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A pellet of gamma alumina with a unimodal pore structure and a mean pore 
radius of 47fi 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 isomcrization of I-butene 
to cZS- and trans-2-butene occurred. In the nonreacting 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 butenc-fouled than through the freshly activated catalyst. In the 
reacting butenes-helium system, the helium diffusion rate was about 17% less 
through the air-fouled catalyst than through the freshly activated catalyst; it was 
about 32% 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 nonrcacting 
system. It is proposed that the diffusion b&a\-ior differences bctmeen the reacting 
and nonreacting systems result from differences in adsorption characteristics of 
the fouled and active surfaces. The differences in ad:orption characteristics in turn 
may cause different dcgrecs of pore blockage. The experimental temperature was 
154°C. and the pmsure range was l-2.5 atm for the butcnes-helium system, and 
1-13 atm for the nitrogen-helium system. 
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INTRODWTION 

tempcrakirc (Ii) Though there have been many studies 
mole fractjion or perccnt’age of gas in of intraparticle g,aseous diffusion in the 
stream absence of reaction, there have been few 

in the presence of reaction. But the latter . . 
*Present address: 3M Company, 3M Center, area is probably economically much more 

St. Paul, MN. important. Prior to 1962, investigators of 
i To whom correspondence should be addressed. 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 
dist.ributions of their catalysts. Johnson, 
Kreger and Erickson (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, 
Ra,o, Wakao and Smith (4) studied the 
ortho-parahydrogen shift over a bimodal 
catalyst, and compared the kinetic-based 
diffusivity with t.hat predicted 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 t,imes 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 
act.ivity. 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 t.he 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 react.ing 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 structnre 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 appear 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 wit.h the catalyst, they were able 
to predict another value for the diffusion 
rate of ncopentane. 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 a bimodal platinum-on- 
alumina catalyst and a platinum black 
catalyst.. Kinetic diff usivities 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 
fouIing of the pores of the pcllct reduced 
the calculated kinetic diffusion rat,e for 
the platinum-on-nlun?in,l catalyst. Wakao, 
Kimura and Shibata (18) studied the 
ortho-l’ar:~llydrogcn conversion over Xi0 
on kicsclguhr and over CaO-Cr,O,, cata- 
lysts. The Xi0 on kieeelgrlhr n-as a bimodal 
catnl\-at, with an average radius of about 
50 A. The CaO-Cr,O, catalyst, had a broad 
unimodnl pore structure, average radius 
abollt. 110 ii. IMusion rates during reac- 
t,ion were about one-third t.hose predicted 
from hydrogcwnitrogen counterdiffusion in 
a \\‘icke-Kallenbath experiment. 

In summary, when the more reliable 
loath for predicting diffusion rates was used, 
thcrr was one system reported where the 
observed diff’usion rates agreed wit,11 the 
prctlict’ed diffusion rates, and five systems 
where the observed rates were lower than 
l’redictcd, ranging from 25% below pre- 
dictcd 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, hut it does not have to be. In 
the stud& where the diffusion was signifi- 
cant,ly lcw than that predicted, the cause 
\\-a~ not illtensircly inr-estigatcd. 

PROGRAM OF STIIDY 

;\lorc str~dy of diffusion in the prerence 
of reaction thus seems indicated. The pres- 
ent. investigation used the second approach 
mentionctl abow, where diffusion studies 
were made both in the presence of and in 
the absence of reaction. One significant 
depnrt,ure from previous work was that in 
our etud.v 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 occurring and when it, was absent. 
In addit,ion, both reacting and nonreacting 
systems were operated 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 goa, was thus to compare the diffusion 
rates of helium in both reacting and non- 

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

For this R counterdiffusion apl~aratus, of 
the type usually at.tribut~ed to Wicks :~ntl 
Kwllcnbach (1R1, was employed to rn(‘a- 
sure t’hc diffusion rates of ga$es during 
reaction. The \1Ycke-Kallenbnch expcri- 
merit conGst,s of flowing two pure gases 
past opposing faces of a porous pellet. The 
~ircumfcrcntial surface of the pellet is 
scaled off, and the two gases are at the 
same temperature and pressure. Down- 
stream from the pcllct’ the compositions of 
the two streams are analyzed to dctcrmine 
the extent of croesflon: ii.?., diffusion) of 
the two gases through the l)orolis pellet. 
In one of the q3tcms used, the two gases 
were I-hutme and helium; in the other, 
the two gases were nitrogen and helium. 
Within the lwllet, the I-butene rould isom- 
crize to form ci.+2-butene and tra7w2- 
butcnc. Thus in one systwn the diffusion 
rates of both helium and rcncting butenes 
n-crc mcatP~irct1 directly. Tlicse results were 
compared with the helium and nitrogen 
diffusion rntcs meawred in the nonrcncting 
systcr11. 

This method of attack removed the need 
to uw the reaction data to calculate difYu- 
sion rates, which complicates interpretation 
of the data of some previous investigators. 
For example, it eliminates the possible 
problems lnwentcd by dead-end pores. 
Thew poree, if they exist, do not contribute 
to the diffusion rates in counterdiffusion 
expcriment.s, hut, they do contribute to the 
reaction rate and thcreforc to all diffusion 
rates based on reaction data. 

Specifically, in our experimrnts a pellet 
of r-alumina was exposed at 154°C (427 K) 
and varying pressures to cycles involving 
counterdiffusing butenes and helium, roun- 
&diffusing 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 act.ivation of the catalyst 
and different kinds of fouling. The pressure 
rangr of the but.ene-helium counterdiffu- 
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sion runs was l-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 (described 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 OPERATIONP 

Run 
no. Catalyst treatment 

Time 

b-1 

AFNl 

AFBl 

AFN2 

AFB2 

NlA 

NlB 

Bl 

BIA 
N2 

B2 

B2 

N3 

B3 

N4 

Exposed to room atmosphere at 
25OC 

Nitrogen-helium counterdiffusion 
Static nitrogen-helium blanket 
Butene-helium counterdiffusion 
Helium purge 
Nitrogen-helium counterdiffusion 
Static nitrogen-helium blanket 
Butene-helium counterdiffusion 
Catalyst reactivated by heating at 

550°C 
Nitrogen-helium counterdiffusion 
Static nitrogen-helium blanket 
Nitrogen-helium counterdiffusion 
Static nitrogen-helium blanket 
Butene-helium counterdiffusion 
Helium purge 
Butene-helium counterdiffusion 
Nitrogen-helium counterdiffusion 
Static nitrogen-helium blanket 
Nitrogen-helium counterdiffusion 
Butene-helium counterdiffusion 
Helium purge 
Butene-helium counterdiffusion 
Helium purge 
Nitrogen-helium counterdiffusion 
Catalyst aged under pure butene 

blanket 
Butene-helium counterdiffusion 
Static butene-helium blanket 
Nitrogen-helium counterdiffusion 

12 

7 
17 

5 
20 

7 
17 
5 

14 

8 
16 
7 

17 
6.5 

17.5 
2 
7 

15 
2 
6.5 

15.5 
7.5 

16.5 
6.5 

15 

5 
19 

8 

a 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 
bot.h butene-helium and nitrogen-helium 
counterdiff usion 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 Experiments 

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 (E?) , 
and full details of the construction, cali- 
bration, operational procedures, and esti- 
mated error analyses are presented in Bell’s 
t,hesis. The only significant change f.or 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 
(93). 

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 (93). 

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 monit,ored periodically. 

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 Stntct7we Ileterrrknation 

Mercury penetration of the alumina sam- 
ple indicated that no significant volume of 
ports with radii larger than 2OOA were 
present. An Aminco Model 5-7119 15,000 
psi porosimcter was used for this measure- 
ment. Because 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- 
ommcndcd by Broekhoff and de Boer (25) 
was used. The nitrogen adsorption appa- 
ratlis was a Numinco-Orr surface area 
pore volume analyzer, Model XC-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 (SW). 

Pelleting of Alumina Catalyst 

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

The alumina was received as a powder 
with an average particle size, according to 
the manufacturer, of approximately 40 pm. 
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 g alumina, and the 
resulting mixture was mixed for 3 min in 
a mortar. Mixing was continued for 27 
min more while 4.3 g water were added. 

The pellets lucre 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 xvas held for 15 min, then released, 
and the alumina leas pushed out of the 
mold using the top piston. The soft flexible 
9.53 mm diameter cxtrudate was immedi- 
ately cut into short pellets about 6.4 ‘mm 
long. The cut pellets were air dried for 
several days, and as t,hcy 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 55O”C, 
and held at this temperature overnight. 
After cooling they mere filed down by hand 
with a fine m&al 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. 

~ZXPERIJZENTAL REXLTS 

Catalyst Stwctwe 

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 sa.mples, 
and the results were indistinguishable. No 
desorption isotSherms were run. The result- 
ing pore-size distribution, obtained using 
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FIG. 1. Cumulative pore volume distribution. 

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& because 
it was in porous materials with mean pore 
radii less than this that Omata and Brown 
(97) noticed significant deviation from 
present intraparticle diffusion theory. 
Nevertheless, the 47A 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 46k. 

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 
PHYSICAL PROPERTIES OF CATALYST PELLET 

Density of solid 3.32 g/cc 
Pore vol 0.563 cc/g 
BET surface area 217 ma/g 
Cumulative surface area from pore- 264 m2/g 

size distribution 
Mean pore radius’ 47 A 
Av pore radiu9 53 A 

0 Defined as the radius where 50y0 of the pore 
volume is in pores with smaller radii, 50y0 in pores 
with larger radii. 

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

Cranston and Inkley ($8) and Broekhoff 
(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 isot.herm 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 57% 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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DARK TAN 
LIGHT TAN 

FIG. 2. Pellet after completion of studies. 

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 
heliun-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 pcllct was dark tan. This dark 
band stopped short of the rubber gasket 
at the sides of the pcllct. 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- 

mers by gas chromatography. The catalyst 
activity during a particular run was judged 
by the I-butene percentage of the total 
hutenes; the higher the percentage of 
I-butene, the lower the catalyst activity. 
This refers to the butenee in the helium 
stream; eevcral 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 butcne 
fraction of the helium stream. In this figure, 
the data from one run is missing; the 
chromat.ograph colutnn would not separate 
t’he cis- and trcxns-2-butenes during the first 
butene-helium run over the active catalyst 
(run Bl). 

Figure 3 shows that. over the air-fouled 
catalyst, catalyst activity was csscnt~ially 
zero, as no l-butene was converted. Fol- 
lowing activation, significant conversion 
(almost SOyI ) took l)lacc. Apparently there 
n-as some deactivation during reaction, as 
displayed during runs BlA and R2. But 
there xvas no apparent deactivation be- 
t.wccn runs BlA and B2’, or hetwcen B2’ 
and B2. when the catalyst was exposed 
only to nitrogen and helium. Nere exposure 
to nitrogen and helium was not regarded 
as significant catalyst trcatmcnt therefore, 
and is ignored in t,he graphs and tables. 
Between runs B2 and B3, serious deactiva- 

I I I I I I I I I 
BiA-I 82’ BE-I 82-3 83-l 83-3 

814-2 82-2 83-3 
RUN NUMBER 

FIG. 3. Analyses of butene fraction of helium-rich stream. 
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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 occurred 
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 cti-2-butene, so the much 
greater reduction in amount of trarw2- 
butcne in the helium stream may be the 
result of less cis-2-but’ene formed early in 
the reaction zone. 

Nitrogen-Helium Flux 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 

(1) 

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- 
heiium 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 

FIG. 4. Helium-nitrogen flux ratios. 

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

The flux ratios for the nit,rogen-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 77~ 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 AFNl, 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. 

NitrogellrHelium Fluxes 

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

PDAB NA = RLTa In 1 - ~YAO + PABIDKA) . 

1 - WAL + (DAB/&A) 1 
(2) 



This equation can be treated as an equa- material. This behavior is thus indicative 
tion with two unknowns, DKA and PDan, of the llresence of an average pore radius 
where D,,, and D,, are the effective Knud- smaller than that indicated by the pore- 
sen diffusivity and effective bulk diffusivity, size distribution. There is the possibility 
respectively. Through use of nonlinear of constricted pores; abnormalities in diffu- 
regression techniques, the equation can bc sion behavior have been ascribed to their 
fitted to the experimental data. A sensitive presence (15). The comparison of the BET 
manner of showing the results comes from and cumulative surface mentioned earlier, 
plotting the normalized error ] (theoretical while within limits observed by others, was 
value - experimental value)/experimental still not particularly good and was in the 
value] as a function of pressure. This is direction to be expected in the presence of 
done in Fig. 5 for the helium flux of a constricted pores (15). Whatever the rea- 
typical run. son, use of the dusty-gas diffusion equation 

The agreement between theory and cx- for analysis of the various diffusion data is 
pcriment is not good. The theoretical fluxes precluded in the present study. 
are much lower at low pressures than ob- It had been intended to dcterminc values 
served, increase rapidly to above the ob- of the effective Knudsen and bulk diffusiv- 
served, and t’hen araduallv decrease to 
below ‘the observed.-Of snelial imnortance 

ities for the helium and the nitrogen from 
the nonlinear regression of the data from 

is the pressure range of the helium-butene the various runs, and examine how these 
study, from 1 to 2.5 atm. There the slope diffusivities varied with the different kinds 
of the graph is very steep, indicating serious of fouling and catalyst activity. Unfor- 
failure of the theory. The behavior shown tunat’ely, inapplicability of prcaent diffu- 
by Fig. 5 was observed in all the nitrogen- sion theory excludes this approach. What 
helium experiments. can be done is to look at the changes of 

The behavior is similar to that observed the fluxes during the operations over the 
by Omata and Brown for their 24B radius catalyst, and see how thcsc changed with 

the catalyst treatment and processing. 

. 
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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 t,he 
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 7.470 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 
cat,alyst overnight under a pure butene 
blanket at 154°C caused an additional 

PRESSURE, aim 
decrease of 2.9% in the low-pressure flux 
and 6.370 in the high-pressure flux. Over- 

FIG. 5. Comparison of dusty-gas diffllsion theory all, processing caused about a 12% decrease 
with behavior of helium flux in nitrogen-helium in the low-pressure helium flux and a 14% 
svstem: run N3. I I decrease in the high-pressure flux. It is 
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TABLE 3 
CHANGES IN HELIUM FLUX WITH CATALYST TREATMENT (NITROGEN-HELIUM COUNTERDIFFUSI~N) 

Low pressure runs High pressure runs 
Run Immediate - 

no. pretreatment P !/He0 YHeL Nne x lo6 P ?jiHeO YELL Nrre x lo6 

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 

NlA Catalyst activat’ed 0.97 1.63 99.23 1.36 12.6 1.73 98.45 11.2 
N2 Buterie-helium counter- 1.07 1.74 99.27 1.30 12.8 3.18 97.22 10.20 

diBusion 

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 
proportional to the radius of the cylinders 
cubed (if the number of cylinders is con- 
stant). A decrease in average pore radius 
from 50 to 48 A would 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 
close to the Knudsen region. Less than a 
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 approximately 3.35, 10% below 
the theoretical value. 

Bell (21) has ascribed a flux ratio below 

the theoretical va!ue 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 is present) is obscured 
by the scatter in the data. Nevertheless, 
the change of the flux ratio in the freshly 
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 Fluxes 

Since diffusion theory cannot be applied, 
the values of the fluxes in the butene- 

0.38 
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FIG. 6. Helium-butene flux ratios. 
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helium reacting system must be compared 
in the same fashion as the fluxes in the 
nitrogen-helium nonreacting system. This 
is done in Table 4. 

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. 
Quantitatively, though, the fluxes indicate 
significant diffcrcnces between the reacting 
and t,he nonrcacting systems. The increase 
in the helium flux in t.he butene-helium 
system upon activation of the catalyst was 
21 s-ahno& t.wice the 11% increase ob- 
served in t.he helium flux in the nitrogen- 
helium system upon activation of the cat.a- 
lyst The overall decrease in the helium 
flux in t,he reacting system during fouling 
was 32%-almost three times the 12% 
decrease obscrvcd in the helium flux in the 
nonrcarting system during fouling. 

The cause of this rather large decrease in 
flux must liavc been partially a temporary 
one, othcrwisc the decrease in the nitrogen- 
helium fluxes would about equal that of 
the butenc-helium fluxes. A changt in pos- 
sible surface flux of the butenes because 
of changing surface characteristics of the 
catalyst was considered. Bell (21) has 
analyzed situations of this type, and fol- 
lowing his reasoning, this possibility was 
rejected. An increase in surface-diffusing 
butenes would be required to cause the 
decrease in gas-diffusing helium, and this 
did not occur. The flux rat.ios would have 
changed markedly in this case, and they 
did not. 

A possible explanation is a change in the 

amount of adsorbed butene. It is possible 
t,hat fouling of the catalyst provides more 
sites for the adsorption of butene. Clark 
and Finch (31) 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 bc partially 
a function of the amount of adsorbed 
butene, and the amount of adsorbed butene 
may increase with catalyst fouling. The 
increased amount of adsorbed bmene would 
either dccreasc the cffcctive pore radius or 
plug some of the smaller pores, decreasing 
the diffusion rate. 

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 tJo predict the 
behavior of the helium in the butene- 
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 Knudsen num- 
her (ratio of mean free path to diameter 
of pore) of a helium molecule in otherwise 
pure butcne is 14, in ot’hcrwise pure nitro- 
gen is 19, and in pure helium is 28. These 
then cover the span of the Knudsen num- 
bers of helium at the lowest pressure in 
the syst,ems 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 
reason, the helium flux should be identical 

TABLE 4 
CHANCWS IN HELIUM FLUX WITH CATALYST TRElTMENT (BUTWK-HELIUM COUNTERDIFFUSION) 

1tLm DO. Immediat,e pretreatment P !/a,~ 0 urrer, A-,<, x 106 

AFB2 Cat,alyst fouled in atmosphere; butene-helium 1 .0:3 1.45 99 32 1.12 
counterdiffusion 

Bl Catalyst, act,ivated 1.08 1. G’L 99 46 1.35 
B2 Butene-helium counterdiffusion (run Bl) I.08 1.77 !I!) 45 0.989 
133 Butene blanket overnight at 154°C 1.07 1.25 !Kl 60 0.920 
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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 S.% 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 activat.ed 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 syst,em 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 accepted that the 
cause of the different behavior of the helium 
fluxes in the reacting and nonreacting 
systems is different adsorption character- 
istics of the fouled and unfouled surfaces, 
then it appears that the freshly activated 
(and highest activity) cataIyst 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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