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IN THE CATALYTIC DEHYDRATION OF ALCOHOLS TO OLEFINS
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Organic compounds containing oxygen and nitrogen like alcohols
and pyridine were readily incorporated into the bulk of heteropoly
aclds, while hydrocarbons such as butenes and benzene were adsorbed
only on the surface. It was found in the dehydration of ethanol
over H Pwlzou0 that ethylene was yielded predominantly from absorbed

3
ethanol in the bulk, whereas diethyl ether was formed on the surface.

It is known that heteropoly compounds, which have both acidic and oxidative
2)

and partial oxidation

properties, catalyze many kinds of reactions such as dehydration of alcohols,
Friedel-Crafts type reaction, oxidative dehydrogenation

3) 3)
of organic compounds?’S) Recently, it has been reported that H3Pw12OLlO catalyzes
the conversion of methanol into hydrocarbons6) and that H3PM012O40 is effective
as an oxidant in the catalytic oxidation of l-butene with Pd-salts.7)
reported that hg?eropoly acids such as H3PM012040 and H3PW12040 were almost pure
Br8nsted acids. The latter exhibited the most strong acidity among heteropoly

acids having the Keggin structure, and was more active than SiO2—A1203 by a factor
2,9)

We already

of about 2000 for the dehydration of 2-propanol.
In view of the fact that the organic molecules like acetone, alcohols and
pyridine are readily absorbed into the bulk of heteropoly acids, we pointed out

the possibility that reactions take place in the bulk near the surface.sa’lo)

11) In the present

Some evidence to support this idea has recently been presented.
communication, we wish to report new evidence which demonstrates clearly the role
of the bulk in the catalytic reactions.

Two samples of H3PW120“0 were used in this work. One was synthesized by a con-
ventional method.lz) The other sample was obtained from Nippon Muki Kagaku Ltd.
and was purified by extraction with diethyl ether and recrystallization from water.
These two samples exhibited the same IR spectrum and catalytic behavior. The sur-
face area of the sample evacuated at 300°C was about 5 m2/g as measured by BET
method. Absorption (and/or adsorption) was measured by use of a quartz spring
balance for pyridine, benzene, toluene and 2-propanol, and by a volumetric method
for NH3, ethylene, l-butene, methanol, and ethanol. The catalytic dehydration of
ethanol was carried out in a circulating system (188 ml) connected to an on-line
gas-chromatograph. The activities for the isomerization of butenes and the dehydra-

tion of 2-propanol were determined by use of pulse and flow method, respectively.
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Table 1. Absorption(adsorption) of
various ga a)
gases into(on) H3Pw12040 3k 12
gas Numbers of ab(ad)sorption <
molecule/K.U.P ET 1
Pyridine 6.0 % 35
Ammonia 3.2 g 2r 8¢
2-Propanol 6.3 8 I
Ethanol 6.2 s [ 6%
_-Methanol __________ 2.2 ] o
Benzene 0.1 (0.8)¢c) 3 T “3
Toluene 0.04 (0.4) 5 5
1-Butene 0.2 (1.1) g I 2g
Ethylene 0.03 (0.05) < <
0 0
a) H,PW,,0 was pretreated b 0 300
3" %12%u0 p y evacuation Temperature (°C)
at 130°cC.
b) Irreversible absorption at r.t. Fig. 1 Thermal desorption of ethanol
c) The values in parentheses mean the
surface coverage. from H3Pwl201&0°
H3Pw12040(0.6 g) was pre-evacuated
at 130°cC.

The amounts of irreversible absorption (or adsorption) of various gases into
(or on) H3Pw120uo are listed in Table 1. Alcohols, pyridine and NH3 were readily
incorporated into the bulk of H3Pw12040, the number of absorbed molecules per Keggin
unit (K. U.) was ca. 3 for NH3 and 6 for pyridine and alcohols except methanol. In
contrast with this, hydrocarbons like ethylene, l-butene, benzene and toluene were

adsorbed only on the surface. Since absorption of gases into the bulk of ordinary
solid oxide does not take place, heteropoly acids are unique in the high ability of
absorption.sa)

We attempted in this work to elucidate the roles which the molecules incorpo-
rated into the bulk play in the catalytic reactions. First, thermal desorption was
carried out in order to examine the reactivity of ethanol absorbed in H3Pw120u0. A
typical result is shown in Fig. 1. Ethylene began to appear near 70°C, and its
amount reached a maximum at 75 - 100°C. Heating above- 130°C yilelded various hydro-
carbons such as ethane, propene, propane, methane and n-butane. These hydrocarbons
seem to be formed by the reaction of ethylene in the bulk, probably by the decompo-
sition of oligomers formed from ethylene, because only a very small amount of hydro-
carbons besides ethylene was observed on thermal desorption from H3Pw12040 which had
been kept in contact with ethylene (183 mmHg) at 200°C for 1.5 h.

When diethyl ether (400 mmHg) was introduced over H3Pw12ou0 at room temperature,
diethyl ether was readily absorbed into the bulk (4.8 molecules per K. U.). By
subsequent thermal desorption, it was desorbed mainly as diethyl ether in the tem-
perature range from 25 to 130°C and ethylene appeared at 100 - 160°C. However,
diethyl ether was scarcely detected during the thermal desorption of ethanol ab-
sorbed in H3Pwl20u0. These findings indicate that ethanol was not converted to
diethyl ether in the bulk during the thermal desorption.

Figure 2 shows the time course of the catalytic dehydration of ethanol over
H3Pw12040 at 100°C. 1In contrast to thermal desorption, catalytic reaction yielded
diethyl ether in preference to ethylene. When the pressure of ethanol was increased
abruptly during the catalytic reaction (indicated by an arrow in Fig. 2), the
formation of diethyl ether was accelerated in proportion to the second order of the
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ethanol pressure. On the contrary, l

the rate of ethylene formation was not af-
fected by the change in the ethanol pres-
sure. The amount of ethanol plus ethylene,
which were collected for 30 min after the
run by an trap kept at -196°C keeping the
catalyst at 100°C was greater than those
in the gas phase owing to the desorption
of these compounds from the bulk. The
amount of 02H50H(a) was 0.5~1.0 per K.U.,
and was shown by dotted lines in Fig. 2.
Diethyl ether recovered after the run was
almost equal to that existed in the gas
phase, indicating that no diethyl ether
was produced from the bulk as in the case
of thermal desorption of ethanol. There-
fore, the formation of diethyl ether under
the reaction conditions must have occurred
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Fig. 2 Dehydration of ethanol over
H3Pw120u0 at 10¢°cC.
H Pwl2ouo (0.3 g) was

only on the surface acid sites. 3
pre-evacuated at 130°C
Large difference in the pressure depend-
ence between ether and ethylene formation 2 5OH(a) ethanol held by the
cannot be explained if the two reactions catalyst (calculated)
take place on the same sites. Little dependence of the rate of ethylene formation

on ethanol pressure may reasonably be understood if one assumes that ethylene
formation predominantly occurred in the bulk of H3 1201‘O and that the active sites
for ethylene formation in the bulk were already saturated by ethanol.

Based on these results, we propose the following scheme for the dehydration of

C;HsOH (q) (C;Hs),0
\ /;*20 C2H4 E%Egn
C,HsOH(ad) Surface
TITITT //////7/// 77777
' Bulk
CzHsOH , GHs- , -
(ab) _ :
L >CoHg------- =

ethanol. Two types of ethanol may be present in the bulk. One is weakly bonded and
desorbed easily as ethanol at low temperature (< 100°C), and the other is probably
protonated and is converted to ethylene at about 100°C. Other hydrocarbons formed
at high temperature are yielded by the secondary reaction of ethylene in the bulk
as shown in the scheme.

Since butenes were not absorbed into the bulk, the isomerization of butenes
must occur on the surface. If so, the increase in the surface area of H3Pw12040 by
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dispersing on SiO2 should increase x103
the rate of this reaction in pro-
portion to the surface area of <S
HyPW ,0,0.  On the other hand, the ST
rate of dehydration of alcohols E
would not increase so effectively, EY)4_
since these reactions proceed not 0
only on the surface but in the EE
bulk. Figure 3 shows the changes ~ 3r
of the rates for the isomerization §
of cis-2-butene and the dehydra- a8 2t
tion of 2-propanol over H3PW120uo %
supported on $i0,. S

The rates of both reactions r
normalized to the weight of
H3Pwl2ouo increased by dispersion 00 26 46 éb 0 100

on Sioz, but the extents of the
increase were quite different.
The isomerization of cis-2-butene Fig.3 Activities of H3PW:L20u0 supported

wt% of H3Pw120u0 on S:LO2

was accelerated by a factor of on SiO2 for isomerization of cis-2-butene
about 20 at low loading levels of and dehydration of 2-propanol.

H3Pwl201_lo compared with the un- @® : Isomerization of cis-2-butene at 50°C
supported H3PW12OMO, while only QO : Dehydration of 2-propanol at 100°C

4 times acceleration was observed

for the dehydration of 2-propanol.

This result also supports the idea the bulk(at least the bulk near the surface) of
heteropoly acids takes part directly in the catalytic reactions like dehydration
of alcohols.
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