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a b s t r a c t

Molecular dynamics (MD) simulations were carried out to determine the self-diffusivities, D1,self, and
D2,self for a variety of binary mixtures: methane (C1)–ethane (C2), C1–propane (C3), C1–n-butane (nC4),
C1–n-hexane (nC6), C2–nC4, C2–nC6, Ar–C1, Ar–C2, Ar–C3, Ar–nC4, Ar–nC6, and Ar - Kr in a cylindrical
silica mesopores. The diffusion selectivity, defined by (D1,self/D2,self) was found to be significantly differ-

ent from the Knudsen selectivity,
√

M /M , where M is the molar mass of species i. For mixtures in
vailable online 31 December 2010

eywords:
dsorption
elf diffusivity

2 1 i

which component 2 is more strongly adsorbed than component 1, (D1,self/D2,self)/
√

M2/M1 has values
in the range 1.5–4; the departures from the Knudsen selectivity increased with increasing differences in
adsorption strengths of the constituent species.
esopore
nudsen diffusivity
iffusion selectivity

. Introduction

The proper modeling of diffusion of guest molecules inside
esoporous materials such as SBA-15, MCM-41, and Vycor glass is

mportant in the development of a variety of membrane separation
pplications. For membrane processes the permeation selectivity,
perm, is defined by

perm = N1/N2

f1/f2
(1)

here the Ni are the permeation fluxes across the membrane for
artial gas phase fugacities, fi, in the upstream membrane compart-
ent. The permeation selectivity can be expressed as the product

1]:

perm = Sads × Sdiff (2)

here the adsorption selectivity, Sads, is defined by:

ads = c1/c2 (3)

f1/f2

here the ci represent the pore concentrations in equilibrium with
bulk fluid phase with partial fugacities fi at the upstream face of

he membrane.
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The main focus of the present communication is the estimation
of the diffusion selectivity, Sdiff. Diffusion inside mesopores is gov-
erned by a combination of molecule–molecule and molecule–pore
wall interactions. For binary mixture diffusion, for example, the
fluxes Ni are related to the chemical potential gradients ∇�i by use
of the Maxwell–Stefan (M–S) equations [2–8]:

−�
ci

RT
∇�i =

2∑
j = 1
j /= i

xjNi − xjNi

Ðij
+ Ni

Ði
; i = 1, 2 (4)

where � represents the fractional pore volume of the porous mate-
rial, and the concentrations ci are defined in terms of moles per m3

of accessible pore volume. The xi in Eq. (4) is the component mole
fractions of the adsorbed phase within the micropores:

xi = ci

ct
; i = 1, 2, . . . n (5)

The Ði characterize species i-pore wall interactions in the broad-
est sense. The Ðij are exchange coefficients representing interaction
between components i with component j. For diffusion within

mesopores, the Ðij can be identified with the corresponding M–S
diffusivity for a fluid phase mixture [5–7]. Conformity with the
Onsager reciprocal relations prescribes

Ðij = Ðji (6)

dx.doi.org/10.1016/j.memsci.2010.12.042
http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:r.krishna@uva.nl
dx.doi.org/10.1016/j.memsci.2010.12.042


546 R. Krishna, J.M. van Baten / Journal of Mem

-1

10-4 10-3 10-2

Ex
pe

rim
en

ta
l d

iff
us

iv
ity

, D
i

/ 1
0-1

5  m
2

s-1

0

5

10

15

20 nC7, 6.9 nm pore
Toluene, 6.9 nm pore
nC7; 10.7nm pore
Toluene, 10.7 nm pore

SBA-15;298.15 K;
Huang et al.

F
(

d

S

t
m
i
o
v

D

S

t
m
i
[
t
r
a
f
s
v
t
d
s
t
t
m
r
s
t
d
w
t
c√
Langmuir constant, bi/ Pa

ig. 1. Diffusivities of nC7 and toluene in SBA-15 materials with pore sizes of 6.9 nm
SBA-15-80) and 10.7 nm (SBA-15-130), determined at 298.15 K by Huang et al. [18].

Starting with Eq. (4), the following expression for Sdiff can be
erived [1]:

diff = Ð1

Ð2

(
1 + Ð2/Ð12

)
(

1 + Ð1/Ð12
) (7)

In the limit of vanishingly small pore concentrations, ci → 0,
he zero-loading diffusivity value Ði(0) is dictated primarily by

olecule-wall collisions. When the reflections are purely diffuse
n nature, i.e. the angle of reflection bears no relation to the angle
f incidence at which the molecule strikes the pore wall, the Ði(0)
alue corresponds to that obtained by the classic Knudsen formula

i,Kn = dp

3

√
8RT

�Mi
(8)

When Eq. (8) applies, Sdiff equals the Knudsen selectivity:

diff = D1,Kn

D2,Kn
=

√
M2

M1
(9)

Strictly speaking, Eq. (8) holds only in the limiting case when
he molecule does not adsorb at pore walls. Adsorption causes the

olecules to “stick” to the wall, and perhaps hop to a neighbor-
ng adsorption site, rather than return to the bulk after collision
8–17]. Consequently, adsorption at the pore wall introduces a bias
hat makes a molecule hop to a neighboring site on the surface
ather than return to the bulk; this bias increases with increasing
dsorption strength. Molecular Dynamics (MD) simulations for dif-
usion of a variety of guest molecules with significant adsorption
trength in silica pores have shown that the zero-loading diffusivity
alue Ði(0) can be substantially lower than that the predictions of
he Knudsen formula [5–9,14–16]. Indeed, MD simulations show a
irect, reducing, influence of adsorption strength on the pore diffu-
ivity. To illustrate the influence of pore adsorption Fig. 1 presents
he experimental data of Huang et al. [18] for nC7 (n-heptane) and
oluene in SBA-15 materials of two different pore sizes. The molar

asses of the two species are nearly equal, 0.1 and 0.092 kg mol−1,
espectively. However, the diffusivities of Toluene are found to be
ignificantly lower than that of nC7, because of its higher adsorp-
ion strength. Indeed, the data of Huang et al. [18] indicate that the

iffusivity correlates not only with the average pore size, but also
ith the adsorption strength, quantified by the Langmuir adsorp-

ion constant. Bhatia and Nicholson [17] have shown that when a
omponent is weakly adsorbed the diffusivity scales linearly with

T/Mi, whereas if a component is strongly adsorbed, its diffusivity
brane Science 369 (2011) 545–549

does not scale linearly with
√

T/Mi. As a consequence we should

expect the diffusion selectivity does not scale linearly with
√

T/Mi.
Ruthven and co-workers [19,20] have questioned the conclu-

sions reached in the MD simulations regarding the influence of
pore adsorption, and have re-analysed available experimental data
[4,21] to conclude that Knudsen formula remains valid even for
gases that have strong adsorption. This debate on the validity of
the Knudsen formula is further complicated by the fact that, in
practice, the tortuosity factors are not known precisely and there
is still disagreement on what tortuosity factors can be considered
to be reasonable [17]. Furthermore, there is often a distribution of
pore diameters that makes the application of Eq. (8) not entirely
clear-cut.

There are several examples in the published literature [22–25]
where Sdiff of binary mixtures in the same host material, deter-
mined experimentally for mesoporous membranes, are at variance
with the predictions of Eq. (9). For example, Choi and Tsapatsis [24]
obtain H2/N2 selectivities for a MCM22/Silica nanocomposite mem-
branes that are significantly higher than the Knudsen selectivities.
These authors have not, however, attributed this departure to the
failure of the Knudsen formula for calculating the diffusivity of the
more strongly adsorbed N2.

Bhatia and Nicholson [16,17] have shown that when there is a
distribution of pore sizes, the apparent tortuosity is not a medium
property, but depends also on the temperature and on the diffusing
molecule. As a consequence, the diffusion selectivity will not follow
the Knudsen prescription, given by Eq. (9), even when the influence
of adsorption is negligible.

The major objective of the present communication is to under-
take a systematic investigation of the validity of Eq. (9) for
estimation of the diffusion selectivity, Sdiff, for binary mixture dif-
fusion inside cylindrical mesopores, and tortuosity issues are not
relevant. To achieve this objective, MD simulations were carried to
determine the D1,self, and D2,self, for a variety of binary mixtures:
methane (C1)–ethane (C2), C1–propane (C3), C1–n-butane (nC4),
C1–n-hexane (nC6), C2–nC4, C2–nC6, Ar–C1, Ar–C2, Ar–C3, Ar–nC4,
Ar–nC6, and Ar–Kr in cylindrical silica mesopores.

As shown in our previous work [1], the right member of Eq. (7)
can be taken equal to the ratio of the self-diffusivities Di,self in the
mixture, determined from MD:

Sdiff = D1,self

D2,self
(10)

The Sdiff values, determined from Eq. (10) using MD simulations,
are compared with the estimations of Eq. (9) to draw conclusions
regarding the validity of the Knudsen formula for varying degrees
of adsorption of guest molecules.

The MD simulation strategy used is the same as that described
in our previous work [5–8]. For convenience and easy reference,
the simulation methodology, specification of force fields, and sim-
ulation data on diffusivities are provided in the Supplementary
Material accompanying this publication.

2. MD simulation results and discussion

Consider, for example, the diffusion of an equimolar (c1 = c2)
binary mixture of C1 (1) and nC6 (2) in a 3 nm cylindrical meso-
pore at 300 K. Fig. 2a presents the data on the self-diffusivities
Di,self for the constituents as a function of the total pore concen-
tration, ct = c1 + c2. The corresponding values of Sdiff are presented

in Fig. 2b. We note that the MD simulations yield Sdiff values that
vary from a value of 9 in the limit of low pore concentrations ct,
to a value of about 6 for ct ≈ 5 kmol m−3. The decrease in the Sdiff
value with increasing ct is attributable to diffusional correlations
that tend to slow down the more mobile methane molecules [1,7].
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ig. 2. (a) Self-diffusivities D1,self , and D2,self in equimolar (c1 = c2) binary mixture of
1 (1) and nC6 (2) in the 3 nm cylindrical mesopore at 300 K as a function of the total
ore concentration, ct = c1 + c2. (b) The corresponding values of Sdiff = D1,self/D2,self are
ompared with the Knudsen selectivity value from Eq. (9).

ver the entire range of pore concentrations, the Sdiff from MD are
ound to be significantly higher than the Knudsen selectivity value
f 2.3, obtained from using Eq. (9). The higher Sdiff is attributable to
he fact that nC6 adsorbs more strongly than C1 at the pore walls.
onsequently, the diffusivity of nC6 is lowered below the Knudsen
rescription, given by Eq. (8), to a greater extent than is the case
or C1 [8].

Data analogous to that presented in Fig. 2 were obtained
or all binary mixtures investigated, and are available in the
upplementary Material accompanying this publication. From the
ata sets we determined that ratio of the MD simulated Sdiff value
o that of the Knudsen selectivity, given by Eq. (9); these data are
resented in Fig. 3a–c for binary mixtures of C1, Ar, and C2, respec-
ively, with different partner species.

Let us consider mixtures containing C1 with alkanes of varying
hain length; see Fig. 3a. With increasing alkane chain lengths the
dsorption strength increases, and consequently, the correspond-

ng diffusivities fall increasingly below the Knudsen prescription
8]. As a consequence the Sdiff for methane with respect with
espect to its partners increases with increasing chain length of
artner alkanes.

Fig. 3. The ratio of Sdiff , obtained from MD simulations, to the Knudsen selectivity
values, from Eq. (9), for (a) binary mixtures of C1, (b) Ar, and (c) C2 with a variety of
partner molecules.
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Fig. 3b presents data on the ratio of Sdiff value to that of the
nudsen selectivity for mixtures of Ar with a variety of species. An
nalogous picture emerges; this ratio increases with the adsorption
trength of partner molecules: Kr, C1, C2, C3 and nC4.

Fig. 3c presents the corresponding data for mixtures of C2 with
C4 and with nC6. For both mixtures Sdiff is higher than the Knudsen
electivity. The increase is higher for C2–nC6 mixture when com-
ared to C2–nC4 mixture because of the higher adsorption strength
f nC6 compared to nC4.

Let us now consider diffusion of C1(1)–Ar(2) mixture in meso-
ores of a variety of diameters: 2 nm, 3 nm, 4 nm, 5.8 nm, 7.6 nm

nd 10 nm. Eq. (9) predicts a Knudsen selectivity of 1.58 for all
hese pore sizes. MD simulations yield values that are significantly
ower because C1 is the more strongly adsorbing species; see data
resented in Fig. 4a. It is also interesting to note that MD sim-
brane Science 369 (2011) 545–549

ulations yield Sdiff values for C1–Ar mixtures that are practically
independent of pore diameter. Put another way, the deviation of
the diffusion selectivity from the Knudsen prescription holds for
any mesopore size.

A different way to underline the influence of adsorption on
the diffusion selectivity is to consider the influence of tempera-
ture. Fig. 4b presents the data on Sdiff for Ar(1)–Kr(2) mixtures in a
3 nm silica mesopore at temperatures of 300 K and 600 K. We note
that Sdiff at 600 K is nearly the same as the value of the Knudsen
selectivity, calculated from Eq. (9). This is because the influence of
adsorption is significantly reduced with increasing temperature.

The data in Figs. 2–4 underline the fact that Sdiff can be either
higher or lower than that anticipated by Eq. (9), depending on
whether the species 2 is more strongly or less strongly adsorbed,
compared to species 1. For binary mixture diffusion in carbon nan-
otubes, Düren et al. [26] have also found similar deviations from
Eq. (9). Besides the influence of adsorption, these authors have
attributed this to additional drag between molecules.

3. Conclusions

Molecular Dynamics simulations have been used to investigate
the diffusion selectivity Sdiff for a variety of binary mixtures in a
cylindrical silica mesopores. For all binary mixtures investigated
the value of Sdiff is significantly different from the predictions of Eq.
(9). When component 2 has the higher adsorption strength, Sdiff is
significantly higher than the Knudsen selectivity.

The results of our study underline the failure of the Knud-
sen prescription, caused by adsorption phenomena. Furthermore,
the deviations from the Knudsen selectivity values in several
experimental works on membrane permeation [22–25] can be
rationalized on the basis of the current work.
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Nomenclature

bi langmuir adsorption constant for species i (Pa−1)
ci concentration of species i (mol m−3)
ct total concentration in mixture (mol m−3)
dp pore diameter (m)
Di,self self-diffusivity of species i (m2 s−1)
Ði M–S diffusivity (m2 s−1)
Ði(0) zero-loading M–S diffusivity (m2 s−1)
Ðij M–S exchange coefficients (m2 s−1)
Di,Kn knudsen diffusivity of species i (m2 s−1)
fi fluid phase fugacity of species i (Pa)
Mi molar mass of species i (kg mol−1)
Ni molar flux of species i (mol m−2 s−1)
Sads adsorption selectivity (dimensionless)
Sdiff diffusion selectivity (dimensionless)
Sperm permeation selectivity (dimensionless)
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xi mole fraction of species i in the adsorbed phase
(dimensionless)

T temperature (K)

Greek letters
� fractional pore volume of material (dimensionless)
�i molar chemical potential (J mol−1)

Subscripts
i referring to component i
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