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For fifty-nine different samples of porous catalysts the effective diffusivities D.rf 
have been measured. Results are compared with values calculated from pore volume 

and specific surface area in each case, on the basis of a random structure of cylindri- 

cal pores and also of a random structure of connecting cells. The latter model, sug- 

gested by a critical examination of the process of formation of the porous mate- 

rials, results in satisfactory prediction of effective diffusivities of gel-derived cata- 

lysts. In pore structures having broad or bimodal pore size distributions actual 

values exceed the values thus calculated, and this result is shown to be inherent in 

the use of pore volume and surface area parameters to characterize an average pore 

property. 

A previous paper (1) described a rapid 
method for the measurement of the effec- 
tive diffusivity of cylindrically or spheri- 
cally shaped porous catalyst particles. This 
paper deals with a study of effective dif- 
fusivities on nearly sixty different prepara- 
tions of porous-oxide-gel-derived catalysts. 
It will be chiefly concerned with silica- 
aluminas subjected to various thermal and 
hydrothermal treatments. A few other gel- 
derived compositions including silica-mag- 
nesia and chromia-alumina are included 
for additional orientation. The measured 
diffusivities will be compared with those 
calculated from the pore size magnitude 
derived from surface area and pore volume 
data, and assuming a simple model of a 
“random pore structure” (2). The study 
allows conclusions to be drawn concerning 
the feasibility of making diffusivity esti- 
mates in the absence of direct measure- 
ment, and concerning the adequacy of the 
simple random pore model in describing 
diffusive flow properties of act& gel-de- 
rived structures. Included is an examina- 
tion of the effect of a bimodal pore size 
distribution. 

EXPERIMENTAL 

1. Catalysts 

Silica-alumina catalysts used were con- 
ventional cracking catalyst beads. They 
are spherical particles of about 4 mm diam- 
eter, used in commercial cracking opera- 
tions. 

As previously described (3), a sodium 
silicate solution was mixed with a sulfuric 
acid-aluminum sulfate solution to form a 
quick-setting sol, droplets of which were 
dropped into oil to set into spheroidal hy- 
drogel particles. The hydrogel beads were 
aged in hot water to control their density, 
ion-exchanged with an aluminum salt to 
replace zeolitic sodium, and water-washed. 

Samples designated as silica-alumina 
(Cr) contain 0.15 wt s of chromia. Those 
without Cr addition are designated as 
“whitr.” 

Upon drying, the spheroidal hydrogel 
particles shrink by a factor of about 2.2 
in diamet’er. When filled with a clear liquid 
(preferably of moderately high refractive 
index such as carbon tetrachloride or ben- 
zene) the dried and calcined particle is 
clearly transparent. They are considered to 
be “all embracive” gel structures, i.e. to 
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form a continuous and nearly homogene- 
ous pore structure. 

Very dense gel structures can be ob- 
tained by reducing the severity or eliminat- 
ing the hot aging of the freshly aged hy- 
drogel. Samples of this type of catalyst 
are included (Samples #l, 2, 5, 33) in this 
study. 

Silica-magnesia catalysts were made (4) 
by mixing a sodium silicate solution, a 
sulfuric acid solution, and a slurry of mag- 
nesia in water to form a suspension of 
magnesia in a silica sol, which was dropped 
into oil to set into spheroidal hydrogel par- 
ticles. The hydrogel particles were aged in 
hot water, ion-exchanged with a magnesium 
salt solution, washed, dried and calcined. 

Chromia-alumina samples were made 
(5) from a chromia-alumina hydrogel by 
mixing a sodium aluminate solution with a 
chromic acetate solution and allowing the 
resulting sol to flow into oil to set into 
spheroidal particles. The hydrogel particles 
were treated with an ammonium sulfate 
solution, washed, dried, and calcined. The 
chromia-alumina-molybdena catalyst was 
prepared by impregnation of the dried 
chromia-alumina gel with molybdena (6). 

Bimodal pore structures were studied in 
the form of pelleted powders, and in the 
form of gel-derived particles wherein the 
macropore distribution was induced by in- 
clusion of hard powders into the hydrogel 
during formation : 

The silica-alumina macropore catalyst 
(Sample #54) was made in a similar man- 
ner as the silica-alumina catalyst (see 
above) except that pulverized dried silica- 
alumina was dispersed in the silica-alumina 
sol. 

The silica-magnesia macropore-contain- 
ing material (Samples #58, 59) was made 
in a similar manner as the silica-magnesia 
catalyst, except that pulverized dried 
silica-alumina gel was dispersed with the 
magnesia in the silica sol. 

Chromia-alumina-molybdena (#57) 
consisted of abrasion fines of this material 
pressure pelleted into cylindrical shapes of 
l/s x l/s inch. 

Two types of commercial clay cracking 
catalyst pellets manufactured by the Fil- 

trol Corp. were examined. One (#56) was 
derived from montmorillonite, another 
(#55) from halloysite. Both had been used 
in commercial cracking operations, with- 
drawn from the unit, and examined in the 
regenerated (carbon-free) state. 

Also, three of the LLhomogeneous” silica- 
alumina bead catalyst samples (Samples 
#34 to 37) were examined after having 
undergone extensive commercial cracking 
operations in three different cracking in- 
stallations. 

2. lXflusivity Measurements 

Diffusivity was measured using the ap- 
parat.us and method described by Weisz 
(1) based on the diffusion rate of hydrogen 
gas through a mounted particle into a 
stream of nitrogen gas, at room tempera- 
ture and atmospheric pressure, and with no 
net pressure differential between the hy- 
drogen- and nitrogen-bathed faces of the 
catalyst, particle. 

For each sample of catalyst, reported 
diffusivities constitute arithmetic averages 
of individual diffusivity tests, on at least 
20 beads or pellets of each catalyst mate- 
rial. 

3. Structural Properties 

The specijic surface area, S, was meas- 
ured by nitrogen adsorption in a standard 
BET apparatus. 

The particle density, d,,, represents the 
weight of the particle relative to the en- 
tire geometric volume of the spherical 
bead, or cylindrical pellet. It was obtained 
from measurements of the amount of dis- 
placed mercury when a known weight of 
catalyst material was immersed therein. 

The pore volume, p,, was obtained mano- 
metrically by determination of t,he volume 
of helium gas which fills a space contain- 
ing a known weight of the catalyst sample 
with the volume corresponding to that of 
its geometric volume (based on d,). 

Pore volumina were also obtained by 
calculation from the particle density, d,, 
and knowledge of the solid density of the 
solids composition d,. For silica-alumina, 
d, = 2.30, silica-magnesia, d, = 2.50. The 
pore volume should be p, = l/d, - l/d,. 
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Pore voluminas obtained by this calcula- 
tion will be designated as p’,. 

RESULTS AND I~SCUSSION 

Tables 1 and 2 summarize all pertinent 
experimental data which have been ob- 
tained, together with data concerning the 
origin of the various samples and sample 
types. Table 1 contains the data for all 
silica-alumina catalysts possessing an es- 
sentially homogeneous pore structure. 
Table 2 shows data on composition other 
than silica-alumina, and on catalyst par- 
ticles possessing a bimodal pore size dis- 
tribution. 

1. Calculation of Diffusivity from 
p,, and S 

Wheeler (2) has discussed the diffusive 
properties of catalyst particles based on a 
model of random pores, i.e. pores which 
criss-cross each other in random directions. 

With the possible exception of a portion 
of the pores in samples #54 to 59 having a 
bimodal pore size distribution, the pore 
diameters of all samples of t,his study are 
at most equal to (Sample #33) and usu- 
ally far below 200A in dimension, i.e. ap- 
preciably smaller than the gaseous mean 
free path at atmospheric pressure which is 
of the order of 1OOOA. For the purposes of 
this study we can therefore assume the dif- 
fusivity in the pore space alone, DK, to be 
the Knudsen diffusivity 

DK = $8 (1) 

with 7 the pore radius, and V the kinetic 
velocity of the diffusing molecules, which 
we take as V = 1.75 * 10” cm/set for hy- 
drogen (7), the diffusing gas in the experi- 
mental determination. 

If diffusion rates are based on total par- 
ticle volume, this diffusion coefficient must 
be corrected by the fraction of pore space 
to tot,al particle space, i.e. by multiplica- 
tion with the porosity (Y. Furthermore, it 
has been customary (2) to assume that the 
actual path length due to random criss- 
crossing of channels is greater than the 
particle dimension by l/2. Thus 

D ealo = a(l/&)DIC = $(l/&)a?=z? (2) 

From (1) and (2) with (Y = c&p,, and a 
pore radius as conventionally determined 
from r= 2p,/S, we obtain 

D talc = (1.64 X 105)d,pv2/i3 (3) 

These calculated diffusivities are also 
tabulated in Tables 1 and 2 for each sam- 
ple. The pore volume used was that meas- 
ured by gas displacement, p,, or was ob- 
tained from the density data and recorded 
as p’,. 

2. Comparison of Measured and 
Calculated Diffusivities 

A comparison of the measured diffusivi- 
ties and those calculated on the basis of 
the simple random pore model is made 
graphically in Fig. 1. Deviation from the 

‘0°:mj7d 

Do 

FIG. 1. Comparison of measured diffusivities 

with values calculated from conventional model 

of random cylindrical pores. (Samples A are spe- 

cial bimodal pore structures, samples marked D 

have unusually large particle densities). 

predicted equality are represented by de- 
viation from the solid diagonal line of 
unit slope. 

We find that 
(a) All points which present large devia- 

tions (D meaS < .3 Dcalc) are due to sam- 
ples of high density (low porosity), (al- 
though not all samples of high density 
necessarily show large deviations). 
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(b) With the exception of the abnormal 
high density samples, the observed diffu- 
sivities of the homogeneous silicate gels 
cluster generally around values approxi- 
mately one-half those calculated from 7 = 
2pv/S, with formula (3). 

(c) Catalyst samples having a macro- 
pore structure (Table 2) superimposed on 
their microporc structure have diffusivities 
in excess of values calculated from the 
average pore radius based on 2p,/S. 

3. Adequacy of Simple Random 
Pore Model 

The formulation of the simple random 
pore model is guided by the tacit concept 
of empty pores piercing like empty tubes 
through otherwise solid space. It is note- 
worthy to reflect on the process of gel for- 
mation: Contrary to the above concept it 
should be visualized as solid material, 
growing from random point nuclei, pierc- 
ing through otherwise empty space. It be- 
comes more plausible to picture the result- 
ing structure as consisting of overlapping 
‘Lcells” rather than a structure of tubular 
pores. The cells are visualized as cubes or 
spheres, and for a given porosity (Y, only a 
fraction O( of the surface defining each cell 
will be “open” to a neighboring cell space. 
The position of the open surface will fur- 
thermore be randomly oriented in space. 
We then consider the following three 
points : 

(a) The diffusional process may be con- 
veniently pictured as a random walk from 
cell unit to cell unit,. The process which 
normally leads to a diffusion coefficient D, 
= .‘3 2’ G must then be modified by lower- 
ing the probability for successful progress 
of each random step by (Y, which now meas- 
ures the fraction of the number of ran- 
domly directed “tries” which will get 
through each hypothetical cell surface. 
Thus we have the modified diffusion co- 
efficient J& = (Y 35 Vr in place of Eq. (1). 

(b) Since the model involves near- 
spherical rather than tubular pore spaces, 
the relationship of volume to surface 
should be better described by 7 = 3p,/S. 

(c) We take the total correction of diffu- 
sion length as & (instead of fi) cor- 

responding to the vector resulting from the 
addition of the three directional unit vec- 
tors of three-dimensional space. We thus 
obtain 

in place of Eq. (2), or 

D talc = (2.14 - 105)d,2pv3/S (4) 

Figure 2 shows the set of experimental 
data plotted against the values calculated 
from the revised random cell model Eq. 
(4). The data average closely about the 
calculated line, and the effect of the cor- 

‘F[ 
IO 100 

D CALC. 

FIG. 2. Comparison of measured diffusivities 
with values calculated from modified model based 

on a st&cture of connecting cellular spaces. (Sam- 
ples A are special bimodal pore structures, sam- 

ples marked D have unusually large particle den- 

sities) 

rection by (d,p,) has resulted in consider- 
able narrowing of the total spread. This is 
true for all of the ‘Lhomogeneous” cata- 
lysts. Only the catalysts with superim- 
posed micro- and macropore structures re- 
main to form a separate set of points (tri- 
angles) wherein D,,,, > DC,,,. 

Catalyst samples showing the largest 
deviation from calculated diffusivities are 
those with abnormally high density, which 
have been marked “D.” The existence of 
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large numbers of pore constrictions would 
be expected to cause a depression in effec- 
tive diffusivities; yet mere constrictions 
tending to obstruct but not close off pore 
spaces would not appreciably alter specific 
surface areas or pore volumina, as com- 
pared to a normal structure. In fact, we 
may take the ratio of Dmeas/Dcalr as an in- 
dicator of or even a measure for the ex- 
tent of pore space blockage. 

D meas > Dcncalr for Broad Pore 
Size Distribution 

The diffusivities of catalysts wit.h a sig- 
nificantly broad distribution in pore mag- 
nitudes consistently exceed t.he values cal- 
culated on the basis of an average pore 
radiusr = 2py/S, or ? = 3p,/S. 

It is possible to show that the observa- 
tion D meas > Dcalc is a necessary ’ conse- 
quence when a broad pore size distribution 
exists : 

For parallel cylindrical pores-as thz 
simplest mathematical model for illustra- 
tion-consisting of a distribution of ni 
pores per unit area of pores of ri radius, 
the effective measured diffusivity for a unit 
volume element of material would be 

D meas = Z$%lirini 

where ai is the cross-sectional area con- 
tributed by the ith pore. Since ai = nri2, 
and the porosity a = Zrrri%i, we can write 

On the other hand 

2Pv 2Z7rri2nil Zri2ni _ -= 
s Z2?rril 

=-=r 
Zrini 

is used in Eqs. (1) and (2) to calculate 
diffusivity from pore volume and surface 
area data, i.e. 

[leaving out d from Eq. (1) since the 
pores are straight in this model]. The ob- 
servat,ions, will be explained if we can 
show that Eq. (5) is necessarily greater 
than Eq. (6), i.e. if 

Zri%; * Z:r& 3 [ZTi2n$ (7) 

Now, P (“) = Eri(“)ni defines the yth abso- 
lute moment of the distribution in pore 
sizes. It is a well-known inequality theo- 
rem (8) that, for any distribution of prop- 
erties, j~(“+‘) . p(“-l) > (P”)~ which is identi- 
cal with Eq. (7)) with v = 2. The observa- 
tion is therefore proven to follow as a mat- 
ter of mathematical necessity. 

CONCLUSION 

Reasonable estimates of effective diffu- 
sivity of homogeneous oxide-gel-derived 
catalysts can be made from knowledge of 
pore volume and specific surface area, on 
the basis of a model of cellular pore spaces. 
Broad or bimodal distributions in pore size 
will lead to low estimates. 
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