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Transition from Knudsen to molecular diffusion in activity of absorbing irregular interfaces
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We investigate through molecular dynamics the transition from Knudsen to molecular diffusion transport
towards two-dimensional absorbing interfaces with irregular geometry. Our results indicate that the length of
the active zone decreases continuously with density from the Knudsen to the molecular diffusion regime. In the
limit where molecular diffusion dominates, we find that this length approaches a constant value of the order of
the system size, in agreement with theoretical predictions for Laplacian transport in irregular geometries.
Finally, we show that all these features can be qualitatively described in terms of a simple random-walk model
of the diffusion process.
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[. INTRODUCTION which the collisions among molecules are less frequent than
the collisions between the molecules and the catalytic sur-
The problem of Laplacian transport towards irregular surface [6,7]. The molecular mean free path therefore consti-
faces represents an important subject of research in mariytes a lower cutoff for the validity of the molecular diffusion
fields of technological relevance including heterogeneous cedescription. In a recent study.2], it has been shown ana-
talysis, heat transfer, and electrochemistry. In the particulab/tically and through numerical simulations that the surface
case of catalysis, the role of the local surface morphology aioughness can have a significant effect on self-diffusion of
the pore level on the global diffusion-reaction efficiency of 9ases in nanoporous media in the Knudsen regime.
the catalyst had been a subject of great interest in the past The aim of this paper is to study the transition in activity
years[1-5]. Fractal concepts have been used to model comef an irregular absorbing interface when the mechanism of
plex surface roughness in the study of Knudsen diffusion irmass transport changes from Knudsen to molecular diffu-
irregular reactive poregs,7] including catalyst supports and Sion. Our approach is to use a nonequilibrium molecular dy-
adsorbent$8]. namics(NMD) technique in order to simulate a nonuniform
Another interesting point on the subject refers to the proband steady-state profile of reagent concentration between two
lem of the nonuniform accessibility of active sites locatedactive interfaces with an arbitrarily given roughness. This
along an irregular reactive surface. If the system is diffusiorfesembles more closely with the experimental conditions fre-
controlled, these so-calletreeningeffects may cause a dra- duently used in diffusion-reaction measurements.
matic reduction on the reactivity of the catalyst surface, as
compared to the reactivity solely due to the intrinsic chemi- 1. NMD MODEL
cal reaction mechanisifi.e., the activity of the nominal sur-
face. The extensive research developed in this field has been Here we adopt the NMD method that has been originally
mainly devoted to the introduction, calculation, and applica-proposed for the study of self-diffusion in pure fluid3].
tion of the concept ofictive zondn the Laplacian transport The technique is entirely based on the standard molecular
to and across irregular interfacd®,10. For example, dynamics(MD) at equilibrium, but includes a special scheme
through the coarse-graining method proposed in ffitis  to identify and exchangibeledandunlabeledparticles dur-
possible to determine the flux through an arbitrarily irregularing the simulation.
surface from its geometry alone, avoiding the solution of the The MD part of the simulation consists of a two-
Laplace problem within a complex boundary domain. Moredimensional cell of sizé,| X LI containingN identical par-
recently, it has been shown that this technique provides corticles that interact through the Lennard-Jones potential
sistent predictions for the activity of catalyst surfaf#s]. O (Arj))=4€[(alArij)*?=(alAr;j)®], where Ary; is the
All these studies dealing with an active zone in Laplaciandistance between the particlésand j, € is the minimum
fields rely on the implicit assumption that molecular diffu- energy, o is the zero of the potential, and we uskr
sion is the governing mechanism of mass transport. Such ar 5.86. Periodic boundary conditions are applied in both the
approximation, however, can only be locally valid inside of x andy directions. Distance, energy, and time are measured
the void space between the fins or the extended protrusioris units of o, €, and mo?/ €)Y, respectively, and the equa-
of an irregular surface if the mean free path of the diffusingtions of motion are numerically integrated using the Verlet
molecules is sufficiently smaller than the width of these ir-algorithm[14]. In all the simulations we performed, the rela-
regularities. For example, Knudsen diffusion may becomdive fluctuation around the average of the total energy of the
the dominant mechanism of mass transport determining theystem has always been smaller than .0
reactivity of the system if the reagent is a diluted gas for After thermalization, two identical irregular interfaces of
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FIG. 1. Schematic representation of the NMD diffusion cell. o
The absorbing interfaces are square Koch trees. Also shown in thie ¢+ ______________ g__ﬂ__ﬁ__g__g__
figure is the dependence of the local number fractioof labeled o5 | j
(full circles) and unlabeledempty circle$ particles on the positon | __ __ _ _ _ __ __ _ _ _ _ _ _ _ _ ________
along thex direction in the cell. In the case of the random-walk
model, particles are released from randppositions at the dashed 200 0 0'1 0'2 0'3 0'4 0'5
line in the center. ' ' ' p '

sizeLl and perimetet ;| are symmetrically placed into the ~ FIG. 2. Dependence of the active length on the reduced
system to simulate the roughness geometry of an absorbirgensity of the NMD cell p=p* o2, wherep* is the density for a
material (see Fig. 1 At this point, the nonequilibrium dy- fixed temperaturd =1.25. The average values with error bars refer
namics is put forward through the following schemiB:half  to simulations with five different realizations of the NMD process.
of the particles in the MD cell are randomly selected to carryThe horizontal dashed line at the top corresponds to the system size
alabel, while the other half is lefunlabeled (2) every time  L,=27 while the one at the bottom indicates the value of the active
a labeled(unlabeled particle crosses the interface at right length obtained from the simulation with the Laplacian dejl

(left) moving in theéx(—éx) direction, it becomes unlabeled =22.9. The inset shows the pgir-correlation function calculated at
(labeled, and (3) when reinjected from the rightleft) the same t(_emperature for a dilutp=£0.025) and a more dense
through the periodic boundaries in theaxis, the unlabeled (P=0-5) fluid

(labeled particle becomes a labele@nlabeled one. Al-  time of the active length for any NMD realization reveals
though the particles are indistinguishable in terms of theithat, after a transient period, the system reaches a stationary
masses and interaction potentials, this labeling techniqustate characterized by an average valué pthat is repre-
naturally builds concentration gradients for both “species”sentative of the flux distribution. As shown in Fig. 2, the
that gradually develop to reach a desired nonuniform steadyctive length decreases sharply wjtHor low density sys-
state. In Fig. 1 we show the resulting stationary profilessems atT=1.25, up to a point where it remains constant at
along thex coordinate of the number fraction=n,/(n; | ~27. The results of the simulations performed at a higher
+ny) and 6,=1-6,, wheren, andn, are the number of temperatureT=3.33, show that the behavior of the active
labeled and unlabeled particles, respectively, inside a verticangth remains nearly the same, at least within the range of
slice of fixed length in the system. From this point on, duringdensities considered here.

the simulation, at each time step we keep updating the num- The decrease with density of the active lengthreflects
bern; of particles being “absorbed” by the elemenof the  the transition from Knudsen to molecular diffusion in the
interface in order to compute its local mass flyx=n;/At,  distribution of activity at the interface. Because the mean
whereAt is the elapsed time after the steady state has beefiee path of the particles for smallvalues is larger than the
established. Here we measure the efficiency of the interfacemaller length scalkof the irregular interface, the activity is

in terms of the active length, defined ag15] highly sensitive to geometrical constraints in the Knudsen
L regime. As shown in the inset of Fig. 2, the difference in the
L El/zp 62 (1=L,<L,) (1) behavior of the pair-correlation function for dilute and more

a =7 a--ph dense fluids indicates that the simulated system undergoes

noticeable structural modifications asncreases.

where the sum is over the total number of interface elements At higher densities, the invariant behaviorlof is a con-

Ly, and¢;=q;/Zq; is the normalized mass flux of element sequence of molecular diffusion and can be explained in
i. From the definitior(1), L =L, indicates a limiting state of terms of an interesting theorem given by Makafd®] to
equal partition of fluxesg;=1/L ,, Vi) wheread_, of order  describe the properties of Laplacian fields on two-
Ly should correspond to the case of a strongly “localized” dimensional interfaces of arbitrary shape subjected to Dirich-
flux distribution. let boundary conditions. The theorem states thatinforma-

Based on this NMD method, we performed simulationstion dimension of the harmonic measure on a singly

for five distinct initial configurations of the dynamical sys- connected interface in=2 is exactly equal to 1whered
tem, different values of the reduced temperatliyeand re-  represents dimension. In terms of activity, this means that,
duced densities in the range 0.62pb<0.5, corresponding to regardless the shape of the interface, the total lehgtiof
systems withN=1250-25000 particles. The evolution with the region where most of the activity takes place should be of
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the order of the sizé& of the cell under a dilation transfor- 40 T - - - - T
mation (see Ref[15] for a detailed discussion of the active . * ' '
zone concept Translating to our diffusion cell, where square .
Koch trees of third generation are the absorbing interfaces . L I i
the theorem of Makarov predicts that the valud_gfshould B r .| *.

be close to the size, =27 in good agreement with the NMD ®* T Segg———
limit obtained for high densities. ° e —————— —

L, 5 10

Ill. CONTINUUM AND RANDOM-WALK DESCRIPTIONS

One can compute directly the length of the active zone for | e T
the two-dimensional continuum Laplacian problem which 25 + d -
represents steady-state molecular diffusj@id]. Numerical
solutions of the Laplace equati®*C=0 for the concentra-
tion field C inside the diffusion cell are obtained here
through numerical discretization by means of finite differ- 20 505 ""02 o6 08 10 12 14
ences. For this, a constant unitary concentration is imposet &
at the source lineGy=1) and Dirichlet boundary conditions
(C=0) are assigned to each elementary unit of the interface. FIG. 3. Dependence on the random-walk paraméterf the
Due to the symmetry with respect to the source line only theactive lengthL, of the irregular interface for the random-walk
concentration field in half of the domain needs to be calcumodel. The horizontal dashed line at the top corresponds to the
lated. The calculated value for the active length of the purelypystem sizeL., =27, while the one at the bottom gives the active
Laplacian cell is found to be,=22.9, which is compatible length of the Laplacian cella=_ 22.9. The sgml-lpg plot in the inset
with the prediction of the Makarov theorely~ Ly. shqws that_, decays.app.roxmately logarithmically within the

Now we show that a simple random-walk model of the "€9ime of Knudsen diffusion.

diffusion-absorption process can provide a consistent quali-. .
tative description of the behavior observed in the NMDFIg' 4, the normalized fluxes at each wall element generated

simulations. Adopting the same geometry, a particle is re1‘rom the continuum and random-walk methods are almost

leased from a random position in the center line. The walke'rnd'St'ngu'Shable' Compared to the lower limit of the

travels through the medium taking steps of random direc_random-walk model ,~24 the higher value found for the

tions, but at a constant lengkh till it crosses one of the wall active 'ef‘gth W'th the NMD technique Is,~27, which can .
%e explained in terms of the structural features and collective

elements of the irregular interface and gets absorbed. Thb . ; ; . . .
. . : ehavior of the simulated fluid. As shown in the inset of Fig.
flux at this element is then updated and the active lebgth 2, the role of the attractive part of the interaction potential is

of the interface is recalculated. For a fixed value of the steQ ind h K of sh lation. Th
length\, the simulation goes on with particles being sequen-0 Induce a smooth peak of short-range correlation. The pres-
) . . ence of clusters is also a structural aspect of the many-
tially released and absorbed, till the active length reaches an
average value that is approximately constant. This value is
usually obtained with less than 1 @articles launched in the
system. In Fig. 3 we show the dependence on the paramete
&=(a/\) of the averagd., computed for the third genera-
tion of the square Koch tree. For a two-dimensional gas, 192 }
can be interpreted as the mean free path, which is inversel
proportional to the surface density of the systaml/p. [0
Similarly to the NMD simulations, two distinct regimes of
activity can be clearly identified and directly related to the 10° f L 3
different governing mechanisms of mass transport, namely
Knudsen and molecular diffusion. At low values éf the
decrease dof , reflects the strong influence on the mass trans- ___, 9
port process of the irregular geometry of the interface. The
semilog plot shown in the inset of Fig. 3 indicates that this '
decay in activity characterizing the Knudsen regime is ap-
proximately logarithmic in shape. 10° ! ! ! !

At sufficiently large values of, the lengthL , reaches a 0 25 0 ., 75 100 125

L o : : e wall index

plateau of minimum activity that is practically coincident
with the value of the active length found for the Laplacian  FiG. 4. Distribution of the logarithm of the normalized fluxes
cell L,=22.9(see dashed line at the bottom in Fig. Bis  crossing the wall elements along the absorbing irregular interface.
important to show that these two approaches to the problemhe dashed line corresponds to a random-walk simulation per-
provide consistent results for denser systems, even at thfermed with£=0.63, and the solid line is the distribution resulting
local scale of the interface geometry. Indeed, as displayed iftom the numerical simulation with a Laplacian cell.
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particle systems that can be simulated with the NMD techieast semi-quantitatively, the behavior of the active length for
nigue and might influence the measure of active length. As different diffusion regimes. This model provides substantial
future work, we will perform computational simulations over insight on the effect of the diffusion mechanism on the inter-
a wide range of temperatures and for different forms of th€face activity and has the virtue of being computationally
interacting potential. This will provide a more complete pic- cheap. Finally, the approach introduced here is flexible
ture of the interplay between the physicochemical attributegnough to represent specific characteristics of irregular inter-
of the diffusing fluid and the activity of the absorbing inter- faces as well as other types of “absorption” mechanisms
face. (e.g., finite-rate chemical reactiondimited by diffusion
transport. As a consequence, the implications of this study
are certainly relevant for the analysis and interpretation of
) diffusion and reaction processes occurring in a large variety
In conclusion, we have shown through molecular dynamy catalyst materials. The modeling techniques we adopted
ics simulations that the active fraction of an irregular absorbspoyid also be useful as design tools to choose a suitable

ing interface should be sensitive t6) its geometrical de-  catalytic interface for a given reaction-diffusion system.
tails, (ii) the governing mechanism of transport, did the

s_tructural aspects of thg diffusing fluid. In partipular, t_he ac- ACKNOWLEDGMENTS
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