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Abstract. The reaction of cyclohexanone on alumina is investigated at various tem-
peratures and contact times. The poisoning of the surface of pure alumina as well as
of alumina impregnated with different amounts of sodium is also studied. The main
reaction products are a dimeric aldol condensation product and cyclohexen=. The
reaction sequence of cyclohexanone on alumina involves first a rapid polymerisation
of cyclohexanone on the surface. At low temperatures, hydrogen transfer from the
polymer to cyclohexanone is responsible for the formation of cyclohexene, the polymer
itself being converted to coke which poisons the surface. At higher \emperatures the
disproportionation of cyclohexanone is the dominant mechanism for the formation of
cyclohexene. Cyclohexanol itself is not formed under the reaction conditions employed.
Conditions of low acidity and temperature favour the formation of the dimer.

Keywords. Heterogeneous catalysis; alumina catalysis; transformation of cyclo-
hexanone.

1. Introduction

The use of alumina as a catalyst for several reactions such as the dehydration of
alcohols, isomerisation of olefins, cracking of hydrocarbons, etc., or as support for
metal or metal oxide catalysts is well known. The nature of the active sites on alumina
for such reactions are generally considered to be acid sites which could be Lewis
acids or bronsted acid. The role of the basic sites on the surface such as the oxide
ions or the hydroxide ions in the catalytic activity of alumina has been little studied in
spite of the fact that these ions constitute physically a very large part of the surface.
Quite some time back the basic sites have been postulated to be necessary for various
processes such as the adsorption of alcohols (Greenler 1962; Arai et al 1968 ; Knozinger
1968 ; Jain and Pillai 1967), or for adsorption of ethylene and acetylene (Yates and
Lucchesi 1961; 1963). Since then very little work has been done to investigate further
the role of the basic sites. Hightower and Hall (1970) have showed that the oxide ions
have a role to play in the isomerisation of olefins, while Rosynek et al (1975 and 1976)
have found that the highly energetic oxide ions responsible for the formation of a
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carbonate structure with carbon dioxide are also responsible for the deuterium ex-
change reactions. The lack of interest in the role of the oxide ion is perhaps because
their basicities would be determined anyway by the strength of the acid sites neighbour-
ing them, as reflected in the dual acid-base sites proposed by Peri (1965). Thus
recently, Szabo and Jover (1973) have studied the influence of the surface basicities
of 1-, 7-, and e-aluminas on the dehydration of alcohols. They have found that a
two-centre mechanism involving an acidic and a basic site is probably the correct one.
Gerberich et al (1966) have proposed that the dual acid-base site responsible for the
formation of NH; during the adsorption of ammonia on alumina (Peri 1965) is also
responsible for the isomerisation of olefins. The importance of a basic site is evident
from the need of such a site to abstract a proton from NHj to give NH_, although it
may be the adsorption on a strong neighbouring site that facilitates the abstraction
of the proton. A better idea of the role of basic sites could be obtained if a study is
made of a facile base-catalysed reaction such as the aldol condensation of ketones.

The aldol condensation reactions in the vapour phase over silica catalysts have been
studied extensively by Malinowski et al (1963, 1964a, 1964b). They have used mainly
aldehydes to investigate the aldol condensation reaction. Aldol condensation reac-
tions of ketones over alumina has been briefly investigated by Scheidt (1964).
Ketones are also reported to be transformed to olefins over alumina. Blouri and
Ahmadi (1969) have investigated the reaction of straight-chain ketones over two
alumina catalysts and have found that the formation of olefins is greater over the
more acidic catalysts. Piehl (1969) has also reported the formation of olefins from
aldehydes and ketones over MnO,~Al,O4 catalysts in the presence of nitrogen. It
seems therefore, that by studying the behaviour of metal oxide catalysts towards both
the aldol condensation and olefin-forming reactions one could arrive at some conclu-
sions regarding the importance of the basic sites vis-a-vis the acidic sites. No such
systematic work seems to have been carried out so far.

We report in this and a subsequent paper the results of our study on the vapour
phase transformation of cyclohexanone over alumina catalysts. The choice of cyclo-
hexanone has been dictated by the fact that the simpler straight-chain ketones give
rise to complicating side reactions such as fragmentation and skeletal isomerisation
(Blouri and Ahmadi 1969; Cockern and Fry 1967; Newton and Coburn 1942;
Jagannathan 1968). In this paper an attempt has been made to elucidate the reaction
sequence by studying the product distribution at various time intervals during a
reaction in order to study the poisoning of the catalyst, and also by studying the effect
of various flow rates. In a subsequent paper we shall deal in more detail with the
actual involvement of the active sites by studying the influence of various selective
poisoning agents on the reaction.

2. Experimental Methods

2.1. Apparatus

The flow system used for the catalytic reactions had a slanting reactor with a static
catalyst bed, and is similar to the flow system described by Upreti et al (1963). 2 g of
dry catalyst was packed between layers of glass wool. A thermocouple measured
and also controlled the temperature of the catalyst bed. The size of the catalyst
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particles was between 40 and 60 mesh. The catalysts were activated and regenerated
by heating in air at 500°C. An ice-salt freezing mixture condensed the catalysate
which was collected and analysed gas-chromatographically after removal of water.
Nitrogen (partial pressure -0.1 atm.) was used as a carrier gas. Before the start
of the reaction the apparatus was flushed with dry nitrogen for about two hours.
The results in the presence of air was the same as that in the presence of nitrogen.

Ammonia adsorption studies on alumina and some sodium-impregnated alumina
were carried out in a conventional BET type of apparatus. The catalysts were
evacuated at 500°C to 10-® mm Hg before the introduction of ammonia.

Partial pressure studies with water was carried out with a slight modification of the
apparatus. Water, as steam,was passed along with nitrogen just after cyclohexanone
was introduced into the reactor.

2.2. Analysis

The liquid products of the catalysate of some trial runs carried out under various
conditions over the alumina catalysts were collected and fractionally distilled in a
Podbielniak distillation column. The high-boiling compounds were fractionally
distilled under reduced pressure. The various fractions were tested for purity gas-
chromatographically and identified by IR.

The various chromatography columns that were used are a 2-meter column of
Carbowax-200 (20 %) supported on chromosorb, a 2-metre column of 159 Bentone-
34 and 109% Apiezon-L mixture supported on firebrick, and a five-metre SE-30
column. Hydrogen was used as the carrier gas.

2.3. Materials

Cyclohexanone was purified by distillation to give more than 99.9%, purity as deter-
mined gas-chromatographically and spectroscopically. The nitrogen used as the
carrier gas was stated to be more than 99 %, pure. It was further purified by passing
the gas over metallic copper turnings kept at 800°C and then dried in two silica-gel
drying towers.

Alumina-4 was prepared by the hydrolysis of freshly distilled aluminium iso-
propoxide (200g) in doubly distilled water (2 litres). The precipitate was washed
several times with doubly distilled water and then allowed to stand for three days
under doubly distilled water. The precipatate was then filtered and dried at 110°C
for 72 hr. The dried hydrate was powdered and sieved to get particle sizes between
40 and 60 mesh and then activated by heating in air at 500°C for 24 hr.

Alumina-A4 was another batch of catalyst prepared by the same method. This
batch was used for impregnating with sodium. The impregnation of sodium was
carried out with sodium carbonate solution (SN). After impregnation the catalysts
were heated to 500°C for 24 hr. Four sodium-impregnated catalysts were thus
prepared containing approximately 0-5, 1-0, 2:0, and 3-0 wt.% sodium. These
catalysts were designated as alumina -440.5Na, -441.0Na, -442.0Na and
-AA3.0Na, respectively.
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3. Results

The transformation of cyclohexanone (I) over alumina gives several products especial-
ly at high contact times and at high temperatures. The compounds identified as the
major components of the products are cyclohexene (II), a dimer 2-(1-cyclohexen-1-yl)
cyclohexanone (III), and phenol (IV). Another compound obtained under conditions
of cyclohexene formation hasbeen identified as cyclohex-1-en-3-one (V) (Forest Woods
1962) although it could not be distilled from the product in a pure state. 2-Cyclo-
hexylidencyclohexanone (VI) did not seem to be formed. Cyclohexanol (VII) could
not be obtained in the product of any experiment including those employing heavily
sodium-impregnated catalysts. Similarly neither benzene nor cyclohexadiene could
be detected. These compounds are formed during the dehydration of cyclohexenols
(which are double bond isomers of the enolic form of cyclohexanone) over alumina
(Pines and Manassen 1965). Forest Woods (1962) has also reported the formation
of cyclohexadiene and benzene among other products during the reaction of cyclo-
hexanone over alumina. Other authors (Adkins and Watkins 1951; Nazarov et al
1952, Guseva 1947) who have studied the transformations of cyclohexanone over
alumina, however, do not report the formation of cyclohexadiene or benzene. Some

methylcyclopentenes were formed at high contact times and high temperatures, ob-
viously due to the isomerisation of cyclohexene.

o oo

Bartlett and Woods (1940) have reported the vapour phase dehydration of 2-hydroxy-
cyclohexanone over alumina to cyclohex-1-en-3-one (henceforth referred to as cyclo-
hexenone) and they have observed the disproportionation of this compound to cyclo-
hexanone and phenol. The exclusive formation of 2-(1-cyclohexen-1-yl) cyclohexanone
(henceforth referred to as the dimer) over alumina catalysts has been reported by
Scheidt (1964). At high contact times and temperatures some compounds with
retention times similar to those of biphenyls and hydrogenated biphenyls (henceforth
referred to as biphenyls) were obtained. The biphenyls and the polymeric products
were commonly classified as polymers for convenience in the tables. Gas evolution
was negligible and no analysis of the gaseous products was carried out.

3.1. Changes in the composition of the catalysate with time

Most investigators, working with carbonyl compounds, have found a rapid poisoning
of the catalyst surface during the reaction (Blouri and Ahmadi 1969 ; Pines and Manas-
sen 1965). In order to understand this poisoning better we have studied the change in
the composition of the catalysate with time. The temperature chosen was 400°C, the
condition under which the reaction of cyclohexanone over alumina has been studied
by other workers (Forest Woods 1962; Adkins and Watkins 1951; Nazarov et al
1952; Guseva 1947). Cuts at every ten minute interval, starting from the fifth

minute, were collected during an experiment lasting an hour and estimated gas-
chromatographically.
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In the tables and figures that follow, the products were estimated in terms of the
mole percent of cyclobexanone reacting to form them. The methylcyclopentenes
when formed were included in the value for cyclohexene. It has been assumed that
the weight percent polymer in the products is equivalent to the mole per cent of cyclo-
hexanone reacting to form the polymer. When the concentration of biphenyls in
the polymer is high it is indicated by an asterisk.

The formation of cyclohexene by a disproportionation reaction of cyclohexanone
mentioned by the earlier workers mentioned above may be written as follows:

2 cyclohexanone - cyclohexenone + cyclohexene - water

2 cyclohexenone — cyclohexanone + phenol. 1)
From reaction (1) it can be seen that the formation of 1 mole of phenol gives rise to
the formation of 2 moles of cyclohexene, while for eachmole of cyclohexenone in the
product one mole of cyclohexene is formed. A factor ¢ defined as

B mole per cent of cyclohexene
2(mole per cent of phenol) -- mole per cent of cyclohexenone
gives therefore a measure of the disproportionation reaction (1).

Table 1 gives the composition of the catalysate at various time intervals and various
contact times over alumina-A4. The contact time is expressed in hours as the reciprocal

Table 1. Composition of catalysate at various time intervals

WHSV-? Time Cyclohexa-  Products. (Mole% of cyclohexanone reacted)

none ¢
hr. mins wt. % Cyclohexene Phenol Cyclohexenone Dimer Polym®r

0-016 5 821 72:6 80 2-5 23 14-6 3-93
15 87:2 676 12-1 39 32 13-3 2-41
25 90-6 63-8 13-8 46 3-5 14-3 1-99
35 90-4 60-9 14-5 50 32 16:4 1-74
45 91-6 617 15-4 51 4-5 133 1-72
55 92-4 59-7 15-1 5-5 54 142 1-67

0-020 5 376 814 11-6 27 .. 43 3-14
15 530 75-0 15-6 3-8 .. 56 2-14
25 66-2 727 17-8 4-6 - 4-9 1:81
35 14-6 69-2 18-9 4-5 1-2 62 1-64
45 76-2 70:0 18-3 4-5 36 36 170
55 79-0 697 183 4-7 35 3-8 1-62

0-029 5 31-8 665 162 3-0 .. 14-3% 1-88
15 44-0 59-9 21-5 4-4 . 14-2% 1-26
25 55-4 60-2 23-3 4-4 .. 12-1% 1-18
35 63-8 56-3 22-9 46 .. 16-2% 1-12
45 66-9 59-4 24-8 4-6 .. 11-2% 1-09
55 69-2 577 23-4 4-6 . 14-3% 1-12

0-047 5 27-0 535 24-2 39 - 18-4* 1-03
15 324 51-2 26-0 4-0 . 18-8%* 091
25 37-3 517 26+7 42 o 17-4% 090
35 398 51-3 28-4 4-1 . 16-2% 0-84
45 40-2 50-0 272 39 . 18-9% 0-86
55 40-5 50-2 27-4 4-1 . 18-3% 0-85

Catalyst : Alumina-A; Temperature: 405 4 2°C;
*Considerable amount of biphenyls in thé_‘polymer.
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of the weight hourly space velocity (WHSV-1). It can be seen from the table that at
all contact times there is a rapid poisoning of the activity of the catalyst, judgingby the
per cent of cyclohexanone undergoing conversion. At the end of these experiments
the catalysts were black in colour due to the formation of coke. The extent of
conversion of cyclohexanone to cyclohexene decreases with time while that to the
dimer increases. The value of ¢ decreases with time as well as with contact time
(figure 1). The high value of the factor ¢ (greater than 1) at the initial period of each
experiment, especially at low contact times, suggests that at this stage cyclohexene is
obtained by a mechanism other than the disproportionation reaction (1).

In figure 2 and table 2, the results of similar experiments carried out with sodium-
impregnated alumina catalysts at 250°C are given. It is well known that sodium
impregnation poisons the acid sites of alumina (Pines and Haag 1961). It can be
seen from figure 2 that with increasing sodium-content of the catalyst the rate of
poisoning decreases, till for the 3 9/ sodium-impregnated catalyst there is no poisoning
at all. The colour of the alumina-4A4 catalyst was dark brown after the experiment,
while for the alumina-4 40.5Na catalyst it was light brown, for the alumina-441.0Na
catalyst it was yellow, and for the alumina-4A43.0 Na catalyst it was white. This
shows decreasing amount of coke formation with increasing sodium content. The
factor ¢ is very high in the cases where cyclohexenone or phenol was formed. That
acid sites are responsible for the formation of cyclohexene is seen from the fact that
with the 19 sodium-impregnated catalyst only traces of cyclohexene is obtained and
that only in the initial stages.
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Figure 1. Change in the factor ¢ with time. Catalyst: Alumina~-4; Temperature:
405 42°C; WHSV-1: x =0-016, 0=0-020, @ =0-029; + =0-047.
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Table 2. Composition of catalysate at various time intervals

Products. (Mole¥, of cyclohexanone reacted)

Time Cyclohexanone
e Catalyst mins Wt ¥
‘ T/ Cyclohexene  Dimer Polymer
Alumina-44 5 78-4 56-0 23-4 20-6
20 88-7 . 356 367 277
35 97-3 259 489 26-0
50 98-6 11-0 51-0 38-0
Alumina-4A40.5Na 5 76-1 10-8 76+3 12-9
20 86-7 42 81-0 14-8
35 89-8 traces 85-3 14-7
50 92-3 .. 88-0 12-0
Alimina-441.0Na 5 70-6 14 84:2 14-4
20 72-4 .. 861 13-9
35 82-1 . 87-4 12:6
50 86-5 - 91-0 9-0
Alumina-A4A43.0Na 5 70-1 .. 870 13-0
T 20 647 .. 868 13-2
L 35 70-6 .. 88-4 11-6
50 70-3 .. 92-3 77
WHSV-1= 0093 hr.; Temperature=250-42°C.; cyclohexenone and phenol not formed at this
temperature.
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Figure 2. Change in activity of sodium-impregnated catalysts with time. Tempera-
ture: 2504-2°C; Catalysts: x =Alumina -44, O=Alumina-440.5Na, + =Alumina-
AA1ONa, @ =Alumina-443.0Na.
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3.2. Influence of contact time

In figure 3 the effect of contact time on the product distribution during the reaction
of cyclohexanone over alumina-A catalyst at 250°C is shown. Under these conditions
cyclohexenone and phenol are formed. The contact times chosen were those for
which the mass balance and conversion were reasonable. As we are interested in the
influence of the catalyst during the early stages of thereaction, the catalysate obtained
in the first half-hour of the experiment was collected and analysed. Nitrogen was
passed during the experiments as a carrier gas at a partial pressure of 0.1 atm.

It can be seen from figure 3 that at low contact times the percentages of polymer in
the products are rather high. With increase in contact time the percentage of polymer
in the product decreases and goes through a minimum. At high contact times the
increase in the polymer concentration is mainly due to the presence of biphenyls.
Both cyclohexene and the dimer go through a maxima with increasing contact time.

In figure 4 the results of contact time studies at 345°C over alumina-A are given.
At this temperature cyclohexenone and phenol are formed. It can be seen from the
figure that there is a maximum in the concentration of cyclohexene in the products,
similar to that observed at low temperatures (figure 3). The maximum in the case
of the dimer comes at still lower contact times. In the case of cyclohexene, however,
there is an increase in its concentration in the products with increasing contact time
after the maximum is reached. This increase parallels the increase in the concentra-~
tion of phenol in the products. This strongly indicates that at high contact times
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Figure 3. Influence of contact time. Catalyst: Alumina-4; Temperature: 2534-2°C;
O=weight per cent cyclohexanone in the catalysate; X —cyclohexene and @ =dimer
(mole %) in the catalysate,
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Figure 4. Influence of contact time. Catalyst: Alumina-4; Temperature: 342 +2°C.
O=cyclohexanone (wt. %); @ =cyclohexene (mole %) and X =dimer (mole %) of
cyclohexanone reacted.

reaction (1) becomes dominant. The concentration of cyclohexenone goes through
a maximum with increasing contact time showing that it is an intermediate in the
formation of phenol.

3.3. Adsorption of ammonia

The results of the ammonia adsorption studies at various pressures at room tempera-
ture, and at various temperatures at 400 mm Hg pressure is given in figure 5. The
high pressure of ammonia was chosen so that weak acid sites could be distinguished.
It is seen that even with the heavily sodium-impregnated catalysts some ammonia is
retained on the surface at rather high temperatures. The ammonia adsorption
capacity, however, decreases with increasing temperature and with increasing sodium
content.

34. Influence of water vapour

The results on the influence of water vapour on the reaction of cyclohexanone is
shown in figure 6. The results are compared with those in the presence of nitrogen.
Water vapour does not change significantly the extent of conversion of cyclohexanone
over alumina catalysts. At low partial pressures the formation of cyclohexene is
reduced, while at the higher partial pressures the formation of the dimer is reduced.
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Figure 5. Adsorption of ammonia on sodium-impregnated alumina-44 catalysts.
Curve A = Alumina-44, B = AIumina—AAO.SNa, C = Alumina-AA0.0Na, D=
Alumina-4.42.0Na.
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Figure 6. Influence of partial pressure of water. — =in presence of nitrogen, - - -~ =in
presence of water. Catalyst: Alumina-4; Temperature: 3204+2°C; @ =cyclohexanone
(Wt 20); O= cyclohexene and A =dimer (mole 7 of cyclohexanone reacted).
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4. Discussion

As is seen from the above results the reaction of cyclohexanone over alumina is
rather complicated. Nevertheless some conclusions can be drawn from the results
on the change in the composition of the catalysate with time and with contact time
which fit into a consistent picture for the reaction sequence.

4.1. Change in the composition of the catalysate with time

The high value of ¢ at the beginning of each run (figure 1, table 1) shows clearly that
the disproportionation reaction (1) is not the only mechanism by which cyclohexene is
formed. The dehydration of cyclohexanone to cyclohexadiene and its dispropor-
tionation to cyclohexene and benzene is certainly a possible pathway (Forest Woods
1962; Pines and Manassen 1965). But the failure to detect cyclohexadiene or
benzene in our reaction products rules out this mechanism.

The presence of coke on the alumina catalysts at the end of each experiment shows
that some dehydrogenation has taken place and it is likely that it is this “ coking”’
process that is responsible for the formation of cyclohexene. In the initial stages
cyclohexanone reactsto form a polymer on the surface, probably by a series of
condensation reactions. Hydrogen transfer takes place from the polymer on the
surface to an adsorbed cyclohexanone molecule to give ultimately cyclohexene, the
polymer being itself transformed into coke in the process. The coke that is formed
poisons the active sites on the surface of the catalyst and thereby decreases its
activity. This is reflected in the decrease in the amount of cyclohexanone converted
with increasing time (table 1). The reduced activity of the catalyst inhibits the
condensation reaction of cyclohexanone from proceeding towards the polymeric
stage, probably because the dimer, which is the first step of the condensation reaction
iseasily desorbed. The concentration of the dimer in the catalysate therefore increases
with time as seen from table 1. As the hydrogen from the polymer gets exhausted,
the only route for the formation of cyclohexene is by reaction (1), and hence the
factor ¢ approaches unity with increasing time.

The factor ¢ approaches unity with increase in contact time also (figure 1). The
fact that the disproportionation reaction (1) becomes increasingly favoured at high
contact times shows that this reaction is much slower than the * coking ” reaction.
At high contact times, when less number of cyclohexanone molecules are available
to the surface per unit time, coke may be formed by hydrogen transfer reactions
taking place within the polymer itself. In a short time such an intrapolymer hydrogen
transfer exhausts the hydrogen from the polymer available for transfer to cyclohexan-
one, and so reaction (1) again becomes the main pathway for the formation of cyclo-
hexene at high contact times.

The results with the sodium-impregnated alumina catalysts also support the above
view. Under the conditions studied, cyclohexenone and phenol are formed in very
small amounts. That acid sites are responsible for the formation of cyclohexene is
seen from the fact that no cyclohexene is formed over alumina-442.0Na catalyst.
As mentioned earlier the colour of the alumina-443.0Na catalyst is white after the
reaction showing the absence of any coke on the surface and hence of any poisoning.
This is perhaps the reason why the alumina-4A43.0Na catalyst is the most active.
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The acid sites on the 39/ sodium-impregnated catalyst is so weak perhaps that even
the intrapolymer hydrogen transfer is not possible.

There seems to be a slight discrepancy in the discussion given above. This is
that the formation of cyclohexene by reaction (1) or by the coking process requires
strong acid sites. But at high contact times the formation of cyclohexene by the
“ coking * process is poisoned, while reaction (1), i.e., the disproportionation reaction,
is still able to proceed. One possibility is that the sites responsible for the polymerisa-
tion is different from that required for hydrogen transfer, and that it is the polymerisa-
tion sites that are poisoned by the formation of coke. Another possibility arises from
the fact that the alumina catalysts have a large fraction of its surface area on the
walls of micropores. Under the reaction conditions employed, these micropores are
perhaps filled by the high-boiling compounds arising from the multiple condensation
of cyclohexanone. These compounds are converted into coke in the pores and block
the access of any reactant to the surface of their walls. The reaction of cyclohexanone
then takes place on the relatively flat surfaces that are left unblocked. This favours
the desorption of the intermediate dimer in the condensation reaction, and also the
products of simultaneous disproportionation reaction (Wheeler 1958). Such a
screening of the surface of the catalyst by higher condensation products have been
postulated by Ivanov et al (1921) who have studied the condensation of acetaldehyde
over various metal phosphate catalysts. They have found that the activity per unit

surface area increased with increasing radius of the pores of the catalysts and did
not depend on their chemical nature.

4.2. Influence of contact time

The results on the influence of contact time (figure 3) show that on a fresh alumina
catalyst the first step is the condensation reaction which rapidly proceeds to the
polymeric stage and rapidly covers the surface. At this stage the concentration of the
polymer in the catalysate would be a minimum. It is this polymer on the surface
that is responsible for the formation of cyclohexene by the “ coking > process men-
tioned above. The maximum in the concentration of the dimer with increasing
contact time is probably an artefact arising from the intrapolymer coking and consequ-
ent poisoning of the surface. It is for this reason perhaps that the maximum in the
formation of cyclohexene is obtained, as there would not be sufficient hydrogen on
the surface after the intrapolymer coking. The maximum in the concentration of
the dimer may indicate that at high contact times it is converted into the biphenyls.

As mentioned earlier, at high temperatures (figure 4), the slow disproportionation
reaction becomes important. Since sodium-impregnated catalysts poison the re-
action giving cyclohexene, itis reasonable to assume that strong acid sites are respons-
ible for the hydrogen transfer reaction. Probably a hydride ion transfer is involved
(Tung and Mclnnich 1964). Atlow temperatures hydride ion abstraction by an acid
site is possible only from molecules that are adsorbed for a long time on the surface
and the polymer fulfils this condition ideally.

4.3. Influence of water vapour

The formation of isobutylene from acetone has been attributed (Demorest et al 1961;
Midorikawe and Ito 1949) to an hydrolysis of the condensation product, mesityl

.
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oxide, giving at the same time acetic acid as shown in reaction (2):

CH,

CH
Cip)C=CH.CO.CHy+H,0~ (*)C =CHy -+ CH;CO,H @

A similar process may also be operative with the condensation products of cyclohexa-
none. For instance, the condensation product 2-(1-cyclohexen-1-yl) cyclohexanone
may undergo hydrolysis as shown in reaction (3) to give cyclohexene and 2-hydroxy-
xylohexanone which then undergoes dehydration to give cyclohexene and 2-hydroxy-

I i

O° = o™ o

xylohexanone which then undergoes dehydration to give cyclohexenone (Bartlett and
Woods 1940). Our studies (figure 6) show that water has little effect on the activity
of the pure alumina catalyst for the conversion of cyclohexanone. At low partial
pressures of water the per cent conversion of cyclohexanone to cyclohexene decreases
while that to the dimer increases. At higher partial pressures the opposite happens,
there being a slight decrease in the extent of conversion of cyclohexanone. These
results may be interpreted in terms of the hydrolysis of the polymer on the surface at
low partial pressures thus increasing the activity of the catalyst, and at high partial
pressures the hydrolysis of the dimer itself. Although these results do not rule out
conclusively reaction (3) as a pathway for the formation of cyclohexene and phenol,
they certainly make reaction (3) unlikely.

4.4. Reaction sequence

From the above discussion a reaction sequence may be drawn up for the transforma-
tion of cyclohexanone over alumina, as shown below:

{a) cyclohexanone - dimer

(b) dimer ~ polymer

(¢) polymer--cyclohexanone — cyclohexene - coke C))
(d) cyclohexanone - cyclohexenone--cyclohexene

(e) cyclohexenone — cyclohexanone-+phenol

(f) polymer - coke

(g) dimer -> Dbiphenyls

5. Conclusions

The aldol condensation of cyclohexanone giving the dimer as the first step (4a) in the
reaction sequence does not seem to depend on the acidity of the catalyst. Malinowski
et al (1963, 1964b, 1969), while investigating the aldol condensation reactions of
aldehydes on silica catalysts, have attributed the improved activity of the sodium-
impregnated alumina catalysts to the acidic-ONa group on the surface. Our studies
on the adsorption of ammonia on the sodium-impregnated aluminas show that even .,
the 3% sodium-impregnated alumina catalyst is capable of adsorbing a considerable
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amount of ammonia at rather elevated temperatures (figure 5). These studies show
that some weak acid sites are present. The amount of ammonia adsorbed, however,
decreased with increasing sodium content showing that sodium impregnation on
alumina does not introduce any new weak acid sites. It seems likely, therefore, that
a basic site—or a dual acid-base site with a stronger basic component—is sufficient
for the aldol condensation to take place.

Miyata et al (1974) have found from their spectroscopic investigations on the
adsorption of acetone on NiO and MgO, that the first step in the adsorption was the
abstracticn of a proton to form an enolate type of complex, the process taking place
at rather low temperatures. This complex probably involves a dual acid-base site.
The abstraction of a proton from an active methylene group has also been suggested
for the ketonization of acids over alumina (Toshinobu et al/ 1974). The first step in
the reaction of cyclohexanone is, therefore, also likely to be the abstraction of a proton
from the active methylene group by a basic site to give a carbanion, or by a dual
acid-base site to give an enolate type of complex.

The formation of an enolate type of complex on the adsorption of ketones on
alumina is suggested by the almost exclusive formation of 2-(1-cyclohexen-1-yl)
cyclohexanone in preference to the other possible dimer, i.c., 2-cyclohexylidenecyclo-
hexanone. This kind of preference is also observed with other metal oxide catalysts
(Swift and Bozik 1968; Badrian et al 1973). Perhaps the adsorbed form of the
former is an enol which could be stabilised because of conjugation between the double
bonds. Such an enol structure would not favour the abstraction of a proton from
C, carbon atom that would be necessary for the polymerisation (by multiple conden-
sation) to proceed. The dimer is therefore able to desorb. 2-Cyclohexylidene-
cyclohexanone, if formed, could undergo polymerisation easily as the abstraction of a
proton from the other active methylene group is possible.

The exact mechanism of the reaction of cyclohexanone would be considered in more
detail in a subsequent paper in which we will study the influence of temperature and
the addition of various selective poisoning agents on the product distribution.
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