Macropore and Micropore Effective Diffusion
Coefficients from Dynamic Single-Pellet

Experiments

In many catalytic and noncatalytic gas-solid reactions, the
solid possesses a bidisperse pore structure. For such systems, the
observed reaction rate depends on the rates of diffusion of reac-
tants and products both in the macro- and micropore regions, as
well as on the reaction rate (Ors and Dogu, 1979). In catalyst
pellets, which are formed by compacting fine microporous par-
ticles, macropores are formed between the agglomerated par-
ticles. A similar pore structure was observed for activated soda
pellets (Dogu et al., 1986) used for the removal of SO, from flue
gas. The differential pore size distribution curve for soda pellet
activated at 200°C is shown in Figure 1.

Hashimoto and Smith (1974), and Haynes and Sarma (1973)
suggested chromatographic methods for the determination of
macro- and micropore effective diffusivities in a bidisperse po-
rous solid. In these methods the response peak to an injected
pulse of tracer was influenced by axial dispersion and interpellet
rate parameters as well as intraparticle rate parameters. With
the single-pellet moment method, which was used for the evalu-
ation of effective diffusion coefficients in monodisperse porous
catalysts (Dogu and Smith, 1975), interparticle transport ef-
fects were eliminated and intraparticle rate parameters could in
principle be evaluated more effectively. The method was later
used for the analysis of adsorption on bidisperse porous catalysts
(Dogu and Ercan, 1983).

In the present work, it was illustrated that both macro- and
micropore diffusion coefficients could be determined accurately
and quickly from two sets of single-pellet experiments carried
out with pellets of identical physical properties but of different
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iengths. A schematic diagram of the apparatus is shown in Fig-
ure 2; details of the experimental system are reported elsewhere
(Dogu and Smith, 1975, 1976). The method was applied for the
evaluation of diffusion coefficients of an inert tracer (nitrogen in
helium) in activated soda pellets. A pulse of nitrogen tracer was
injected into the carrier gas (helium) flowing past the upper face
of a cylindrical soda pellet. The response peak was measured at
the outlet of the lower stream carrier gas (helium). Experimen-
tal values of the first absolute and second central moments were
then determined from the observed response peaks.

For a bidisperse porous solid, first absolute and second central
moment expressions were reported by Hashimoto et al. (1976).
The rearranged form of the second central moment expression
for an inert tracer is:
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For large values of the lower stream flow rate, the limiting forms
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Figure 1. Differential pore size distribution curve for an
activated soda pellet (Keskin, 1985).

of first obsolute moment (u,) and second central moment (u})
expressions become:
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Experimental

Soda pellets were prepared by compressing sodium bicarbon-
ate powder (99.7% pure) in a cylindrical stainless steel mold.
The powder was moistened by keeping it in contact with satu-
rated air in a closed vessel at 40°C prior to the pelleting process.
Pellets were placed into the diffusion cell and were activated at
473 K for 2 h while both upper and lower carrier gas streams
were flowing at a rate of 3.33 cm?®/s. As a result of this heating
process, sodium bicarbonate was decomposed and micropores
were formed within the activated soda (Na,CQ;) particles. The
average diameter of the particles was determined from electron
microscope photographs as 8.4 x 107° m (Keskin, 1985). A
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Figure 2. Experimental system.
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30,000 psi (206.7 MPa) mercury intrusion porosimeter was used
to determine the pore size distribution of pellets. Pores smaller
than 0.26 micron in radius were considered to be micropores.
This corresponds to the minimum in the pore size distribution,
Figure 1.

Experimental moment values contain contributions from
lower and upper dead volumes. Correct evaluation of the diffu-
sion coefficients from the moment analysis requires the elimina-
tion of these factors. For this purpose, pulse-response experi-
ments were carried out for two pellets of different lengths but
with the same porosity. By analyzing the difference between the
moments for the two pellets, more accurate values for the
macro- and micropore diffusion coefficients were evaluated.

During the pulse-response experiments the pressure was
maintained constant at both sides of the pellet. The flow rate of
the upper stream was maintained at 5 cm®/s while the flow rate
of the lower carrier gas stream was changed. Pulse-response
experiments were conducted at 200°C and atmospheric pres-
sure. The experimental first absolute moment values for two pel-
lets of different lengths but identical physical properties (micro-
porosity 0.38, total porosity 0.47) and the difference of the
moments are given in Figure 3. The second moment values for
the same pellet pair are given in Figure 4.

Macropore and Micropore Diffusivities
The macropore diffusion coefficient was evaluated from the

difference of the infinite flow rate first moment values. For this
analysis, Eq. 2 was rearranged:
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On the other hand, the micropore diffusion coefficient was eval-
uated from the difference of infinite flow rate limits of second
central moment values:
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This equation was derived from Egs. 3 and 4. The results of this
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Figure 3. First absolute moment values of N, tracer for

pellets of different lengths.
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Figure 4. Second central moment values of N, tracer for

pellets of different lengths.
€, =0.47;¢=0.38

analysis for two pellet pairs of different porosities are reported in
Table 1.

In this analysis the nitrogen tracer is considered to be an inert
tracer. A similar assumption was also made by Dogu et al.
(1986). The surface area of the activated soda used is relatively
small (about 5 x 10* cm?/g by mercury intrusion porosimeter
measurement) and the reversible adsorption of N, is negligibly
small at 200°C. In fact, the preliminary experiments conducted
with helium tracer in nitrogen carrier gas gave approximately
the same tortuosity factor value as the experimental result
obtained with nitrogen tracer in helium,.

The macropore and micropore effective diffusion coefficients
evaluated from the high flow rate limits of first absolute and sec-
ond central moments, using Eqgs. 4 and 5, were then used to pre-
dict values of Ay, and Ay}, from Eq. 1, at different flow rates.
The predicted curves and the experimental values show very
good agreement, Figures 3 and 4.

The results in Table 1 show that the effective macropore dif-
fusivity of pellet B was about three times larger than that of pel-
let A. On the other hand, the effective micropore diffusivity val-
ues were close to each other. The order of magnitude of D; is in
the range of effective micropore diffusivities reported in the lit-
erature. Both the total porosity and the macroporosity of pellet
B are larger than the values for pellet A. The effective macro-
pore diffusivity is expected to increase with macropore porosity.
Experimental results are in agreement with this prediction. The
ratio ¢/(1 — ¢,) is about the same for both pellets. This ratio
corresponds to the porosity of the particles, and the effective
micropore diffusivity is expected to be proportional to this ratio.
All these results indicate that effective macro- and micropore
diffusivities can be evaluated quickly and accurately following
the experimental procedure outlined here.
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Table 1. Macropore and Micropore Effective Diffusivities

from Moment Analysis

Pellet A Pellet B
Total porosity, €p 0.47 0.71
Microporosity, ¢; 0.38 0.22
Macroporosity, ¢, 0.09 0.49
Macropore eff. diffus., D,, cm?/s 0.15 0.48
Micropore eff. diffus., D;, cm?/s 1.5x 10°¢ 1.2 x 107¢

Notation

A = cross-sectional area of pellet
C, = concentration in macropores
C,; = concentration in micropores
D, = effective macropore diffusivity
D; = effective micropore diffusivity
F = lower stream flow rate
L = length of the pellet
m, = nth moment about origin
M = strength of input pulse
r, = average particle radius of soda particles
t = time

Greek letters

¢, = total porosity of pellet

€, = MACropore porosity

€; = micropore porosity

u; = first absolute moment

infinite flow rate limit of g,

Ap,., = difference of u,,, values for two pellets of different lengths
second central moment

.. = infinite flow rate limit of p3,,

A, = difference of uj. values for two pellets of different lengths
4(t) = Dirac delta function
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