phase chromatography (10). 

Reactants 
2-Hexanol (Aldrich Chemical Co) with 

a purity of 99% was used without any 
further purification. 

cis-2-Methylcyclohexanol was prepared 
by hydrogenation of 2-methylcyclohexanon 
on platinum black in acetic acid solution 
(15); after two cycles of preparative vapor 
phase chromatography on a diglycerol 
column, the purity of the alcohol was 
improved to 99.9%. 

1-da-2-Hexanol was obtained by means 
of Grignard synthesis from CDJ and 
valeraldehyde. It was used after a prepa- 
rative vapor phase chromatography puri- 
fication on a Carbowax 1500 column. Its 
isotopic purity, determined by mass spec- 
trometry, was 96%. 

RESULTS 

INFRARED STUDY OF THE ADSORPTION ON 
THORIA 

The catalyst ir spectrum, recorderd after 
evacuation of 15 hr at 300°C under 10e5 
Torr, shows, beside the classical carbonate 
bands on this catalyst (1B), three O-H 
bands, respectively, at 3710, 3640, and 
3520 cm-’ (Fig. la). In the 3800-3500 cm-’ 
region, the spect’rum is very similar to 
that of alumina described by Peri (17) 
and Dunken and Fink (18). 

When 2-hexanol is adsorbed on the cata- 
lyst kept at 3OO”C, the spectrum is modi- 
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Fm. 1. Infrared spectra of 1-da-2-hexanol adsorbed on thoria: (a) Catalyst spectrum after 
1R hr outgassing at 300°C. (b) Spectrum of 1-da-2-hexanol adsorbed after a treatment of 1 hr 
at 250°C. (c) Spectrum after a treatment of 15 hr at 300°C. 
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fied in the O-H stretching region ; the first 
two bands at 3710 and 3640 cm-’ are 
strongly attenuated while the third one, 
at 3520 cm-l, is only slightly modified or 
notj modified at all. lLloreover, in the 1200- 
1000 cm-l region, an additjional band ap- 
pears in the C-O vibration region. The 
liquid 2-hexanol spectrum shows two bands 
at 1150 and 1115 cm-l; but in the ad- 
sorbed state these two bands are changed 
into three, at 1150, 1135, and 1115 cm-‘. 
Desorption of the alcohol under vacuum 
for 1 hr at increasing temperature does not 
change the spectrum. It is only when 
heated t’o 25O’C that the O-H catalyst 
band at 3640 cm-’ is recovered. The initial 
catalyst spectrum shows up after 15 hr at 
300°C under vacuum. 

The adsorption of 2-hexanol perdeuter- 
ated on the first carbon leads to the same 
results; the two first O-H stretching bands 
at higher frequencies disappear but the 
additional band at 1130 cm-l is present 
(Fig. lb). For the adsorbed alcohol, the 
C-D band at 2225 cm-’ is weaker than 
the one obtained with liquid alcohol. One 
hour desorption treatment under vacuum 
at increasing temperatures results in a 
progressive decrease in the band intensities 
of the adsorbed alcohol without any change 
in their positions. On the other hand, when 
the O-H bands at 3710 and 3640 cm-l 
reappear, two small bands at 2690 and 
2625-2630 cm-l become visible (Fig. lb). 
As for 2-hexanol, a 15 hr treatment under 
vacuum at 300°C removes the adsorbed 
alcohol spectrum. Nevertheless, the 3710 
and 3640 cm-’ O-H bands are less strong 
than in the initial catalyst spectrum and 
the bands at 2690 and 2630 cm-’ persist 
(Fig. lc). These two bands might be 
ascribed to O-D surface groups formed by 
the dehydration of adsorbed alcohol into 
olefin. Indeed, if we assume in first ap- 
proximation, that the binding force con- 
stant is independent of the isotope, cal- 
culations show that the 3710 and 3640 cm-l 
bands must be near 2700 and 2650 cm-’ 

when a deuterium atom takes the place of 
a hydrogen atom. 

STUDY OF ALKALINE EAHTH OXIDES AS 
CATALYSTS 

On all these catalysts, water formed by 
dehydration of alcohols can irreversibly 
hydrate the active oxide into hydroxide. 
To avoid this, the initial hydroxide is 
heated under nitrogen inside the reactor 
up to the desired temperature for the 
reaction. The rehydration of these oxides 
at room temperature and normal atmo- 
sphere is an irreversible and very fast 
reaction, and therefore the specific area 
and the porosity of these different samples 
could not be determined. Nevertheless, the 
results obtained, in particular for CaO, 
can be usefully compared to those obtained 
by Iisuka et al. (19). 

a. %Hexanol Dehydration 

On all the alkaline earth oxides studied 
(MgO, CaO, SrO and BaO), the most im- 
portant reaction is the dehydrogenation of 
alcohol into ketone, dehydration being a 
secondary reaction. Nevertheless, if 2-hex- 
anol is flowed over the catalyst (alcohol 
pressure = 0.2 atm, nitrogen pressure = 0.8 
atm) the temperature being progressively 
increased, the 1-hexene percentage in t’he 
olefinic fraction (i.e., selectivity) can be 
plotted versus react’ion temperature for the 
different catalysts. In Fig. 2, it can be 
seen that I-hexene selectivity increases at 
a temperature which is typical for each 
studied oxide ; this characteristic tempera- 
ture corresponds to the hydroxide to oxide 
dehydration (do). Maximum values of 
selectivity vary according to the catalysts, 
i.e., 63% on MgO, 82% for CaO, and only 
54y0 with SrO. For BaO, however, it is 
impossible to reach the maximum possible 
value for selectivity because the melting 
point of Ba(OH)2 is too low. With the 
type of apparatus used here, which is 
made of Pyrex glass, it is not possible to 
go over .550°C. 
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FIG. 2. Dehydration of 2-hexanol over alkaline earth oxides: dependence of 1-hexene selec- 
tivity on temperature of reaction. 

Results obtained with CaO can be com- (Fig. 3), it can be seen that the two 
pared to those of Iisuka et al. (19). When curves are in good correspondence with 
the selectivity in 1-hexene together with each other. 
the basicity of the catalyst are plotted Over thoria, the addition of ammonia, 
versus temperature on the same graph because of a poisoning of surface acidic 

Fro. 3. Relation between l-hexene selectivity and b&city of CaO with reaction or calcin- 
ation temperature. 
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FIG. 4. Dehvdration of 2-methvlcvclohexanol over CaO. Changes in 3-methylcyclohexene ” ” 
selectivity with reaction temperature. 

centers, could have a pronounced effect 
on the activity and selectivity of the 
catalyst, according to the preparation mode 
(10). This effect, however, could not be 
observed on alkaline earth oxides; the ad- 
dition of ammonia (ammonia pressure 
= alcohol pressure = 0.2 atm, nitrogen 
pressure = 0.6 atm) to CaO at 510°C had 
no effect, the selectivity in 1-hexene re- 
maining 82%. Therefore, this good selec- 
tivity for R-CH=CH2 olefin t’ypes may 
not be due to the presence of possible 
strong acidic centers on the surface, but 
rather the result of the catalyst basicity. 

b. cis-2-Methylcyclohexanol Dehydration 

Dehydration of this alcohol in the same 
conditions as 2-hexanol gives the same 
kind of curves. On Fig. 4, the S-methyl- 
cyclohexene percentage in olefins is plotted 
versus the temperature reaction for cal- 
cium oxide ; the selectivity is lower than 
with 2-hexanol. Here again, ammonia has 
no effect on the selectivity. Curves for the 
three studied catalysts (MgO, CaO and 
SrO) are of the same kind. 

DISCUSSION 

Infrared studies of adsorbed 2-hexanol 
at 300°C over thoria show that the O-H 
alcohol band disappears when adsorbing 
alcohol. The infrared spectrum obtained 
in this way is nearly the same as that of 
thorium isopropoxide (21), and in the 
1200-1000 cm-l region, the bands observed 
are approximately the same as that ob- 
served when secondary alcohols are ad- 
sorbed over alumina (2%‘) or titanium 
oxide (2.9 at low temperature. It is not 
possible to see any change in the band 
positions of the adsorbed alcohol when the 
catalyst is kept at 3OO”C, whereas similar 
studies with primary and secondary alco- 
hols over alumina (22-z-d4) or hydroxy- 
apatite (25) show characteristic bands for 
carboxylate surface groups. Moreover, it is 
possible to see thorium alcoholates by 
means of infrared spectroscopy when esters 
are adsorbed on thoria (26). 

When 2-hexanol is adsorbed on thorium 
oxide, the first two O-H bands of the 
catalyst, at 3710 and 3640 cm-‘, are 
strongly attenuated. The frequency dif- 
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ferences between the surface O-H groups 
can be understood on the basis of a dif- 
ferent local environment: the more sur- 
rounded they are with 02- ions, the more 
basic they are and the higher is their 
vibration frequency (17). 

The formation of surface alcoholate may 
be interpreted as adsorption of an alcohol 
molecule on a surface O-H group, the 
alkoxy radical taking the place of the 
hydroxy group : 

OH OZR 

R-OH + $- ;h O’- s H,O + O’- ;h O’- 

To explain the disappearance of bands 
due to free surface hydroxyl groups when 
the surface is covered by alcohol mole- 
cules, another possibility exists which is 
an interaction via coordinative adsorption 
on exposed Th4+ ions and lateral inter- 
action of the alcohol molecule with the 
O-H group. This has been previously dis- 
cussed by several authors (27, 68) : 

R 

H\ .H...d 
6 c 02- 

’ *Th, 

In this case, the primary interaction is 
between the alcohol hydroxyl oxygen and 
a Lewis acid site. However, results ob- 
tained by poisoning the surface of thoria 
with NH3 (10) ruled out the possibility 
of strong acidic centers participating in the 
selective dehydration of 2-hexanol into 
1-hexene and of cis-2-methylcyclohexanol 
into 3-methylcyclohexene. When dehydra- 
tion is very selective, the only acidic 
centers which could participate in the 
catalytic reaction are those which are very 
weak because they are not poisoned by 
NH,. Moreover, previous work showed 
that the surface of thoria carried between 
80 and 100% of a hydroxyl monolayer ((29) 
for the conditions used in this study. 
Therefore, the adsorption with dehydra- 
tion and formation of a surface alkoxy 

group is likely to be the best way of ex- 
plaining the results obtained with t,horia. 

Concerning the selectivity in olefins of 
the dehydration reaction, three mechanisms 
are possible in elimination reactions over 
polar catalysts (SO). The E1 type can be 
ruled out because of the nature of the 
catalysts used; the surface does not have 
the strong acidic centers which are re- 
quired for eliminations of this type. A cis 
or tram Ez elimination is possible over 
these catalysts (9, Sl), but in this case, 
it is difficult to understand why such 
mechanisms with secondary alcohols of 
R-CHOH-CH3 type lead to olefins with 
a Saytzeff distribution over alumina (4), 
hydroxyapatite (32) or metal salts ($3) and 
with a Hofmann distribution over thoria 
or alkaline earth oxides. 

The preferential formation of 1-hexene 
from 2-hexanol over alkaline earth oxides 
may be connected with the basicity of the 
catalyst, as shown in Fig. 3 for calcium 
oxide. Over thoria (IO), selectivities ob- 
served in dehydration of secondary alco- 
hols can be well explained assuming two 
parallel mechanisms; a trans Ez elimina- 
tion which is poisoned by NHI, leads to 
the more substituted olefin and an ElcB 
mechanism which can be related to the 
amount of basic centers, leading to the 
less substituted olefin. With the studied 
alkaline earth oxides, as in the case of 
thoria, the presence near the adsorbed 
alcoholate of strong basic 02- ions from 
the crystalline structure (34) allows an 
attack on the hydrogen of the adsorbed 
molecule : 

-&J - Q-y \ / 
- /“=“\ o- ” 

02- 
c( $ -02<;+ ‘2: 

h4+ 02 02- A+ A- 

OH 

02- i+ 02: -I 

In this case, the transition state is nearly 
the same as that proposed for ElcB elimi- 
nation reactions (35). By a rearrangement 
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of this intermediate an olefin can be ob- 
tained, and the O-H surface group may 
be reformed wit’h one hydrogen of the 
organic molecule ; if deuterium replaces 
hydrogen, the dehydration will lead to 
O-D surface groups. According to this 
mechanism, the dehydration selectivity in 
olefin depends on the attack of the hy- 
drogen by a basic center, and the more 
substituted a-carbon of the alcohol func- 
tion, the stronger must be the basic center 
for the hydrogen abstraction. With 2-hexa- 
nol, the hydrogen of the methyl group is 
about 100 times more labile than that of 
the third secondary carbon atom. With a 
catalyst which does not have too strong 
surface basic centers, this alcohol dehydra- 
tion will be very selective for the 1-hexene 
formation. This is in fact observed in the 
case of thoria. When the strength of the 
basic center increases, the selectivity in 
terminal olefin decreases because the attack 
on the P-hydrogen can occur on primary 
and secondary hydrogen. So, if the highest 
selectivity value for CaO is near 80% for 
the I-hexene formation, for SrO which is 
more basic than CaO, this value drops 
to 56%. 

Another possibility for the loss in selec- 
tivity with 2-hexanol between CaO and 
SrO is the size of the cations. SF is larger 
than Ca2+ and the screening effect of 02- 
ions is lower with SrO (SO), so with this 
latter catalyst an E, mechanism leading 
to 2-hexene would be easier, the acidic 
centers being more exposed. 

At temperatures higher than 510°C for 
CaO, the selectivity in 1-hexene drops to 
lower values. This fact may be correlated 
with the formation of acid centers (Ca2+, 
SF+) on the surface when decomposition 
of carbonate-like species occurs at these 
temperatures, as recently reported by Hat- 
tori et al. (36). 

With cis-2-methylcyclohexanol on these 
catalysts, the attack by a basic center 
takes place on a secondary hydrogen, the 
olefin formed being 3-methylcyclohexene, 

or on the tertiary hydrogen with forma- 
tion of I-met’hglcyclohexene. As the acidity 
difference of t’hese two hydrogens is about 
10 times weaker than in the case of 2-hexa- 
nol, selectivity differences are less clear 
than with the linear alcohol and all the 
alkaline earth oxide catalysts studied have 
strong basic centers which can induce an 
attack on a t’ertiary hydrogen. 

According to this mechanism, thoria ap- 
pears in secondary alcohol dehydration as 
a catalyst with weak basic centers. 

ACKNOWLEDGMENT 

The authors express their grateful appreciation 
to Professor H. Knozinger for interest and valuable 
discussions about this paper. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

REFERENCES 

Dzisko, V. A., Proc. Int. Congr. Catal. 3rd, 1964 
1, 422 (1965). 

De Mourgues, L., Barthomeuf, D., Figueras, F., 
Perrin M., Trambouze, Y., and Prettre, M., 
Proc. Int. Congr. Catal. 4th 1968, 2, 187 (1971). 

Winfield, M. E. Catalysis 7, 93 (1960). 
Pines, H., and Manassen, J., in “Advances in 

Catalysis” (D. D. Eley, H. Pines and P. B. 
Weisz, Eds.), Vol. 16, p. 50. Academic Press, 
New York, 1966. 

Knozinger, H., Angew. Chem. Int. Ed. 7, 791 
(1968). 

Sabatier, P., and Mailhe, A., C. R. Acad. Sci. 
146, 1376 (1908). 

Balaceanu, J. C., and Jungers, J. C., Bull. Sot. 
Chim. Belg. 60, 476 (1951). 

Lundeen, A. J., and Van Hoozer, R. J. Amer. 
Chem. Sot. 85, 2180 (1963). 

Lundeen, A. J., and Van Hoozer, R., J. Org. 
Chem. 32, 3386 (1967). 

Canesson, P., and Blanchard, M., Bull. Sot. 
Chim. Fr. 2839 (1973). 

Canesson, P., Gnonlonfoun, F. N., and Blan- 
chard, M., Bull. Sot. Chim. Fr. 3056 (1973). 

Brey, W. S., Jr., Davis, B. H., Schmidt, P. G., 
and Moreland, G., J. Catal. 3, 303 (1964). 

Baird, M. J., and Lunsford, J. H., J. Catal. 26, 
440 (1972). 

Maurel, R., and Germain, J. E., Bull. Sot. 
Chim. Fr. 930 (1960). 

Kochloefl, K., Kraus, M., Chou, C. S., Beranek, 
L., and Bazant, V., Collect. Czech. Chem. 
Commun. 1199 (1962). 

Pichat, P., Claude& B., and Mathieu, M. V., 
J. Chim. Phys. 1026 (1966). 



212 CANESSON AND BLANCHARD 

i7. Peri, J. B., J. Phv*y. Ch~nl. 69, 211 (1965). 
18. Dunken, H., and Fink, P., 2. Chem. 6, 194 

(1966). 
19. Iisuka, T., Hattori, H., Ohno, T., Sohma, J., 

and Tanabe, K., J. Catal. 22, 130 (1971). 
,@. Duval, C., “Inorganic Thermogravimetric 

Analysis.” Elsevier, Amsterdam,, 1963. 
21. Lynch, C. T., Maediyasni, K. S., Smith, J. S., 

and Crawford, W. J., Anal. Chem. 36, 2332 
(1964). 

.%‘. Kniizinger, H., Buhl, H., and Ress, E., J. Catal. 
12, 121 (1968). 

23. Danyushevskii, V. Y., Yakerson, V. I., Lefer, 
L. I., and Rubinshtein, A. M., Izv. Akad. 
Nauk SSSR 22, 525 (1973). 

24. Greenler, R. G., J. Chem. Phys. 37, 2094 (1962). 
25. Bett, J. A. S., Christner, L. G., and Hall, W. K., 

J. Cad 13, 332 (1969). 
96. Bouchoule, C., Canesson, P., and Blanchard, M., 

Bull. Sot. Chim. Fr., 1243 (1975). 
27. Jeeiorowski, H., Knijzinger, H., Meye, W., 

and Muller, FT. I)., J. C/bnn.. Ser. FtcmtEay 1 
69, 1744 (1973). 

28. Jackson, P., and Parfitt, G. D., J. Chem. Sot. 
Faraday Z 68, 1443 (1972). 

29. Jeziorowski, H., Knijzinger, H., and Meye, W., 
J. Colloid Interface Sci. 50, 283 (1975). 

SO. Noller, H., And&u, P., and Hunger, M., Angew. 
Chem. Znt. Ed. 10, 172 (1971). 

31. Narayanan, K., and Pilla:, C. N., Indian J. 
Chem. 7, 409 (1969). 

32. Kibby, C. L., and Hall, W. K., J. Catul. 29, 144 
(1973). 

S3. Thomke, K., and Noller, H., Proc. Int. Congr. 
Cuatal., 6th, 1972, 2, 1183 (1973). 

34. Krylov, 0. V., Markova, Z. A., Tretiakov, I. I., 
and Forkina, E. A., Kinet. Katal. 6,128 (1965). 

36. Mathieu, J., and Panico, R., “Mechanismes 
Reactionnels en Chimie Organique.” Her- 
mann, Paris, 1972. 

36. Hattori, H., Yoshii, N., and Tanabe, K., Proc. 
Int. Congr. Catal., 5th 1972 1, 233 (1973). 


