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LeETTERS T0 THE KEDITORS

Comment on 1-Butene Isomerization over Alumina
at High Temperatures

Recently, Forni et al. (1) reported the
results of a study of the isomerization of
1-butene over Alcoa F-110 alumina be-
tween 510 and 550°C. Their data suggested
to us that the reaction was diffusion
limited under their experimental conditions,
a possibility which they did not consider.
The experimental fact which attracted our
attention was that the cis/trans ratio was
at equilibrium, even at very low conversion.
This behavior is symptomatic of diffusion
limitation because, when the residence
time inside the pore system is long com-
pared with the time of half reaction, the
molecules may achieve equilibrium before
diffusing back into the bulk gas phase.
This picture is in agreement with the
mathematical treatment of a similar sys-
tem given by Wei (2).

Recently, Hightower and Hall (3) sum-
marized the data in the literature and re-
ported initial cis/trans ratios for alumina
varying between 1.3 and 6.0. Included were
data for many different aluminas and cata-
lytic techniques, and for a wide range of
temperatures (23-300°C). All these re-
sults contrast strikingly with those of
Forni et al. (1).

Sometimes a reaction system may be
mathematically tested for diffusion limi-
tation. Several workers developed appro-
priate criteria for systems of various de-
grees of complexity (2, 4), but a rigorous
test could not be made for the experiments
of Forni et al. (1) because insufficient data
were given. Instead, an approximate treat-
ment, based on the criterion first introduced
by Wagner (5) and developed by others
(4), was used. In this, it was assumed that
early in the reaction the system could be

adequately represented by a first order ir-
reversible process, i.e.,

A—B

where A represents 1-butene and B, the
2-butenes.

A modified Thiele modulus, ®;, may be
defined (4) for a spherical particle as

_ R 1 dn
® =D, (‘ % }'f?)’ (1)

where I (cm) is the average particle radius,
C. {mol em) is the reactant concentration
in the gas phase, D, (em? sec!) is the ef-
fective diffusion coefficient and — (1/V) (dn/
dt) is the observed reaction rate per unit
volume of catalyst particles (mol sec™?
em~*). Bulk diffusion outside the pores was
neglected. It is not usually significant for
gas-phase reactions unless intraparticle
diffusion is highly rate limiting, but in that
event, it will contribute further to the falsi-
fication of the kinetics. Thus, C, was taken
to represent the concentration at the pore
mouths. The eriterion to be applied is that
diffusion cffects are negligible when

0, < 1.0

The principal problem is to estimate D..
Data given in Ref. (1) include: surface
area, 180 to 280 m? g'; internal porosity,
0.272 and particle size, 20 to 40 mesh. No
information concerning the pore size dis-
tribution was given, but data for another
batch of F-110 alumina was obtained from
the files of the Gulf Research & Develop-
ment Company.* The distribution deter-
mined with the original Y4-in. balls, was

* Courtesy of Dr. Q. A. Larson.
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broad; it could not be accurately deseribed
as mono- or bimodal. Pore radii ranged
from 15 to 300 A, but only 25% of the pore
volume was in the pores having radii larger
than 100 A and only 10% of the area was
contributed by these pores. About half the
pore volume and over 70% of the area
was in pores having radii less than 50 A.
This material differed from that of Forni
et al. (1) in that it had a higher porosity
(0.34 em?® g') and a lower surface area
(150 m?® g'). Hence, the Gulf sample had
larger pores (estimated from ratio of pore
volume to surface area), on the average
than that of Forni et al. (1). Thus, of the
two samples, the Gulf material should be
the less affected by diffusion effects. There-
fore, we tested for diffusion limitation
using the Gulf data with the knowledge
that whatever the result, Forni’s catalyst
(1) should have a higher value of ®,.

In order to ascertain the regime of dif-
fusion within the pores, the bulk diffusivity,
D,., was calculated using a well-known
formula based on modern kinetic theory
(4); the result was D, = 055 cm?/sec.
The lower limit of the transition region
(the maximum radius for which Knudsen
diffusion applies) was calculated from the
eriterion, Dy = 0.1D,. (Dy is the Knudsen
diffusivity) ; a radius of 150 & was ob-
tained. Despite the fact that the Gulf sam-
ple had 11% of its pore volume with radii
larger than 1504, it was assumed that
Knudsen diffusion applied to the entire
pore system. This assumption led to the
caleulation of a smaller value of ®, than
the real one.

Because of the broad pore size distribu-
tion, the average pore radius (7) was cal-
culated using the following formula (4),

_ virdy
F=——;
V2 - Vl’

here, V., — V, is the entire pore volume be-
tween the limits 300 and 7 &, respectively.
The resulting average radius, 7, was 74 A.
In the same vein, the tortuosity factor, 7,
was taken equal to unity, a choice which
again increased D. above its probable value
and thus minimized &,. The result at
510°C was
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D, = 1.4 X 1072 em?/sec.

The rate of reaction was calculated from
the data given in Table 2 of Ref. (1) for
1-butene isomerization at a partial pressure
of 0.25 atm at 510°C. These conditions
were those for which the effect of diffusion
would be the least important of the eight
cases reported. We find for the initial rate
of reaction

_ ldn\ _ kbP
Vd) 1+ bP 3600
= 1.5 X 10~* moles/sec cm?,

where ky, = kqo + ks, is the rate constant
for 1-butene going to the 2-butenes, b is
the adsorption equilibrium constant, P is
the initial partial pressure of 1-butene, p,
is the particle density of the catalyst and
Cy = 3.9 X 10 moles/cm?® is the concen-
tration of 1-butene in the gas phase at 510°.
The kinetic form is equivalent to a re-
action rate between first- and zero-order
with respect to reactant.

Using these data, and the smallest size of
the catalyst particles (40 mesh = 0.021 em
radius), a value for ®, was calculated, i.e.,

= 1.2. This value indicates that even
under those circumstances which tend to
minimize the effects of diffusion, the best
that can be done is to reduce the value of
®, to about unity. In the real -case,
&, will be much larger for the following
reasons: (i) Data for the Gulf sample were
used; the sample of Forni et al. (1) ap-
parently had a smaller average pore radius;
(11) The tortuosity factor was taken as
unity; Satterfield (4) suggested that when
= is unknown, typical values between 2 and
6 may be used; for example, Fejes et al.
(6) reported D, = 0.27 X 10~% cm?/sec, cal-
culated from direct kinetic measurement
of a highly diffusion-limited isomerization
of n-butenes, at 150°C, over silica—alumina.
Since the diffusion was in the Knudsen
regime, the value of the tortuosity factor
could be estimated at r~8; (iii) The
smallest particle size was used, whereas a
better choice would have been to use an
average partiele radius; and (iv) The
lowest ratio of rate to reactant concentra-
tion was used; higher values of &, would
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have been obtained for all other experi-
ments reported (7). For a given value of
®,, the effectiveness factor is lowered if
reversibility of reaction is considered, but
is raised if the kineties are less than first-
order (4). The two effects tend to
counterbalance.

To estimate a more likely value of &,
nothing can be done concerning the first
factor. However, choosing = —4, taking
the average particle radius as 0.03 ¢m, and
using the observed reaction rate for 530°
and 0.111 atm, a value of 18 was obtained.
Therefore, from the available data, it may
be concluded that the reaction is probably
diffusion limited.

It would have been interesting to com-
pare the value of the apparent activation
energy with other values reported in the
literature to see if it has been lowered, as
expected (4), by diffusion limitation. High-
tower and Hall (8), Ogasawara and Cvet-
anovic (7) and Brouwer (8) reported
values in very close agreement (12.0-12.5
keal/mole), using different aluminas and
catalytic techniques and covering a wide
range of temperatures (0-200°C). Un-
fortunately, it is not possible to make this
comparison because Forni et al. (1) acti-
vated their alumina in situ at different
temperatures while the other workers did
so beforehand at a constant temperature.

Forni et al. (1) derived an endothermic
heat of adsorption for the n-butenes from
their kinetic data. This unusual result may
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be quite significant if their treatment is
correct. Before this conclusion can be ac-
cepted, however, it will be necessary to

evaluate  the  effects of  diffusion
experimentally.
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