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Introduction

During the last two decades, molecular-based com-
puter simulations have provided the most satisfactory
basis for our understanding and interpretation of inho-
mogeneous fluids in restricted pore geometries. The
most widely employed model systems in these simula-
tion studies? have been slit, cylindrical, and spherical
pores. The only input information required in per-
forming machine experiments (computer simulations),
apart from some fixed initial parameters, is the descrip-
tion of interacting potentials for precisely defined sys-
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tems.

In many cases the molecular size exclusion of con-
fined fluids significantly influences hindered-diffusion
fluxes, particularly when the size of diffusing molecules
is commensurate with that of porous media®. One of the
major consequences recently observed in liquid-filled
micropores® is a severe reduction in solute diffusional
transport rates. For a simple pore model of nonadsorbing
solutes, continuum-mechanical approaches based on
hydrodynamic concepts allow the theoretical prediction
of equilibrium and transport properties*>.

In this study we investigate the hindered diffusion
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Fig. 1 Reduced axial pore diffusion coefficient as a function of
A: -} - MD results for specular refection; - ] - MD
results for diffuse reflection; — one-dimensional hard-
rod model,

Eq. (3); —-the continuum-mechanical model,
Eq. (4); —-- the empirical equation suggested by
Satterfield et al.¥

of hard-sphere fluids confined within a structureless
cylindrical hard-wall. As an intermediate between theory
and experiment, reliable and unambiguous results
obtained from molecular dynamics simulations essen-
tially represent "exact" experimental data. For this
reason, this approach will facilitate a direct comparison
with experimental and/or theoretical hindered-diffusion
results in the literature.

1. Computational Method

The molecular dynamics (MD) method evaluates
the trajectories of particles by soplving Newton's equa-
tions of motion numerically®. For systems of hard-
sphere fluids, collision equations can be simplified into
algebraic equations since all particles between collisions
move in straight lines at constant speed. The MD simu-
lations for pore fluids employed here were similar to
those for bulk hard-sphere fluids except in the treatment
of particle/pore wall collision at the confining cylindrical
hard-wall.

Two scattering conditions to adjust the particle/
pore wall momentum are investigated in this work: spec-

432

ular reflection and diffuse reflection. Both conditions
conserve the kinetic energy of the colliding particles in
the following manner. For specular reflection, the radial
velocity components are only changed during a collision
by means of elastic scattering. However, the axial com-
ponent of the particle velocity is the same before and
after the wall collision. For diffuse reflection, all the
post-collisional velocities are randomly assigned
according to the cosine law of diffuse scattering. The
resulting diffusion coefficients serve to illustrate the sen-
sitivity of the hindered-diffusion process to the nature of
the particle/pore wall interaction.

All simulations were conducted in a fundamental
pore cell containing 200 particles. Periodic boundary
conditions were imposed at both axial pore boundaries,
not only to minimize surface effects but also to approxi-
mate an infinite system. Typically, hard-sphere systems
are only marginally influenced by the finite system size
for a system of 100 particles or more in a fundamental
periodic cell®. In addition, initial configurations were
generated by randomly inserting particles into the cylin-
drical pore in order to assist in the equilibration of the
system. The initial velocities of the particles were ran-
domly chosen from the equilibrium Maxwell-Boltzmann
distribution function. Typically, each configuration was
aged, or equilibrated, for 100 collisions per particle
before accumulating the final ensemble averages of 2000
to 4000 collisions per particle. The intrapore diffusion
coefficients were calculated from integration of the
velocity autocorrelation functions and from the slope of
the mean-square displacement curves versus time.

2. Results and Discussion

The MD simulations were performed at a fixed
bulk concentration ng" = 0.5, where ng* = nzo® and o is
the hard-sphere diameter. The density condition
employed here is close to that corresponding to a liquid
phase. For comparison with the corresponding bulk-
phase diffusivity, the resulting pore diffusion coeffi-
cients are presented in the reduced form

D, = %

" (m
An improved expression, recently reported by Speedy?,
is used to calculate the bulk diffusion coefficients in Eq.

@:

D,,=ﬁ(l 2214 n(0.4-083 1)

(2)
where v denotes the average particle speed V(8kT/mm).
This equation is known to be accurate up to a density of
ng = 1.08.

The simulation results for the axial pore diffusivity
are illustrated in Fig. 1 over a wide range of the pore-
size ratio A = 0/d,,, where d, is the cylindrical pore diam-
eter. In the case of 1<0.4 for particle/pore wall specular
reflection conditions, the pore diffusion coefficients are
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Fig. 2 Reduced particle/particle collision frequency as a
function of 4

approximately equal to those in an external bulk phase.
For 0.2<A<0.4 the marginal downward trend is primarily
due to the increasing influence of hindrance in the pore
phase. Between A = 0.4 and A = 0.5 the pore fluid forms
a predominantly monolayer structure extending two par-
ticle diameters across the pore. Beyond A = 0.5 the
actual trajectories of the particles restricted in the cylin-
drical pores are changed from three-dimensional to
pseudo-one-dimensional behavior.

For A>0.5 the dynamic properties of pore fluids
can be assumed by the character of one-dimensional
fluids. The diffusion coefficient in the hard-rod model®
is exactly given by

Dyg =1/ (kT 127tm) [1_Tf6] (3)

where p and J are, respectively, the one-dimensional
density and finite size of hard-rod fluids. The solid curve
shown in this figure represents theoretical approxima-
tions predicted by this model. Although the pore diffu-
sion coefficient predicted by Eq. (3) is exact only in the
limit A—1, agreement with the simulation results for
specular reflection conditions is seen to be excellent.
Under these conditions the microscopic behavior of
hard-sphere fluids is much like that of hard-rod
dynamics.

In many situations, and particularly in experi-
mental studies of very fine pores®, a diffusing molecule
within pore-matrix solids is observed to be reflected
away in random directions except for the case of light
molecules (e.g., H, or He) in the ideal crystal cleavage
planes at low angles of incidence. In this sense, it is rea-
sonable to assume that conditions of diffuse reflection
from the pore walls are the more realistic modes of scat-
tering.

The MD results for diffuse reflection exhibit a sim-
ilar trend to those for specular reflection Short-term
memory of the pore fluid is also clearly apparent. How-
ever, severe hindrance effects are observed for diffuse
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Fig.3  Reduced particle/pore wall collision frequency as a
function of 4

reflection, and pore diffusion coefficients are reduced by
a factor of two or more compared with specular reflec-
tion. In the range 0.4<A<0.5 the diffusion coefficients
decrease sharply since the axial overtaking trajectories
are largely restricted by collision sequences. Conse-
quently, the resulting diffusion coefficients pass through
a minimum near A~0.5. For 2>0.5 the pore diffusivity
does not increase as rapidly as that for specular reflec-
tion due to backscattering effects in the plane of the pore
cross-section. In this case it is expected that the pore dif-
fusion coefficients will asymptotically approach zero in
the limit A—>1.

In Fig. 1 we also display the results obtained by an
approximation based on the continuum-mechanical
model for hindered diffusion of hard-sphere fluids:

1+0.5174,15}

&=1-1.4033,11 STTSE
+ 1.

Dy

C))

This theoretical expression corresponds to the drag cor-
rection factor obtained by Haberman and Sayer* for a
liquid drop of zero viscosity moving in a continuum
fluid inside a cylindrical tube. The simulation results are
in good agreement with the continuum-mechanical pre-
dictions in the range of A<0.5. Also shown in this figure
are results predicted by a simple empirical equation pro-
posed by Satterfield et al®, in which the logarithmic
values of pore-to-bulk diffusivity were found to be
inversely proportional to A. Even in relatively large pore
systems (1<0.4) it is observed that this empirical equa-
tion predicts a much greater degree of hindrance than the
results obtained from the MD simulations.

By expressing the experimental diffusion coeffi-
cients in reduced form, one can expect a partial cancella-
tion of the influence of attractive forces in real pore
systems. We are of the opinion that this may be the prin-
cipal cause for the low experimental values of pore dif-
fusion coefficients. Dispersion or polar interactions may
have impeded the diffusion process, although no adsorp-
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tion excess was observed. This is supported by MD sim-
ulation studies for a slit-shaped pore which showed that
the diffusion coefficients for a Lennard-Jones Fluid with
adsorbing walls'® are approximately 50% lower than the
corresponding diffusion coefficients for a hard-sphere
fluid!'?. This is indicative of the influence of attractive
interactions on the hindered-diffusion process.

Both particle/particle and particle/pore wall colli-
sion frequencies were also determined during the same
MD runs. The differences between the two scattering
modes of specular and diffuse reflection were found to
be negligible. In the case of particle/particle collisions,
the simulation results are scaled to the corresponding
collision frequencies occurring in the bulk hard-sphere
fluids:

* wP
a)p=6;

(&)

The collision frequency per particle in the bulk phase is
given by

wp=v2 no’nyvg(o) 6)

where the hard-sphere contact radial distribution func-
tion g(o) was evaluated using the Carnahan-Starling
equation'?,

The particle/pore wall collision frequency is
expressed as

(N

In this equation, wg represents the limiting collision fre-

quency in the Knudsen or free-flow regime, in which the

particle trajectories can be determined exclusively by

collisions with the pore walls. For a cylindrical pore at

this zero density limit nz"—0, one may find that
Wg=-, Y

In Figs. 2 and 3 the MD results of collision fre-
quencies are plotted as a function of A for particle/par-
ticle and particle/pore wall collisions respectively. In the
range 0.2<A<0.4, the particle/particle collision frequen-
cies are substantially lower than the bulk values, while
the particle/pore wall collision frequencies are higher
than those predicted in the Knudsen limit. In small-pore
systems the particle/particle collisions gradually become
rare, resulting in a monotonically decaying curve of col-
lision frequencies for A>0.5 (Fig. 2). In this case the par-
ticle/pore wall collision frequencies rapidly approach the
Knudsen limit (Fig. 3).

One of the most interesting features shown in these
figures is the peculiar peak observed in the range
0.4<A<0.5. As we increase A-values a weakly oscillatory
behavior starts to emerge due to the non-continuum
structural effects in the cylindrical pores. In this transi-
tion region, 'chattering’ collisions for particle/particle and
particle/pore wall in the plane of the pore cross-section
lead to a local maximum. The peak at A~0.45 corre-
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sponds to incipient close packing of the one-dimensional
fluid in the pore. As we decrease bulk concentrations,
this peak diminishes and eventually disappears in the
ideal gas limit nz"—0. At higher bulk concentrations,
however, the local maximum moves upward to the right
toward A—0.5. This result is attributed to the fact that
confined hard-sphere fluids in a cylindrical pore tend to
structural reordering in the vicinity of the pore wall even
though the energetic interactions considered here are
only steric exclusions.

Conclusion

In the present work we have reported MD results
for system of confined hard-sphere fluids within struc-
tureless cylindrical pores. For A<0.4 the simulation
results of intrapore diffusion coefficients are in good
agreement with the continuum-mechanical predictions.
Furthermore, in the case of A>0.5 it may be assumed that
the hard-rod model can provide a reasonable approxima-
tion of the diffusive motion of particles. Under these
conditions the dynamic properties of hard-sphere fluids
in cylindrical pores are related to those for systems of
one-dimensional hard-rod fluids. It would be of interest
to extent the study to more realistic pore systems in
order to verify a number of the conclusions observed in
our MD simulations.
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Nomenclature

d, = cylindrical pore diameter [m]

D = diffusion coefficient [m?/s]

g(o) = radial distribution function at the contact point [-]

k = Boltzmann constant

m = particle mass 1¢4]

ng = number density in the bulk phase [particles/m?]

v = molecular mean speed [m/s]

T = absolute temperature [K]

6 = hard-rod particle size [m]

A = pore-size ratio [-]

P density of hard-rod fluid [particles/m]

o = hard-sphere particle diamerter [m]

Wp Wy = particle/particle and particle/pore wall collision
frquencies [collisions/s]

<Subscripts>

B = bulk phase

HR = hard-rod model

K = Knudsen limit

P = pore phase

<Superscripts>

* = reduced quantity
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