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The fundamental problem in this work was to determine if methods of predicting mass trans-
port rates in porous catalysts, developed from theory in the absence of chemical reaction, are
valid in the presence of reaction. By using the ortho-para shift of hydrogen over a ferric oxide
gel catalyst as the reacting system, the effective diffusivity within the catalyst was determined
from kinetic data on five different particle sizes of the catalyst. This effective diffusivity was
then compared with that predicted by three different procedures recently published. These pro-
cedures predicted diffusivities approximately 40% below the experimentally obtained diffusiv-
ity. Although the differences between the experimental and predicted effective diffusivities
can be regarded as within the limitations of the accuracy of the predictions, the observed dif-

ferences may also be caused by some form of surface transport.

In 1939, Thiele in the United States (17) and Zeldo-
witsch in the U.S.S.R. (24) simultaneously published
pioneering contributions concerning the effect on a cata-
lytically promoted chemical reaction of diffusion within
the pores of a solid catalyst. Since these contributions, cal-
culation of effective diffusivities from pore structure param-
eters has been a common practice. The purpose of this
study was to investigate whether the present means of pre-
dicting diffusion rates inside microporous substances from
the pore structure are applicable for diffusion in the pres-
ence of a catalytic reaction. Certain models have been
shown to predict diffusion rates apparently within = 50%
in the absence of reaction where the models were com-
pared with direct diffusion measurements (10, 21). How-
ever, Satterfield and Sherwood in a comprehensive review
of diffusion in catalysis through early 1963 (15) stated,
“There is still considerable uncertainty as to the conditions
under which flow or diffusion measurements through por-
ous catalysts can be used to calculate effective diffusion co-
efficients for the problem of diffusion and reaction within
the catalyst structure.”

In this study, orthohydrogen was reacted to parahydro-
gen on microporous ferric oxide gel, which has a reason-
ably narrow pore size distribution, The reaction was con-
ducted under conditions where diffusion affected the over-
all reaction rate so that the overall reaction rate was de-
pendent upon the nature of the micropore structure. The
effective diffusivity was calculated from the theory on dif-
fusion and reaction within a catalyst. This diffusivity was
compared with predicted effective diffusivity values from
the present diffusion models which are based solely on
catalyst pore structure.

This investigation required pore structure measurements
and activity measurements for different particle sizes.
The pore structure of most porous catalysts is characterized
by a myriad of minute intersecting pores which provide a
large surface area for reaction. If the particle size of the
catalyst is sufficiently large, diffusion of reactants and
products through such a labyrinth of intersecting pores
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may reduce or even control the overall reaction rate.

Reaction rates have been used by other investigators to
determine effective diffusion rates within porous catalysts.
Weisz and Swegler (22) calculated effective diffusivities
using the dehydrogenation of cyclohexane; Weisz and
Prater (20) used the cracking of cumene; and Johnson,
Kreger, and Erickson (9) determined the effective diffu-
sivities from the cracking of gas oil. All these studies were
carried out over microporous catalysts, but the first two
did not present sufficient data on the catalysts to calculate
theoretical diffusion rates from the current models. The
work of Johnson, et al. gave a very complete description
of the catalysts, but the reaction studied is so complex that
the precision of any results would be open to some doubt.
An investigation somewhat similar to the present one was
carried out by Rao, Wakao, and Smith (I4) using the
ortho-parahydrogen shift on bimodal catalysts with large
macropore contributions, In 1962, Wakao and Smith postu-
lated a model for diffusion in bidisperse pore systems (19)
and extended this model in 1964 to simultaneous diffusion
and reaction in bidisperse pore systems (18). The experi-
mental work of Rao, Wakao, and Smith supported this
latter model, but they admonished that the theory may
not be applicable for a microporous catalyst.

THEORY

Diffusion inside the tortuous void passages of a porous
catalyst is complex and difficult to visualize. In situations
where Knudsen flow is assumed to predominate, the mathe-
matical approach to this problem has been to apply FicK’s
law and a mass balance to a differential volume of catalyst.
For an equimolar isothermal first-order reaction, this results
in a linear second-order differential equation for simplified
particle geometries. - Thiele (17) derived the equations for
both spherical particles and thin slab particles with sealed
edges. This analysis defined a dimensionless modulus,
called the Thiele Modulus, which characterizes the system.

The catalyst particles used in this study were irregularly
shaped granules, and it was necessary to choose an ap-
proximate shape to characterize these granules for mathe-
matical treatment. The diffusion models for a sphere and
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a thin slab represent idealized models of extreme particle
geometry. The sphere model describes three-dimensional
diffusion through catalyst particles whereas the thin slab
model with sealed edges is based on only one-dimensional
diffusion. The latter model may be acceptable for a
strongly diffusion-limited system where the reaction occurs
near the exterior surface. This model is inadequate, how-
ever, for an intermediate region between the strongly
diffusion-limited region and the surface reaction-limited
region (2). Since the experimental reaction rates in the
present study were measured in this intermediate re%ion,
the sphere model was used for the mathematical analysis.

The model for simultaneous diffusion and reaction in a
sphere is presented in the following development. This
development assumes an isothermal first-order reversible
reaction with either equimolar counter-diffusion or Knud-
sen diffusion.

A spherical catalyst particle of radius, Ry, is assumed.
A steady state material balance over a spherical shell, ,
gives:

c
—De(471,%) — A (4mr,2)8r, Sky (Ca— Cae) =
s
d(4 71y d dc
_D, [4“,,2 +—(—"_‘"-)—3r,,] --(CA+ A sr, )

dry dry dry

(1)

Simplification of the above expression yields the following
second-order linear differential equation:

d2C, 2 dCa kS
— —_ Ca—Cae) =0 2
dr,? | 1, dr, D, (Ca=Cac) (2)
If we define

kS
D,

The solution of the above equation with the boundary con-
ditions Cy = C4, at 1, = Ry and dCa/dr, = 0 atr, = 0,
is

R
hsp = Thiele Modulus = Tp\/

Ca—Cae R, sinh (3rphs/Ry)
h sinh (3hsp)

The reaction rate for one sphere equals the rate of diffu-
sion across the exterior surface, thus

(8)

Cao—Cuae T

dCa

Tp

(reaction rate/sphere) = 4=R,?D,

(4)

p=Rp

Differentiation of Equation (3) with respect to r,, evalu-
ated at 7, = R,, yields

dCa [ 3hgp 1 ]
= —2 | (Cao—Cu
dty | p=r, L Rptanh (3hy) R, (Cao = Cac)
(5)
Therefore

3hs
(reaction rate/sphere)} = 4wR,D. [m —1 ]
(Cao—Cue) (6)
Since the catalyst volume occupied by one sphere is
equal to (4rR,?/3), the reaction rate per catalyst volume
is

(reaction rate/catalyst volume) =

3De Shsp
Co—a [—2 1] @
o (Cao— Cae) | omm— (7)

Substitution of the reaction rate into the plug flow re-
actor design equation:

FdC 4, = — RdV¢ (8)
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gives
3D,
FdCyo = — R °. (Cao— Cae) [ Shep
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— lJ dvVe
(9)

Integration of this equation and transposing the result gives
D, implicitly with hg, a function of D,:

R,2 F o (Cao— Cae) ntet
De _ 3 VC (‘er - CAe) outlet (10)
3hsp -1
tanh 3h,,

This fundamental equation describes simultaneous diffu-
sion and reaction. When D, is known or can be predicted,
the Thiele Modulus can be determined from basic kinetic
data (conversion and space velocity) and the average
particle size of the catalyst.

If kinetic data are available for two or more particle
sizes, D, can theoretically be extracted from Equation
(10). Let the subscript, X, denote one particle size; let
the subscript, Y, denote another particle size. Then, the
proportion, (hspx/hspy) = BRpx/BRpy, is valid. Assuming
D, is constant, the Thiele Moduli for two particle sizes can
be evaluated by a trial and error process from the known
proportion of the Thiele Moduli and from the ratio result-
ing from the use of Equation (10), thus

Shspx [ sz F n (CAo - CAe) inlet ]
tanh 3hgpx — 1 N 3 Ve (Cao~—Cae)outtet ¥x
Shgpy

[ sz F (CAo_CAe)inlet ]
Y

—— n D e ————
tanh 3hspY -1 3 Ve <CA0 —_ CAe)outlet

After the Thiele Modulus is obtained, D, can be calculated
directly from Equation (10).

The significance of intraparticle diffusion (diffusion
within the catalyst particles) on a chemical reaction is
measured by the effectiveness factor, which is the ratio of
the actual reaction rate to the reaction rate neglecting the
diffusional resistance. The effectiveness factor for a spheri-
cal catalyst pellet (24) is

1 [ 1 1 ]
E = - 12
hyp b tanh 3hy,  3hyy (12)

The equations analogous to Equations (10) and (11)
for a slab model of a catalyst pellet have been derived and
presented by one of the authors (16). These would be
used in circumstances of strong intraparticle diffusion
limitation because of their mathematical simplicity.

DIFFUSION MODELS

In 1962, Weisz and Schwartz (21) developed a pore
model for predicting effective diffusivities in gel-derived
catalysts in the absence of a chemical reaction. From the
Weisz and Schwartz data on 46 unimodal catalysts the
model predicted effective diffusivities with a maximum
deviation from the measured diffusivities of +89.7%,
—17.2%, and an average percent deviation from the
measured diffusivities of 27.6%. Haynes (6) evaluated an
empirical correction factor (f = 0.758) from a linear re-
gression analysis of the Weisz and Schwartz data. The use
of this correction factor on the data yielded a maximum
deviation from the measured diffusivities of +43.9%,
—37.4%, and an average percent deviation from the meas-
ured diffusivities of 17.4%.

By using a concept of overlapping spherical cells, Weisz
and Schwartz developed an expression for the diffusivity
under conditions of Knudsen flow:

Page 697



Dyre = (2/8) (1//3) 2 TF (13)

Since spherical shaped pores were assumed, the mean
pore radius was further defined by 7 = 3p,/S:. Also,
a = dyp, where d, is the particle density. The mean
molecular velocity can be calculated from the Kkinetic
theory of gases (5). For hydrogen at 75.7°K., Vis 8.916 X
10* cm./sec.

The predicted effective diffusivity of hydrogen at
75.7°K. for the Weisz and Schwartz model may then be
expressed by

Dypre = (1.0396 X 10°) d,2p,8/S, (14)

This model requires only the particle density, pore volume,
and surface area.

The empirical correction factor evaluated by Haynes can
be partially justified by a theoretical modification of the
Weisz and Schwartz model. The Weisz and Schwartz

model can be modified by 1/1/3 to change the tortuosity

factor from \/3, which was used, to three, which is the
correct value for randomly oriented cylindrical pores with
no dead ends in an isotropic pore system.

Johnson and Stewart (10) predicted effective diffusivi-
ties by integration of predicted diffusion rates for the entire
distribution of pore sizes. This model was developed in
1964 primarily to predict diffusion rates for bimodal or
wide pore size distributions, for example, for pelleted or
extruded catalysts. Johnson and Stewart supported the
model with experimentally measured diffusivities in the
absence of a chemical reaction. For eleven bimodal cata-
lysts, diffusivities were predicted with 2 maximum devia-
tion from the measured diffusivities of +127.4%, —12.9%,
and an average percent deviation from the measured diffu-
sivities of 48.5%. Also, effective diffusivities were pre-
dicted for eight unimodal catalysts with a maximum devia-
tion from the measured diffusivities of +11.89%, —27.7%,
and an average percent deviation from the measured diffu-
sivities of 13.5%.

The Johnson and Stewart model simplifies greatly for
equimolar countercurrent diffusion, which is exhibited in
the binary diffusion of orthohydrogen and parahydrogen.
These authors derived an expression for N4,L based on
the pore orientation and the pore size distribution:

NuL=—K " LA’:LB—I daf (r)dr

it gt | Lt mal(Ma/Me) 12— 1]
CDyg
1 1!
o 15
+ CDK} (15)

With equimolal countercurrent diffusion, B—! reduces to

1 17t
B 1=C + —
{DAB DK}

Substitution for B! and evaluation of the inner integral

(16)

gives
® d
NuoL = CK(sa0—a2) J —Tf(ifl— (17)
Daz ' Dg

The Knudsen diffusivity is evaluated from the relation-
ship for transport within long cylindrical tubes (24):

Di = (2r/3) (3) (18)

The molecular self-diffusivity of hydrogen at 75.7°K. and
20 1b./sq. in. is 0.057 sq. cm./sec. from Equation (4) for
estimating D4p at low pressures.

By definition, the effective diffusivity is

Page 698

AIChE Journal

Ny L
(Cao—Car)

Substitution of Equation (17) into Equation (19) pro-
vides the following expression for effective diffusivity:

® (r)dr
D= K T

Dyg Dx

The void fraction in pores with radii between r and r
+ dr can be approximated graphically by the product of
the particle density (d,) and the incremental pore volume
(Apy) between r and r + Ar. Therefore

Dpre = (19)

(20)

rT= o APU
Dpe ~Kdy ¥ —12
? P ;:0 1 1 (21)

o
Dsp  Dx

This form of the Johnson and Stewart model was used in
the present work to determine the predicted diffusivity.

The pore orientation parameter (K) was assumed to be
1/3, which is the correct parameter for randomly oriented
cylindrical pores with no dead ends in an isotropic pore
system. The experimental support of the Johnson and
Stewart model that was stated earlier was based on this
pore orientation parameter.

One other model for diffusion within porous catalysts
based solely on catalyst pore structure was proposed by
Wakao and Smith (I19) specifically for transport within
bimodal catalysts. There have been very few applications
of this model to purely microporous materials. Henry,
et al. (7) showed that the predicted and measured dif-
fusivities through a sample of Vycor agreed very well over
a pressure range of 0.6 to 600 mm. mercury abs., with a
maximum deviation of 4 269 at the highest pressure.
However, Rao and Smith (13), also using a sample of
Vycor, predicted a value of the effective diffusivity 709%
higher than the experimental value.

Wakao and Smith’s model is a summation of three paral-
lel mechanisms. These are diffusion in the micropore re-
gion, diffusion in the macropore region, and diffusion in
the micro-macropore region. The model is greatly simpli-
fied for equimolar counterdiffusion in a purely microporous
catalyst. The rate of diffusion in a cylindrical micropore at
constant pressure in 2 binary system of gases A and B is

1 dcy
Ny, = — 22
4z 1 1 dz (22)
D, Dg

The porosity squared is introduced for the rate of diffusion
in a porous particle, The resulting predicted diffusivity is

a2

1 + 1
Dsg Dk

The average radius for the Knudsen diffusivity is evalu-
ated from the relationship (19):

j;vp r dv,

= _Tp— (24)

Dypre = (23)

DESCRIPTION OF APPARATUS

Two types of data were obtained in this investigation:
kinetic data for the reaction and data on the catalyst struc-
ture for the purpose of predicting the diffusional processes
of the catalyst.
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Apparatus for Determination of Reaction Rates

The apparatus used to obtain the kinetic data consisted
of feed preparation, reactor, and analysis sections. A sche-
matic diagram of the apparatus is shown in Figure 1.

The hydrogen feed, which was an ultra pure grade hydro-
gen contained less than 10 ppm. impurities. A silica gel
bed for the removal of impurities and a hydrogen normalizer
to insure compositional uniformity were installed in the feed
stream. The silica gel bed was immersed in a bath of liquid
nitrogen. Following passage through the silica gel, the hydro-
gen was then passed through a normalizer, The normalizer,
which converted hydrogen to its normal composition of 25%
parahydrogen and 75% orthohydrogen, contained a nickel
catalyst at 500°C. The normal hydrogen was the feed for the
reactor and the reference gas for the analyzer.

The flow reactor was a % in. O.D. copper tube, 2.5 in.
in length, The inlet and outlet of the tubular reactor were
packed with pyrex wool to contain the ferric oxide gel. When
activating the catalyst, the reactor was immersed in a con-
stant temperature oil bath that was regulated by a Fenwal
Thermoswitch; when carrying out the reaction, the reactor
was immersed in a dewar filled with liquid nitrogen. The
hydrogen feed was cooled to the reaction temperature by
passing through a % in. copper feed line coiled around the
reactor. Pressure gauges were also placed on the reactor inlet
and outlet streams.

A thermal conductivity analyzer was used to determine the
orthopara conversion. The conversion was recorded on a
Speedomax H strip chart recorder. The hydrogen flow rate
was measured with a wet test meter.

Apparatus for Determination of Pore Structure

Two pieces of apparatus were used in determination of the
catalyst pore structure. One was an Aminco Porosimeter,
15,000 1b./sq. in. model. The other apparatus was a Numinco-
Orr Surface Area-Pore Volume  Analyzer, model MIC 101.
Descriptions and specifications of these pieces of apparatus
are obtainable in the literature (I, 11).

PROCEDURE

The experimental procedure for the determination of the
effects of diffusion on reaction rates entailed activation of the
catalyst and measurement of the catalyst activity for a variety
of catalyst particle sizes. Also, the prediction models for diffu-
sion required measurements of the pore structure of the catalyst.

Catalyst

The catalyst used in this study was a hydrous ferric oxide
catalyst developed by Weitzel and Loebenstein (23). All
the catalyst that was used was from the same batch. The
catalyst particles were crushed into the following Tyler sieve
sizes: 30-40 mesh, 40-30 mesh, 50-60 mesh, 60-80 mesh, and
80-100 mesh.

The activation conditions were chosen from a previous
extensive activation study carried out by Barrick, et al. (3)
to promote the orthopara shift of hydrogen on the hydrous
ferric oxide catalyst. This study revealed that the high ac-
tivities obtained when the catalyst was activated at tempera-
tures greater than 250°C. for short periods of time (ap-
proximately 5 min.) were not always reproducible. Since
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Fig. 1. Activity testing apparatus.
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reproducible activities were essential for this work, a milder
activation procedure was selected which produced an ac-
ceptably reproducible intermediate activity,

For the catalyst activation, the oil bath was set at a con-
stant temperature of 120°C. A flow of hydrogen from the
silica gel trap and normalizer was passed over the catalyst
under a pressure of 10 Ib./sq.in. gauge at a rate of 150 cc.
(STP)/min./volume of catalyst. The actual activation com-
menced when the reactor was immersed in the 120°C. oil
bath. An activation time of 4 hr. was used after which the
reactor was removed from the oil bath to terminate the
activation.

Activity Measurements

For each run, the hydrogen flow rate through the reactor
was increased incrementally. The runs were carried out at
32 lb./sq. in. abs. and 76°K. Measurements of flow rate and
outlet composition were taken at each point. One data point
specifically was taken to determine the activity, which was
arbitrarily defined as the flow rate corresponding to an exit
composition of 42% parahydrogen. This procedure provided
all the essential data for interpretation of the system.

Each catalyst was activated twice, and each average par-
ticle size was run in duplicate. After the final activity mea-
surements were determined, each activated catalyst was
weighed, then placed in a desiccator. Complete details of
the procedure are presented by one of the authors (I6).

Pore Structure Determination

The procedures for using the mercury porosimeter and the
nitrogen adsorption apparatus are outlined extensively in the
respective instruction manuals (I,11). The only specific in-
formation not contained in the instruction manual is the de-
gassing conditions for the nitrogen adsorption. The samples
were degassed under a vacuum at 120°C, for 4 hr. Treatment
at different temperatures is shown to have a marked effect
on catalyst activity (3), and thus presumably some effect on
the catalyst structure. Therefore, degassing conditions were
selected as close as possible to the activation conditions.

RESULTS

The activity measurements for all the runs are shown
in Table 1. Each catalyst was activated twice, and dupli-
cate runs were made on each particle size. The deviations

TasBLE 1. AcTiviTY MEASUREMENTS

Activation conditions: Time 4 hr,
Temp. 120°C.
Pressure 101b./sq.in.gauge

Flowing hydrogen 150 cc. (STP)
min.~vol, cat.
Activity definition:

The activity of the catalyst was arbitrarily defined as the
volume of hydrogen (STP)/min. per unit catalyst volume
required to convert 75% orthohydrogen to 58% orthohydro-
gen at 75.7°K.

Avg.
Mesh Initial  Second  second
Run size  Avg.diam. activity activity  activity
in. min.~1 min.~!  min,~!
30-01 30-40 0.0180 5,640 6,100 6,165
30-02 6,330 6,230
40-01 40-50 0.0130 6,460 6,850 6,800
40-02 8,450 6,750
50-01 50-60 0.0106 6,700 7,100 7,080
50-03 6,820 7,060
60-01 60-80 0.0084 7,410 7,300 7,270
60-03 7,240 7,240
80-01 80-100 0.0064 7,300 7,580 7,615
80-02 7580 17,850
Page 699



d pv

.700

.600

500

400

d tog {r)

300

.200

100

o

104 1,0004 10,0004

C e
tO0A

log ()

Fig. 2. Pore size distribution catalyst 30-02.

from the averages of the activity measurements for identi-
cal particle sizes were as high as 5.7% for the first activa-
tion whereas a maximum deviation of only * 1% was
observed for the second activation. A second activation
therefore greatly improved the reproducibility.

The effective diffusivity was extracted from the models
by treating the Thiele Modulus for the 80-100 mesh cat-
alyst as an adjustable parameter. A value for the Thiele
Modulus for this catalyst was first assumed, and then the
Thiele Moduli for the other particle sizes were calculated
from the ratio of the respective radii. The effective diffu-
sivity was evaluated for each particle size from Equation
(10). The assumed value for the Thiele Modulus for the
80-100 mesh catalyst was then varied until the minimum
statistical variance of the effective diffusivities for the five
particle sizes was obtained. These effective diffusivities
are listed in Table 2. The average deviation from the mean
effective diffusivity for the sphere model was 0.701%, and
maximum deviations observed were +0.935%, —1.14%.
Effectiveness factors were also evaluated from the Thiele
Moduli.

For the purpose of predicting diffusivities from theo-
retical models, the pore structure parameters shown in
Table 3 were used. Branauer-Emmett-Teller (BET) sur-
face areas and pore-size distributions for pores below
100 A. were obtained from the nitrogen adsorption iso-
therms. The mercury porosimeter data indicated no signif-
icant amount of pores present with radii above 70 A. The
BET surface areas, particle densities, pore volumes, and
cumulative pore volumes and cumulative surface areas
from the pore-size distribution are presented in Table 3.
The pore-size distribution, presented in Figure 2, indicates
the activated hydrous ferric oxide catalyst is microporous
with a unimodal pore-size distribution. The complete mer-
cury porosimeter and nitrogen adsorption data are pre-
sented by one of the authors (16).

TABLE 2. SPHERE MODEL DIFFUSIVITIES

Effective Max.

Particle Thiele Effectiveness diffusivity  activity

size modulus factor sq.cm./sec.

mesh X 104 min.—1
30-40 0.725 0.7845 19.36 7,850
40-50 0.529 0.8689 19.27 7,840
50-60 0.431 0.9071 19.23 7,810
60-80 0.339 0.9387 19.05 7,750
80-100 0.257 0.9630 19.45 7,900

Avg. diffusivity

Diffusivity variance

Avg. max. actiV(il;y

Avg. deviation of diffusivity
Max. deviations of diffusivity

19.27 X 10—%sq.cm./sec.
0.01820 x 108 (sq.cm/sec,)?
7830 min.™1

0.701%

+0.935%, —1.14%
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TABLE 3. PORE STRUCTURE PARAMETERS

Avg,
values
BET surface area (St), sq.m./g.
Catalyst 80-02 225
Catalyst 30-02 220 222
Particle density from the
mercury porosimeter
(dy), g/cc.
Catalyst 40-02 2.09
Catalyst 50-03 2.03 2.06
Pore volume from the nitrogen
adsorption jsotherm
(ps}, cc/g.
Catalyst 80-02 0.201
Catalyst 30-02 0.196 0.198
Calculated from pore-size distributions:
Cumulative pore volume (py),
ce./g., down to a radius of: 104 52A
Catalyst 80-02 0.189 0.206
Catalyst 30-02 0.177 0.199
Cumulative surface area (S¢),
sq.m/g., down to a
radius of: 10A 52A
Catalyst 80-02 203 249
Catalyst 30-02 185 243

For the data obtained in this investigation to be signif-
icant, the different catalyst particles would have to ex-
hibit the same pore structure. This is affirmed in Figure 3
which depicts the nitrogen adsorption isotherms of two
extreme particle sizes, 30-40 mesh and 80-100 mesh. The
resulting isotherms are nearly identical,

The diffusivity values from the diffusion models of
Weisz and Schwartz, Johnson and Stewart, and Wakao
and Smith are listed in Table 4 along with the modifica-
tion mentioned in the theory section. Further evidence of
the similarity of pore structures can be seen from the close
values of the predicted effective diffusivities for the differ-
ent particles. The predicted diffusivities from the various
theoretical models were significantly below the diffusivi-
ties calculated from the experimental data.

The reliability of the pore-size distribution curves be-
comes extremely questionable at low radii (12), so two
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Fig. 3. Nitrogen adsorption isotherm (75.7°K.).
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different radii were used as the cutoff point. The use of
a wider distribution made little difference in the diffusivi-
ties predicted by the Johnson and Stewart model, but did
make a noticeable difference in the predictions of the
Wakao and Smith model. In no case, however, did the
predicted diffusivities approach the experimental diffusiv-
ity.

TaBLE 4, PrRepicTED EFFECTIVE DIFFUSIVITIES

W. & S. with
tortuosity
Weisz & correction Johnson & Wakao &

Model Schwartz of 0.758 Stewart Smith
Diffusivity X 104, sq.cm./sec.
Catalyst 30-02
To a radius of 10 A. 10.8 114
15.1 114
To a radius of 5.2 A. 115 14.0
Catalyst 80-02
To a radius of 10 A. 114 12.7
159 12.0
To a radius of 5.2 A. 11.9 15.1

Experimental effective diffusivity: 19.3 X 104 sq.cm./sec.

DISCUSSION OF RESULTS

Some criterion of reliability of the experimental effec-
tive diffusivities in this study should be offered. Since
two different particle sizes are required for the effective
diffusivity to be calculated, the use of five particle
sizes offered a fourfold redundancy in calculating
the effective diffusivity. The calculated diffusivities pre-
sented a maximum deviation less than + 1.29% from the
mean diffusivity, and an average deviation of 0.70%. The
small deviations of the calculated diffusivities over the
large range of particle sizes is regarded as evidence of
the reproducibility and internal consistency of the experi-
mental results.

All three theoretical models predicted effective diffu-
sivities significantly lower than the experimental diffusivi-
ties. The Weisz and Schwartz model modified by the
empirical correction factor (f = 0.758) recommended by
Haynes predicted an effective diffusivity approximately
409 below the experimental value. Since this modification
of the Weisz and Schwartz model predicted effective dif-
fusivities of 46 microporous catalysts within 38% below
the measured diffusivity, the 40% deviation observed in
this study is only slightly greater than the maximum error
observed previously in absence of reaction.

The effective diffusivity predicted from the Johnson
and Stewart diffusion model was also approximately 40%
below the experimental diffusivity. Experimental data by
Johnson and Stewart supported their model within 289%
below diffusivities measured on microporous catalysts in
the absence of reaction. However, this maximum deviation
was only for eight samples as compared with the 46 sam-
ples for the Weisz and Schwartz model.

The Wakao and Smith diffusion model predicted effec-
tive diffusivities ranging from 20 to 40% below the ex-
perimental diffusivity, depending on the cutoff point for
the pore-size distribution, There are insufficient data as
yet on the reliability of this model for diffusion in micro-
porous catalysts, however, to comment on whether these
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values are within the limitations of this model.

Although the differences between the experimental and
predicted effective diffusivities can conceivably be regarded
as within the limitations of the accuracy of the predic-
tions, there is another possible cause for the observed
deviations. The observed differences may be due to a
mass transport effect not accounted for in the prediction
models and which was not significant in the diffusion
measurements made in the absence of reaction. A possible
mass transport process which could explain the observa-
tion 15 & surrace dirusion phenomenon. Since a chemical
reaction on a solid porous catalyst necessitates adsorption
of reactants onto the surface and desorption of products
from the surface, the transport or movement of some
molecules along the surface seems likely. This would be
especially true if the desorption activation energy of the
proaucts is much larger than the energy required for
migration of molecules on the surface. Both surface diffu-
sion and gas-phase diffusion would occur in parallel in
the direction of decreasing concentration gradients. If
gas-phase diffusion is treated independently of surface
diffusion, the latter would be an additive process which
would increase the total mass transport rate.

Unfortunately, little is known about the mechanism and
extent of surface diffusion in the presence of reaction in
a porous catalyst. If surface diffusion is generally signifi-
cant with a chemical reaction, then the present theoretical
diffusion models would be inadequate in predicting the
effective diffusivity. Perhaps the best way of determining
if effective diffusivities with and without reaction are
identical would be to compare diffusivities with reaction
with diffusion rates measured in the catalyst under similar
conditions but in the absence of reaction, for example, by
using an equilibrated gas. This would eliminate the use
of prediction models, which are only supported experi-
mentally within large deviations,

VALIDITY OF ASSUMPTIONS

From the literature (8), the ortho-para shift of hydro-
gen on a ferric oxide gel catalyst appears to comply with
the assumptions for an easily solvable mathematical model
of the eftective diffusivity with reaction. The necessary
requirements of the model are a first-order isothermal re-
action and either equimolar diffusion or conditions of
Knudsen flow (24). In addition, interparticle diffusion
effects must be negligible, and the plug-flow assumption
must be valid.

The ortho-para shift of hydrogen is obviously equimolar
and produces no side reactions. Hutchinson, et al. (8)
reported that at liquid nitrogen temperature, both the

- forward and reverse reactions of the ortho-para shift of

hydrogen over a ferric oxide gel catalyst followed Lang-
muir-Hinshelwood expressions:

k(Ca—Cae)
1+ KkKCy

However, from the experimental data of Hutchinson (8)
and of Barrick, et al. (1) the maximum variation of a
pseudo-first-order-reaction rate constant

k
Ky = —o—oem 26
14+ KC, (26)

is less than 109 for the range of parahydrogen concen-
tration encountered in this work (from 0.35 to 0.43 mole
fraction). Thus over a small range of parahydrogen con-
centration the reaction can be considered approximately
first-order. A first-order plot for reaction over catalyst 80-
02 (see Figure 4) does exhibit first-order kinetics.

R= (25)
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Fig. 4. First-order plot catalyst 80-02.

The works of Hutchinson, et al. (8) and Barrick, et al,
(3) considered at length the questions of isothermality,
interparticle diffusion, and dispersion effects for the ex-
perimental system used in this study. It was concluded
in these works that the reaction was essentially isothermal
and diffusion effects were negligible over ranges of ex-
perimental conditions for exceeding the range used in the
present investigation. One of the authors (I6) further
considered these points with the same conclusions.

CONCLUSIONS
The conclusions from this work are:

1. The experimental effective diffusivities showed a
maximum deviation within * 1.29% from the average
over a range of effectiveness factors from 0.78 to 0.96.

2. The theoretical models predicted diffusivities signif-
icantly below the effective diffusivities calculated from
the sphere model. Although the results from one sample
are insufficient to establish quantitatively the relative
merits of the models, the results obtained indicate that
surface diffusion may be present in addition to gas-phase
diffusion.
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NOTATION

C = total gas-phase concentration, mole/L3

Cs = concentration of reactant, mole/L3

Cse = equilibrium concentration of reactant, mole/L3?
Caso = reactant concentration at pore mouth, mole/L3?
d, = apparent particle density, M/L3

Dap = molecular diffusivity, L2/t

D, = effective diffusivity, L2/t

Dk = Knudsen diffusivity, L2/t

Dy, = predicted effective diffusivity, L2/t

E = effectiveness factor

F = feed rate to catalyst chamber, L3/t

hsp = Thiele Modulus for sphere

k = parameter in Equation (25), L/¢

ks = first-order surface reaction rate constant, L/t
¥ = parameter in Equation (25), L3/mole
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K = pore orientation parameter (reciprocal of tor-
tuosity factor)

K., = pseudo first-order reaction rate constant, L/t

L = length of reaction zone, L

M = molecular weight, M/mole

N4, = molar flux of substance A, mole/L%

P, = pore volume per gram, L¥/M

r = pore radius, L

r = mean pore radius, L

1, = distance from center of catalyst particle, L

R = gas constant, FL/mole T

R = rate of consumption of reactant, mole/L3t

R, = radius of spherical particle, L

S = surface area per volume of catalyst, L2/L3

8¢ = surface area of catalyst per gram, L?/M

Sz = exterior surface area of catalyst particle, L?

T = absolute temperature, T

v = mean molecular velocity, L/t

Ve = catalyst volume, L3

V, = apparent volume of catalyst particle, L3

x4 = mole fraction of reactant

z = distance through catalyst particle, L

o« = internal porosity

residence time in reactor, ¢
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