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Initial rates of ¢-butyl aleohol dehydration catalyzed by crystallites of H-mor-
denite suspended in liquid reactant were measured at temperatures between 45 and
75°C. Rate was not affected by addition of n-heptane diluent to the reactant, but
when n-heptane or methyleyclohexane initially filled the mordenite pores, rate at
75°C was reduced to 81 or 44% of the former value, respectively. Reaction took place
within the intracrystalline pores and was hindered by the difficulty of passage of
entering reactant and exiting diluent and product molecules. Molecules with eritical
diameters summing to about 13 & are capable of passing one another within a pore,
although the narrowest apertures measure only 6.7 X 70A.

INTRODUCTION

The uniqueness of zeolites as catalysts
derives from their networks of uniform,
molecular-scale voids with apertures which
restriet the entry of reactant molecules
and confine some reactions to exterior
crystallite surfaces or pore mouths. Though
the shape-selective transport restriction is
exploited industrially in isomerization of
straight-chain paraffins from mixtures con-
taining branched-chain paraffins, quanti-
tative characterizations of coupled mass
transport-reaction phenomena in zeolites
are still lacking. Even the extent to which
internal catalyst surface is utilized in cata-
lytic cracking is unclear (I, 2), and dimen-
sions of molecules which can just pass
one another in zeolite pores remain
undetermined.

Experiments reported here provide a pre-
liminary characterization of mass trans-
port influence on the rate of dehydration of
t-butyl alcohol to isobutene catalyzed
within the straight, tubular pores of H-
mordenite crystallites.

*E. I. duPont de Nemours and Company,
Newport, Delaware 19804.

EXPERIMENTAL METHODS

In a typical experiment 125g of reac-
tant ¢-butyl alecohol was stirred in a
thermostated 500 cm?® reactor, to which was
added 0.3g of H-mordenite erystallites, .
previously activated for 2 hr in air at
350°C. Product samples (0.5 cm?®) were
withdrawn periodically from the closed re-
actor with a syringe, filtered through a
022 pm Millipore filter to remove sus-
pended catalyst, then analyzed by gas
chromatography.

Experimental details are summarized in
Table 1. Most experiments were performed
at 75.0 = 0.1°C with fractions of mordenite
crystallites obtained by air-elutriation of
Zeolon H powder (Norton Co., Worcester,
MA). Most samples had a mean pore
length of 5.9 um; crystallites used in a
single experiment had a mean pore length
of 11.3 u. Unfractionated crystallites were
used at 45.0, 55.0, and 75.0°C. Some re-
actant solutions initially contained n-hep-
tane or water, and occasional mordenite
samples were initially saturated with n-
heptane or methylcyclohexane at 75.0°C.
Separate references provide details of re-
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TABLE 1
RATE OF {-BurYL ALCOHOL DEHYDRATION CATALYZED BY H-MORDENITE

Mean catalyst 107 X Initial reaction

Temp pore length rate (mole/sec g of
Composition of reactant solution (mole %) G (pm) catalyst)
1009, t-butyl alcohol 45.0 —a 0.32
55.0 — 1.08
75.0 —a 9.3 £1.2
75.0 11.3 + 4.3 6.1
75.0 5.9 +£3.2 7.4 +0.5
909, t-Butyl alcohol, 75.0 59+ 3.2 8.0
109, n-heptane
909, t-butyl alcohol, 75.0 5.9 +3.2 6.0
109, n-heptane?
909, t-butyl alcohol 75.0 5.9+3.2 3.2
109%, methylcyclohexane?
99.09% t-butyl alcohol 5.9 +3.2 1.7

1.09, water

75.0

¢ Unfractionated crystallites, mean value undetermined.

¢ Mean value + standard deviation, calculated from three experimental values.

¢ Mean value + standard -deviation. For detailed data see Ref. (5).

4 Paraffin contacted with catalyst at 75°C to fill pores before addition of t-butyl alcohol.

actor operation and product analysis (3)
as well as of catalyst handling, size frac-
tionation, and size determination (4, §).

REsuLTs

Representative conversion data at 75.0°C
are shown in Fig. 1. Conversion of un-
diluted alecohol increased linearly with
time to-a value of about 0.002 moles/g of

catalyst; the slope of the line provides a
precise determination of initial reaction
rate. Rate decreased .markedly, becoming
nearly zero at conversions not greatly ex-
ceeding those shown. A similar pattern was
observed in all experiments, exemplified
by the results of Fig. 1. The initial rate
data are summarized in Table 1. ‘
These data show the effects of paraffin
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Fig. 1. Conversion of {-butyl alcohol catalyzed by H-mordenite crystallites at 75.0°C.
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diluents: On addition of 10 mole % n-hep-
tane, the initial rate was essentially un-
changed from that for pure aleohol. But

T ot a
when catalyst pretreatment included filling

of the pores with the nm-heptane diluent,
the initial rate was reduced to 81% of the
value for pure alcohol. Further, when the
catalyst pores were saturated instead with
methyleyclohexane, the initial rate was
only 44% of the value for undiluted
alcohol.

Reaction was strongly inhibited by
water, as shown by the data of Fig. 1.
When reactant solution initially contained
1.0 mole % water, rate was reduced to
22% of the value for pure alcohol.

An off.
An effect of mean crystallite pore length

is shown by results for the two size frac-
tions: Relative initial rates of 1.0 and
0.82 were observed for mean pore lengths
of 5.9 and 11.3 um, respectively. Unexpec-
tedly, initial rate was higher for the un-
fractionated catalyst than for either size
fraction (Table 1), although the average
pore length of the unfractionated sample
was intermediate to the values for the two
fractions (4, §). It is possible that amor-
phous impurity in the unfractionated sam-
ple contributed significantly to its activity.

Rates the
are shown in the linear Arrhenius plot of
Fig. 2. The apparent activation energy is
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F1a. 2. Arrhenius plot: initial rate of -butyl alco-
hol dehydration catalyzed by unfractionated H-mor-
denite crystallites.

25 keal/mole, a value high enough to
demonstrate that mass transport in the

stirred liquid phase was nof rate
determining,
Discussion

The lack of change in rate on dilution

of reactant with 10 mole % n-heptane sug-
oests that the accessible eatalvst surface

jA ARSI D 8 327 Vil QlLOSSINIT balalysv suliall

was almost saturated with reactant. The
lower rate observed when the same total
amount of n-heptane was present, initially
filling the catalyst pores, shows that the
diluent in the pores prevented utilization
of catalyst surface that had been acces-
sible previously The still lower rate ob-
served when meLuylcymm‘;exaﬂe filled the
pores shows that this paraffin prevented
utilization of still more catalyst surface.
We infer that the cycloparaffin initially
oceupied more pore volume than the
paraffin that the
bulkler cycloparaffin molecules experienced
more hindranee in their transport out of
the pores past incoming alcohiol.

This interpretation of mass transport in-
fluence implies that reaction oceurred
within the intracrystalline voids of H-mor-
denite, not just on exterior crystallite sur-
faces. The interpretation demands there
be a range of crystallite sizes for which
the influence of mass transport is evidenced
by a decreased reaction rate for an in-
creased pore length; the data for the two

orvatallita o 3
crystallitc size fractions therefo

the interpretation.

In summary, we infer the following
physical picture of the catalytic process in
a crystallite pore. The ¢-butyl alechol re-
acts on intracrystalline surfaces to give
water and isobutene, which are transported
out of the pore to be replaced by alcohol.
The critical molecular diameters (Table
2) are small enough that each of the mole-
cules can separately pass through the nar-
rowest [6.7 X 70A (9)] apertures in a
pore, while either of the two product mole-
cules can just pass a reactant molecule at
a wide point near a side pocket. When
n-heptane initially fills the pores it (as
well as ISODuwue) can leave with u:lau‘v'e}“y'
little hindrance from the entering alcohol

efrn;n rrl’ﬂ' oh an‘

chair and/or
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TABLE 2
CrriticalL. MOLECULAR DIAMETERS®
Estimated .
Molecule critical diam (A)
Water 2.8
Isobutene 5.4
n-Heptane 4.9
Methyleyclohexane 6.6
t-Butyl alcohol 6.4

¢ Critical diameter is the diameter of the smallest
circle through which the undeformed molecule can
pass. The van der Waals diameter of water is given
by Barrer (6). The van der Waals radii of methyl
groups and methylene groups were taken to be
2.0 A (7). Bond lengths and angles were estimated
from handbook values (8).

which replaces it. However the methyl-
cyclohexane, which has a critical molecular
diameter about 1.2 A greater than that of
isobutene, offers sufficient additional bulki-
ness that its transport counter to incoming
t-butyl alcohol is relatively strongly hin-
dered by the difficulty of passage of the
two molecules even at the side pockets
(Fig. 3). Therefore, a significant part of
the interior surface is inaccessible to re-
actant when the cycloparaffin initially fills
the pores. These conclusions suggest that
the largest molecules which can pass one
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FiG. 3. Schematic representation of {-butyl aleohol
and methylcyclohexane molecules passing in an H-

mordenite pore. Some hydrogen atoms are omitted
for clarity.
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another in an H-mordenite pore have criti-
cal diameters summing to about 13 A.

The inhibition of reaction by water
added to the reactant solution is qualita-
tively consistent with the general decrease
in rate as reaction proceeds (Fig. 1). But
the inhibition by water formed within the
pores is enough to suggest that strongly
adsorbed product water ultimately occu-
pies sufficient pore volume to prevent
access of reactant. Support for this sugges-
tion of pore blocking is found in the maxi-
mum conversion values of about 0.01
mole/g of catalyst, which is roughly equal
to the amount of water required to fill the
available pore volume (10). We may specu-
late that a significant fraction of the water
molecules formed within a pore remained,
and that pores initially filled with paraffin
finally still contained some paraffin mole-
cules trapped within them; correspondingly,
maximum conversions were reduced in these
experiments (Fig. 1).
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