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The dehydration of ethyl and methyl alcohol, catalyzed by Y decationized zeolite, has been
studied in order to identify the sites active in promoting the reaction. The suppression of ether
formation by the presence of acetic acid shows that acid sites coupled with vicinal basic sites are
the main ones in the reaction. The number of these sites has been quantitatively evaluated by
studying the adsorption of acetic acid on zeolite using thermogravimetric measurements. The
number of the overall acid sites has been evaluated by poisoning the catalyst with pyridine. The
order of the reaction under the experimental conditions used is about zero. A discussion of the
mechanism of the reaction and of the kinetic results concludes the paper. © 1984 Academic Press, Inc.

INTRODUCTION

The reaction of ether formation by cata-
lytic dehydration of alcohols has been ex-
tensively studied in the past over catalysts
such as alumina (I-5) and silica—alumina
(6-8). In some papers, also the use of cata-
lysts as NaHX and NaHY zeolites (9-11)
has been examined.

The remarkable interest given to this re-
action is owed to the fact that catalytic de-
hydration of alcohol is strongly dependent
upon the nature of the catalyst and there-
fore provides information about the cata-
lytic behaviour and about the nature of the
active sites present on the catalytic surface.
Although the reaction described has been
extensively studied, doubts still remain
both on the kinetics of the reaction and on
the mechanism pattern.

In a previous paper (12), dealing with the
study of the kinetics of the esterification of
acetic acid, with ethyl alcohol, catalyzed by
Y decationized zeolite, it has been ob-
served that ether was not present as a reac-
tion product. Since the dehydration reac-
tion is strongly promoted by the surface
acidity of Y decationized zeolite, as re-
ported in the literature (1-11), the absence
of ether in the reaction products of esterifi-

cation suggests a strong poisoning effect of
the acetic acid with respect to the dehydra-
tion reaction. In this paper, the effect of the
acetic acid on the dehydration reaction has
been quantitatively examined. To achieve
this, kinetics of ethyl ether formation has
been studied at low temperature, both on
fresh Y decationized zeolite and on the
same zeolite pretreated with acetic acid.
Further, the characteristics of the adsorp-
tion of acetic acid on Y decationized zeolite
have been investigated by employing both a
differential scanning calorimeter (DSC) and
thermobalance (TG). In agreement with the
findings of Bielanski and Datka (13), which
demonstrated the amphiprotic properties of
OH groups in NaHY zeolites, it has been
observed that a small amount of acetic acid
is irreversibly retained on the basic sites of
zeolite. This small quantity of acetic acid
has a dramatic effect in lowering the cata-
lytic activity of the zeolite. The simulta-
neous existence of both acid and base sites
on the same solid surface has been men-
tioned by several other authors (13, 16).
Furthermore, Correa et al. (17) have re-
cently demonstrated that both Lewis acid
and Lewis base sites are active on alumina.
Uytterhoven et al. (18) have studied the
structures of acidic and basic sites on decat-
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ionized X and Y zeolites. Acid sites on ze-
olite can be poisoned by pyridine, but the
effect of pyridine in lowering dehydration
rates is less than the one of acetic acid. On
the basis of these observations, the paper
will demonstrate the kind of active sites
which are effective in the reaction and the
density of these sites will be quantitatively
evaluated. Consequently, a kinetic law and
a mechanism for the reaction will be de-
scribed, discussed, and compared with pre-
vious findings by other authors.

METHODS

Kinetic runs have been performed in a
stainless-steel tubular reactor, internal di-
ameter 1 cm, thickness 0.125 cm, and
length 36 cm, by feeding ethyl alcohol with
rates in the range 0.35-0.90 mol/h. These
feed rates were sufficient to prevent exter-
nal mass transfer effects on the reaction
rates. Preliminary runs, performed on pel-
lets of different sizes, excluded the influ-
ence of internal diffusion when commercial
pellets of 0.13 cm of equivalent diameter
were employed (in the temperature range
125-175°C). On the basis of a previously
reported treatment (12, 14), the influence
of the intracrystalline diffusion can be ig-
nored. The apparatus used is outlined in
Fig. 1. The products and reagents were ana-
lyzed by gas chromatography using a
column of Chromosorb 102 containing 15%
of Carbowax 20 M. Helium has been used
as carrier gas. Four types of kinetic runs
have been made: the first on ethyl alcohol
in order to evaluate the catalytic activity of
the zeolite before and after the treatment
with acetic acid; the second for the purpose
of defining a suitable kinetic law for the
etherification reaction; the third type of ki-
netic run was performed for the evaluation
of the poisoning effect of pyridine and the
last run was made on methyl alcohol, in-
stead of ethyl alcohol, in order to determine
the influence of the type of alcohol on the
kinetics of the reaction.

The characteristics of the adsorption of

SV

FiG. 1. Scheme of the apparatus used. A, Reagent
reservoir. B, Micrometric pump. C, Preheater. D,
Thermostatted chamber. E, Tubular reactor. F, Col-
lecting vessel. TC, Thermocouple. SV, Sampling
valve.

acetic acid on the Y decationized zeolite
have been investigated by performing ther-
mogravimetric and calorimetric runs. Two
types of runs have been made for both the
techniques mentioned, that is: adsorption
and desorption. Both adsorption runs have
been made, under isothermal conditions at
150°C by feeding a nitrogen stream of 30
cm?3/min, saturated at 25°C with acetic acid,
on a weighed sample of 20-30 mg of zeolite.
The desorption runs on the same sample of
zeolite followed the adsorption ones, and
were performed by increasing the tempera-
ture at a constant rate from 150 up to 280°C,
always in the presence of a nitrogen stream
of 30 cm?/min but by-passing the acetic acid
saturator. The thermobalance used was the
DuPont Company 951 Model, while the dif-
ferential scanning calorimeter (DSC) was
the 910 Model by the same company.
Decationized Y zeolite has been pre-
pared by ionic exchange of the commercial
zeolite LZY-52 of the Linde Company with
ammonium chloride. After three ionic ex-
changes about 80% of the sodium was re-
placed by ammonium. Thermal treatment
of the ammonium-exchanged zeolite, at
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about 450°C, gives the decationized zeolite
in the usual way.

RESULTS

Kinetic runs have been performed at dif-
ferent concentrations of ethanol at different
feed rates and temperatures in order to de-
termine a kinetic law for the etherification
reaction. Very small amounts of ethylene
were obtained at the low temperature em-
ployed, ethyl ether was the main product of
the reaction. The results obtained, ex-
pressed in terms of conversions of alcohol
to ether, are reported in Table 1, together
with the operative conditions adopted. As
can be seen, and in agreement with the ob-
servations of other authors (I/-11), the re-
action roughly obeys a zero-order kinetic
law with respect to the reagent. Another
interesting observation is that the catalyst
has the same activity in promoting the es-
terification reaction, as can be observed in
the last line of Table 1, where data related
to the esterification reaction are reported
for comparison purposes (12).

Two questions arise. Why is ethyl ether
formed only in negligible amounts during
the esterification reaction? What is the

TABLE 1

Kinetic Data Collected for the Ethanol Etherification
Reaction on Fresh Y Decationized Zeolite

T F/W  Conversion Molar fraction r

cC) (mol) x 100 of C,;H;OH ( ‘mol )

h kg h kg
127  46.2 5.7 1.00 2.63
148 46.2 22.7 1.00 10.50
170 46.2 63.4 1.00 29.31
175 50.4 82.9 1.00 41.70
148 46.2 22.0 0.20 10.16
148 46.2 23.1 0.14 10.67
148 46.2 17.2 0.11 7.81
148 46.2 21.0 0.09 9.80
148 36.0 26.1 1.00 9.41
148 46.2 21.7 1.00 10.04
148 72.0 13.0 1.00 9.18
152 442 17.3 0.33

2 The last data are related to the esterification reac-
tion.

TABLE 2

Kinetic Data Collected for the Ethanol Etherification
Reaction on Y Decationized Zeolite Pretreated with
Acetic Acid

T F/W  Conversion Molar fraction r

(oC) ( l“il ) %X 100 of CszOH (m_()l)
h kg h kg
127  46.2 0.83 1 0.38
150 46.2 4.51 1 2.08
170 46.2 16.83 1 7.78
150 46.2 6.05 0.20 2.79
150 46.2 5.90 0.14 2.73
150 46.2 6.00 0.11 2.77
150 46.2 5.75 0.09 2.65

mechanism according to which acetic acid
seems to hinder the formation of ether? In
order to answer these questions, we have
repeated the kinetic runs reported in Table
1 on the same Y decationized zeolite, pre-
treated with acetic acid. The results ob-
tained are reported in Table 2. As can be
seen the reaction order is unchanged, but
the activity is strongly depressed. The
results of Tables 1 and 2 have been elabo-
rated on the basis of zero-order kinetics. In
Fig. 2 the resulting kinetic constants are ar-
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F16. 2. The Arrhenius-type plots related, respec-
tively, to the ethanol dehydration reaction, performed
on fresh (O) and pretreated zeolite (A) and to metha-
nol dehydration reaction (H).
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TABLE 3

Kinetic Parameters

Reagent Catalyst Preexponential ~ Activation
factor energy
(kcal/mol)
C;HsOH Fresh zeolite 5.45 x 1010 18.8
C,H;OH Pretreated zeolite 4.13 x 10% 23.8
CH;OH  Fresh zeolite 4,16 x 101 26.5

ranged in an Arrhenius-type plot, while in
Table 3 the kinetic parameters obtained for
the two cases considered are reported. As
can be shown the treatment of the zeolite
with acetic acid produces a significant in-
crease in the activation energy of the reac-
tion, and in the preexponential factor.

It is interesting to follow the transient be-
havior of the alcohol-saturated zeolite, dur-
ing the treatment at 150°C with acetic acid
as seen in Fig. 3, and during the wash
with ethyl alcohol to eliminate as much of
the acetic acid adsorbed as possible (see
Fig. 4). Details of the operative conditions
are reported in the legend of the figures. By
comparing Figs. 3 and 4, it is possible to
observe that not all the acetic acid adsorbed

. N\
CH3COOH
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Time {min)

F1G. 3. Transient behavior of the catalytic bed satu-
rated with ethyl alcohol during the pretreatment with
acetic acid. The temperature was 150°C, the feed rates
0.46 cm’/min, the amount of zeolite 10 g.
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Fi1G. 4. Transient behavior of the catalytic bed dur-
ing the wash with ethyl alcohol to remove acetic acid
after the pretreatment. The temperature was 150°C,
the feed rates 0.46 cm?/min, the amount of zeolite 10 g.

in the treatment is removed by washing
with alcohol. It can be roughly estimated
that 5 X 10~* mol/g of acetic acid are re-
tained by the zeolite. In order to determine
more exactly the quantity of acetic acid that
remained anchored to the zeolite and the
nature of the bond responsible for the ad-
sorption, thermogravimetric and calorimet-
ric runs have been performed. Figure §
shows the thermogravimetric runs obtained

U 190 220 250
weight T T T
(mg) 271

280 Temperature (°C)
T

Adsorption (150°C)

Desorption (280°C)

0 4 & 126 20 24 28 32 36 80 44
Time {min}

F1G. 5. Thermogravimetric runs obtained by adsorb-
ing and desorbing acetic acid. Adsorption run has been
performed isothermally at 150°C, while desorption run
by scanning temperature in the range 150-280°C and
then by keeping the sample at 280°C.
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by adsorbing and desorbing acetic acid on
zeolite, under the conditions already de-
scribed. As can be observed in the desorp-
tion step, a certain amount of acetic acid
cannot be removed even at 280°C. This is
in agreement with the observations of
Bielanski and Datka (13). According to
these authors the appearance of the anion
acetate characteristic infrared bands for the
adsorbed acetic acid is the best demonstra-
tion of the existence of basic sites on zeo-
lite. Furthermore, they show that adsorbed
acetic acid cannot be removed from the ze-
olite even at 400°C under vacuum.

By considering the plots reported in Fig.
5 it is possible to give an exact evaluation of
the number of basic sites, that is, 3.18 X
10? sites/g which corresponds to a quantity
of acetic acid, irreversibly bonded to the
zeolite, of 5.29 X 10~ mol/g.

In order to evaluate the energy involved
in the acetic acid adsorption, calorimetric
runs have been performed under the same
conditions as adopted for the thermogravi-
metric runs. First of all, we have evaluated
the overall adsorption heat for acetic acid
on Y decationized zeolite, in isothermal
conditions, at 150°C. The result was 229 J/g
as can be seen in Fig. 6. The filling degree
of the zeolite can be considered 1 at the end

-2t

-4

48 36 20 240 28 32
Time (min}

F1G. 6. Calorimetric runs, performed isothermally at
150°C for the adsorption of acetic acid on HY zeolite.
Curve 1 is related to the adsorption from a nitrogen
stream, saturated at room temperature on fresh zeolite
while curve 2 has been obtained under the same condi-
tions on pretreated zeolite.
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Fi1G. 7. Calorimetric run, for the acetic acid desorp-
tion from HY zeolite obtained by scanning tempera-
ture in the range 150—-400°C, in the presence of a nitro-
gen stream.

of the run, being very high the adsorption
equilibrium constant for acetic acid. A de-
sorption calorimetric run was afterward
made on the same sample by scanning the
temperature from 150 up to 280°C at con-
stant rate. The desorption heat was 167 J/g
as can be seen in Fig. 7. By comparing the
adsorption heat with the desorption heat, it
is possible to calculate that 62 J/g is the
heat for the adsorption of the acetic acid
which cannot be removed from the zeolite
by desorbing. This value corresponds to a
bond energy for the type of adsorption con-
sidered of about 28 kcal/mole. These values
have been confirmed by repeating another
adsorption step (on the same sample after
the desorption), always in isothermal con-
ditions, at 150°C. The thermogram obtained
is reported also in Fig. 6. By comparing the
two thermograms of Fig. 6, a bond energy
of about 30 kcal/mol can be evaluated, this
is in satisfactory agreement with the previ-
ously determined value.

Kinetic runs have also been made by
feeding a small amount of pyridine with the
reagent. In Fig. 8, the decay of the catalytic
activity for the poisoning effect of pyridine
is reported. Because pyridine poisons acid
sites, by considering the plot of Fig. 8 the
number of acid sites can be calculated giv-
ing 1.16 X 10?! sites/g in satisfactory agree-
ment with the values obtained by other au-
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F1c. 8. The poisoning effect of pyridine on the reac-
tion activity at 175°C. The amount of zeolite was 10 g.

thors (19). It is very interesting to observe
that the poisoning action of acetic acid is
more effective than that of pyridine. The
effect of adding water to the reagent on the
catalytic activity is reported in Fig. 9. The
depressing action of water, represented in
Fig. 9, has been previously observed by
many other authors.

Finally, some kinetic runs have been per-
formed also by employing methanol as re-
agent. The results obtained are reported in
Table 4, while the corresponding Arrhenius
plot is reported in Fig. 4 and the kinetic
parameters obtained in Table 3. As can be
seen in the case of methanol dehydration,
the activation energy is higher than in the
case of ethanol.
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Fi16. 9. The effect of water added to the reagent in
depressing reaction activity.

TABLE 4

Kinetic Data Collected for the Methanol
Etherification Reaction of Methanol on Fresh Y
Decationized Zeolite

T F/W  Conversion Molar fraction r

©C) <mol) X 100 of CH;OH (mol)
h kg hkg
120 1.06 1 0.86
151 82 14.70 1 11.90
168 82 40.15 1 32.74
151 82 11.58 0.2 9.44
151 8 10.81 0.14 8.86
151 82 10.90 0.11 8.74
151 8 10.81 0.09 8.82
151 S5 15.85 1 12.90
151 75 11.82 1 9.64
DISCUSSION

It has been shown that acetic acid,
strongly bonded to the Y decationized zeo-
lite, has a strong poisoning effect in the
etherification reaction. In fact, at 150°C, re-
action rate decreased by about 75% when
zeolite was pretreated with acetic acid. On
the other hand, pyridine also has a poison-
ing effect on the reaction and the catalytic
activity can be zeroed if all the acid sites
are neutralized. Another important obser-
vation is that the etherification reaction of
methanol has an activation energy higher
than the same reaction for ethanol. This
fact could be justified by assuming that the
formation of the carbocation is the rate-de-
termining step in the reaction, the ethyl car-
bocation being more stable than the methyl
carbocation. But carbocations can be
formed only on acid sites, whereas we ob-
served that basic sites seem to be more im-
portant in promoting the dehydration reac-
tion.

The influence of the basic sites on the
reaction can be better appreciated if the
turnover frequency related, respectively, to
the basic and to the acidic sites is calcu-
lated. In this case, basic sites are proved to
be 10 times more active than acid ones. On
the other hand, the formation of the carbo-
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cation can be obtained only on the acid
sites. Furthermore, the complete poisoning
of basic sites does not eliminate completely
the catalytic activity.

The conclusion is that basic sites are pro-
moters of the catalysis and their action fa-
vors the formation of the carbocation by
stabilizing the precursor. Two acid-basic
vicinal sites, therefore, would be the main
catalytic sites. Acetic acid has the poi-
soning effect described because it in-
teracts contemporaneously with both basic
and vicinal acid sites according to the
scheme

/
cn3——-c/ =
N0 — 1§ --- BZ

The difference in the activation energy
among the reaction catalyzed by fresh zeo-
lite and zeolite pretreated with acetic acid
could be attributed to the difference in the
energy required for the formation of carbo-
cation in the absence or in the presence of
basic sites. The formation of carbocation,
in fact, is favored in the presence of basic
sites according to the concerted mechanism
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The situation described is the most favor-
able for the reaction because of the coopera-
tive action of the two sites and because the
ether molecules formed can be easily de-
sorbed from the basic sites. Water, as has
been shown, has an inhibiting effect on the
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Water can inhibit the reaction also in this
case, owing to the competitive adsorption
on the acid sites.

All these facts clearly explain the reasons
for which many different kinetic relations
for this reaction have been proposed in the
literature.
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reaction. This effect could be attributed to
the competitive adsorption of water both on
the acid and basic sites. The reaction, cata-
lyzed by the isolated acid sites, could be
described in a simplified way by the mecha-
nism

R R-0-R
I 2
H®
! —

+ ROR

In fact, taking into account all the previ-
ously mentioned effects, the reaction rate
expression should contain two terms: the
main term, related to the behavior of the
more active sites, the couple of basic sites
plus vicinal acid sites and another term, re-
lated to the isolated acid sites which, as has
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been shown, work with a higher activation
energy. If free sites are negligible, in com-
parison with the sites occupied by alcohol
and water and if ether adsorption does not
affect the reaction rates, as has been exper-
imentally observed, a Langmuir-Hinshel-
wood kinetic law-of the type suggested by
Jacobs et al. (10) seems to be the most suit-
able for representing both the two cases
considered

boa * Pa
* Pa T (bow + by)pw

ba'Pa
+ k,
ba'pa+bw'pw

r=rb+ra=kbbb
a

In the first term, the adsorption equilibrium
constants for water consider the possibili-
ties of adsorption of the molecules both on
the basic and on the vicinal acid sites. The
kinetic constant k; is related to the number
of basic sites, while £, is related to the num-
ber of acid sites. For relatively low conver-
sions, reaction order becomes zero and re-
action rates correspond to the addition of
the two Kkinetic constants as has been ex-
perimentally observed.

In conclusion, it has been shown that bi-
molecular dehydration of ethyl alcohol on
Y decationized zeolite mainly occurs on
acid sites vicinal to the basic ones. The cat-
alytic activity on the isolated acid sites is
about one order of magnitude lower than
that on the acid-base couple reported.

In both cases, it has been assumed that
the formation of the carbocation is a rate-
determining step. Therefore, the difference
in the catalytic activity is explained by as-
suming that basic sites have a stabilizing
effect on the precursor of the carbocation.,

A Langmuir-Hinshelwood kinetic law
containing two terms, one for the reaction
occurring on the vicinal couple acid-base
and another for the reaction on the isolated
acid centers has been suggested on the ba-
sis of the following observations:

(a) At relatively low conversions and at
low temperature, the apparent reaction or-
der is zero.

(b) If water is added to the reagent, the
reaction rate is depressed.

(¢) If zeolite is treated with acetic acid
the first term of the kinetic law disappears
due to the poisoning of the basic sites, but
residual activity remains.

(d) By poisoning the catalyst with pyri-
dine, activity is slowly depressed to a zero
value when all the acid sites are neutral-
ized.
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