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The mass transfer behavior of a binary gas system in an alumina-supported plat-
inum catalyst is determined from experimental studies interpreted in terms of the
“dusty gas” model. The effective Knudsen diffusivities and an effective D’Arcy flow
parameter are calculated from permeability measurements. The effective molecular
diffusivity is calculated from a single counterdiffusion measurement. The results in-
dicate that the diffusive behavior of the catalyst lies within the so-called inter-

mediate region.

INTRODUCTION

The rate of a chemical reaction catalyzed
by a solid depends, in part, on the total
available surface area, and the activity of
a catalyst generally increases with in-
creasing surface area per unit weight. This
characteristic is often obtained by creating
an extensive network of very small pores
within a pellet. However, to reach the
active sites on which conversion occurs,
the reactants must be transported from
the medium surrounding the pellet through
the porous structure. The resistance to high
rates of mass transfer in a network of small
pores can be appreciable and yet it is by
means of small pores that the greatest
specific surface can be produced. To assess
these opposing effects of pore size on the
mass transfer rate and catalytic activity
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and how they interact to determine the
overall reaction rate of the system, an
understanding of the physical processes
occurring within the catalyst and the
ability to represent these processes in a
mathematical form are fundamental. The
following experimental and theoretical
work is designed to develop and to evaluate
a technique for measuring directly the
mass transfer and chemical reaction effects
and any attendant interactions between
them: the technique of the single pellet
diffusive reactor.

The first part of this program involves
characterizing the mass transfer for non-
reacting systems, Two fundamental prob-
lems are encountered in deseribing mass
transfer in porous media: first, the accu-
rate mathematical representation of the
physical situation and second, the evalu-
ation of the parameters which are con-
tained in these equations. Gunn () has
given a good review of the literature on
these subjects. The two most significant;
solutions are based either on the dusty gas
model or the pseudo-capillary model.

Evans, Watson, and Mason (2) em-
ployed the dusty gas model to derive the
flux equation for the binary diffusion of
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gases through porous media in the absence
of pressure gradients. In this model, the
solid matrix is treated as a molecular
species of enormous molecular weight. The
results from kinetic theory for multi-
component mixtures are then applied to
this ternary system containing two real
gases and the “dust” molecules. By con-
straining the “dust” molecules to be sta-
tionary, the diffusion equations for the real
gases are obtained. These equations are
valid over the entire pressure range from
the Knudsen region through the transition
region to the normal diffusion region. The
model contains no information on the
actual structure of the porous medium so
that the parameters appearing in these dif-
fusion equations are the effective values
and can only be determined experimentally.
Under certain circumstances, measurements
need only be made for a single binary gas
mixture. From the values of the mo-
lecular properties as a free gas and the
corresponding effective values determined
experimentally, the geometric factors of
the medium may be calculated. These may
then be used to predict the behavior of
other gas mixtures in the same medium for
various temperatures and pressures.

The work of Pollard and Present (3)
and Secott and Dullien (4) forms the basis
for the pseudocapillary model. In this case,
the porous medium is considered to be a
collection of eylindrical capillaries. The
basic diffusion equation, which is the same
as that for the dusty gas model, is derived
from considerations of momentum transfer
between the gas and the capillary walls.
Smith and his co-workers (4, 6) have ex-
tended the use of the capillary model in
attempts to predict the effective diffusion
parameters from measurements of such
structural factors as the porosity and the
mean pore radius.

The objective of the present work is to
predict as accurately as possible the mass
transfer behavior of a specific gas system
In a specific porous medium. No attempt
is made to study the merits of various dif-
fusion theories or the effects of the pore
structure. The dusty gas model is em-
ployed and the effective parameters are
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found experimentally for each of the
porous pellets.

NOMENCLATURE

s Geometric factor

co/v D’Arcy flow parameter (cm?/sec torr)

Ca Concentration of A, (g moles/ce)

Dx,» Effective Knudsen diffusivity of A
(em?/sec)

Das  Effective molecular diffusivity of AB
binary (cm?/sec)
Dan® DasP

L Thickness of pellet (em)

Ms  Molecular weight of A

© Gas viscosity

N,  Molar flux of A (g moles/cm? sec)
P Total pressure (torr)

Py Partial pressure of A (torr)

Px  Average pressure of A within pellet
(torr)

AP, Pressure drop across pellet (torr)

R, Universal gas constant

T Temperature (°K)

Za Mole fraction of A

z One-dimensional coordinate in pellet
(em)

ExXPERIMENTAL TECHNIQUE

The equation describing the flux of
gaseous molecular species in a porous
medium contains several parameters which
depend on the properties of the gases in-
volved and on the internal geometric
structure of the porous body. If one fits
these parameters to experimental data, the
behavior of this system at various con-
ditions can be predicted. Two types of
data are required in this procedure: per-
meability data and binary diffusion data.
From the permeability data, information
is obtained on the flow of a gas through
the medium as a function of pressure. The
diffusion data reveal the interaction of the
two gas species.

A series of experiments was performed on
gingle pellets prepared from 7-alumina
powder impregnated with 0.25% by weight
platinum in the form of ehloroplatinic acid.
The powder was pressed into stainless steel
support rings using the apparatus shown
in Fig. 1. Both faces of the pellet were re-
moved to a depth of approximately 0.003



SINGLE PELLET REACTOR. 1.
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Fia. 1. Pelleting apparatus (1) ram, 0.371 in.
O. D. (2) O-ring groove (3) stainless steel support
ring 0376 in. O. D. (4) catalyst powder (5)
tapped for 0-80 screw (6) base.

inch in an attempt to minimize skin effects
resulting from contact with the pellet die.
After being heated at 300°C for 36 hr in
flowing hydrogen, each of the pellets
underwent a series of reaction experiments
as explained in Part II (7). The macro-
scopic properties of the pellets are given
in Table 1. Also listed is a special pellet,

TABLE 1
Macroscoric ProperTIES OF CariLyst PELLETS
Die pressure Thickness Density
Pellete (psig) (em) (g/ce)
A 11 000 0.665 1.17
B 11 000 0.653 1.21
C 55 000 0.528 1.44
D 11 000 0.546 1.23
E 11 000 0.747 1.1

e In all cases the pzllet diameter was 0.955 cm.

E, prepared from a mechanical mixture of
platinum black and y-alumina (1% by
weight platinum).

In the first set of experiments the per-
meability was measured with the apparatus
shown in Fig. 2. The flow rate of a pure
gas was measured as a function of the
pressure drop across the pellet and the
average pressure. The flow rate was meas-
ured with a bubble-type flow meter which
was capable of measuring rates between

197

approximately 1 ce/min and 50 ¢c/min with
an error less than 2%.

The theory requires that the flow rates
be extrapolated to the condition of zero
average pressure, As designed, the appa-
ratus could not be operated at average
pressures less than atmospheric pressure.
To provide sufficiently high average pres-
sures for accurate extrapolations and yet
maintain pressure drops within reasonable
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Fra. 2. Permeability apparatus (1) compressed
gag cylinder (2) two-stage regulator (3) thermo-
stated air bath (4) permeability cell (5) flow con-
strictor (6) bubble-type flow meter (7) pressure
taps (8) sample pellet.

limits, a porous plug was installed down-
stream of the sample pellet in several runs.
This second flow resistor decreased the
overall flow rate but increased the average
pressure in the sample pellet.

For Pellet B, permeabilities were deter-
mined at 55°C with argon, cyclopropane,
helium, hydrogen, nitrogen, and propane.
For the other pellets, measurements were
usually restricted to propane. Prior to each
run, the system was purged with the sam-
ple gas for at least 12 hr to ensure that no
impurities were present.

In a second series of experiments the
diffusion rate of a gas in a binary system
at constant total pressure was measured in
the apparatus shown in Fig. 3. Initially the
entire system was evacuated and then filled
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F1e. 3. Countercurrent diffusion apparatus (1)
reciprocating piston pump (2) ball check valves
(3) gas A inlet (4) diffusion cell (same as per-
meability cell of Fig. 2.) (5) gas B inlet (6)
bubble-type flow meter (7) to vacuum pump (8)
septum for syringe sampling,

with gas A. The piston pump recirculated
this gas past one face of the pellet at ap-
proximately 60 cc/sec. Gas B was then
flowed past the other face of the pellet. In
most runs the flow of B was 1 cc/sec as
measured by the bubble-type flow meter.
The diffusion rate was determined by tak-
ing 1-cc samples of the recirculating gas
at 10-min intervals with a Hamilton gas-
tight syringe. A Beckman GOC-2A gas
chromatograph was used to analyze the
concentration of gas B.*

The system was calibrated by the fol-
lowing technique: A known volume of gas
B was injected into the system with a
gyringe. After recirculating the gas for sev-
eral cycles, a 1-cc sample was withdrawn
and analyzed. The peak height of the
chromatogram could then be directly ecor-
related with the known volume of B. This
approach made it unnecessary to know the
exact total volume of the system. The
error in this calibration technique was less
than 2%.

The following gag pairs; A and B, re-
spectively, were studied: hydrogen and
propane, helium and propane, helium and
cyclopropane. In all of the runs the rate
of diffusion of A out of the system was
greater than that of B into the system. To

* Chromatograph conditions: Column; 18 ft X
14 inch 8.8. with 30% methoxyethyl adipate on
Chromosorb-P, 42/60 mesh, acid-washed; tem-
perature; 50°C; filament current: 270 mA; car-
rier gas: helium, approximately 40 cc/min (STP).
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maintain the diffusion cell at constant
pressure, it was necessary to add small
amounts of A periodically. The differential
pressure across the pellet was measured
with an oil-filled manometer. The recipro-
cating nature of the pump caused pressure
cycling of = 1 torr, but this did not have
any detectable effect on the diffusion rate.

THEORETICAL CONSIDERATIONS

The one-dimensional equation for the
flux of species A in a binary system through
a porous medium as derived by Evans,
Watson, and Mason (2) is

—Dap(dCa/dz) + xa(NA° + N3

0 =
Na 1 + (Dan/Dx.s)

(1
The superseript 0 in the above equation
implies that there is no D’Arcy flow re-
sulting from pressure gradients and no sur-
face flow or surface diffusion. It should be
stressed that the diffusivities used are ef-
fective quantities and depend not only on
the molecular species and temperature but
also on the particular geometrical pore
structure.
Equation (1) was modified by Gunn (1)
to account for D’Arcy flow as follows:

oP 1 dP

v R.T dz @)
where ¢,/p is the D’Arcy parameter (ecm?/
gec torr). The validity of this equation can
only be measured in terms of its ability to
describe experimental behavior. The fol-
lowing relationships are also available:

Nao=Na"4 24

xAP=PA
xBP=PB (3)
Zatas =1

From Egs. (1) and (2) for each component,
and Eq. (3), Gunn () derived the general
flux equation:

N, = [ —Dx ,aDag’ ] P
A (zsDk s + 2aDx B)P + Das’ | BT

X dra [ Dx 4 (Dg P + Dan”)
dz (zpDxr,a + 2aDx )P + Dag’

P | za dP
+ T] RT & P




SINGLE PELLET REACTOR. I.

where Dap’, = DasP. In order to use Eq.
(4), the numerical values of four effective
parameters are required: Dap’, Dx 4, Dk 3,
o/ ue

The Knudsen diffusion coefficient and
the D’Arcy flow parameter are found from
permeability experiments. The flow of a
pure gas through the pellet is measured as
a function of the average pressure within
the pellet and the pressure drop across the
pellet. For this case Eq. (4) reduces to

Co_13> L _dP,
u RgT dz

After integrating over the length of the
pellet, one obtains

NARgTL/APA = DK,A -l'- (C{)/y)PA (6)

According to Eq. (6), a straight line should
result if the term N R,TL/AP, is plotted
versus the average pressure. The intercept
at P == 0 is equal to the effective Knudsen
diffusion coefficient, and the slope is equal
to the effective D’Arcy flow parameter.

In many cases, only a single permeability
run is necessary. Values for the Knudsen
diffusion coefficient of any other gas result
from the relationship

Dx,; = ci(R T/ M) (7)

where M; is the molecular weight of species
7 and ¢;, the geometric factor. Therefore,

Drp = D a(Ma/Mp)'? ®)

Similarly, the D’Arcy flow parameters de-
pend only on the ratios of the gas

viscosities
M /B M1 M /A

The effective molecular diffusion co-
efficient, Dap, can be caleulated from the
rate of diffusion of gas A in gas B through
the porous medium at constant total pres-
sure. Equation (4) reduces to

Ny=— <DK,A + (5)

9)

N. = [ — Dx AaDan’ ] _i
A7 | @aDgs + 28Dga)P + Das’ | R, T
x Za (g

dz
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The integration of this equation over the
length of the pellet results in two solutions
depending on the relative values of Dga
and Dggp. If Dga=~Dxs, as is the case
for most gas pairs, the solution becomes

Dx A5’
NAR,TL = (——————K’A AB )
A% Drs — D))
% [(DK,B — Dx a)P2s(1) 4 D AP +5DAB°]
(Dx,p — D a)Pxa(0) 4+ D aP + Dap’
(11)
where z,(0) and 2,(1) are mole fractions

of A at the two faces of the pellet. If Dx s
= Dx s, the solution is

Dx 2Dap°P
ﬁﬁ;" [24(0) — za(1)]
(12)

NAR,TL =

Both of the above equations require the
value of Dg,s before the molecular diffu-
sivity can be calculated.

Discussion or Resunts

The experimental program had two fun-
damental purposes. The first was to test
the accuracy and consistency of the ex-
perimental permeability and diffusivity re-
sults. This was accomplished by deter-
mining the dependence of the Knudsen
diffusivity and the D’Arcy flow parameter
on certain molecular properties using a
series of gases with differing molecular
weights and viscosities and interpreting
these results in the theoretical framework
developed in the previous section. The
second aim was to evaluate the effective
parameters of several catalyst pellets for
the hydrogen-propane system. In Part II
a method is presented for determining the
effective diffusivities through these same
catalysts from reaction data for the hy-
drogenolysis of cyclopropane to propane.
Ultimately, the effective diffusivities cal-
culated from the physical data of this
section will be compared with those cal-
culated from the kinetic data of Part IL

Permeability Results

An example of a permeability run is
shown in Fig. 4. Sinee the apparatus could



200 BALDER

-

)]
[
{

(cm2/sec) x 102

)

NaRgTL
AP,
(&)
l
[

EN
l

I | | I
4 8 16

AVERAGE PRESSURE, forr x 107

W

RELATIVE FLUX,

20

(@]

i2
Py s

Fig. 4. Example of permeability run, propane
through Pellet D.

not be operated at average pressures less
than atmospheric pressure, a rather long
extrapolation is required to evaluate the
effective Knudsen diffusivity. In most cases,
there is very little scatter in the data so
that the best straight line through the
data is easily found by a numerical least-
squares procedure. Runs 7 and 22 listed in
Table 2 were performed on the same pellet
under identical conditions. The values of
the Knudsen diffusivity and D’Arcy pa-
rameter for these runs indicate that the
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slope and intercept are reproducible within
2%.

In an attempt to justify the ac-
curacy of the extrapolation, permeabilities
were measured for a series of gases having
different molecular weights. Equation (7)
predicts that the Knudsen diffusivity should
vary inversely with the square root of the
molecular weight. The results shown in Fig.
5 verify this dependence. The dependence
of the D’Arcy parameter on the gas vis-
cosity is also shown in Fig. 5. Ex-
cept for hydrogen, the data are reasonably
consistent,

A complete list of the permeability re-
sults is presented in Table 2. The similarity
between the effective parameters for pro-
pane and cyclopropane should be noted.
This information will be important in the
analysis of the reaction data in Part II.

Diffusion Results

The rate of diffusion is determined from
the rate of accumulation of hydrocarbon
in the recirculating gas. Experiments
showed that the diffusion rate of propane
is unaffected by the helium recirculation
rate or flow rate of propane past the pellet
face as long as one takes into account the
dilution of the propane flowing past the
pellet by the helium diffusing out of the

TABLE 2
PermuaBILITY RESULTS

T s Dx co/n
Run Gas °C) (centipoise X 102)  (cm2/sec X 102)  (cm?/sec torr X 108) Pellet
5 N, 25° — 3.57 1.10 A
6 H, 25° — 13.3 2.48 A
7 N, 55° 1.90 3.99 0.98 B
8 P 55° 0.894 3.31 1.84 B
9 H, 55° 0.945 14.0 2.48 B
10 Ar 55° 2.43 3.51 0.64 B
11 A 55° — 3.39 1.73 B
12 He 55° 2.09 10.7 0.96 B
13 P 35° 0.845 3.27 1.86 B
14 P 75° 0.943 3.20 1.84 B
15 N, 75° 1.98 4.14 0.90 B
16 N. 35° 1.81 3.82 0.94 B
17 P 55° — 3.50 1.87 D
20 P 55° — 1.34 0.271 C
21 P 45° —_ 4.77 2.52 E
22 N. 55° — 3.92 1.00 B
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Fia. 5. Molecular weight and viscosity depend-
ence of permeability data.

pellet (8). The helium flux is related to the
measured propane flux as follows:

Nuo/Np = (Mp/ Myl = 3.3

The following correction is applied to the
propane mole fraction at the pellet face:

zp(0) = (Q — Nu)/Q (14)

where @ is the total gas flow rate as meas-
ured by the bubble-type flow meter.

The results of the diffusion measurements
are given in Table 3. Each of the values
reported is the average of two separate
experiments. The maximum difference
between any two experiments is 3%. These
results are combined with the Knudsen
diffusivities to calculate the effective mo-
lecular diffusion coefficient, Dup®, for the
hydrogen-propane system using Eq. (11).
The values are given in Table 3 and are
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TABLE 3
DirrusioN RESULTS®
Np Dup?
T (cc/min, (cm?
Pellet Gas pair °C) zp(0) STP) atm/sec)
A H,, P 50 0.74 0.83 0.14
B H,, P 55 0.92 1.02 0.134
C H,, P 55 0.95 0.66 0.120
D H,, P 55 0.90 1.24 0.131
E H, P 45 0.92 1.05 0.111
B He, P 55 0.92 1.08 —
B He, C 55 0.92 1.13 —

o P, propane; C, cyclopropane.

approximately one-fourth of the free gas
diffusivity, 0.45 cm?/sec.

Conclusions

A rather simple experimental technique
has been developed to perform accurate
permeability and diffusivity measurements
on single catalyst pellets. From these ex-
periments, the effective parameters re-
quired in the mass flux equations for a
binary system were evaluated. The agree-
ment between the molecular weight de-
pendence of the Knudsen diffusivity and
kinetic theory and between the viscosity
dependence of the D’Arcy flow parameter
and experimental viscosities provided con-
fidence in the form of the flux equations,
the theoretical significance of the param-
eters, and the experimental results. Values
of these effective parameters for a series
of catalyst pellets form the basis for a com-
parison of mass transfer in reacting and
nonreacting systems.
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