JOURNAL OF CATALYsIS 32, 37-49 (1974)

Catalytic Reaction and Fouling Effects
on Intraparticle Diffusion

DAVID R. STOLL* anp LEE F. BROWNY

Department of Chemical Engineering, University of Colorado,
Boulder, Colorado 80302

Received April 19, 1973

A pellet of gamma alumina with a unimodal pore structure and a mean pore
radius of 47 A was exposed to cycles involving counterdiffusing butenes and helium,
counterdiffusing nitrogen and helium, and varying catalyst treatments. When
butenes were present and the catalyst was active, the isomecrization of 1-butene
to cis- and ¢rans-2-butene occurred. In the nonrcacting nitrogen—helium system, the
helium diffusion rate was about 11% less through an air-fouled catalyst than through
the catalyst immediately after activation; it was about 13% less through the
catalyst when butene-fouled than through the freshly activated catalyst. In the
reacting butenes-helium system, the helium diffusion rate was about 179 less
through the air-fouled catalyst than through the freshly activated catalyst; it was
about 329 less through the butene-fouled catalyst than through the freshly activated
catalyst. Only in the freshly activated catalyst was the helium diffusion rate in the
reacting system predictable from the helium diffusion rate in the nonreacting
system. It is proposed that the diffusion behavior differences between the reacting
and nonreacting systems result from differences in adsorption characteristics of
the fouled and active surfaces. The diffcrences in adsorption characteristics in turn
may cause different degrecs of pore blockage. The experimental temperature was
154°C, and the presswre range was 1-2.5 atm for the butenes-helium system, and
1-13 atm for the nitrogen-helium system.
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absence of reaction, there have been few
in the presence of reaction. But the latter
area is probably economically much more
important. Prior to 1962, investigators of
diffusion in reaction systems relied on
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experiments with different sizes of pellets
to determine effectiveness factors from
which they could back-calculate effective
diffusivities. Unfortunately there was no
adequate diffusion theory with which they
could compare their results at that time,
so whether or not their results agreed with
theory was not pursued. Current theory
requires more data than presented by these
early investigators, so their results cannot
be compared with the current ideas. For
example, Weisz and Prater (1) and Weisz
and Swegler (2) did not present pore-size
distributions of their catalysts. Johnson,
Kreger and FErickson (3) gave detailed
analyses of their catalyst, but their reac-
tion system still represents too complex a
system for present techniques of analysis.

Since 1962, the studies of diffusion in
the presence of reaction have taken two
paths. One path has compared the diffusion
rates derived from kinetics studies with
those calculated from theory. For example,
Rao, Wakao and Smith (4} studied the
ortho—parahydrogen shift over a bimodal
catalyst, and compared the kinetic-based
diffusivity with that predieted by the model
of Wakao and Smith (5). Good agreement
was obtained assuming no surface diffusion.
Otani and Smith (6) used the same tech-
nique to study diffusion in the reaction of
carbon monoxide over nickel-on-alumina.
They found that the theoretical diffusion
rates were 4 to 5 times the experimental
rates. However, Steisel and Butt (7)
showed that the method of Foster, Butt
and Bliss (8) gave good agreement with
the experimental values. Data obtained by
Sterrett (9) on the ortho—parahydrogen
shift in unimodal porous catalysts (aver-
age pore size of 20 A) were compared with
the predictions of four different models by
Sterrett and Brown (10) and by Steisel,
Foster and Butt (11). All the models pre-
dicted diffusivities around 40% below the
experimentally observed value. Denisov,
Zhidkov and Plygunov (12) studied the
conversion of carbon monoxide with steam
over a Fe-Cr oxide catalyst. They found
the diffusion rate increased with catalyst
activity. Only the abstract was available
to the present authors and it gives no indi-

cation whether diffusion was faster or
slower than predicted by present theories.

The second path used in recent studies
of diffusion in the presence of reaction in-
volves measuring the diffusion rates both
in the presence of and in the absence of
reaction, and using the results of the non-
reacting system to predict transport rates
in the reacting system. For example, the
results of Omata and Brown (13), who re-
ported nonreactive tortuosity factors for
a catalyst almost identical with Sterrett’s,
can be used to predict Sterrett’s hydrogen
diffusion behavior. If this is done, the pre-
dicted diffusion rate is approximately 50%
above the observed value, rather than the
40% below which occurred when the pre-
diction was based on pore structure mea-
surements combined with diffusion theory.
This occurs because diffusivities predicted
solely from pore structure measurements,
with no diffusion data to supplement them,
are reliable at best only within a factor of
two (14, 15), and can be much worse for
materials with abnormal pore structures
(13, 15).

Using diffusion rates in the absence of
reaction to predict those in the presence
of reaction eliminates at least this one diffi-
culty. In addition, some consistency begins
to appcar in the results of the different
investigators. Dwyer et al. (16) studied the
deuterium-neopentane exchange over pal-
ladium supported on silica—alumina par-
ticles. They gave no pore-size determina-
tion. From the reaction data they were able
to calculate diffusivities of the neopentane.
From hydrogen-nitrogen counterdiffusion
studies with the ecatalyst, they were able
to predict another value for the diffusion
rate of neopentane. The latter diffusion rate
was two to three times those derived in
the reaction studies. Balder and Petersen
(17) studied the hydrogenolysis of cyclo-
propane over & bimodal platinum-on-
alumina catalyst and a platinum black
catalyst. Kinetic diffusivities over the
platinum-on-alumina were 25% below dif-
fusion rates predicted from a counter-
diffusion experiment. The kinetic diffusion
rates for the platinum black were the same
as those predicted from the counterdiffusion
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experiment. Their explanation was that
fouling of the pores of the pellet reduced
the calculated Kkinetie diffusion rate for
the platinum-on-alumina catalyst. Wakao,
Kimura and Shibata (18) studied the
ortho-paraliydrogen conversion over NiO
on kieselguhr and over CaO-Cr,0, cata-
lysts, The NiQ on kiesclguhr was a bimodal
catalyst with an average radius of about
50 A. The Ca0-Cr,0; catalyst had a broad
unimodal pore structure, average radius
about 110 X. Diffusion rates during reac-
tion were about one-third those predicted
from hydrogen—-nitrogen counterdiffusion in
a Wicke-Kallenbach experiment.

In summary, when the more reliable
path for predicting diffusion rates was used,
there was one system reported where the
observed diffusion rates agreed with the
predicted diffusion rates, and five systems
where the observed rates were lower than
predicted, ranging from 25% below pre-
dieted to one-third of the predicted value.
So it appears that diffusion in the presence
of reaction can be markedly less than in
its absence, but it does not have to be. In
the studies where the diffusion was signifi-
cantly less than that predicted, the cause
was not intensively investigated.

ProcraMm orF StUDY

More study of diffusion in the presence
of reaction thus seems indicated. The pres-
ent. investigation used the second approach
mentioned above, where diffusion studies
were made both in the presence of and in
the absence of reaction. One significant
departure from previous work was that in
our study one diffusing gas was the same
in both the reacting and nonreacting sys-
tems. Helium was allowed to diffuse
through the catalyst pellet when a reac-
tion was oceurring and when it was absent.
In addition, both reacting and nonreacting
systems were opecrated at the same tem-
perature, so no temperature corrections
were required for the comparisons. The
helium diffusion rates were measured di-
rectly for both types of systems, so the
comparisons could be as direct as possible.
The goal was thus to compare the diffusion
rates of helium in hoth reacting and non-

reacting systems, with as little calculation
as possible required to predict the diffusion
behavior of the helium in the reacting sys-
tem from its behavior in the nonreacting
system.

For this a counterdiffusion apparatus, of
the type usually attributed to Wicke and
Kallenbach (19), was emploved to mea-
sure the diffusion rates of gases during
reaction. The Wicke-Kallenbach experi-
ment consists of flowing two pure gases
past opposing faces of a porous pellet. The
cireumferential surface of the pellet is
scaled off, and the two gases are at the
same temperature and pressure. Down-
stream from the pellet the compositions of
the two streams are analyzed to determine
the extent of crossflow (i.c., diffusion) of
the two gases through the porous pellet.
In one of the systems used, the two gases
were 1-butene and helium; in the other,
the two gases were nitrogen and helium.
Within the pellet, the 1-butene could itom-
crize to form ecis-2-butene and trans-2-
butene. Thus in one system the diffusion
rates of both helium and reacting butenes
were measured directly. These results were
compared with the helium and nitrogen
diffusion rates measured in the nonreacting
system.

This method of attack removed the need
to use the reaction data to calculate diffu-
sion rates, which complicates interpretation
of the data of some previous investigators.
For example, it climinates the possible
problems presented by dead-end pores.
These pores, if they exist, do not contribute
to the diffusion rates in counterdiffusion
experiments, but thcy do contribute to the
reaction rate and therefore to all diffusion
rates based on reaction data.

Specifically, in our experiments a pellet
of y-alumina was exposed at 154°C (427 K)
and varying pressures to cycles involving
counterdiffusing butenes and helium, coun-
terdiffusing nitrogen and helium, and cata-
lyst treatment. By this technique, the
behavior of the diffusion rates in both
reacting and nonreacting systems was fol-
lowed through activation of the catalyst
and different kinds of fouling. The pressure
range of the butene-helium counterdiffu-
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sion runs was 1-2.5 atm, being limited by
the vapor pressure of the 1-butene in the
cylinder. The pressure range of the nitro-
gen-helium counterdiffusion runs was 1-13
atm,

The complete sequence of counterdiffu-
sion runs and catalyst treatments is pre-
sented in Table 1. Briefly, after pelleting
and activation (deseribed below), the alu-
mina pellet was exposed to the atmosphere
at room temperature for 12 hr. The alu-
mina was shown to be completely inactive
during the subsequent butene-helium coun-
terdiffusion runs, and both these and
nitrogen-helium diffusion measurements

TABLE 1
SEQUENCE OF QPERATIONS®
Run Time
no. Catalyst treatment (hr)
Exposed to room atmosphere at 12
25°C
AFN1 Nitrogen-helium counterdiffusion 7
Statie nitrogen-helium blanket 17
AFB1 Butene-helium counterdiffusion 5
Helium purge 20
AFN2 Nitrogen-helium counterdiffusion 7
Static nitrogen-helium blanket, 17
AFB2 Butene-helium counterdiffusion 5
Catalyst reactivated by heating at 14
550°C
N1A  Nitrogen—helium counterdiffusion 8
Static nitrogen-helium blanket 16
N1B  Nitrogen-helium counterdiffusion 7
Static nitrogen—helium blanket 17
B1 Butene-helium counterdiffusion 6.5
Helium purge 17.5
B1A  Butene-helium counterdiffusion 2
N2 Nitrogen-helium counterdiffusion 7
Static nitrogen-helium blanket 15
Nitrogen-helium counterdiffusion 2
B2 Butene-helium counterdiffusion 6.5
Helium purge 15.5
B2 Butene-helium counterdiffusion 7.5
Helium purge 16.5
N3 Nitrogen—helium counterdiffusion 6.5
Catalyst aged under pure butene 15
blanket
B3 Butene-helium counterdiffusion 5
Static butene-helium blanket 19
N4 Nitrogen—helium counterdiffusion 8

e All temperatures 154°C except where noted.
Starting material: activated gamma alumina.

were made. The pellet was then removed
and reactivated, and a further series of
both butene-helium and nitrogen-helium
counterdiffusion runs was made, punctu-
ated by overnight blankets of gases which
apparently did not affect the activity. The
catalyst seemingly fouled only during the
butene-helium runs. Finally, the catalyst
was deliberately fouled by holding it over-
night under a blanket of pure butenes at
run temperature. Both nitrogen-helium and
butene-helium runs were made on this
fouled catalyst, and the series of experi-
ments was terminated.

EXPERIMENTAL APPARATUS AND PROCEDURE

Counterdiffusion Ezxperiments

The counterdiffusion apparatus used in
this investigation was originally constructed
by Haynes (20) and extensively modified
by Bell (21). Some description of the
apparatus is given by Bell and Brown (22),
and full details of the construction, cali-
bration, operational procedures, and esti-
mated error analyses are presented in Bell’s
thesis. The only significant change for this
study was the addition of a chromatograph
to analyze the butenes in the helium
stream, and details of this modification
are given by one of the present authors
(23).

There were some changes required by
alternating gas systems of widely different
thermal conductivity. Different currents
and signal amplifications were required for
the butene runs and the nitrogen runs, so
several dials on the thermal conductivity
analyzer had to be changed before each
run. Despite great care exercised in reset-
ting all dials, significant changes in cali-
bration were observed. This meant that the
thermal conductivity cells which measured
gas concentrations had to be recalibrated
each run. This was done at a random time
during the run; details are given in the
thesis on which this paper is based (23).

A run was started with the gases being
allowed to flow through the system for at
least 1 hr to ensure complete flushing of
the system and the stabilizing of the ther-
mal conductivity measuring system. For
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operating at a particular pressure, the re-
corder indicated that within 5 min the sys-
tem had reached steady state, and readings
of flow rate and concentration were taken
15 to 20 min after the pressure was changed.
Base-line drift on the thermal conductivity
analyzer was monitored periodieally.

Accuracy in determining fluxes through
the pellet had been estimated by Bell (21)
to be within +£2%, and his data were more
consistent than that. While the scatter in
this study was worse than Bell’s, the error
in the flux data is still believed to be below
2%. Errors in the chromatograph data were
not estimated, and the data should be used
only for general trends.

Pore Structure Determination

Mercury penetration of the alumina sam-
ple indicated that no significant volume of
pores with radii larger than 200A& were
present. An Aminco Model 5-7119 15,000
psi porosimeter was used for this measure-
ment. Beecause of this result, low-tempera-
ture nitrogen adsorption was considered
sufficient for covering the entire range of
pores within the material, and the pore-size
distribution was determined by applying
the method of Barrett, Joyner and Halenda
(24) to the adsorption branch of the nitro-
gen isotherm. The flat-surface t-curve rec-
ommended by Broekhoff and de Boer (25)
was used. The nitrogen adsorption appa-
ratus was a Numinco-Orr surface area
pore volume analyzer, Model MIC-101.
Essentially it was as purchased from the
manufacturer; some minor modifications
made on this particular apparatus to im-
prove its accuracy are described in the one
author’s thesis (23).

Pelleting of Alumina Catalyst

The pellets used in this study were made
from Catapal SB alumina manufactured
by Continental Oil Co. For a description
of these aluminas see the company’s bro-
chure (26).

The alumina was received as a powder
with an average particle size, aceording to
the manufacturer, of approximately 40 um.
For this study a unimodal pellet was de-
sired. In order that the voids between the

powder particles would not make the pel-
lets bimodal, the following recipe, adapted
from that given by the manufacturer, was
used to form a putty-like mixture.

Concentrated nitric acid, 0.36¢g, was
added to 11.5 g water. The dilute acid was
added rapidly to 18 ¢ alumina, and the
resulting mixture was mixed for 3 min in
a mortar. Mixing was continued for 27
min more while 4.3 ¢ water were added.

The pellets were made in a small stain-
less steel press, with a piston 9.53 mm in
diameter. The peptized alumina was then
placed in the pellet press, and the pressure
was raised slowly to about 270 atm, at
which pressure the alumina “putty” started
seeping out past the seals in the press. This
pressure was held for 15 min, then released,
and the alumina was pushed out of the
mold using the top piston. The soft flexible
9.53 mm diameter extrudate was immedi-
ately cut into short pellets about 6.4 mm
long. The cut pellets were air dried for
several days, and ag they dried they shrank
to about their finished size, 7.1 mm in diam-
eter by 4.0 mm thick. They were then
heated slowly in an air furnace to 550°C,
and held at this temperature overnight.
After cooling they were filed down by hand
with a fine mctal file to their finished size.
Finally they were heated twice more to
550°C. The reason for heating the catalyst
three times was that this gave a more
active catalyst than just one heating. The
more active the catalyst, the more chance
that effects of reaction on diffusion rate
would be observable.

ExXPERIMENTAL RESstLTS

Catalyst Structure

Two pellets were made from the same
batch of peptized alumina. One was used
in the diffusion experiments, the other was
used in the measurements of the physical
properties and internal pore structure of
the freshly activated catalyst.

Three nitrogen adsorption isotherms were
run on the second of the above samples,
and the results were indistinguishable, No
desorption isotherms were run. The result-
ing pore-size distribution, obtained using
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the method mentioned earlier, is presented
in Fig. 1. The catalyst has a unimodal pore-
size distribution, with a mean radius of
47 A. Other physical properties of the cata-
lyst are presented in Table 2.

It was desired to have a catalyst with a
mean pore radius of at least 50 A, because
it was in porous materials with mean pore
radii less than this that Omata and Brown
(27) noticed significant deviation from
present intraparticle diffusion theory.
Nevertheless, the 47 A radius was con-
sidered satisfactory, since the operations of
this study were carried out at 154°C, and
at 146°C Omata and Brown has observed
excellent agreement between diffusion the-
ory and experiment using an alumina with
a mean pore radius of 46 A.

The surface area obtained from the pore-
size distribution was 22% greater than the
surface area from the BET method. The
difference is within the range observed by

TABLE 2
PrysicaL PrROPERTIES OF CATALYST PELLET

Density of solid 3.32 g/ce

Pore vol 0.563 cc/g

BET surface area 217 m?/g

Cumulative surface area from pore- 264 m?/g
size distribution

Mean pore radius* 47X

Av pore radius? 53 &

s Defined as the radius where 509, of the pore
volume is in pores with smaller radii, 50%, in pores
with larger radii.

b Defined as (2 X pore vol/BET surface area).

Cranston and Inkley (28) and Broekhoft
(29) when they also used the Barrett—
Joyner-Halenda method to calculate the
pore-size distributions from the adsorption
isotherm. Three of the 35 samples reported
by these investigators had differences be-
tween the two surfaces exceeding our 22%
figure, so our catalyst does not appear to
have had a particularly abnormal pore
structure.

A nitrogen adsorption isotherm was also
obtained using the pellet which had been
used for the counterdiffusion, reaction, and
fouling studies. Immediately after dis-
charging the pellet from the counterdiffu-
sion apparatus, it was examined for any
visually apparent changes, crushed and
placed in the adsorption apparatus, and
degassed at 154°C overnight. Up through a
relative pressure of 0.84, the adsorption
isotherm was indistinguishable from that
obtained on the unused, freshly activated
catalyst discussed above. The points at
relative pressures higher than this indi-
cated about a 5% decrease in total pore
volume., While this decrease is in the cor-
rect direction for a fouled catalyst, it is
also possible that the two pellets could
differ by more than 5% just from minor
differences in pelleting pressures. As a re-
sult, no conclusions about the effect of foul-
ing on structure can be drawn from the
adsorption isotherms, except that any
changes were probably not very drastic.

The visual appearance of the catalyst
could not be followed during the experi-
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F1a. 2. Pellet after completion of studies.
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ments because the pellet was encased in a
stainless steel cell. Visual observations as
to pellet conditions could be made only
twice; when the pellet was reactivated,
and when the pellet was removed upon
completion of the studies. The originally
pure white pellet after the air-fouled cata-
lyst study was off-white in color. It re-
turned to pure white upon reactivation.
After the end of the active catalyst diffu-
sion study, the catalyst remained under a
helium-nitrogen blanket for 2 wk while
the diffusion data were studied. When re-
moved, the pellet was light tan. On cutting
in half, it was found that the middle 1.5
mm of the pellet was dark tan. This dark
band stopped short of the rubber gasket
at the sides of the pellet. The coloring is
probably caused by fouling but it appears
a little confusing as to why it is distributed
as shown in Fig. 2.

Catalyst Activity

The butene fraction in the helium stream
was analyzed for the various butene iso-
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mers by gas chromatography. The catalyst
activity during a particular run was judged
by the l-butene percentage of the total
butenes: the higher the percentage of
1-butene, the lower the catalyst activity.
This refers to the butenes in the helium
stream; several chromatography samples
were taken of the 1-butene stream flowing
past the fact of the pellet, and they showed
that conversion was negligible in that
stream throughout the investigation.

In Figure 3 are presented the percentages
of the different butenc isomers in the butene
fraction of the helium stream. In this figure,
the data from one runm is missing; the
chromatograph column would not separate
the cis- and #rans-2-butenes during the first
butene-helium run over the active catalyst
{(run B1}.

Figure 3 shows that over the air-fouled
catalyst, catalyst activity was ecssentially
zero, as no l-butene was converted. Fol-
lowing activation, significant conversion
{almost 80%) took place. Apparently there
was some deactivation during reaction, as
displayed during runs B1A and B2. But
there was no apparent deactivation be-
tween runs B1A and B2, or between B2
and B2, when the catalyst was exposed
only to nitrogen and helium. Mere exposure
to nitrogen and helium was not regarded
a8 significant catalyst treatment therefore,
and is ignored in the graphs and tables.
Between runs B2 and B3, serious deactiva-
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tion occurred, as was expected from holding
the catalyst overnight under a blanket of
only butenes at 154°C. Some improvement
in catalyst activity apparently oceurred
during the reaction involving counter-
diffusing butenes and helium the next day,
as shown by the behavior of run B3. As
mentioned earlier, the chromatograph data
should only be used for general trends, as
no consistency or accuracy measurements
were made to test the column used in taking
the data.

Thus counterdiffusion behavior was mea-
sured using both nitrogen-helium and
butene-helium systems over an air-fouled
catalyst with negligible activity, then over
an active catalyst of slowly decreasing
activity, and finally over a seriously fouled
catalyst.

The ratio of cis- to trans-2-butene in
the butene fraction also changed radically
during the operations over the catalyst,
indicating a marked alteration in catalyst
selectivity over this period. This can pos-
sibly be accounted for simply by the reduc-
tion in catalyst activity. Hightower and
Hall (30) indicate most trans-2-butene is
formed from cis-2-butene, so the much
greater reduction in amount of trans-2-
butene in the helium stream may be the
result of less cis-2-butene formed early in
the reaction zone.

Nitrogen—Helium Fluxz Ratios

Present theory of gaseous diffusion with-
in porous materials predicts that under the
conditions of the Wicke-Kallenbach ex-
periment, irrespective of temperature or
total pressure, the ratio of the fluxes of the
counterdiffusing gases should be

Ni Mg\"”
Ne (MA) . @

Here, the subscript A refers to the lighter
gas (helium) and B the heavier gas (nitro-
gen or butene). The theoretical values of
these ratios are —2.65 for the nitrogen—
helium system, and —3.74 for the butene-
helium system. This ratio has been shown
to be reasonably valid at all temperatures
for materials with average pore radii above
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Fia. 4. Helium-nitrogen flux ratios.

approximately 50 A by many investigators;
their work is reviewed and some additional
data are presented by Omata and Brown
(27).

The flux ratios for the nitrogen-helium
runs are presented in Fig. 4. It can be seen
from this figure that the flux ratio observed
when counterdiffusion took place over the
air-fouled catalyst almost exactly matched
the theoretical value over the entire range
of pressures investigated. There is some
scatter in the flux ratios observed after
activation was carried out, but the ratio
tends to be about 7% higher than the
theoretical value, and still independent of
pressure. Any trend with processing and
fouling is obscured by the scatter.

Minor differences in the flux ratio such
as observed here were observed by Omata
and Brown (27) for different catalysts, but
they did not investigate the cause of these
differences (if indeed they really exist).

The data from two runs are missing from
Fig. 4; a leak just after the diffusion cell
occurred during run AFNI1, so the results
from this run were discarded, and the
helium fluxes from run NIB appeared to
be abnormally low, so the results from this
run were discarded also.

Nitrogen—Helium Fluxes

Since there is no surface diffusion and
the mean pore size is 47 A, the work of
Omata and Brown (27) indicates that the
data should obey the dusty-gas equation:

_ PD,s In [1 — ayao + (DAB/DKA)J'
RLT« 1 — ayar + (Dar/Dxa)
(2)

Na
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This equation can be treated as an equa-
tion with two unknowns, Dga and PD g,
where Dy and D,p are the effective Knud-
sen diffusivity and effective bulk diffusivity,
respectively. Through use of nonlinear
regression techniques, the equation can be
fitted to the experimental data. A sensitive
manner of showing the results comes from
plotting the normalized error | (theoretical
value — experimental value) /experimental
value] as a funection of pressure. This 13
done in Fig. 5 for the helium flux of a
typical run.

The agreement between theory and ex-
periment is not good. The theoretical fluxes
are much lower at low pressures than ob-
served, inerease rapidly to above the ob-
served, and then gradually decrease to
below the observed. Of gpecial importance
is the pressure range of the helium-butene
study, from 1 to 2.5 atm. There the slope
of the graph is very steep, indicating serious
failure of the theory. The behavior shown
by Fig. 5 was observed in all the nitrogen—
helium experiments.

The behavior is similar to that observed
by Omata and Brown for their 24 A radius

PERCENT ERROR
N O

o 2 4 6 8 0 12
PRESSURE, atm

Fia. 5. Comparison of dusty-gas diffusion theory
with behavior of helium flux in nitrogen-helium
system; run N3.

material. This behavior is thus indicative
of the presence of an average pore radius
smaller than that indicated by the pore-
size distribution. There is the possibility
of constricted pores; abnormalities in diffu-
sion behavior have been ascribed to their
presence (15). The comparison of the BET
and cumulative surface mentioned earlier,
while within limits observed by others, was
still not particularly good and was in the
direction to be cxpected in the presence of
constricted pores (15). Whatever the rea-
son, use of the dusty-gas diffusion equation
for analysis of the various diffusion data is
precluded in the present study.

It had been intended to determine values
of the effective Knudsen and bulk diffusiv-
ities for the helium and the nitrogen from
the nonlinear regression of the data from
the various runs, and examine how these
diffusivities varied with the different kinds
of fouling and catalyst activity. Unfor-
tunately, inapplicability of present diffu-
sion theory execludes this approach. What
can be done is to look at the changes of
the fluxes during the operations over the
catalyst, and sce how these changed with
the catalyst treatment and processing.

This is done in Table 3. It can be seen
that the conditions did not vary much from
run to run, and so the absolute values of
the flux are directly comparable. In the
low-pressure runs the helium flux in the
air-fouled catalyst was 10% below that in
the reactivated catalyst, indicating that one
effect of reactivation was to increase the
size of the pores or remove some plugs
within the pellet. The helium flux in the
air-fouled catalyst was 12% below that in
the reactivated catalyst at the highest
pressure. Several hours of carrying out the
reaction resulted in a decrease of 7.4% in
the low-pressure helium flux, and a de-
crease of 8.0% in the high-pressure helium
flux. The fouling caused by holding the
catalyst overnight under a pure butene
blanket at 154°C caused an additional
decrease of 2.9% in the low-pressure flux
and 6.3% in the high-pressure flux. Over-
all, processing caused about a 12% decrease
in the low-pressure helium flux and a 14%
decrease in the high-pressure flux. It is



e
2]

TABLE 3
Cuanges N HeELiom Frux wrtH Caravyst TrReaTMENT (NITROGEN-HELIUM COUNTERDIFFUSION)

Low pressure runs

High pressure runs

Run Immediate
no. pretreatment P yYEes yYmeL Nue X 108 P YHeo YHen Nme X 108
AFN2 Catalyst fouled in atmos- 1.02 1.77 99.21 1.22 12.69 1.68 98.27 9.83
phere; butene-helium
counterdiffusion
N1A  Catalyst activated 0.97 1.63 99.23 1.36 12.6 1.73 98.45 11.2
N2 Butene-helium counter- 1.07 1.94 99.27 1.30 12.8 3.18 97.22 16.20
diffusion
N3 Butene-helium counter- 1.03 1.66 99.17 1.26 12.7 4.00 98.41 10.3
diffusion
N4 Butene blanket overnight 1.07 1.51 99.17 1.22 12.8 3.42 98.17 9.59

at 154°C; butene-
helium counterdiffusion

concluded from these results that the cata-
lyst fouling decreased the effective size of
the pores or plugged some of the pores
through which diffusion was occurring

It must be realized that if there was a
decrease in pore size, the decrease did not
have to be very great for the observed ef-
fect to occur. If cylindrical pores are as-
sumed, then the Knudsen diffusion flux is
nropertional to the radius of the cylinders
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cubed (if the number of cylinders is con-
stant). A decrease in average pore radius
from 50 to 48 A wouid account for a 12%
decrease in diffusion flux. Although the
data shown in Table 3 were taken in the
transition region between Knudsen and
molecular diffusion, they were still rather

[Fni1daon vamion T ooas than o
1LE33 Uiall a

alaan

close to the Ixu‘uuncu region.
monolayer of fouling material would thus
explain the decrease in helium diffusion
flux with catalyst fouling.

Butene—Helium Flux Ratios

Theory predicts that the ratio of helium
flux to butene flux should be —3.74. Figure
6 shows the actual fluxes obtained in this
study. There is scatter in the data, and
no conclusions can be drawn from changes
of flux ratio with catalyst treatment. But
the ratios observed are consistently below
the theoretical value, with an average

value of approxnnate]y 3.35, 10% below
the theoretical value.
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the theoretical value to the presence of a
mobile phase, which may or may not be
diffusing. Some surface diffusion of the
butenes may have been present, but defi-
nite indication of this from the change of
flux ratio with pressure (it should show a
steady decrease with increasing pressure
if surface diffusion i1s present) is obscured
by the scatter in the data. Nevertheless,
the change of the flux ratio in the freshlv
activated catalyst from 7% above the
theoretical value in the nonreacting system
to 10% below the theoretical value in the
reacting system does indicate the high
probability of some mobility in the ad-
sorbed butenes.

Butene—Helium Fluzes

Since diffusion theory cannot be applied,
the values of the fluxes in the butene—
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Fia. 6. Helium-butene flux ratios.



helium reacting system must be compared
in the same fashion as the fluxes in the

nitrogen—helium nonreacting system. This
ig done In Table 4

15 WUIIT 21l 2 aviT X

Table 4 shows that the behavior of the
helium flux in the butene-helium runs is
qualitatively similar to that observed in
the nitrogen-helium runs, i.e., activation of
the air-fouled catalyst resulted in an in-
crease in the helium flux, which thereupon
declined steadily as the catalyst fouled.

Nuiantitatively +thanoh
\%uq,uuxba\)xv <l V blluktblly

significant dlfferen(ses between the reacting
and the nonrcacting systems. The increase
in the helium flux in the butene-helium
system upon activation of the catalyst was
21%—almost twice the 119% increase ob-
served in the helium flux in the nitrogen—
helium system upon activation of the cata-
lyst. The overall decrease in the 11

tha fAuveg Indieste
L€ NUXes INQlcate

llellﬂlll
flux in the reacting system during fouling
was 32%—almost three times the 12%
decrease observed in the helium flux in the

nonreacting system during fouling.
The cause of this rather large decrease in

flux must have been partlally a temporary
one, otherwise the decrease in the nitrogen—
helium fluxes would about cqual that of
the butene-helium fluxes. A change in pos-
sible surface flux of the butenes because
of changing surface characteristics of the
catalyst was considered. Bell (21) has

anaslvred aituiatione of this tvne nd fal
ana:yzed situguions o1 tnls iype, ana ioi-

lowing his reasoning, this possibility was
rejected. An increase in surface-diffusing
butenes would be required to cause the
decrease mn gas-diffusing helium, and this
did not occur. The flux ratios would have
changed markedly in this case, and they
did not.
A
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amount of adsorbed butene. It is possible
that fouling of the catalyst provides more
sites for the adsorption of butene. Clark
and Finch (37) have shown that butenes
adsorb on polymer deposited on silica—
alumina catalysts, and it seems reasonable
that the same might be true of alumina.
Thus the reduction of the gas-phase diffu-
sion rates with fouling may be partially
a function of the amount of adsorbed
butene, and the amount of adsorbed butene
may The
increased amount of adsorbed butene Would
either decrcase the effeetive pore radius or
plug some of the smalier pores, decreasing
the diffusion rate.

with eatalvst fouling.
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Prediction of Helium Flux in Reacting
System

It is impossible in the present system to
use the effective diffusivities obtained from
the nonlinear regression of the nitrogen-
helium counterdiffusion data to predict the
the hutene—
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helium system. However, at the lowest
pressure, the diffusing helium approaches
Knudsen flow. At 1.05 atm, 154°C, and in
a pore of 47 A radius, the Knudacn num-
ber (ratio of mean free path to diameter
of pore) of a helium molecule in otherwise
pure butene is 14 in otherwise pure nitro-
These
then cover the span of the Knudsen num-
bers of helium at the lowest pressure in
the systems reported here. Since Knudsen
numbers above 10 indicate essentially
Knudsen flow (32), the interaction of
helium with other molecules in the gas
phase should be quite negligible. For this

[ RO AR D s NS S N B | LR I 1
reason, tic nelmam nux snould be iaentiesal

oen 10 nA

BUll JD 14J,

Thalisy
ana 111 puic nerijum lb éo

ADT T A
ADLIN 4

Cuances 1N Hentom Frux wite Catanyst TreatmeNnT (ButEne~HuLium COUNTERDIFFUSION)
Run no Immediate vretreatment D Py . AT <~/ 1086
IvUn ng immedlate pretreaiment z YHeo YHeL iV He X 1U
AFB2 Catalyst fouled in atmosphere; butene-helium 1.03 1.45 99 .32 1.12

counterdiffusion

counterdiffusion
B1 Catalyst activated 1.08 1.62 99 .46 1.35
B2 Butene-helium counterdiffusion (run B1) 1.08 1.77 99.45 0.989
12 Butene blanket overnight at 154°C 1 7 1 98 an 20 000N
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in both the reacting and nonreacting sys-
tems at the lowest pressures.

A comparison of the helium fluxes for the
comparable runs in Tables 3 and 4 shows
that in the air-fouled catalyst, the helium
flux was 8% less in the butene-helium sys-
tem than in the nitrogen-helium system.
In this case both of these systems were
nonreacting. In the freshly activated cata-
lyst, the helium fluxes were almost iden-
tical. As the catalyst fouled, the helium
flux in the reacting system dropped lower
and lower below that in the nonreacting
system, until over the seriously fouled
catalyst, the helium flux in the reacting
system was 25% below that in the non-
reacting system.

Thus in our system there were observa-
tions qualitatively identical with those of
the earlier investigators mentioned at the
beginning—observed diffusion rates in re-
acting systems may be equal to or less than
those calculated from nonreacting systems
using the same catalyst. The differences,
when observed, can range from slight to
drastic.

The behavior observed in the present in-
vestigation results, of course, from the
different flux changes observed with cata-
lyst treatment in the reacting and non-
reacting systems. If it is aceepted that the
cause of the different behavior of the helium
fluxes in the reacting and nonreacting
systems is different adsorption character-
istiecs of the fouled and unfouled surfaces,
then it appears that the freshly activated
(and highest activity) catalyst adsorbs the
least amount of butenes. This is reinforced
by the {freshly activated catalyst having
the same low-pressure helium flux for both
the reacting and nonreacting systems. The
fouled catalysts all presumably adsorbed
butenes in varying amounts which were
sufficient to affect the helium flux within
the catalyst pellet.

CONCLUSIONS

In a nonreacting nitrogen—helium sys-
tem, the diffusion rate of helium was about
11% less through an air-fouled catalyst
than through a reactivated catalyst; it was
about 13% less through a butene-fouled

catalyst than through the reactivated cata-
lyst. It is postulated that the fouling de-
creased the average pore radius of the cata-
lyst slightly or plugged some of the pores,
and activation enlarged the pores slightly.

In a reacting butene-helium system, the
diffusion rate of helium was about 17%
less through the air-fouled catalyst than
through the catalyst after reactivation; it
was about 32% less through the butene-
fouled catalyst than through the reacti-
vated catalyst. It is proposed that the
cause of the differences between the diffu-
sion behavior of the reacting and nonreact-
ing systems lies in differences in butene
adsorption characteristics of the fouled and
unfouled surfaces.

Only for the reactivated catalyst was
the helium diffusion rate in the reacting
system predictable from the helium diffu-
sion rate in the nonreacting system. If dif-
ferent adsorption characteristics of fouled
and unfouled surfaces are the causes of
this, then this indicates that the smallest
amounts of butenes are adsorbed on the
most active surface.

The adsorbed butenes probably possess
some mobility on the catalyst surface.
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