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concerted reactions in others, depending on the catalyst used.
Alumina is generally considered a typical E, oxide [5,11], i.e.
elimination of the proton and the hydroxyl group from the
alcohol is a concerted reaction without formation of ionic
intermediates. With zeolites, on the other hand, the reaction has
been shown to proceed via carbenium ion intermediates (E,
mechanism) [12].

The dehydration of alcohols with four or more carbons over
solid acid catalysts is expected to be accompanied by the
double-bond shift reaction of the alkene product. This is
because the two reactions occur readily and at comparable rates
[4]. In a chemical process for the dehydration of primary
alcohols to produce 1-alkenes, the isomerization of the 1-alkene
product to the internal alkenes presents many disadvantages.
Firstly, the isomers have boiling points very close to that of the
1-alkene, and are therefore difficult and expensive to separate.
Secondly, the isomerization reaction results in a loss of the
useful 1-alkene products and therefore affects the efficiency of
the process, since the isomers may not be suitable for the same
end-use as the l-alkene. This can have considerable cost
implications for the process. As can be anticipated, therefore, it
is desirable to have a high selectivity to the 1-alkene.

In the area of alcohol dehydration using ~y-alumina as the
catalyst, there is a considerable number of reports detailing
methodologies used in trying to obtain high selectivities to 1-
alkenes. These include: co-feeding of ammonia or amines
during the reaction [13,14], the use of metal cations to modify
the catalyst (by minimizing the number of acid sites that are
thought to increase the rate of isomerization) [15-17], and also
the transformation of the y-alumina into another phase [18]. It
is, however, not clear from all these work as to whether the
driving force behind the quest for high selectivity is an inherent
insufficient selectivity offered by the y-alumina, or is due to
catalyst changes occurring during the reaction, which cause the
alumina to be less selective than required.

It is our intention in this paper to provide data showing that
v-alumina on its own, without any modifications, can give high
1-alkene selectivities. It is also our aim to show that the loss of
l-alkene selectivity observed in the present study is a
consequence of the accumulation of silicon on the catalyst
during the dehydration reaction. The silicon is present in the
alcohol feeds (even in small concentrations at the 1 ppm range
and lower) and implants on the catalyst during the reaction.

The deliberate deposition of silicon on +y-alumina is
beneficial to some reactions and has been carried out, for
example, for the skeletal isomerization of 1-butene to increase
the activity of the catalyst [19-24]. The acid sites produced
after the silication were found, however, to be weaker than
those of silica-alumina [19,20,25], but were of sufficient
strength to catalyze the skeletal isomerization of alkenes. Other
reports have indicated that silication of y-alumina occurs on the
strong and medium-strong Lewis acid sites [25]. DRIFTS [26]
and alcohol adsorption [27] studies showed that the surface
hydroxyls and Lewis acid sites of y-alumina are positioned next
to each other, and that the reactivity of the hydroxyl towards
adsorbed species is determined by the strength of the Lewis
acid site adjacent to it. It was also reported that there were

inaccessible AlO, that could not be covered by a monolayer of
SiO, during silication [28]. The silication of alumina was
performed at various temperatures ranging from room
temperature to ~800°C [20-23,25]. Silicon alkoxides
(Si(OCH3),) are most commonly used, but silicon-containing
vapors from FCC catalysts have also been employed to silicate
v-alumina [25].

2. Experimental
2.1. Catalytic reactions

The catalytic reactions were carried out in fixed-bed reactors
of 15-20 mm internal diameter. Approximately 1.0-1.5 g of «y-
alumina catalyst (Pural KR1 obtained from Sasol Germany,
with a surface area of 232 m?/g and pore volume of 1.26 ml/g)
were loaded into the reactor and heated to the reaction
temperature under flowing nitrogen. In the experiments where
multiple catalyst beds were used in one reactor, each layer
consisted of approximately 1.0 g of y-alumina catalyst and the
layers were separated by glass wool. The catalysts were heated
under flowing nitrogen at the reaction temperature for a period
of at least 2 h before the reaction was started. The nitrogen flow
was turned off before the alcohol feed was introduced into the
reactor using an HPLC pump. The 1-hexanol feeds (98% pure)
were obtained from Aldrich and Fluka, and were used as
received. In a separate set of experiments, 1-octanol (99% pure,
Fluka) was also used as feed. The reactions were carried out at
temperatures ranging from 280 to 325 °C for 1-hexanol and 280
to 330 °C for 1-octanol at room pressure. The exit streams
(which consisted of alkenes, dialkyl ethers, water and un-
reacted alcohols) were condensed at O °C. The organic layer of
the product, which separates from the aqueous by-product, was
analyzed using a Hewlett-Packard gas chromatograph (FID)
equipped with a Supelco Petrocol™ capillary column having
the following dimensions: 100 m x 0.25 mm x 0.5 pm.

2.2. ICP analysis of the catalysts and liquid samples

A Varian Vista-AX CCD spectrometer (ICP-AES) was used
for the ICP analysis of the samples. For the alcohols,
approximately 20 g of sample was diluted to 50 ml with
tetrahydronaphthalin (THN, obtained from Merck) prior to
analysis. For the alkene-containing samples, such as the
dehydration products, a solution consisting of about 5 g of the
organic products diluted to 50 ml with THN, was used for the
analysis. Calibration solutions of 10 and 50 mg/l Si in THN
were prepared from a standard containing 1 mg/g silicon.

For the analysis of the y-alumina materials, approximately
1.0 g of sample was placed in a standard digestion vessel,
followed by a 10 ml mixture of phosphoric and sulphuric acid
and | ml of concentrated nitric acid. The vessel was closed and
digestion was carried out in a microwave. After cooling for
20 min, the clear solution was diluted with 20 ml of doubly-
distilled water. The solution was then transferred into a 100 ml
polyethylene measuring flask and diluted further with distilled
water to 100 ml. The sample was then analyzed by ICP-AES.



N.P. Makgoba et al. /Applied Catalysis A: General 297 (2006) 145-150

100

80 4

60

Percentage

40 4

207

0 20 40 60 80 100

Conversion (%)

Fig. 1. Selectivity to ether (A), hexenes ([]) and 1-hexene purity (O) as a
function of conversion for the dehydration of |-hexanol over y-alumina.

2.3. Percolation of the alcohol feed

Percolation experiments were carried out at room tempera-
ture by passing the alcohol through a column of neutral
activated alumina (Aldrich, 150 mesh) at room temperature.
The mass ratio of alumina to alcohol was kept constant at 1:2.
Approximately 1kg of alcohol was percolated in each
experiment.

3. Results and discussion
3.1. Catalytic reactions

In the dehydration of 1-hexanol, the selectivity to the
hexenes increases with increasing conversion while that to the
dihexyl ether decreases (see Fig. 1). We have used an additional
parameter for monitoring the 1-alkene content in the
hydrocarbon fraction of the dehydration product, i.e. the
1-alkene purity. In the case of the dehydration of 1-hexanol, for
example, the 1-hexene purity is the mass percent of 1-hexene in
the Cq hydrocarbon fraction. A typical composition of the
C¢ hydrocarbon fraction from the dehydration of commercial
1-hexanol is presented in Table 1. The 2-hexenes (cis and trans)

Table 1

A typical composition of the Cg hydrocarbon fraction (normalised to 100%)
obtained from the dehydration of 1-hexanol at 300 °C and WHSV =8 h™' over
vy-alumina

Component Mass (%) Boiling point (°C)
1-Hexene 95.14 63.4
2-Ethyl-1-butene 0.18 64.7
n-Hexane 0.22 68.7
trans-3-Hexene 0.10 67.1
cis-3-Hexene 0.14 66.4
trans-2-Hexene 1.01 67.9
cis-3-Methyl-2-pentene 0.04 67.7
cis-2-Hexene 2.84 68.8
trans-3-Methyl-2-pentene 0.33 70.4
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Fig. 2. 1-Hexanol dehydration over y-alumina at 300 °C and WHSV =8 h™':
1-hexene purity (O), conversion (<), yield of hexenes ([]) and yield of dihexyl
ether (A).

account for nearly 80% of the isomers of 1-hexene in the Cgq
fraction. The 3-hexenes constitute only a small fraction of the
total, but their boiling points are closer to that of the 1-hexene,
which makes their separation more difficult. In Fig. 1, it can be
observed that the 1-hexene purity is high (95-97%) at
conversions less than 80%. At higher conversions, the extent
of double-bond shift is more pronounced and the [-hexene
purity drops to below 95%. Based on process considerations,
we have set a minimum 1-alkene purity of 95%. The data
presented in Fig. | were obtained for runs of up to 8 h on-
stream, and the conversion and the purity, were virtually
constant for each reaction.

It was, however, found that during the reactions conducted
over longer periods (>50 h on-stream), the 1-hexene purity
decreased at a constant rate, even though the conversion
remained approximately constant (see Figs. 2 and 3). An
average conversion of 72% was obtained, and the yield of
hexenes was 42% while that of the dihexyl ether was 17%.
From Fig. 3 it can be seen that the 1-hexene purity had
decreased from 96.2 to 89.6% after 261 h on-stream. The data
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Fig. 3. Expanded plot of 1-hexene purity versus time-on-stream from the
dehydration of 1-hexanol over y-alumina.
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Fig. 4. Mass percentages of cis-2-hexene (), frans-2-hexene ([]), cis-3-
hexene (A) and trans-3-hexene (/\) in the hexene fraction as a function of time-
on-stream.

in Fig. 4 shows that the concentrations of the major isomers (the
2- and 3-cis- and trans-hexenes) increase with increasing time-
on-stream (TOS), leading to a lower 1-hexene purity. This
indicates that the degree of the isomerization of 1-hexene to form
internal isomers is increasing with TOS, which suggested that the
catalyst was undergoing changes, i.e. becoming more acidic. The
temperature of the reaction was kept constant during the reaction
and could, therefore, not have been responsible for the gradual
increase in the isomerization of the l-hexene to the internal
isomers. After this particular catalytic run, the catalyst was
removed from the reactor and part of it was regenerated by
calcination at 550 °C for 3 h. The calcined catalyst was then re-
loaded in the reactor and pre-treated and used under the same
conditions as for the fresh catalyst; ie. 300 °C and
WHSV =8h~'. With this catalyst, the conversion obtained
was about 5% higher than with the fresh one (77% as opposed to
72%), and a 1-hexene purity of 90% was obtained at the start of
the reaction, which was the same as that observed before
calcination. The purity also subsequently declined at the same
rate (—0.65% per day) as was found with the fresh catalyst. These
results further indicated that the catalyst was indeed becoming
more acidic with TOS. Similar results not shown here, i.e. decline
in 1-octene purity with TOS, were obtained in the dehydration of
l-octanol over +y-alumina. Two other experiments were
performed to confirm that the silicon accumulating on the
catalyst originated from the feed rather than from the packing
materials inside the reactor. In one, the packing material used was
glass wool and glass balls (silica packing), while stainless steel
balls only were packed in the reactor for the second experiment
(stainless steel packing). The reactions were carried out under
similar reaction conditions, using the same 1-octanol feed. The
results obtained showed that the 1-octene purity declined at the
same rate in both experiments.

3.2. ICP analyses of the catalysts, alcohol feeds and
dehydration products

The ICP analysis of the fresh and used catalysts (Table 2)
shows that, apart from that of silicon, there were no major

Table 2
ICP analysis of the fresh and used «y-alumina catalysts from the dehydration of
1-hexanol at 300 °C and WHSV =8 h™!

Catalyst Total BET Trace elements (ppm)
TOS  (m/g)
) Si Fe Na Ca K
Fresh 0 235 186 199 142 154 <10
Used 261 221 2723 196 146 173 <10
Regenerated 381 223 3112 243 190 165 <10
and re-used
(120 h)

changes in the concentrations of the other elements. The silicon
content increased from nearly 200 ppm in the fresh catalyst to
over 3000 ppm in the catalyst used for a total of 380 h on-
stream. Thus, the regenerated and re-used catalyst contained 15
times more silicon than the fresh one. No significant change in
the BET surface area of the catalyst was observed either. A
similar accumulation of silicon on the y-alumina catalyst was
observed in the dehydration of 1-octanol (see Table 3). These
results show that there is an accumulation of silicon on the
catalyst during the dehydration reaction. A plausible explana-
tion for the increasing isomerization activity with TOS is that
the accumulated silicon leads to the formation of stronger acid
sites, such as those found in silicated aluminas [19-24]. These
stronger acid sites increase the rate of isomerization of the 1-
alkene to the internal alkenes (under the same reaction
conditions). Since the silicon source is in the feed, and the
silicon deposition is continuous as the alcohol feed passes over
the catalyst, the generation of the stronger sites is also a
continuous process. This explains the gradual increase in the
degree of isomerization or the decline in the 1-alkene purity. We
wish to point out that after acid digestion of the samples, the
chloride and fluoride contents were analysed by turbimetric and
potentiometric techniques, respectively. These analyses
showed that there was no accumulation of chloride or fluoride
ions on the samples.

The commercial alcohol feeds (i.e. both the 1-hexanol and
the l-octanol) were analyzed by ICP and found to contain
silicon in the range 0.5-1.5 ppm. The dehydration products
(organic fraction) also contained silicon corresponding to about
30-50% of that in the feed. This indicates that as much as 50—
70% of the silicon in the alcohol feed was retained by the
catalyst bed during the dehydration reaction. In separate
experiments conducted using multiple layers of catalyst bed, it
was shown that the greatest silicon accumulation takes place on
the first layer that comes into contact with the alcohol feed (see

Table 3
ICP analysis of the fresh and used y-alumina catalyst from the dehydration of -
octanol at 280 °C and WHSV = 10h™"

Catalyst TOS (h) Trace elements (ppm)

Si Fe Na Ca K
Fresh 0 194 175 135 139 <10
Used 370 2677 177 156 139 <10
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Table 4
The distribution of silicon along multiple layers of catalyst beds used during the
dehydration of 1-hexanol at 290 °C and WHSV =8 h~! over y-alumina

Catalyst bed layer Silicon content (ppm)

y-alumina catalyst
(1.8 mm extrudates),
310 h on-stream

Crushed +y-alumina
(75-150 wm),
330 h on-stream

1 1060 n.a.

2 640 2552
3 870 614

4 - 316

5 - 370
Fresh catalyst ~200 ~200

n.a. = not available.

Table 4). The subsequent layers accumulated progressively less
silicon, except for the very last layer, as indicated by the
analysis.

We were also able to demonstrate that the accumulation of
silicon on +y-alumina occurs even at room temperature
(although the mechanism might be different from that at high
temperatures). Percolation of 1-hexanol through a column of
neutral activated alumina has shown that the top layer of the
column accumulates most of the silicon (see Table 5). This may
be a chromatographic effect as opposed to that taking place at
high temperatures in the reactor, which is most probably due to
a chemical reaction of silicon species with the alumina surface
[20]. Since it 1s difficult to isolate or concentrate the silicon
species, their speciation is presently not known. However, it is
speculated that the silicon species present might range from
triethyl silane to SiR4, where R can vary from H, ethyl to butyl,
but also OH, and alkoxides [29]. Our results suggest that the
silicon species need to be reactive with the «y-alumina in order
to form a chemical bond with the surface.

ICP analysis of various 1-hexanol batches showed that the
silicon content of the alcohol varied from batch to batch, even
when obtained from the same supplier (see Fig. 5). A number of
dehydration runs were therefore carried out with these various
batches. From the plots of the 1-hexene purities versus time-on-
stream obtained from these experiments, the loss in 1-hexene
purity per day was calculated, and the results were plotted
against the silicon content in the feed. The results are shown in
Fig. 5.

It can be observed that there is a direct relationship between
the concentration of silicon in the feed and the rate at which the

Table 5

Silicon distribution along a column of neutral activated alumina after percola-
tion of commercial 1-hexanol at room temperature (500 g of alumina in a
column of 2.5 cm i.d.)

Neutral alumina layer Silicon content (ppm)

Top 128
Middle 38
Bottom 36
Fresh (unused) neutral alumina 27
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Fig. 5. Plot of the loss in 1-hexene purity per day versus the silicon content of
the 1-hexanol feeds.

1-hexene purity decreases with TOS. Thus, as the silicon
content in the alcohol feed increases, the rate in the loss of 1-
alkene purity is faster.

3.3. Dehvydration of 1-octanol with a lower level of silicon
concentration

An alcohol feed with a lower level of silicon concentration
(~0.1 ppm) was prepared in-house. The feed contained 98% 1-
octanol, and was produced in a multi-step process involving
hydroformylation of 1-heptene, a hydrogenation step and
distillation to produce the high purity 1-octanol. The results of
the dehydration of this feed are presented in Fig. 6. It can be
observed that the 1-octene purity declined at the slower rate of
only —0.022% per day, and even after 900 h on-stream, the 1-
octene purity remained higher than 95%. The conversion
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Fig. 6. Dehydration of the in-house prepared l-octanol feed containing
~0.1 ppm silicon: I-octene purity (), conversion (<), yield of octenes
([1) and yield of dioctyl ether (A\). Reaction conditions: temperature = 310 “C,
WHSV =25h™", using 1.0 g of y-alumina (500—1000 wm).
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remained essentially constant for the duration of the experi-
ment. The used catalyst at the end of the reaction contained
2196 ppm silicon compared to the fresh one, which contains
approximately 200 ppm silicon. This indicates that although we
were able to reduce the silicon level in the feed from the usual
average of 1 ppm to the low level of ~0.1 ppm (which is the
detection limits of our instrument for silicon in alcohols), there
was still accumulation of silicon on the catalyst. It can therefore
be concluded that even at very low concentrations of silicon in
the alcohol feed (<0.1 ppm), deposition of the silicon on the y-
alumina catalyst can still take place and change its catalytic
properties over a period of time.

4. Conclusions

Silicon species present in alcohol feeds (even at low
concentrations such as 1ppm and lower) lead to the
accumulation of silicon on the y-alumina catalyst used during
the dehydration reaction. The accumulation of silicon on the -
alumina causes an increase in the isomerization activity with
time-on-stream, resulting in an increase in the concentration of
internal isomers and a decrease of the 1-alkenes. The change in
the catalytic properties of the y-alumina catalyst, caused by the
silicon accumulation, is an irreversible process. Upon
regeneration of the catalyst, the original selectivity (l-alkene
purity) of the fresh catalyst was not achieved, but only a slightly
higher conversion was obtained under the same reaction
conditions. Even at silicon levels of ~0.1 ppm and lower in the
feed, the accumulation of Si on the catalyst still had an effect,
albeit to a smaller extent, on the double-bond isomerization
rate.
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