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Diffusion of fluids in disordered pore matrices

J.E. Alarcon and H. Dominguez
Instituto de Investigaciones en Materiales, UNAM,
04510 Mexico, D.F,,
e-mail: hectordc@servidor.unam.mx

Recibido el 25 de noviembre de 2005; aceptado el 9 de febrero de 2006

Diffusion of different fluids was studied in disordered pore matrices by computer simulations. The matrices were formed using zeo
parameters with two distinct methods. In the first method, the matrix was prepared from a set of particles with a fixed density and, a
equilibration, the matrix structure was taken from the last configuration of the particles. In the second method, the porous matrix was prep
from a binary mixture where the first and the second components are particles of a template material and the matrix, respectively. The
matrix structure was obtained by removing the template particles from the equilibrated mixture. Therefore we were able to investigate
behavior of the diffusion of Ar, Kr, an€O-, fluids as a function of the matrix preparation method. The results show that, when matrices
were prepared without a template, the diffusion is higher than in matrices prepared with a template. This can be explained in terms of
cavities formed in the matrices when they were prepared.
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En este aftulo se estudia el coeficiente de difusipara diferentes fluidos en matrices porosas desordenadas usando simulaciones f
computadora. Las matrices fueron preparadas usandmp#nos de una zeolita con dog&todos distintos. En el primeratodo, la matriz

se prepara con un conjunto de fieutas a una densidad fija y, de§sude equilibrar el sistema la estructura, de la matriz se tomaldtnta
configuracon. El segundo &todo utiliza una mezcla binaria donde un componente softplas de un substrato y el segundo componente
son pariculas de la matriz. La estructura de la matriz se toma dessga equilibrar el sistema y de quitar las fgatas del substrato. As
entonces, se investiga el coeficiente de ddogle los fluidos de Ar, Kr, an@0O2 como funcon del nétodo de preparain de la matriz. Los
resultados muestran que la difoisies mayor en las matrices preparadas sin un substrato. Estos resultados se pueden eréemigosen t
de las cavidades que se forman en las matrices al momento de prepararse.

Descriptores: Difusion; estructura de poros; porosidad; simulaciones por computadora.

PACS: 61.25.-f; 61.43.Bn; 61.43.Gt

1. Introduction tributions, flow through matrices [11], porosity and adsorp-
tion in porous matrices [12, 13].
Understanding the behavior of fluids confined in small pores  Of particular interest is the study of the diffusion of fluids
has been the subject of much interest over the last yearfaside the porous cavities. These studies have been carried
These studies have been motivated not only for their scientifigut with several experimental techniques [14] and using also
importance but also for their practical applications in heteroseveral computational methods [8,15,16]. From macroscopic
geneous catalysis, petroleum recovery, membrane separatigfeasurements, the diffusion coefficient can be obtained with
processes, etc. the help of Fick’s law. From the microscopic point of view,
The most common pore models used have ranged frorane can measure the mean square displacement of the parti-
simple geometries such as slit pores [1] or cylindricalcles and, by using Einstein’s relations, the diffusion coeffi-
pores [2], to more complex structures such as disordered maient is calculated. On the other hand, there are also models
trices [3]. In particular, one popular model for disordereddeveloped from lattice theory to study diffusion of fluids in
matrices is that consisting of a system of quenched partizeolites and other nanoporous materials [17]; in the case of
cles, usually in an equilibrium configuration [3-5]. However, 2D, some computer simulations of lattice gas have also been
a new method inspired by the actual formation process hagerformed [18].
been employed for the last few years [6, 7]. The model con- In spite of the work performed on diffusion in pores,
siders the explicit presence of a template material, the  there are works to investigate how the diffusion coefficient
system is composed of a binary system where one speciesdgpends on the pore matrix structure or on the pore-fluid in-
the matrix and the other is the template [8, 9]. Once the systeraction [18,19]. People have seen, for instance, a maximum
tem is equilibrated in one particular thermodynamic state, iin the self-diffusion in confined fluids for particles with diam-
is frozen and the template particles are removed. Thus theter sizes comparable to the cavities of porous material. This
remaining particles form the pore matrix. is known as the "levitation effect” [20, 21], which presents
From the theoretical point of view, people have investi-two regimes: a linear regime when diffusion has a linear pro-
gated fluids in equilibrium within a disordered porous matrix portionality with the inverse square diameter of the fluid par-
using extensions of liquid-state theories [4, 10]. In the samdicle (the fluid particle diameter size is smaller than the void
approximations, other authors have investigated density dissizes in the matrix), and an anomalous regime characterized
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by a peak in the diffusion when the fluid particle diameter sizeof the particles after another run of 80 000 time steps. These
is big. Therefore, there are nice works investigating diffusionsimulations were performed &t = 0.8 andl™ = 1.5,i.e. we
in terms of fluid-pore interactions or fluid-pore void diameter had two matrix configurations.
ratio [18—22]. However, how the presence of a template ma- In the second method we used template particles. Here
terial, in the preparation of pore matrices, affects diffusion isthe porous matrix was prepared from a binary mixture where
a subject that has not been extensively investigated. the components of the mixture had the same LJ parameters.
The model of a template material using computer simu4n order to differentiate the components of the mixture we
lations was previously investigated by Van Tassel few yearsised labels, where species 1 was the template and species 2
ago [8,9]. However, that research was done when the system#s the matrix. In this case, both the template and the ma-
were prepared with hard spheres. In those studies they founidx particles were chosen to have a densitypf p7, =0.3.
that porosity was higher in matrices prepared with a templat& he initial system consisted of random patrticles of species 1
than in those prepared without any template material. located in the box, then particles of species 2 were randomly
In a previous paper, we started our studies on diffusioradded to have a binary mixture with total density= 0.6.
inside porous matrices [23]. The principal goal of that pa-The system was first run for 50 000 MD steps for equilibra-
per was to understand how the interactions between particlé®n and 80 000 steps for collecting data. The final porous
affect the structure of the pore matrix during its preparationmatrix configuration was obtained by removing the template
using repulsive and attractive potentials. In those studies, thegarticles (the first species), keeping a disordered matrix with
fluid and the matrix particles had the same Lennard Jones paensityp;;, = 0.3. Once again this system was simulated at
rameters (well-depth potential and molecular diameter); howtwo reduced temperatures; = 0.8 andl™ = 1.5.
ever, this situation is not always true in real experiments. At this point we have prepared four different pore matri-
In this paper, we present a series of computational experiees with the same densities but with different structures.
ments where two different disordered porous matrices were Finally, we studied the diffusion of different fluids, Ar,
prepared, with and without template particles, and we inveskr and CO,, immersed in the matrices already described.
tigate the role of the template in the diffusion coefficient of For each fluid we conducted simulations at different reduced
actual fluids such as Ar, Kr andOs in the different matrix  densities,’; = 0.1, 0.2, 0.3, 0.4. For these simulations, the
structures. matrix particles were frozen and did not interact with each
other. The matrix particle-fluid particle and the fluid particle-
fluid particle interactions were given by Eq. (1), for which
the LJ parameters of the fluids are shown in Table | [27], and
The disordered porous matrix model consisted of particles lothe Lorentz-Berthelot rules were used for the unlike particles.
cated in a cubic box of length§ = Y = Z = 15.928%.
The particles interact_ed each other with the well known3. Results
Lennard Jones potential (LJ) [Eq. (1)]

2. Computational method and model

o 12 o\ 6 In the next subsections, we present the results obtained from
u(r) = 4e {(J - (;) ] (1) our simulations. The structure and the porosity of the ma-
trices are analyzed in terms of the preparation method. Fi-
The e ando parameters were chosen to mimic a zeolitenally, results of the diffusion coefficient for different fluids

material [24, 25]. As is common in computer simulations, adsorbed in the different matrices are presented.
reduced units were employed [26], and in the present simu-

lations the zeolite parameters were used to reduce the units1. Matrix structure
(r*, T*, pr,, etc.).

Simulations were carried out using the Molecular Dy- Firstly, the matrix structure was studied in terms of the vacan-
namics (MD) method with a cut and shifted potential of cies or voids formed in the disordered matrix. This analysis
r* =4.0. The equations of motion in the MD were solved was performed by the Voronio-Delaunay tessellation method,
using the leap-frog method with a reduced time step ofwhich it has been previously used to study the structure of
t* =0.005. Then, simulations at two different reduced tem-Lennard Jones and hard sphere fluids [28,29]. In our case,
peraturesy™ = 0.8 andl™* = 1.5, were performed where all
velocities were rescaled at each time to the desired tempera:

ture. TABLE |. Lennard Jones Parametersande. The unlike interac-
The porous matrices were prepared by two different prolions were calculated using the Lorentz-Berthelot mixture rules
cedures, vv_ith and without template particles. _ ol A e K
In the first pro.cedure,.a given number of particles were AT 3405 119.8
placed randomly in the simulation box with the number of
particles fixed to have a reduced densityff = 0.3. Then, Kr 3.636 166.4
the system was equilibrated for 50 000 time steps, and the fi- CG, 3.673 2417
nal matrix structure was obtained from the last configuration Zeolite 12.0 62.89
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‘a) x-axis in the figure is given in terms &fi(V,.) to enhance
0.16 |- . the features. From these plots we observed that the distri-

bution of the matrices with and without a template are alike;

> 012
*>‘"3 008 moreover, the maximum volume is nearly of the same size
a | in both matrices. The maximum void sizes &fg, . ~ 18.8
0.04 and 14.1 for the matrix without and with a template, respec-
0 : : tively.
02 . . . In Fig. 1b, a different feature is observed. Here the ma-
48 | b) 1 trices were prepared at temperatdré = 0.8 and the void

distributions have different values. When the matrix is con-
structed with a template, the maximum void size is up to
V.. = 137.3, whereas when the matrix is prepared without
a template, the maximum volumels;,. ~ 268.1. The tem-
. perature seems to have an effect on the production of voids
0 2 7 6 8 in the structure of the matrix. It seems that at a low tempera-
In(V*;,,) ture there are much bigger voids regardless of whether or not
FIGURE 1. Void size distributions of matrices at @) = 1.5 and the matrix was prepared with ten_1plate particles. On tr_le other
b) T* = 0.8. Solid lines are for matrices without a template and hand, atlow temperatures there is also an effect of using tem-
dashed lines for matrices with one. plate particles which is not observed at high temperatures.
Analyzing the void distributions, we have @t* = 1.5
standard deviations 612 = 4.09 and 3.028 for matrices with-
a) out and with the template, respectively, and the maximum
3t : peaks are located at’ . ~ 0.91 and 1.43 for the matrix
without and with the template, respectively. At = 0.8 we
haveX? = 0.03 and 1.18 without and with a template, re-
spectively whereas the maximum peaks in the distributions
are atV, . ~ 0.18 and 1.15 for the matrix without and with
template respectively. The results showed sharper distribu-
tions (particularly for the matrix without a template) at a low
temperature compared to those at a high temperature. These
results and those of maximum size of the voids suggest that at
a low temperature the matrix has some voids of a small size
and few voids of a large size. However, at a high temperature
there are more regular and uniform void sizes.
The porous structure was also analyzed in terms of the
pair distribution function of the matrix particles (g(r)). In
r Fig. 2a we have the g(r) for the matrix prepared with and
FIGURE 2. g(r) for the matrix at a)l”* = 1.5 and b)7™ = 0.8.  Without template particles &t* = 1.5. Both graphs are simi-
Solid lines are for matrices without a template and dashed lines fodar, indicating that the structures are basically the sa@eat
matrices with one. a high temperature the structure does not change depending
on whether or not template particles are employed. However,
having all the matrix particles, we calculated the Voronoi ver-at a low temperaturel™ = 0.8, the g(r) are clearly different
tices to define the center of the voids. The size of a void (cav¢Fig. 2b). The g(r) of the matrix without a template is domi-
ity) was calculated by growing a sphere (increasing its radiushated by the first peak, and it does not oscillate around unity
from the void center until it overlapped with a matrix parti- but has a slope towards ite., the g(r) presents the typical
cle [30]. Therefore, a cavityW(},) was expressed in terms behavior of a low density fluid. Therefore, it seems that the
of volumes of spheres of different diameters. This procedurenatrix particles aggregate in small clusters, leading to large
was performed for all the void centers inside the simulationvoids in the volume. When template particles were used in
box to calculate a void size distribution. Although this vol- the system, the matrix particles were more uniformly dis-
ume might not represent the exact volume of a cavity, it givegributed and the g(r) that of a denser liquid. the porous
us good insight into the distribution of the cavity sizes in thematrix presents a more uniform distribution. As a general
matrix. feature we can also observe that matrices prepared at a low
In Fig. 1, the void size distributions for the four different temperature have a more structured g(r) than those prepared
matrices are shown. For all panels, the matrix density wast a high temperature.
P, = 0.3.In Fig. 1a the matrix was prepared with and without ~ Porosity is also an important factor in characterizing the
template particles at a reduced temperaturég”of 1.5. The  porous media. This quantity can be measured in experiments
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by adsorption techniques. In the present work of computeB.2. Diffusion coefficient

simulation, porosity was measured by random insertions of a

test spherical particle of diametey into the matrix, checking  Finally, we investigated how the diffusion of fluids is affected
for any overlap with the matrix particles. Then the porosityby the matrix structure. The fluid in the matrices was mod-

was calculated using the ratio eled by inserting random particles until we reached a fluid
with four different densitiesi.e. p} = 0.1, 0.2, 0.3 and 0.4.
P=3,/9, (2)  As mentioned above, the matrix particles were fixed and the

interactions fluid particle - fluid particle and matrix particle -

where® was the total number of insertions afg was the  fluid particle were LI [Eq. (1)]. There was no matrix particle
number of no overlaps. - matrix particle interaction. The molecular dynamics simu-

For the test particles, we used the diameters of the Ar, kpations for these calculations were carried out a long enough
and CO, particles (see Table I). Although these particle di_ﬁme (at Iea_st 1ZQ 000 time steps) to let the particles visit most
ameters are nearly the same, we can observe some featufddne matrix regions.
in the porosity. In Fig. 3, porosity is shown as a function of
the test particle diameters. The first thing to observe is the
reduction in porosity as the test particle diameter increases,
as expected. When the matrix is preparedat= 1.5, with
and without template particles, porosity is almost the same.
When the temperature preparation is reducedto= 0.8,
the porosity shows a drastic change. When template particles
are not used in the construction of the matrix, the porosity
is much higher than when template particles are used. Nev-
ertheless, these results with a template show that porosity a
this temperature is just slightly higher thariidt=1.5. As a z
general trend, porosity increases as we find greater maximun%
void sizes in the matrix. e

We recall that previous simulations of similar systems us- 8
ing hard spheres showed that porosity was higher in porous
prepared with template particles than that in matrices pre- .
pared without a template [8]. However, in these simulations DENSITY

USin.g QttraCtiVe potentials, the opposite trend_ is observeggyre 4. Diffusion coefficient of Ar (circle), Kr (square) and
(which is more remarkable at a low temperatuieg, ma-  Cco, (triangle) at a fluid temperature of &) = 1.5 and b = 0.8.
trices constructed without a template show higher porosityrhe matrix was prepared without (solid line) and with (dashed line)

DIFFUSION

than matrices with a template. atemplate af™* = 0.8. The lines are just given as a guide.
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FIGURE 3. Matrix porosity as a function of the test particle di- FIGURE 5. Diffusion coefficient of Ar (circle), Kr (square) and
ameter &, in A) at 7* = 1.5 (solid lines) and™ = 0.8 (dashed  CO (triangle) at fluid temperature of &* = 1.5 and b)T"™* = 0.8.
lines) prepared with (circle) and without (square) a template. The The matrix was prepared without (solid line) and with (dashed line)
symbols afl"™ = 1.5 overlap. The lines are just given as a guide. atemplate af'™* = 1.5. The lines are just given as a guide.
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The diffusion coefficient was calculated by the meanis much smaller than the matrix particle diameter; therefore,

square displacement, using the Einstein relation, the diffusion decreases as the fluid density increases in agree-
] ment with those results shown in Ref. 22, even when only
2tD = —([r(t) — T(o)]2> (3) hard sphere potentials are used.
3 Since we have only three fluid particle diameters, it is not
Figures 4 and 5 show the plots for the diffusion coeffi- possible to calculate an accurate relation to determine if our
cient, in reduced units, for the fluids in all matrices. system presents the levitation effect. Nevertheless, since we

In these simulations, the fluid temperature Wais= 1.5  have small particle diameters compared with the cavity sizes,
andT* = 0.8 and, as observed, the diffusion decayed in alend the diffusion data increase with the inverse of the square
cases the fluid density increased. Previous simulations of nparticle diameter (plot not shown), we believe that we are in
trogen in nanopore models and a lattice theory model showeidhe linear regime described by some authors [20, 21].
in some cases a similar tendency [17, 31, the diffusivity It is worth mentioning that diffusion always seems to be
decreases with loading, although interesting cases are al$igher in matrices prepared without a template than that in
observed in which diffusion can also present a maximum. Irmatrices with one. In a previous paper [30], we observed that,
the present work, we did not see any maximum; however, it a high temperatures, the diffusion seems to be higher in
some cases (data for Ar), the values of diffusion are nearlynatrices with a template than in matrices without one. How-
the same for all the densities studied. ever, those matrices were prepared with a different template

When the fluids are immersed in matrices prepared aparticle density; therefore porosity and the cavities have a dif-
T* = 0.8, different features are observed. Here, in the maferent tendency to those observed in this work. Also, the fluid
trix prepared without a template there are larger cavities irand the matrix particles were of the same size, which might
the matrix and it is easier for a fluid to travel inside it. Thus, be the reason why diffusion shows a different behavior from
in general, it is possible to observe a higher diffusion in ma-that observed here.
trices without a template than in matrices with one (Fig. 4a).

The diffusion coefficient is governed basically by the fluid 3.3. Conclusions

temperaturej.e. if the fluid temperature is high{™ = 1.5,

there is more kinetic energy and the diffusion is higher thanNe have presented a series of computer experiments to show
that at a low fluid temperaturé;* = 0.8, as shown in Figs. 4a the behavior of different fluids inside disordered pore matri-
and 4b. The increase in diffusion as the temperature increasess. We found that, when matrices are prepared without a
has been also observed from other simulations and theoretiemplate at a low temperature they present high porosity and
cal results. For instance, Kamat and Keffer, from a latticeform large cavities. These results can give us insight into
theory, observed that diffusion increased as a function of thevhich parameters are important to control in order to prepare
temperature [17]. The same trend was found in simulationslisordered porous matrices. As a general trend, we observed
of nitrogen in nanoporous carbon [31]. that the porosity is higher when the matrices are prepared

In Fig. 5a, the diffusion of the different fluids is shown without template particles at a low temperature. When the
at temperaturd™ = 1.5, immersed in matrices prepared at matrices are prepared at a high temperature, the porosity is
T* = 1.5, with and without a template. Since in this casepractically the same, regardless of whether they were con-
the voids and porosity are similar in matrices with and with-structed with a template or not. The voids in the matrices had
out a template, the diffusion coefficients do not present mucldifferent sizes; however, in some cases, they were approxi-
change. Nevertheless, the values of the fluid diffusion insidénately 26 times as large as the size of the fluid particle di-
the matrices prepared without a template are slightly higheameter (in real units we have cavities up to 10 nanometers in
than the diffusion in matrices prepared with one. The same&liameter) when the matrix was prepared without a template at
tendency is displayed when the fluid temperature drops t@* = 0.8. In general, it was found that matrices at a low tem-
T* = 0.8; the diffusion is slightly higher when the fluid is perature have more structure [shown by the g(r)] than those at
in the matrix without a template. However, in this case alla high temperature, where they have also more uniform and
the values of the diffusion are much smaller than those at theegular void sizes. Previous works on hard sphere systems
fluid temperature of™* = 1.5. observed that there is greater porosity in matrices with a tem-

In a recent paper on hard fluid particles in a disorderedlate than in matrices without one [8]; however, we observed
medium composed of hard sphere patrticles [22], the authorie opposite trend. In seems that attractive forces, particu-
found that, if the ratio of diameters of the fluid particle to larly at a low temperature, produce more and greater voids in
that of the matrix particle is greater than one, the diffusionthe porous matrix, thus increasing the porosity and the size
increases as the fluid density increases, whereas if the ratif the cavities.
of diameters is smaller than one, this trend is reversed. It The diffusion coefficient of different fluids inside the ma-
seems that the fluid-matrix particle diameter ratio plays a roldérices was also studied, and the diffusion decreased as the
in defining the tendency of the diffusion coefficient in disor- fluid density increased. Also, in agreement with the results of
dered porous media. In our study, the matrix - fluid particleporosity and void distributions, the highest diffusion is found
interaction includes attraction, and the fluid particle diametein matrices prepared without a template at a low temperature.
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It is well known that the properties of confined fluids are observed in the reduction of the diffusion coefficients of the
very different from those in bulk. The combined effect of the fluids compared to those in bulk. From our simulations (data
pore-fluid forces and the finite size can modify the structurenot shown here), the diffusion coefficients are significantly

dynamics and thermodynamics of the fluids. For instance, itower for fluids inside matrices than those in bulk.
has been observed that the phase diagram of a confined fluid
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