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A comparison between the activity and selectivities of dehydration of 2-butanol, 2-methyl-
2-butanol, and 3-methyl-2-butanol has been made with the surface acidity of boron phosphate
catalysts of compositions ranging from P/B = 0.4 to 1.4. The activity and the produet distri-
bution of the dehydration reactions of these alcohols were found to be sensitive to the change
in the surface acid properties of the boron phosphate catalysts. The concentrations of trans-
2-butene and 2-methyl-2-butene increase with increasing surface acidity, while those of the
varjous remaining products show an inverse relationship to the acidity. The results are inter-
preted through a dominant carbonium ion mechanism with the possibility of an additional

subsidiary process.

INTRODUCTION

A variety of mechanisms has been pro-
posed for elimination reactions, and in
particular those involving the vapor phase
dehydration of alcohols (Z). Of these
mechanisms, those involving a carbonium
ion (El1), a carbanion (Elcb), or a con-
certed elimination (E2) are the most
common. Of course, each of these mecha-
nisms may not be discrete in the sense that
they represent only three possibilities in a
broad spectrum of mechanisms. Thus, in a
vapor phase elimination the first two
mechanisms will be associated with energy
profiles possessing two maxima, while the
latter mechanism will involve only one
such maximum. The relative heights of
these two barriers will then determine, at
least in part, the extent of the mixing of two
or even more of such mechanisms. The
presence of a catalytic surface may, of
course, add a further complexity to the

1 To whom correspondence should be sent.

energy profile and, given the probable
energetic heterogeneity of the surface, may
produce a wide variety of such energy
profiles in a given dehydration experiment.

These elimination mechanisms can be
further divided into syn- and anti-elimina-
tion modes depending, for example in the
case of dehydration of aleohols, on the
stereochemical orientation of the leaving
hydrogen with respect to the hydroxyl
group in different conformations of the
aleohol molecules.

Although g-elimination can be considered
to be the common factor in the afore-
mentioned mechanisms, the concerted +-
elimination with migration of g-hydrogen
(or any other g-substituent) must be added
to any list of possible elimination mecha-
nisms (2-5).

Information on the primary products of
the decomposition of aleohols can prove
useful in suggesting possible intermediates
of dehydration reactions and consequently
in postulating mechanisms (1, 2, 5-7).
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Thus, in investigations of the dehydration
of alecohols, the isomeric distribution of
olefins has been taken as an important
criterion in characterizing the surface prop-
erties of the catalysts and also in discussing
the surface—alcohol interaction during the
dehydration.

The catalytic decomposition of alcohols
has been the subjeet of investigation for a
number of years. Fortunately, several
excellent reviews on the topic are available,
one on elimination reactions in general by
Noller and Kladnig () and another by
Knézinger specifically dealing with the
dehydration of alcohols (8). The interest
in alcohol decomposition as a probe reaction
for catalytic surfaces has continued since
the latest of these reviews was published.

Previous work from this laboratory
(9-14) has demonstrated the presence of
acidic sites on the surface of boron phos-
phate. The presence of a substantial num-
ber of Brgnsted sites has been implied from
the results of deuterium exchange experi-
ments (9) and from studies of the oxidation
of iodide ions in the liquid phase (10). The
rate of dehydration of 1-propanol on boron
phosphate was found to be related to the
number of surface acid sites and an increase
in the pretreatment temperature of the
catalyst decreased both the concentration
of acid sites and the rate of dehydration
(11-12). Similarly, Tada et al. (15) and
Tada and Mizushima (76) have found a
direct relationship between the dehydration
activity for 1-butanol and the surface
acidity on aluminum phosphate and on
boron phosphate.

In view of the importance of acidic and
basic centers in promoting the dehydration
of alcohols, one can expect that the acid-
base properties of the catalyst surface will
have a significant effect on the product
distribution as well as on the dehydration
mechanism. Accordingly, the purpose of
the present work is twofold : (1) to examine
the primary decomposition product distri-
butions from the dehydration of alcohols in
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order to elucidate both the mechanisms
and the surface properties of the catalyst
and (2) to perform these experiments on
nonstoichiometric boron phosphate samples
with a variety of phosphorus/boron molar
ratios (P/B) to determine the manner in
which the changes in P/B influence both
the surface acidity and the product distri-
butions. For this purpose 2-butanol and
its derivatives, 2-methyl-2-butanol and
3-methyl-2-butanol, were chosen as the
aleohols for study, and the isomerization
of 1-butene, the chemisorption of ammonia,
and the titration with n-butylamine were
employed as methods for the estimation of
surface acidity.

EXPERIMENTAL METHODS

1. Microcatalytic Pulse Reactor

The dehydration of 2-butanol, 2-methyl-
2-butanol, and 3-methyl-2-butanol, and the
isomerization of 1-butene were carried out
in a microcatalytic pulse reactor. The basic
features of the apparatus used in our work
are similar to those discussed by Galeski
and Hightower (17). The reactor system
used in the present work is a modified
version of that previously described (11).

A regulated flow of helium, 30 ml/min
was saturated at a known temperature with
the aleohol and this gaseous mixture was
passed through a bypass doser. The alcohol
vapors diluted with helium which are
trapped into the sample loop are then
passed over the catalyst (20 mg) held inside
a reactor by means of a second stream of
helium controlled at the desired flow rate
(300 ml/min). The reactions were studied
at 150°C. The shape of the reactant pulses
and the product slugs were analyzed by a
thermal conductivity detector placed be-
tween the bypass doser and the reactor.
The produects were trapped in a U tube
placed in liquid nitrogen. The temperature
of the U tube was raised to a particular
level depending upon the boiling points of
the produet components to be analyzed
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before they are swept into the appropriate
columns of the gas chromatograph.

The gas chromatographic separation of 1-
butene, trans-2-butene, 3-methyl-1-butene,
cis-2-butene, 2-methyl-1-butene, and 2-
methyl-2-butene, with retention times 10.5,
12, 12.8, 13.6, 18.5, and 22 min, respec-
tively, was obtained by a 40 ft X i-in.
column of 309 B,8’-oxydipropionitrile on
40/60 mesh chromosorb P at room tempera-
ture with a 70 ml/min flow of helium. The
quantitative analysis of the pulse concen-
tration as well as that of the unreacted
aleohols was made using a 6 ft X I-in.
column of 209, carbowax 20M (TPA) on
60/80 mesh chromosorb W.

2. Catalysts and Reactants

Eight different samples of boron phos-
phate with varying phosphorus to boron
(P/B) molar ratios ranging from 0.4 to 1.4
were prepared from boric and phosphoric
acid by the method deseribed previously
(18). The samples prior to the thermal
treatment in vacuum are designated as
“unpretreated,” while those evacuated at
an elevated temperature for a certain time
period are labeled as “‘pretreated.” In the
present work only samples pretreated at
400°C for 8 hr were employed. Preliminary
dehydration experiments were done with
2-butanol by varying the helium flow rate,
the range of particle size of the pretreated
samples, and the weight of the catalyst in
order to determine suitable reaction con-
ditions. A helium flow of 300 ml/min,
particle sizes of boron phosphate of 120/150
mesh, and a catalyst weight of 20 mg were
used in the entire work.

2-Butanol and 2-methyl-2-butanol both
were Baker analyzed reagent grade. 3-
Methyl-2-butanol was purchased from
Matheson, Coleman and Bell. All the three
aleohols were found to be chromatographi-
cally pure and were used without further
purification. 1-Butene was obtained from
Matheson of Canada Ltd.
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3. Surface Acidity Determination

Two methods were employed to obtain
some indication of the surface acidity,
namely, titration with 0.01 M n-butylamine
{Fiseher Secientific Company, certified
grade) solution in benzene (A.R. grade), in
the presence of a series of Hammett indi-
cators, and measurement of the chemi-
sorption of ammonia (Matheson, anhy-
drous) gravimetrically using a quartz spring
balance. The catalyst samples were evacu-
ated at 200°C for 3 hr to remove adsorbed
surface impurities prior to the equilibration
of the catalysts with 15 mm pressure of
ammonia at room temperature for 24 hr.
The system was then evacuated until there
was no further weight loss. The isomeriza-
tion of 1-butene has also been used as an
indicator reaction to probe the acidity of
the catalyst. One milliliter of 1-butene was
injected into the reactor held at 180°C
through a helium carrier gas flow of 164
ml/min. The isomerization products were
trapped and analyzed as described earlier.

RESULTS
1. Produet Distribution

1.1. Dehydration of 2-butanol. The con-
version of 2-butanol on a constant weight
of boron phosphate catalyst of different
composition varies from 2 to 249,. 2-
Butanol on dehydration produces 1-butene,
trans-2-butene, and cis-2-butene. No evi-
dence for dehydrogenation products was
found. In Fig. 1, the composition of the
decomposition product and the ratio of
c1s-2-butene to trans-2-butene is plotted as
a function of P/B. The thermodynamic
equilibrium compositions of all the alkenes
are taken from the reported values by
Kilpatrick et al. (19). The percent concen-
tration of 1l-butene, irans-2-butene, and
cis-2-butene remained the same for all the
reciprocal space velocities ranging from 10
to 150 mole™! g-min. The percent com-
position of the alkenes reported in this work
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is always based on the primary distribution
of the dehydration products of alcohols.
The concentration of c¢is-2-butene is found
to be greater than that of the trans-2-
butene and at most three times as large as
that of 1-butene. The concentrations of
both 1-butene and c¢is-2-butane pass
through a maximum, while that of trans-2-
butene passes through a minimum as the
value of P/B approaches unity from either
side. Consequently the ratio of cis-2-
butene/irans-2-butene exhibits a maximum
at P/B =1 (Fig. 1).

1.2. Dehydration of 2-methyl-2-butanol.
2-Methyl-2-butene and 2-methyl-1-butene
are the only observed decomposition prod-
ucts of 2-methyl-2-butanol. The conversion
of 2-methyl-2-butanol ranged from 7 to
819, depending on the P/B ratio, and is
greater than that of the remaining two
alcohols. In Fig. 2, the product distribution
and the ratio of the two alkenes is plotted
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tion of 2-butanol on boron phosphate of various
compositions.
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Fie. 2. Experimental (——) and equilibrium
(~-~-) concentrations of 2-methyl-1-butene and
2-methyl-2-butene (A) and their ratio (B) from the
dehydration of 2-methyl-2-butanol on boron phos-
phate of various compositions.

for the various values of P/B. The concen-
tration of 2-methyl-2-butene is several
times greater than that of the 2-methyl-1-
butene in the entire range of the catalyst
composition. The concentration of 2-
methyl-1-butene passes through a maxi-
mum while that of the 2-methyl-2-butene
passes through a minimum at a P/B = 1.
The wvariation of the concentration of
2-methyl-1-butene and 2-methyl-2-butene
with P/B (Fig. 2) is semiquantitatively
similar to that of 1-butene (or cis-2-butene)
and trans-2-butene, respectively (Fig. 1).
1.3. Dehydration of 3-methyl-2-butanol.
The conversion of 3-methyl-2-butanol dur-
ing dehydration over boron phosphate
catalysts varies from 3 to 409,. These con-
versions are slightly greater than those of
2-butanol and substantially lower than
those of 2-methyl-2-butanol on the respec-
tive compositions of the catalyst. Dehydra-
tion of 3-methyl-2-butanol produces 3-
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methyl-1-butene in addition to the dehydra-
tion products of 2-methyl-2-butanol. The
percent composition of all the three alkenes
along with the ratio of 3-methyl-1-butene
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to 2-methyl-2-butene is plotted as a func-
tion of P/B (Fig. 3). The product distribu-
tion follows the order 2-methyl-2-butene
>> 2-methyl-1-butene > 3-methyl-1-butene
in the entire range of the catalyst com-
positions studied. The percent concentra-
tions of 3-methyl-1-butene and 2-methyl-1-
butene are found to show a maximum at
P/B = 1, and the formation of 2-methyl-
2-butene is minimum at this composition.

2. Actinty of Boron Phosphate for the De-
hydration of the Model Alcohols

The total concentration of the alkenes
produced from an individual alcohol, ex-
pressed in the form of moles X 10% per
meter square, are referred to as specific
catalytic activities for the dehydration
reaction. The specific catalytic activities
of the dehydration of 2-butanol, 2-methyl-
2-butanol, and 3-methyl-2-butanol are
plotted as a function of the composition of
boron phosphate in Fig. 4. All the dehydra-
tion reactions were carried out under
identical experimental conditions in order
to permit comparison of the reactivity of
these aleohols. The concentration of each
pulse was maintained at (6.1 £ 0.2) X 105
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Fig. 5. Concentrations of surface acid sites on
various acid strengths as a function of P/B as
measured by butylamine titration.
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F1e. 6. Surface acidity of boron phosphate as
measured by the irreversible adsorption of ammonia,
and the isomerization of 1-butene on catalysts with
different P/B values.

moles throughout this work. The reactivity
of the alcohols towards dehydration on
boron phosphate catalysts follows the
sequence 2-methyl-2-butanol > 3-methyl-
2-butanol > 2-butanol. The dehydration
activities of the catalysts with P/B = 0.8
and 1.2 are maximum and those at approxi-
mately P/B =1 and P/B = 04 are
minimum.

3. Surface Acidities of Boron Phosphate

I

Figure 5 gives the distribution of acid
strengths and their densities for the various
compositions of boron phosphate catalyst.
The densities of the acid sites in the ranges
of less than —3 and 2.8 to 4.4 are consider-
ably greater for the catalyst composition,
0.4 < P/B < 1 compared to those of the
catalysts with P/B > 1. The acid concen-
trations in the pK, range from 5.2 to 6.8
show two maxima, one around P/B = 0.7
and the other at P/B = 1.2,

Figure 6 shows the variation in the acid
site densities as determined by measuring
the chemisorption of ammonia and also by
carrying out the isomerization of 1-butene
on the catalysts. The amount of irreversibly
chemisorbed ammonia, the amount of
1-butene isomerized, and the surface acid
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densities as measured using Hammett
indicators on various compositions of boron
phosphate show reasonably good semi-
quantitative agreement.

DISCUSSION

There are a number of features, clearly
recognizable from the experimental data,
which may be used in clarifying the mecha-
nism by which the present alecohols are
dehydrated on boron phosphate.

(i) The dehydration activity for the
three alcohols is largest with 2-methyl-2-
butanol and smallest for 2-butanol for all
catalyst compositions (Fig. 4). Since car-
bonium ion reactivity follows the order
tertiary > secondary > primary, this ob-

servation is consistent with an El
mechanism.
(i1)) The dehydration of 2-methyl-2-

butanol produces two products, 2-methyl-
2-butene and 2-methyl-1-butene, the former
in larger quantities than the latter, and
both in concentrations approximately the
same as those expected at equilibrium
(Fig. 2). This observation is also suggestive
of a carbonium ion or E1l mechanism,
although an E2 mechanism is not precluded.

(ili) The dehydration of 3-methyl-2-
butanol produces three products, 2-methyl-
2-butene, 2-methyl-1-butene, and 3-methyl-
1-butene, in order of decreasing concentra-
tion (Fig. 3). The observed relative order of
concentrations of the olefins is identical
with that expected at equilibrium. These
results also favor the E1 mechanism. With
all three alcohols, the olefin with the greater
number of alkyl groups predominates, that
is, Saytzeff orientation is favored.

(iv) The quantities per square meter of
ammonia chemisorbed (Fig. 6), of 1-butene
isomerized (Fig. 6), and of butylamine
titrated (Fig. 5), all vary in a semiquanti-
tatively similar manner as the composition
of the catalyst is varied. With all three
methods, minima appear at P/B equal to
1.0, and maxima appear at P/B values of
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approximately 0.7 and 1.2. Thus, at least
within the confines of the capabilities of the
particular measurement method, the total
number of acid sites, both Brgnsted and
Lewis, is largest for boron phosphate of
nonstoichiometric composition.

(v) The dehydration of 2-butanol pro-
duces three products, cis-2-butene, trans-
2-butene, and 1-butene, in order of decreas-
ing concentration, whereas at equilibrium
the order of decreasing amounts is expected
to be {trans-2-butene, c¢is-2-butene, and
1-butene (Fig. 1).

(vi) The concentrations of trans-2-butene
formed from 2-butanocl (Fig. 1) and of
2-methyl-2-butene produced from both
2-methyl-2-butanol (I'ig. 2) and 3-methyl-
2-butanol (Fig. 3) vary in a similar manner
showing minima at P/B equal to 1.0.

(vi1)) The concentrations of cis-2-butene,
1-butene, 2-methyl-1-butene, and 3-methyl-
1-butene show similar trends with changes
in catalyst composition, with maxima
appearing at a P/B value of approximately
1.0.

The similarities observed in the behavior
of the acidity measurement data (Figs. 5
and 6) and the specific dehydration activity
of all three aleohols (Fig. 4) as a function of
catalyst composition demonstrate that the
catalytic activity is related to the number
of acidic sites of the catalyst. However,
since none of the methods employed to
measure the numbers of acidic sites is
capable of distinguishing between Brgnsted
and Lewis sites, it is not possible to deter-
mine which of these is the more effective
in the present reactions. Of course, it is not
impossible that only a portion of the acidic
sites present on the surface of the catalyst
are active in the reactions studied here, but
the information available at present is in-
sufficient to permit further elaboration of
this aspect. However, the similarity ob-
served in the results obtained from the
three methods employed for the estimation
of acidity and the correlation observed
between the density of acid sites and the
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dehydration activities provides strong evi-
dence for a carbonium ion or E1 mechanism
in the dehydration of the alcohols con-
sidered here. It must be again emphasized,
however, that an additional mechanism is
not precluded.

The product distribution of the dehydra-~
tion reactions of 2-butanol, 2-methyl-
2-butanocl, and 3-methyl-2-butanol also
appears to be dependent upon the acidity
of the catalyst (Figs. 1-3, 5, 6). The forma-
tion of 1-butene and ezs-2-butene is favored
on the catalysts with smaller numbers of
acidic sites. The production of trans-2-
butene, on the other hand, appears to be
more directly determined by the number
of acid sites on the catalyst, since the larger
this number, the greater the percentage
concentration of ¢rans-2-butene in the
products. The percent conversion of the
2-butanol is also smaller on the catalysts
possessing a smaller number of acid sites.

In attempting to explain the observations
from the present work, it is of value to
compare the results obtained by other
workers in the study of the dehydration of
the present aleohols on various catalysts.
Pines (2) has studied the dehydration of
2-butanol on alumina, and has observed a
decrease in both the percent composition
of trans-2-butene and percent conversion of
2-butanol, after neutralization of the acid
sites, but the concentrations of 1-butene
and cis-2-butene were increased with the
increase in the amount of sodium in alumina
(2). The results obtained with 2-butanol on
alumina thus show the same relationship
with surface acidity as those found with
boron phosphate.

Carrizosa and Munuera (20) find that
2-butanol decomposes on TiO: to produce
169, of the Hofmann olefin (1-butene) and
849, of the Saytzeff products (2-butenes)
with a cis/trans ratio of 3.5. Carrizosa and
Munuera (20) suggest that their results for
2-butanol support an E2 mechanism. In
comparison, on boron phosphate the cis/
trans ratio ranges from approximately 1.6 to
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3.6, and the percent Hofmann olefin from 7
to 229,. Since stoichiometric boron phos-
phate produces 229, Hofmann olefin and
a cis/trans 2-butene ratio of 3.6, it appears
that this particular catalyst composition,
where P/B = 1.0, is quite similar to that
of TiO; in respect of acid-base properties.

On alkali cation-exchanged X and Y
zeolites (21), 2-butanol yields 80 to 859, of
the 2-butenes with a cis/trans ratio of
approximately 1.0 to 1.1. The yield of
2-butenes is similar to that obtained with
the boron phosphate ecatalysts but the
cts/trans ratio of the 2-butenes is much
lower on these zeolites than on boron
phosphate. High yields of 2-butenes have
also been reported for butene isomerization
on weakly acidic zeolites (22). On alkali
cation-exchanged X and Y zeolites the
decomposition of 2-butanol is believed to
occur by an El elimination (21). In con-
trast with the aforementioned work, on
alumina a high cis/trans ratio for 2-butenes
of approximately 5.9 was obtained, while
the quantity of 2-butenes is again high at
approximately 709, (23). An E2 elimina-
tion has been proposed for alcohol dehydra-
tion on alumina.

With calcium phosphate (hydroxyapa-
tite), only dehydration of 2-butanol oc-
curred on samples with P/Ca equal to 0.63,
but both dehydration and dehydrogenation
reactions took place on the stoichiometric
solid (i.e., P/Ca = 0.6) (24, 25). With the
nonstoichiometric catalyst the c¢is/trans
ratio of 2-butenes was 1.46 at 282°C. De-
hydration over hydroxyapatite was found
to obey the Saytzeff rule and was consistent
with an E1 mechanism.

Thomke (26) has studied the decomposi-
tion of 2-butanol over a number of phos-
phates, all of commercial origin and there-
fore presumably of stoichiometric composi-
tion. With Cas(PO,)s, BPOy Bas(POy)s,
CaHPO,, and AlPO,, approximately 73,
90, 69, 69, and 779, respectively, of the
2-butenes were obtained from 2-butanol,
and cis/trans ratios of approximately 1.2,
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1.4, 1.8, 1.7, and 1.0, respectively, were
measured. The values obtained by Thomke
for BPO, agree quite well with the present
results for a boron phosphate catalyst with
P/B equal to approximately 1.2. With
Caa(PO4)2, Bas(PO4)2, and C&HPO4 cata-
lysts, an E2 mechanism is favored, while
on BPO, and AlPQ,, the E1 mechanism is
calculated to be preferred.

Knozinger et al. (27) and Pillai and Pines
(6) studied the dehydration of 2-methyl-
2-butanol over alumina and found that
2-methyl-1-butene was the preferred prod-
uct over 2-methyl-2-butene. With boron
phosphate the 2-methyl-2-butene /2-methyl-
1-butene ratio varies from 2.5 to 4.0. Figure
2 indicates clearly the distribution of these
two alkenes on varying composition of
boron phosphate catalyst. The fact that
the distribution of the dehydration produects
of 2-methyl-2-butanol is not comparable
with that on alumina (5, 27) suggests that
the reaction mechanism on boron phosphate
may be different from the one operative on
alumina. The variation of percent composi-
tion of 2-methyl-2-butene (Fig. 2) resembles
that of trans-2-butene (Fig. 1) and the
similarities can also be observed in the
dependence of the formation of 2-methyl-
1-butene from 2-methyl-2-butanol and c7s-
2-butene (or l-butene) from 2-butanol on
the composition of boron phosphate.

Carrizosa and Munuera (20) find that
2-methyl-2-butanol dehydrates on TiO; to
favor the Hofmann product, 2-methyl-
I-butene, at lower temperatures, but the
Saytzeff product, 2-methyl-2-butene, at
higher temperatures. For example, at
150°C, 689, of 2-methyl-2-butene is formed.
On boron phosphate of various eomposi-
tions, 70 to 809 of 2-methyl-2-butene was
formed. An E2 elimination has been pro-
posed to explain the decomposition of
alcohols on TiO, (20).

The dehydration products of 3-methyl-
2-butanol on alumina were found to be
2-methyl-2-butene and 3-methyl-1-butene
(27). In the present work substantial
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amounts of 2-methyl-1-butene is also pro-
duced from the above mentioned alcohol in
addition to the former two alkenes. The
general trend in the concentration of
2-methyl-1-butene produced from 3-methyl-
2-butanol (Fig. 3), and also from 2-methyl-
2-butanol (Fig. 2), and of 1-butene from
2-butanol (Fig. 1) are comparable, although
the variation in the concentration of 2-
methyl-1-butene is sufficiently small that
little emphasis should be placed on this
change.

With hydroxyapatite, the decomposition
of 3-methyl-2-butanol produced 20 and
109, of 2-methyl-1-butene (the remainder
being the two B-elimination produects) on
the nonstoichiometric and stoichiometric
catalysts, respectively (24, 29). On these
catalysts the dehydration process is believed
to be a nearly concerted elimination. In
the present work the concentration of
2-methyl-1-butene ranges from 17 to 239
with the various compositions of boron
phosphate catalysts.

Conclusions from the experimental data
presented here as well as from comparisons
with the results of other workers on various
catalysts support the existence of an El
mechanism in the dehydration of aleohols
on boron phosphate. There are, however,
some observations in apparent conflict with
the hypothesis that the dehydration of
aleohols occurs entirely through a car-
bonium ion mechanism. First, the amount
of c¢is-2-butene formed from 2-butanol is
considerably greater than that of trans-2-
butene for all catalyst compositions, and
as a consequence the cis/trans ratio is much
larger than that expected at equilibrium.
Secondly, the concentrations of cis-2-
butene, 1-butene, 2-methyl-1-butene, and
3-methyl-1-butene all increase with de-
creasing numbers of acid sites.

Noller and Kaldnig (1) have examined
the cases where the cis-olefin is favored over
the trans-olefin and note that the phe-
nomenon is more pronounced on less active
catalysts which are more likely to exhibit
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an 82 mechanism. Knozinger et al. (27)
have suggested that the c¢is preference may
be due to a decreased steric hindrance, on
the catalystic surface, when the most
bulky groups are situated on the same side
of the carbon atoms. Noller and Kladnig
(1) conclude that Pines (4) is correct in
believing that cis-olefin preference is indic-
ative of an E2 mechanism.

Such observations may be applied to the
present results in the following manner.
Boron phosphate of all compositions exam-
ined displays the presence of acidic sites.
However, the concentration of acid sites
reaches a minimum for catalysts of com-
position where P/B equals 1.0 (Figs. 5, 6).
Further, the activity of a catalyst of this
particular composition is less than that of
the other compositions studied (Fig. 4). In
addition, the quantity of cis-2-butene is a
maximum for P/B equal to 1.0. This sug-
gests that an E2 mechanism may be
significant at such a composition. The
observation that c¢is-2-butene is favored
(but less so) over trans-2-butene with the
remaining catalyst compositions implies
the operation of both E1 and E2 mecha-
nisms on such surfaces.

In addition with 3-methyl-2-butanol and
even more so 2-methyl-2-butanol, with
which molecules carbonium ions are more
readily formed, the activity of all catalysts
increases, the concentrations of the prod-
ucts are more nearly those expected at
equilibrium, and it may tentatively be
suggested that the participation of the E1
mechanism increases. That the E2 mecha-
nism is still active would then, within the
confines of this hypothesis, be evidenced
from the deviation of the product com-
positions, from the dehydration of 3-
methyl-2-butanol and 2-methyl-2-butanol
from their equilibrium values at a catalyst
composition of P/B equal to 1.0.

Although no complete and unambiguous
proof for such an interpretation of the
present results can be offered at this time,
the conclusions appear to be both reason-
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able and consistent with the data available.
Additional work is required to provide the
necessary support. However, the present
data does provide further information on
the catalytic properties of boron phosphate
and its relationship to other catalysts.
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