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Modeling and simulation at different scales were used to study mass transport and
residence times of particles in nanostructured membranes with uniform cylindrical pores
of 10–150 nm diameter and up to 5 �m long. Analytical equations of the possible
mass-transport mechanisms inside the pores were used to determine that diffusion
dominates over convection under the conditions of interest for selective oxidation: 700 K
and pressure near atmospheric. Molecular dynamics simulations showed that surface
diffusion is present only at temperatures � 700 K. Knudsen diffusion was identified as the
dominant mechanism. Simulations based on its principles were performed using an
ensemble of particles in a boundary-driven simulation cell, providing the average number
of hits between a particle and the pore wall and the dependency of the residence time on
the pore dimensions. The differences between operating a nanostructured membrane
reactor in sweep-gas and pass-through modes were also investigated. © 2006 American
Institute of Chemical Engineers AIChE J, 52: 3679–3687, 2006
Keywords: catalysis, computer simulations (MC and MD), diffusion, multiscale modeling,
transport

Introduction

Mesoporous materials, which find widespread application in
catalysis,1,2 are typically used in powder or pellet form, such as
in a packed-bed reactor. Robust mesoporous membrane reac-
tors could find interesting applications and might have some
advantages over pellets. For example, membrane reactors can
enhance the selectivity and yield in networks of series and
parallel reactions.3 This article focuses on new, ultrauniform,
inorganic, nanostructured membranes, fabricated by a combi-
nation of anodic aluminum oxidation (AAO) and atomic layer
deposition (ALD).4 The combination of these two techniques
provides a flexible synthesis route to control the membrane
pore diameter and the structure and composition of the pore
walls.4 AAO allows the electrochemical production of mem-
branes with uniform cylindrical pores having diameters that

range from 20 to 200 nm and lengths between 0.5 and 200
�m.5,6 The pore diameter and wall composition can later be
tailored by placing layers of oxides (such as Al2O3, SiO2, and
TiO2) or other materials using ALD.7,8 Experimental results
using AAO/ALD membranes fabricated with different diame-
ters show improved selectivity toward the desired products in
the oxidative dehydrogenation of cyclohexane compared to a
conventional alumina powder catalyst at the same conversion.4

In the oxidation of hydrocarbons, both desired and undesired
reactions are exothermic and thermodynamically favored,
meaning that if the reactants and products are allowed to
remain in contact with the catalyst for sufficient time, total
oxidation products will be obtained. Therefore, to obtain the
desired partial oxidation products, thermodynamic equilibrium
must be avoided by kinetically isolating the reaction products
before the thermodynamically stable total oxidation products
can be formed.9 It is suspected that the short residence times
that can be achieved with the nanostructured membranes syn-
thesized by AAO and ALD play an important role in the
improved selectivity results reported recently.4 This synthesis
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route offers many possibilities to adjust and control the contact
between reagents and catalytic sites on the walls by selecting
the pore diameter, length, and composition. ALD should allow
the possibility of creating asymmetric pores, such as with
narrow entrances to control access and wide interiors to de-
crease mass-transfer resistance. The wall composition could be
designed to range from hydrophobic to hydrophilic, and it may
be possible to place catalytic sites or zones with precision along
the length of the channels.4

To fully take advantage of the possibilities offered by AAO/
ALD, it is necessary to understand the mass transport inside the
pores so that optimal pores for a particular application can be
designed. Modeling and simulation have proven useful in pre-
vious studies of transport in porous materials, with various
simulation techniques being commonly used, including equi-
librium molecular dynamics (EMD), nonequilibirum molecular
dynamics (NEMD), and dual control volume grand canonical
molecular dynamics (DCV-GCMD).10 These techniques have
been successfully applied to a variety of systems, including
many studies in zeolites.10,11 In a recent investigation of single-
walled carbon nanotubes,12 for example, pores up to 8.1 nm in
diameter were studied and the authors combined molecular
dynamics (MD) simulations with a theoretical approach to
evaluate the viscous contribution to the transport coefficient.13

The present work will address pores of up to 150 nm in
diameter, making it necessary to use various modeling and
simulation techniques to cover the range of relevant time and
length scales. The following sections will cover each of the
modeling approaches separately, presenting in turn the tech-
nique, its implementation, and the results obtained. First, a
review is presented of the mass-transport mechanisms of im-
portance in pores between 10 and 150 nm. We then use
analytical equations to assess the relative contributions of con-
vection and diffusion. Following this, molecular dynamics
simulations, performed to address the contribution of surface
diffusion, are discussed. The results obtained up to that point
will lead into the following section, where we present modeling
and simulations based on Knudsen diffusion to study residence
time and number and position of hits on the pore wall for a
particle traveling through it.

Mass Transport Mechanisms in Nanopores

Different mass-transport mechanisms are possible inside
pores, including convection, molecular diffusion, Knudsen dif-
fusion, and surface diffusion.14 These possible mechanisms are
illustrated in Figure 1 and discussed in the following para-
graphs.

Knudsen diffusion occurs when the mean free path of the
molecules becomes greater than the pore diameter, so that
collisions between a molecule and the pore wall occur more
frequently than intermolecular collisions. Thus, this type of
diffusion occurs in small pores or at low pressures. In Knudsen
diffusion the collisions with the walls are assumed to be dif-
fusive. That is, the speed and direction of the molecule leaving
the surface bear no relation to the incoming values. The Knud-
sen diffusivity (DK) in cylindrical pores can be calculated from
kinetic theory15:

DK �
2

3
r�8RT

�M
(1)

where r is the radius of a cylindrical pore, R is the universal gas
constant, T is the absolute temperature, and M is the molecular
weight of the diffusing molecule.

When the pore diameter is large relative to the mean free
path, collisions among molecules will occur far more fre-
quently than collisions between a molecule and the pore wall.
Under these conditions, the influence of the wall is minor, and
diffusion occurs by essentially the same mechanism as in the
bulk fluid and is called molecular diffusion. The molecular
diffusivity in a binary mixture (DM) can be calculated by the
Chapman–Enskog equation, which can be expressed as fol-
lows16,17:

DM �
3

8�2 �AB
2 �kT

p �� kT

m*��
0.5

(2)

where ��� is the mean molecular diameter [��� � (�� �
��)/2], k is Boltzmann’s constant, m* is related to the molec-
ular masses (1/m* � 1/mA �1/mB), and p is the pressure.

Molecular diffusion occurs when the collisions of molecules
with the pore wall are unimportant compared to molecular
collisions. Knudsen diffusion occurs under the opposite condi-
tions. There will exist a transition region where both types of
collisions are important. Pollard and Present18 showed that the
overall diffusivity (DK�M) can then be approximated as the
addition of the reciprocals of these two diffusivities:

1

DK�M
�

1

DK
�

1

DM
(3)

This form emphasizes that resistance to the motion of mole-
cules is serial and is caused by collisions with other gaseous
molecules and by collisions with the wall.19

In some cases, there may be a high concentration of mole-
cules adsorbed on the wall and they may exhibit mobility,
although the mobility is substantially less than that in the vapor
phase. Transport by movement of molecules over a surface is

Figure 1. Mass transport mechanisms in nanopores.
(a) Knudsen diffusion, (b) molecular diffusion, (c) surface
diffusion, (d) convective flow.
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known as surface diffusion. The fluxes through the gas phase
and the adsorbed phase are to a first approximation independent
and thus they are additive. The overall diffusivity will be given
by the sum of the pore and surface contributions, duly weighted
to take into account the difference in molecular densities be-
tween the adsorbed and vapor phases.17 Surface diffusion is an
activated process and its diffusivity (Dsurface) can be described
by an equation of the Arrhenius form19:

Dsurface � Dsurface,�exp��Es/RT	 (4)

where Dsurface,� is the surface diffusion coefficient at infinite
temperature and Es is the activation energy of the process.

If there is a difference in total pressure between the ends of
the pore, and under no slip conditions, there will be a bulk flow
in accordance with Poiseuille’s equation. This convection con-
tribution could be represented alternatively by an equivalent
Fickian diffusivity17:

DPoiseuille �
pr2

8�
(5)

where p is the average pressure and � is the viscosity, which
can be computed from kinetic theory. Because any such forced
flow operates in parallel with the diffusive flux, it is reasonable
to assume that this contribution is additive. Poiseuille flow
becomes more important as the pressure and the pore diameter
increase.17

The resultant diffusivity for a given component, incorporat-
ing the contributions from all the possible mass-transfer mech-
anisms (Dtotal), can be expressed as follows:

Dtotal �
1

1

DK
�

1

DM

� DPoiseuille � KDsurface (6)

where K is the dimensionless adsorption equilibrium constant
expressed in terms of pore volume (moles adsorbed per unit
pore volume/moles per unit volume in gas phase). Equation 6
stresses that these mass transport mechanisms could be present
for any system. Their relative values will determine which of
them dominates or whether their contributions are comparable
in creating a transition region.

In the next section these equations are applied to the dimen-
sions and conditions of typical AAO/ALD systems used in
selective catalytic oxidation to determine the importance of the
contributions of the different mass-transport mechanisms.

Convection vs. Diffusion

In this section the contributions of convection, Knudsen, and
molecular diffusion to the global mass transport coefficient are
compared to determine the dominant mechanism. A main ob-
jective is to identify whether the system is dominated by
convection or by diffusion because this will define the behavior
of the system and how the membrane should be operated.
Because of the difficulty in analytically predicting surface
diffusion coefficients, the role of this mechanism will be ad-
dressed in the next section through molecular dynamics simu-

lations. We expect that surface diffusion will be relatively
unimportant under the conditions for selective catalytic oxida-
tion (SCO), which is typically carried out at elevated temper-
atures (600–1200 K). The system examined was typical for
SCO and consisted of trace ethane in a nitrogen carrier stream
with a total average pressure ranging from 1 to 2 atm and a
temperature of 700 K. Using the equations presented in the
previous section, the contribution of Poiseuille flow to the total
mass transport coefficient is presented in Figure 2 as a function
of the average pressure and pore diameter for ethane in a
nitrogen carrier gas system. It shows that the major contribu-
tion to mass transport comes from the diffusive mechanisms
and not from convection, especially for pores �50 nm in
diameter, where 
90% of the transport arises from diffusion.
The relative contributions from Knudsen and molecular diffu-
sion can be compared by calculating the Knudsen number,
defined as the ratio between the mean free path and the pore
diameter.20 We find that the Knudsen mechanism dominates in
the entire region, although the contribution from molecular
diffusion becomes more important for the bigger pores and at
the higher pressures.

Figure 2 provides a good general idea about the dominant
mass-transport mechanism in the pores as the pore size and
pressure are varied. However, it assumed no contribution from
surface diffusion. Molecular dynamics simulations in the next
section confirm that this assumption is valid at these condi-
tions. The simulations may also help identify any other devi-
ations from the mechanisms considered here that may be
present in the system and could provide additional detail on the
contact of reagents and catalytic sites on the pore walls.

Molecular Dynamics Simulations

Diffusivities can be calculated through molecular dynamics
simulations by looking at a system in equilibrium,11 allowing a
system with a concentration gradient to relax,21,22 applying an
external field to simulate a chemical potential gradient,21-23 or
by constructing high- and low-concentration reservoirs on op-
posite sides of a transport zone.22,24-26 In this work a modified
version of the Music code27 was used to perform equilibrium
molecular dynamics to obtain the self-diffusivity of species
inside the pores. At the low loadings of interest, it should be

Figure 2. Convection contribution to the mass transport
coefficient for ethane in a nitrogen carrier gas
stream at 700 K as a function of pore diameter
and average pressure.
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expected that the self-diffusivity and Fickian diffusivities are
equal.11

To perform molecular dynamics simulations in the pores, it
is necessary to appropriately represent the alumina walls. A
straightforward approach would be to fully reproduce the con-
figuration of the walls with atomic detail. However, because of
the size of the pores this would involve an impractical number
of atoms and an unnecessarily expensive calculation. A sim-
plification usually introduced is to recognize that the oxygen
atoms are responsible for most of the interaction between the
walls and the diffusing molecules, as was done by Fernandes
and Gavalas28 for a silica pore and by Blas et al.29 for an
alumina pore. This assumption is also extremely common in
the zeolite literature.

Including only the oxygen atoms appreciably accelerates the
calculations, although the number of wall atoms is still too
large to achieve an efficient simulation for such large-diameter
pores. Thus, further simplifications need to be introduced.
Everett and Powl30 derived the following analytical expression
to represent the Lennard–Jones interaction between a molecule
and two parallel semi-infinite slabs, usually called the slit-pore
potential:

V�dc	 �
2

3
�n�sg�sg

3 � 2

15 �� �sg

Rp � dc
� 9

� � �sg

Rp � dc
� 9�

� �� �sg

Rp � dc
� 3

� � �sg

Rp � dc
� 3�� (7)

where n is the volumetric number density of atoms in the solid,
Rp is half the distance between the two parallel slabs, dc is the
distance between the particle and the midpoint between the two
slabs, and �sg and �sg are the Lennard–Jones parameters for the
solid–gas interactions. For larger cylindrical pores, this analyt-
ical expression can be used with Rp as the pore radius to obtain
values that are very close to that of the true cylindrical poten-
tial.28

Equation 7 integrates the potential over a smooth and regular
surface and thus the potential is not a function of the axial
coordinate z, but only of the distance to the wall. As a conse-
quence, no force is obtained in the axial direction from the
particle–wall interactions when it is used alone, and the rever-
sals in the axial velocity that are necessary to represent Knud-
sen diffusion are not captured. Fernandes and Gavalas28 rec-
ognized this problem and introduced “scattering centers,” that
is, clusters of particles placed on the surface of the analytical
potential whose number and size determine the frequency of
the velocity reversals. These centers are an additive contribu-
tion to the smooth slit-pore potential and create reversals in the
axial velocity.

Here we synthesized these ideas to develop a similar ap-
proach that resulted in a realistic representation of the alumina
pores. An explicit layer of the surface oxygen atoms of the wall
was added to the analytical potential. These atoms were added
by randomly placing them without overlapping in a shell 2 Å
thick with the desired internal diameter of the pore until the
reported31 density of oxygen ions in alumina, 0.052 ions/Å3,
was achieved. Ethane was treated as a sphere and the Lennard–
Jones parameters used for the ethane–alumina interaction were
�/k � 95 K and � � 3.403 Å as adjusted by Blas et al.29 for the

adsorption of ethane in alumina pores. The Lennard–Jones
parameters for ethane–ethane interactions were �/k � 104.15
K and � � 3.775 Å.29 A cutoff radius of 13 Å was applied for
all the potentials. The interaction between the wall and an
ethane molecule was compared when using a full representa-
tion of the wall and when the simplified representation (slit-
pore potential plus layer of explicit atoms) was used. Excellent
agreement between the potentials exerted by the two models
was observed for pores 
 10 nm in diameter, corroborating
that the slit-pore approximation is valid in large cylindrical
pores and that the proposed simplified model reproduces the
potential of the wall–molecule interaction very well.

Using the simplified model, molecular dynamics (MD) sim-
ulations were performed for ethane inside alumina nanopores
of diameters between 10 and 150 nm at a pressure of 0.25 atm
and temperatures of 700, 450, and 300 K. The conditions of the
simulations reflect a pressure that exceeds the expected typical
partial pressure of the reactant and a typical elevated temper-
ature (700 K) used to carry out SCO. Lower temperatures were
also included for comparison.

In the simulations, periodic boundary conditions were ap-
plied in all directions and a simulation cell containing the
compete cross section of one pore was used. The length of the
simulation cell ranged from a minimum of 27 Å for the
larger-pore diameters to 400 Å for the smallest diameter stud-
ied. (The cell was made longer to have enough particles in the
smaller-diameter pores.) The initial configurations for the MD
simulations were obtained from grand canonical Monte Carlo
simulations performed at the desired temperature and pressure.
The number of ethane molecules obtained ranged from 20 to
290. The MD simulations were equilibrated during 300 ps and
run for 3000 ps using a time step of 0.005 ps under canonical
(constant density and temperature) conditions. Constant tem-
perature was obtained by using the Gauss thermostating meth-
od.32 Finally, the mean square displacement was computed and
Einstein’s formula was used to calculate the self-diffusivity.

The self-diffusivities obtained from the MD simulations are
presented in Figure 3 along with the results from the analytical
equations, which include contributions only from Knudsen and

Figure 3. Self-diffusivity of ethane in alumina pores at
0.25 atm.
Lines are analytical results not including surface diffusion
calculated at 700 K ( ), 450 K (—), and 300 K (– – –). Points
are molecular dynamics simulations results at 700 K (E), 450
K (�), and 300 K (‚).
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molecular diffusion. At 700 K the agreement between the
theoretical and simulation values is excellent; this concordance
indicates that surface diffusion is not present in the system
under these conditions. However, as the temperature is low-
ered, the simulation results deviate from the theoretical results,
the deviation being more accentuated for the lowest tempera-
ture studied. To explore the origin of this deviation, the radial
density profiles were calculated in the simulations and the
normalized densities as a function of distance to the wall for
pores of 60 nm in diameter are presented in Figure 4. At 700 K
the radial profile inside the pore is flat, presenting no evidence
of adsorption on the pore walls and thus of surface diffusion.
For the lower temperatures a significant fraction of the particles
is preferentially adsorbed on the wall, indicating that surface
diffusion is present in the system and that it influences the
overall diffusivity.

These results lead to the conclusion that at elevated temper-
atures, where selective catalytic oxidation is carried out, sur-
face diffusion is not present in the pores studied; its influence
is noticeable only at much lower temperatures. Furthermore,
under the range of pore sizes and conditions of interest, Knud-
sen diffusion is the predominant mass-transport mechanism.
Based on this, in the following section we develop a simulation
method to study Knudsen diffusion in these pores.

Knudsen Dynamics Simulations

Knudsen diffusion is based on two concepts: first, that a
particle diffusing through the pore does not encounter other
particles and collides only with the wall; and second, that these
collisions are diffusive. Therefore, a simulation of a pure
Knudsen regime does not require calculation of the interactions
between the gas particles or between the pore wall and the gas
particles; consequently, the simulations are less computation-
ally intensive and will allow accessing longer time and length
scales than molecular dynamics. Simulations following this
idea have been performed for pores of different shapes33-36 and
roughness.37-39 In all of these works the particle trajectories
were considered one at a time, taking advantage of the lack of
interaction among particles. Here we perform the simulation

for an ensemble of particles to avoid the use of an equilibration
length,37-39 which could introduce an error in the results,40 and
also to allow the expansion of the model to study a multicom-
ponent mixture with catalyzed reactions in the future.

It should be noted that the assumption of pure diffusive
collisions between the particles and the wall might not be valid
for all systems. Recent simulation studies of diffusion in car-
bon nanotubes have found transport diffusivities that are orders
of magnitude faster than those observed in other nanoporous
materials.41,42 These high transport rates are a consequence of
the reflection from the carbon nanotube being nearly specu-
lar.12,43 In general, the nature of the collisions with the wall can
be described as partly diffusive and partly specular, the relative
contribution of each depending on the physical roughness of
the wall and the degree of attractiveness of the wall to the
fluid.44,45 In our case, the MD simulations were performed
without any assumption regarding the nature of the collisions
with the walls; the good agreement of their results with Knud-
sen diffusion indicates that in our system the collisions can be
described as purely diffusive.

The simulation cell is set up to resemble the experimental
conditions where a pressure drop exists across the pores. Fol-
lowing the scheme of the dual control volume grand canonical
molecular dynamics (DCV-GCMD) technique,22,24,25 high- and
low-pressure reservoirs are maintained on the extremes of the
pore as shown in Figure 5. Because the particles do not interact
with each other, the simulation is conducted by comparing the
times to collide with the wall of all the particles in the system
and determining the shortest time (�t) to the next collision.
Then all trajectories are advanced by �t. The particle that
collides with the wall is now assigned a new direction defined
by random polar and azimuthal angles corresponding to a
cosine distribution.46 If a particle reaches one of the extremes
of the simulation cell, it is deleted. All particles maintain the
average speed v� , calculated from kinetic theory:

v� � �8kT

�m
(8)

After this procedure is repeated for a number of collisions,
the simulation must be stopped to replenish the reservoirs.
Because the particles are treated like hard spheres, no interac-
tions need to be calculated and insertions or deletions are
performed in each reservoir until the specified pressure is
achieved. The insertions are done in random positions any-
where in the reservoir as long as there is no overlap with other
particles. The newly inserted particles are each assigned a
random travel direction. It was previously shown22 that DCV-
GCMD requires the addition of the streaming velocity calcu-
lated in the transport region of the simulation cell to the

Figure 5. Boundary-driven Knudsen simulation cell.
A flow is created between the high-pressure reservoir (left)
and the low-pressure reservoir (right). Insertions and deletions
maintain the pressure in the reservoirs.

Figure 4. Radial density profile for ethane in alumina
pores of 60 nm in diameter obtained from mo-
lecular dynamics simulations at 0.25 atm and
700 K ( ), 450 K (—), and 300 K (– – –).
Molecules shown in the inset are not drawn to scale. Densities
are normalized by dividing by the density at the center of the
pore.
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particles that are inserted in the reservoirs. To incorporate this
in our simulations, the streaming velocity calculated in the
transport region is used as the net average velocity in the
reservoirs when these are replenished, thus eliminating any
discontinuity at the borders between the different regions. To
minimize the time required to attain equilibrium, the simula-
tions are started by filling the transport section with a linear
concentration profile between the reservoirs. The flux is then
measured and monitored at seven planes distributed throughout
the transport section. The simulation is considered to achieve
steady state when the fluxes in all the planes converge to the
same value. The pores simulated had diameters between 10 and
70 nm and lengths from 0.05 to 5 �m. The length of the
reservoirs ranged from equal to the length of the transport zone
(short pores) to 10% of it (long pores). The simulated times
varied from 500 to 5000 ns, with the reservoirs being replen-
ished every 0.001 to 0.01 ns. Intervals of 0.01 to 0.1 ns were
used to calculate the streaming velocity. The number of trajec-
tories in each simulation was between 104 and 106.

From the simulations the diffusivity is calculated from
Fick’s law using the flux measured at the different planes and
the concentration gradient. The values obtained at different
pore diameters are presented in Figure 6. As expected, they
agree with those predicted by Eq. 1, verifying that the simula-
tions are performed correctly.

The Fickian diffusivity is given by the net flux in the pore;
it does not, however, provide information about the residence
time of the particles or about the location and number of
collisions between the particles and the wall. To observe these
quantities we need to study the individual trajectories of the
particles. Given that the collisions are diffusive, a fraction of
the particles entering the pore will exit through the same end
where they entered, whereas the rest will travel through the
whole length of the pore and leave it at the opposite end. The
ratio of the trajectories that reach the opposite end of the pore
to the number of trajectories that enter the pore is called the
transmission probability. Figure 7 shows good agreement be-
tween the values of this variable obtained from the simulation
and those calculated from Clausing.47 The values of the trans-
mission probability indicate that the particles enter the pore
multiple times before reaching the opposite end of the pore,
especially for larger values of the aspect ratio of pore length to

pore diameter (L/d). For this reason, results for the residence
times and number of hits are presented below for the two
distinct trajectories: those that reach the opposite end and those
that return to the initial end. In addition, it is interesting to
consider a particle that is allowed to reenter the starting end as
many times as needed to leave the membrane at the opposite
end.

Given the potential to place catalytic sites in particular
locations along the pore length by ALD and other techniques,
it is of interest to determine the distribution of molecule–wall
hits as a function of the distance to the entrance. This could
help in choosing the sections of the pore where the catalyst
should be located to optimize the contact between catalyst and
reactants. This information also contributes to the identification
of the differences achieved when operating the reactor in a
sweep-gas mode vs. operating in a pass-through mode, where
particles are removed only on the downstream side of the
membrane, as depicted in Figure 8. The distributions of the
average number of hits along a pore are shown in Figure 9 for
a pore of aspect ratio (L/d) equal to 10. Pores of other aspect
ratios have similar distributions, although the smaller the as-
pect ratio is, the more uniform the number of hits is along the
pore length (the slopes of the distributions are smaller). When
the reactor is operated in a sweep-gas mode, the relevant
distributions of hits are for trajectories that return to the starting
end of the pore, where they are removed by the retentate sweep
gas, and for trajectories that reach the opposite end, where they
are removed by the permeate sweep gas. The shapes of the two
distributions are very different. When the particles return to the

Figure 6. Ethane diffusivity from the boundary-driven
Knudsen simulations (E) and theoretical val-
ues (Eq. 1) (—) at 700 K.

Figure 7. Transmission probability obtained from Knud-
sen simulations (E) and from Eq. 44 in the work
of Clausing47 ( ) for pores of different aspect
ratios.

Figure 8. Possible operation modes for the membranes.
(a) Sweep-gas; (b) pass-through.
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starting end of the pore, the majority of the hits are located near
the entry point, decreasing sharply with the distance traveled
inside the pore. For individual trajectories that reach the oppo-
site end of the pore, the distribution of average hits is symmet-
ric, with the maximum located in the center of the pore. The
total average number of hits per trajectory is also important to
consider for catalytic purposes. In Figure 10 this quantity is
shown as a function of the aspect ratio for both types of
individual trajectories. It is observed that it scales with (L/d)1.79

for the trajectories that reach the opposite end and with (L/d)0.91

for those trajectories returning to the initial end.
If the reactor is operated in a pass-through mode, particles

are removed only when they reach the opposite end of the pore.
Then, the relevant distribution of hits will account not only for
the final trajectory that reached the opposite end of the pore but
also for all prior trajectories that returned to the initial end of
the membrane before the particle was able to reach the down-
stream side. The total number of hits will then be related to the

transmission probability of the membrane. Figure 9 shows that
the distribution of hits in this case has its maximum at the
entrance of the pore and decreases linearly with the distance
traveled. It can be appreciated that the total number of hits is
considerably higher than that for the previously mentioned
distributions. This is also observed in Figure 10, along with its
scaling with (L/d)1.86.

The residence time of particles inside the pore should be
proportional to the number of hits and the average distance
traveled between them and inversely proportional to the veloc-
ity of the particles. To investigate this relationship, Figure 11
shows the average residence time of individual trajectories
plotted against the product of the average number of hits and
the diameter of the pore, divided by the average velocity of the
particles. A good fit is obtained with a slope value close to one,
indicating that the average distance traveled between hits is
close to the diameter of the pore. It is worth mentioning that the
residence time of particles in the pores follows a distribution of
values. In the case of the individual trajectories that reach the
opposite end, it resembles a normal distribution but with a tail
expanded to longer times, as illustrated by Figure 12a. For
individual trajectories that return to the starting end of the pore,
the distribution has a peak at very short times and then a tail at
longer times, as shown in Figure 12b. The existence of this

Figure 9. Average number of hits on the wall per section
of a L/d � 10 pore for individual trajectories
that reach the opposite end of the pore (gray
bars), for those that return to the starting end
of the pore (black bars), and the total average
number of hits for particles recovered on the
downstream end of the membrane (open bars).

Figure 10. Average total number of hits on the wall as a
function of L/d for individual trajectories that
reach the opposite end of the pore (�), indi-
vidual trajectories that return to the starting
end of the pore (E), and the average total
number of hits for a particle recovered on the
downstream end of the membrane (‚).

Figure 11. Residence time as a function of the number
of hits, diameter of the pore, and average
speed for all individual trajectories.

Figure 12. Residence time distribution ( ), average res-
idence time (. . .), and most probable resi-
dence time (– – –) in a pore of L � 0.20 �m and
d � 30 nm for (a) individual trajectories that
reach the opposite end of the pore and (b)
individual trajectories that return to the start-
ing end of the pore.
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wide distribution of residence times and number of hits should
be kept in mind when designing catalytic membrane reactors
based on AAO/ALD materials.

Conclusions

The combination of AAO and ALD for membrane fabrica-
tion offers the possibility of controlling the geometry of mem-
brane reactors to regulate the residence time of particles inside
the pores. In this work AAO/ALD membranes were modeled
by use of a multiscale approach: analytical equations were used
to determine the role of convection, molecular dynamics sim-
ulations were carried out to determine the contribution of
surface diffusion, and Knudsen dynamics simulations were
executed to quantify the contact between the particles traveling
through the pore and the pore walls. It was found that Knudsen
diffusion is the dominant mass-transport mechanism under the
conditions of interest, that is, high temperature and low pres-
sure. In this regime, it was determined that if the membrane is
operated in a sweep-gas mode, particles traveling through the
pore that reach the opposite end are more likely to hit the wall
in the center of the pore, whereas the particles that return to the
initial end of the pore will likely more frequently hit the wall
near the entrance. If the membrane is operated in pass-through
mode, then all particles will more frequently hit the wall near
the entrance. The average number of hits per particle is higher
in the pass-through mode than in the sweep-gas mode. The
residence time was related to the number of hits and the
velocity of the particles, revealing that the average distance
traveled between hits is approximately the pore diameter. In
general, the number of hits and the residence times grow with
the aspect ratio (L/d) of the pore. These trends can be used as
guidelines for the placement of the catalyst within the pores to
optimize the contact between the catalyst and diffusing mole-
cules.
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