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Intracrystalline self-diffusion coefficients were measured by pulsed field gradient (PFG) NMR for single
components and binary mixtures of CF4 and various hydrocarbons in large-crystal NaX zeolites. A short-
time diffusion model was used to obtain the unrestricted intracrystalline self-diffusivities by extrapolating to
zero diffusion time, when no molecules can leave the crystal during the measurement. The results were used
to test a theoretical model from Skoulidas, Sholl, and Krishna for predicting diffusion coefficients of mixtures
in zeolites from single-component data. The predicted binary self-diffusivities are consistent with those directly
measured in PFG NMR mixture experiments, thus providing an experimental validation of the model.

1. Introduction

Intracrystalline diffusion can play an important, even rate-
limiting, role in zeolite applications such as catalysis, mem-
branes, and adsorption separations.1,2 The regular networks of
pores also make zeolites interesting model systems for under-
standing molecular motion and diffusion in confined environ-
ments. There have, therefore, been many studies of diffusion
in zeolites, using experiments, atomistic simulation, lattice
models, and theory. Practical applications always involve at least
two different components, but understanding of multicomponent
diffusion in zeolites is still limited, and experimental data are
scarce. Chen and Yang3 provide a summary of experimental
studies of multicomponent diffusion in zeolites up to about 1996.
Recently, there have been several studies using pulsed field
gradient (PFG) NMR to measure self-diffusivities in binary
mixtures. The systems examined include ethane/ethylene in
NaX4 and in silicalite,5 methane/ethylene in NaY,5 methane/
benzene in NaY,6 methane/CF4 in silicalite,7 and methane/xenon
in silicalite.8 Schuring et al.9 used a tracer-exchange positron
emission profiling technique to measure self-diffusivities for
n-hexane/2-methylpentane mixtures in silicalite, and Gergidis
et al.10 reported results for methane/n-butane in silicalite from
quasielastic neutron scattering. A general conclusion from these
studies is that faster species are slowed in the mixtures and that
the difference in self-diffusivities between the components is
smaller in the mixtures than for the pure components. The
magnitude of these effects depends on the zeolite pore topology,
the presence of cations, and the loading and nature of the
adsorbed molecules.

Efforts have also been made to measure transport in binary
systems under nonequilibrium conditions.3 Recently, binary
mixtures of ethane, n-butane, and isobutane in MFI zeolites were
studied under co- and counter-diffusion conditions using the
zero length column (ZLC) method.11 Brandani et al.12 used ZLC
to examine mixtures of benzene and two xylene isomers in
silicalite and compared the response curves to those predicted
by two simple models. In general, it is difficult to measure the

elements of the binary Fickian diffusion tensor, although a few
reports exist in the literature.13,14

The elements of the multicomponent Fickian diffusion tensor
for a given system may depend on the total loading of adsorbed
molecules, the adsorbed-phase composition, and the temperature.
Given the difficulties in measuring multicomponent diffusion
coefficients, it would be useful to have predictive models to
calculate the multicomponent diffusion coefficients from single-
component data. Several models have been proposed for this
purpose.3,15-18 However, given the lack of experimental data, it
has been hard to test how widely applicable they are. In this
Article, we report a systematic set of self-diffusivity data for
binary mixtures of CF4 adsorbed in NaX zeolite with n-alkanes
of various lengths, cyclohexane, and benzene. We use these data
to test the recent model of Skoulidas, Sholl, and Krishna.17 While
the Fickian diffusion coefficients are most useful for design of
equipment and processes, the self-diffusion coefficients provide
more information on correlation effects19 and are not affected
by the sorption thermodynamics. In addition, the self-diffusivi-
ties can be used to test molecular simulations more easily,
because the self-diffusivities are easier to calculate from
simulations.20,21

PFG NMR measures self-diffusion on a time scale of
milliseconds or longer and a length scale of micrometers to
millimeters. Although large-crystal zeolites can be synthesized
with particle diameters around tens of micrometers, in general
some molecules will diffuse to the edge of a crystal during the
time of a PFG NMR measurement, even for large zeolite
crystals.22-25 Care must, therefore, be taken in determining a
self-diffusion coefficient that is independent of the edge effects.
Only when the diffusion time is near zero can the effects of the
external surfaces be neglected.22-25 Some recent papers have
presented strategies to obtain the self-diffusivity at zero diffusion
time (indicated as D0 in this Article),22,25-28 and we used the
short-time diffusion model of Mitra et al.23,24 Diffusivities of
the individual components of the mixtures were obtained by
using the 19F frequency for CF4 and the 1H frequency for the
other species.
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2. Experimental Methods

The large-crystal NaX zeolite sample was synthesized using
triethylamine and was kindly provided by George T. Kokotailo.
The ratios of Si/Al and Na/Al in the sample are 1.27 and 0.86,
respectively, as measured in our laboratory. For large crystals,
uneven heating during calcination can lead to defects and cracks
in the crystals. Therefore, the following procedure was used
for the calcination. First, the as-synthesized sample was slowly
heated to 393 K at a rate of 0.5 K/min and held for 2 h at this
temperature. Next, the temperature was further elevated to 823
K at the same rate. After 7 h at 823 K, the sample was cooled
back to room temperature at the same rate. Figure 1 shows the
SEM image of the calcined sample. The regular octahedral
crystals indicate that the slow calcination procedure did not
damage the crystals. The radii of the crystals are as large as 35
µm. The spherical particles visible in the image are zeolite P,
as indicated by X-ray diffraction analysis of the samples. Zeolite
P is a dense material with pores that are too small for molecules
to enter. This impurity should, therefore, not affect the results
of this study.

NMR samples were prepared by packing a known amount
of the calcined sample into a glass NMR tube with a 5 mm
outer diameter (Wilmad 503-PS-8). The height of the sample
in the NMR tube was similar to that of the gradient coil located
in the NMR probe. Samples were dehydrated by attaching them
to a vacuum line and heating at a rate of 0.25 K/min to 393 K
and holding for 4 h to remove most of the adsorbed water. Next,
the samples were heated to 723 K at a rate of 0.4 K/min, and
the vacuum reached 10-6 torr. This condition was maintained
for 12 h, and then the sample was slowly cooled back to room
temperature at a rate of 0.5 K/min.

The sorbates included CF4 and various hydrocarbons as
second components. They were quantitatively introduced into
the dehydrated samples in sequence from the gas phase by
submerging the sample tube in a liquid nitrogen bath. The
sample tubes were then immediately sealed using a torch.
The exact amounts of the adsorbates were measured in a
calibrated volume prior to contact with the zeolite. To
equilibrate the adsorbed molecules, the sealed samples were
heated at temperatures ranging from 333 to 523 K. The
temperatures were high enough to allow rapid redistribution
of molecules within the samples but not high enough to cause
chemical reactions.

All PFG NMR experiments were performed on a Varian
INOVA 400 spectrometer equipped with an ultra high intensity
pulsed field gradient facility. An ultrashielded Doty PFG

diffusion probe was used. For binary systems, the two compo-
nents were distinguished by use of the 19F resonance frequency
for CF4 and the 1H frequency for the hydrocarbons. To avoid
the effects of the background gradient on the measured
diffusivity, the 13-interval PFG NMR pulse sequence with
bipolar-gradient pair (BPP) suggested by Cotts et al.29 was used
to measure the self-diffusivity. The resonance frequencies of
1H and 19F nuclei were 400.6 and 377.0 MHz, and the
corresponding π/2 pulse widths were 15 and 20 µs, respectively.
To remove the cross term between the background gradient and
the pulsed field gradient, the delay time prior to the gradient
pulse was equal to that after the gradient pulse.22,25,29 The delay
values varied between 200 and 300 µs, depending on the strength
and width of the applied gradient pulse. Preliminary experiments
indicated that the residual eddy current was negligible under
these conditions. Diffusion times varied from about 2 to 18 ms.
The gradient pulse widths ranged from 200 µs to 1 ms,
depending on the diffusivity, and the gradient intensities went
as high as 250 Gauss/cm. 64-224 scans were accumulated
depending on the loading amount and the type of the adsorbed
molecules. Prior to the acquisition of NMR signals, the adsorb-
ed sample was equilibrated for at least 20 min at the desired
temperature of 298 K. The error in temperature was less than
0.1 K.

3. Experimental Data Analysis

When molecules adsorbed in small particles move to the
edges of a particle, they generally have two fates: they are either
“reflected” back into the particle interior, or they are “absorbed”
at the boundary and escape into the intercrystalline space.22,24

Figure 2 shows these two limiting cases schematically. The
escape rates of molecules from the particles depend on the type
of molecule, the temperature, the pore dimension, and the
external surface properties of the crystals.1,22 If the transport
resistances at the outer surface of the crystals (heat of desorption
and any additional surface barriers) are strong enough, the
fraction of molecules escaping into the gas phase is negligible,
and the molecules are effectively restricted to the particle
interiors. Viewed from inside the particle, the surface acts as a
reflecting wall, and this case is called the reflecting boundary
condition (Figure 2A).22,24 The other limiting case is that the
weak surface resistance cannot effectively confine the probe
molecules in the pores, so that many escape into the surrounding
atmosphere. This case is called the absorbing boundary condition
(Figure 2B).22,24

If all adsorbed molecules are confined to the particles during
the millisecond NMR observation time, then the molecular
displacement is dependent on only one intracrystalline self-
diffusion coefficient.1,22 When the 13-interval PFG NMR

Figure 1. SEM image of calcined NaX zeolites.

Figure 2. Schematic diagrams of two limiting boundary conditions
for molecular diffusion in nanoporous particles with average radius R.
The “b” denote the adsorbed molecules at t ) 0, and the solid lines
denote their diffusion paths.
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technique is used, the attenuation of the NMR signal (I) will
follow the equation22,25,29

where I0 is the NMR signal intensity without the gradient pulse,
γ is the gyromagnetic ratio, δ is the gradient pulse width, g is
the gradient pulse intensity, and t is the diffusion time. Here, t
) ∆-τ/2-δ/6, where ∆ refers to the interval between two
gradient pulses with the same direction and τ is the spacing
between the first π/2 RF pulse and the succeeding π RF pulse.
According to eq 1, the logarithm of the NMR signal intensity
decreases linearly with increasing gradient intensity squared,
and the slope of the decay is dependent on the molecular self-
diffusivity. For the reflecting boundary condition involving a
single diffusivity, only a single-exponential decay line is
observed in a plot of ln(I/I0) versus the varying gradient pulse
intensity squared.

For the absorbing boundary conditions, molecules may
wander in two regions during the observation time, including
the zeolite pores and the intercrystalline region.1 The self-
diffusivity in nanoporous materials is usually at least several
orders smaller than that in the gas phase.1 The attenuation curve
of the NMR signal is therefore governed by two self-diffusion
coefficients, and eq 1 cannot describe this case. Thus, another
equation, based on a “two-region” approximation model, was
used.1 According to this model, if the 13-interval PFG NMR
technique is used, the NMR signal decay will follow the
equation1,25

where pinter is the fraction of molecules in the gas phase, Dinter

is the intercrystalline diffusivity, pinterDinter represents the long-
range diffusivity, and τintra is the intracrystalline mean lifetime
of molecules. The intracrystalline self-diffusivity D can be
obtained by fitting the NMR signal decay curve using eq 2.

For both the reflecting boundary condition and the absorb-
ing boundary condition, a fraction of the molecules always
sense the crystalline border during the millisecond diffusion
time in micrometer-sized particles. This causes the apparent

self-diffusivity (D) detected by PFG NMR to be dependent
on the chosen diffusion time.1,22-24 Only for molecular
diffusion times approaching zero are the molecular displace-
ments so short that the adsorbed molecules do not sense the
external surface.22-24 The self-diffusivity corresponding to
nearly zero diffusion time is called the unrestricted intra-
crystalline self-diffusivity and will be denoted as D0. It is a
property related to the adsorbed species, the zeolite, the
component composition, and the temperature, but not the
experimental diffusion time or the particle size.22-24 Mitra
et al.23,24 related the measured apparent diffusivities (D) to
D0 for spherical particles. Figure 1 reveals that the NaX
crystals have the expected octahedral morphology. To use
the spherical model, we set the surface-to-volume (S/V) ratio
of the NaX crystals to that of a sphere and calculated the
radius R. For the reflecting boundary condition and the
absorbing boundary condition, the apparent self-diffusivity
of molecules adsorbed in spherical crystals can be described
by eqs 3 and 4,23,24 respectively.

By fitting the variation of the detected diffusivities (D) with
the diffusion times, D0 can be obtained by extrapolating to
zero diffusion time. Using random walk simulations of
diffusion in spherical geometries, Mitra et al.23,24 demon-
strated that eqs 3 and 4 apply when the ratio of D/D0 is larger
than 0.5.

4. Multicomponent Diffusion Model

One of our main objectives is to use single-component and
mixture self-diffusivities from PFG NMR measurements to
test a scheme from the literature developed to predict mixture
self-diffusivities from single-component data. In particular,
we will test the scheme of Skoulidas, Sholl, and Krishna,17

which is based on the Maxwell-Stefan formulation of
diffusion. Only a brief summary of the method is given here.
Readers interested in background, derivations, or more detail
are referred to the literature.17,30 Note that in this section,
we drop the subscript 0, which signified above that the self-
diffusivity was the “true” intracrystalline value obtained at
short measurement times; thus Di is the true self-diffusivity
of species i.

For a single-component system, the Maxwell-Stefan (MS)
diffusion coefficient of species i (Ði) is taken to depend on
concentration as follows:

where Ði(0) is the MS diffusivity at zero loading. The fractional
loadings are defined as

where ni and ni,sat are the loading and the saturation loading of
species i, respectively. An inverse friction coefficient Ðii for
friction between particles of the same species is defined as

Figure 3. Attenuation curves for the n-hexane NMR signal in NaX
zeolites loaded with one CF4 and one n-hexane per supercage at
different diffusion times. The solid lines represent the fitted results
using eq 1.

ln(I/I0) ) -γ2D(2δ)2g2t (1)

ln(I/I0) ) -γ2(2δ)2g2[D + pinterDinter/

(γ2(2δ)2g2τintra pinterDinter + 1)]t (2)

D ) D0 - [4/(3Rπ1/2)]D0
3/2t1/2 - [1/(2R2)]D0

2t (3)

D ) D0 - [2/(3Rπ1/2)]D0
3/2t1/2 - (1/R2)D0

2t (4)

Ði(θ) ) Ði(0)[1 - θi] (5)

θi ) ni/ni,sat (6)
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Following results from MD simulations for n-alkanes and CF4

in faujasite by Chempath et al.,30 we take Ðii(θ) to be 0.8 Ði(θ).
Using this relation in eq 7, we can obtain Ði(θ) from the self-
diffusivity Di(θ). Using eq 5, Ði(0) can be obtained.

From the single-component information, the mixture self-
diffusivity can be calculated as follows. First, eq 5 is generalized
for mixtures:

Using this equation, Ði(θ) in the mixture can be calculated from
Ði(0) for each component. We again assume that Ðii ) 0.8Ði.
One of the key equations in the method of Skoulidas, Sholl,
and Krishna17 is the logarithmic interpolation to obtain Ðij (the
inverse friction coefficient between species i and species j) from
the values of Ðii and Ðjj:

Finally, the self-diffusivity Di(θ) is obtained:

Thus, the method calculates Di for mixture conditions using only
single-component data as inputs.

5. Results and Discussion

For the binary system loaded with one CF4 and one n-C6H14

per supercage, Figure 3 displays the attenuation of the n-hexane
NMR signals on a logarithmic scale with increasing gradient
intensity squared for three different diffusion times. For each
diffusion time, a single straight line is observed, indicating that
molecular motion is described by only one diffusion coefficient.
In addition, the decay rates of the lines in Figure 3 decrease
with increasing diffusion times, and thus the detected n-hexane
apparent self-diffusivity gradually decreases with increasing
diffusion time. Together, these facts show that the n-hexane
motion in this system is described by the typical reflecting
boundary condition. With longer diffusion times, more n-hexane
molecules will sense the crystal borders and be reflected back
by the external surface (see Figure 2A).

Figure 4 shows the attenuation of the CF4 NMR signals
for the binary system loaded with one CF4 and one CH4 per
supercage at various diffusion times. The signal decays in
Figure 4 are not straight lines but curves, which means that
there are possibly two CF4 diffusivities governing molecular
motion as discussed above (see Figure 2B).1 One is a large
intercrystalline diffusivity, mainly affecting the fast decay
of the NMR signal at low gradient intensities (the long-range
diffusivity). The other is a smaller intracrystalline diffusivity,
corresponding to the slow decay of the NMR signal at higher
gradient intensities. The two-region model (eq 2) was used
to fit the decay curves, and the fitted results are shown as
solid lines in Figure 4. The excellent agreement between the
experimental data and the fit strongly supports the two-region
approximation model for this system. Because many CF4

molecules escape into the intercrystalline space, CF4 diffusion
in this system belongs to the absorbing boundary condition
case. Similar results were also observed by Geier et al. for
this system.22 Our results reveal that in all cases investigated
here, CF4 adsorbed in NaX zeolites is described by absorbing
boundary conditions. The apparent intracrystalline diffusivity
in the pores can be obtained for absorbing boundary condition
cases using the two-region model1,31 (see eq 2). The results
in Figures 3 and 4 demonstrate that the boundary conditions
for the adsorbed molecules can be obtained from the decay
curves of the NMR signals. The intracrystalline self-
diffusivities in the other systems were obtained using the
two methods above (figures not shown).

For the binary system loaded with one CF4 and one n-hexane
per supercage, the diffusive motions of CF4 and n-hexane are
described by absorbing and reflecting boundary conditions,
respectively. Figures 5 and 6 show their apparent intracrystalline
diffusivities versus the square root of the diffusion time. With
increasing diffusion times, the apparent diffusivities of CF4 and
n-hexane both decrease as more and more adsorbed molecules
have a chance to encounter the external crystal surface.22,25-27

To remove this effect, the unrestricted self-diffusivities (D0) at
zero diffusion time were calculated. The short-time diffusion
equations (see eqs 3 and 4)22-24 were used to fit the data in
Figures 5 and 6 (solid lines). The reasonable fit of the data means
that the variation of apparent diffusivities with diffusion time
can be effectively described by the equation suggested by Mitra
for both cases, and the unrestricted diffusivities (D0) estimated
in this way should be reliable.22-24 Extrapolating the solid lines
in Figures 5 and 6 to zero diffusion time (see the dashed lines
and the solid circles in Figures 5 and 6), we obtained that D0 of
CF4 and n-hexane are 2.2 × 10-9 and 8.4 × 10-10 m2/s,
respectively. The D/D0 ratios for CF4 and n-hexane in Figures
5 and 6 are greater than 0.7 for all investigated diffusion times,
which accords with the requirement that D/D0 be greater than
0.5 for the short-time diffusion model to effectively describe
the apparent diffusivities.24 The unrestricted diffusivities for the
other systems are shown in Tables 1 and 2. In all cases, D/D0

is greater than 0.5.
Table 1 lists the unrestricted diffusivities for the pure

component systems. It can be seen that the diffusivities of the
n-alkanes decrease with increasing chain length in agreement
with previous measurements32 and MD simulation.20,33 Figure

1
Di

) 1
Ði

+ θ
Ðii

(7)

Ði(θ) ) Ði(0)[1 - θ1 - θ2 - ... θn] (8)

nj,satÐij ) (nj,satÐii)
ni/(ni+nj) × (ni,satÐjj)

nj/(ni+nj) (9)

1
Di

) 1
Ði

+ ∑
j)1

n θj

Ðij
(10)

Figure 4. Attenuation curves for the CF4 NMR signal in NaX zeolites
loaded with one CF4 and one CH4 per supercage at different diffusion
times. The solid lines represent the fitted results using the two-region
approximation model.
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7 presents the unrestricted self-diffusivities for mixtures contain-
ing one CF4 molecule and one n-alkane (C1-C8) molecule per
supercage along with the single-component self-diffusivities at
a loading of one molecule per supercage. The n-alkane diffu-
sivities in the mixtures are almost identical to the single-
component results. The CF4 diffusivities, on the other hand,
decrease significantly when coadsorbed with slower n-alkanes.
Thus, the CF4 diffusivity with coadsorbed methane is essentially
the same as for pure CF4, but when n-octane is coadsorbed, the
diffusivity drops by a factor of 6. These trends are consistent
with a previous MD simulation20 for CF4 and n-alkanes in a
siliceous faujasite zeolite. The results also agree with previous
observations that for mixtures adsorbed in zeolites, the faster

species is slowed relative to its pure-component self-diffusivity,
while the slower species is unaffected or somewhat speeded
up.4,7 It should be kept in mind that the mixture results in Figure
7 are at constant number of molecules per supercage, but
n-octane occupies significantly more space than methane or CF4.
This reduction in free volume can be expected to play a role in
reducing the self-diffusivity of CF4 when coadsorbed with
n-octane in addition to the fact that n-octane itself has a lower
diffusivity, which will also slow coadsorbed CF4 molecules
through collisions and slower creation of vacancies.34,35

Figure 8 presents the unrestricted self-diffusivities for binary
systems loaded with one CF4 and one C6 hydrocarbon (n-hexane,
cyclohexane, or benzene) per supercage along with the single-
component diffusivities at a loading of one C6 hydrocarbon or
CF4 per supercage. Similar to Figure 7, the diffusivity value of
the slower species in the binary system is very close to its pure-
component diffusivity. (See Figure 8 and Tables 1 and 2.)
n-Hexane diffuses slightly faster than cyclohexane, and benzene
diffuses more than an order of magnitude more slowly. In Figure
8, the diffusivity of coadsorbed CF4 follows the same trend:
n-hexane > cyclohexane > benzene. n-Hexane, cyclohexane, and
benzene have similar molecular volumes.36,37 The benzene self-
diffusivity is much lower than that for n-hexane or cyclohexane
due to strong interactions between the aromatic ring of benzene
and the sodium cations in the zeolite.1,38-41 Similar to the trend
in Figure 7, the faster component (CF4) is slowed by the slower
and bulkier C6 molecules.

Another interesting comparison can be made from the
experimental data in Table 2. The CF4 diffusivities in the binary
systems containing n-octane and benzene are 9.4 × 10-10 and
8.7 × 10-10 m2/s, respectively. These very similar CF4 diffu-
sivities are observed even though the n-octane diffusivity is over
10 times larger than that of benzene in both the pure-component
and the binary systems (see Tables 1 and 2). This is presumably
due to the larger molecular volume of n-octane as compared to
that of benzene.36,37 n-Octane can block CF4 motion in the pores,
resulting in a similar CF4 diffusivity as in the case of the much
slower but less bulky benzene.

Figure 5. Variation of apparent intracrystalline diffusivities (D) of
CF4 with the square root of the diffusion times for the binary system
loaded with one CF4 and one n-hexane per supercage. The solid
line represents the fitted result using eq 4, and the dashed line
represents its extrapolation to zero diffusion time. The “b”
corresponds to the unrestricted intracrystalline self-diffusivity (D0)
at zero diffusion time.

Figure 6. Variation of apparent intracrystalline diffusivities (D) of
n-hexane with the square root of the diffusion time for the binary system
loaded with one CF4 and one n-hexane per supercage. The solid line
represents the fitted result using eq 3, and the dashed line represents
its extrapolation to zero diffusion time. The “b” corresponds to the
unrestricted intracrystalline self-diffusivity (D0) at zero diffusion time.

Figure 7. Variation of the unrestricted intracrystalline self-diffusivities
(D0) in binary systems loaded with one CF4 (squares) and one n-alkane
(circles) per supercage. Single-component values for the n-alkanes at
a loading of one molecule per supercage are also presented (+). The
solid and open symbols represent the self-diffusivities obtained from
PFG NMR mixture measurements and the MS estimation scheme,
respectively.
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In addition to the self-diffusivities measured by PFG NMR
in mixture samples (solid symbols), Figures 7 and 8 also display
the results predicted by the MS estimation scheme using only
single-component data as inputs (open symbols). Input data for
the pure components in NaX are listed in Table 1. This includes
the unrestricted self-diffusivities D0 measured in this work,
saturation loading amounts taken from the literature,1,30,41-43 and
the calculated fractional occupancies θ. With this input, Ði, Ðii,
and Ði(0) in the pure components were calculated in order with
eqs 7 and 5 as described above (see Table 1). Ði(0) at zero
loading is a constant for single-components and mixtures, only
dependent on the species i, the zeolite, and the temperature.
Based on the obtained Ði(0) in Table 1, in the multicomponent

systems the values of Ði, Ðii, Ðij, and Di(θ) were calculated
one by one using eqs 8-10. The binary unrestricted self-
diffusivities calculated in this way Di(θ) are presented in Figures
7 and 8 and Table 2. It can be seen that the estimated results
from the MS scheme are consistent with the measured self-
diffusivities within reasonable errors, providing an experimental
validation of the MS scheme proposed by Skoulidas, Sholl, and
Krishna.17 This scheme has been tested numerous times using
results from MD simulation, but there are few instances of
systematic experimental data available for mixtures in zeolites
to allow such a test using experimental data. As a self-
consistency test, note that the values of Ði(0) obtained for pure
CF4 and n-butane at two different loadings in Table 1 are the
same within experimental error.

Figure 9 shows results for binary systems loaded with CF4

and n-butane at a constant total loading of 2 molecules per
supercage but varying composition. Again, the results predicted
from pure-component data using the MS estimation scheme
agree well with the unrestricted self-diffusivities measured
directly for the mixtures, providing further validation for the
prediction method. The results in Figure 9 show that the
diffusivities of both CF4 and n-butane slowly decrease with an
increasing percentage of n-butane. n-Butane is both larger and
has a lower pure-component diffusivity (see Table 1 and Figure
9), so as CF4 molecules are replaced by n-butane molecules,
the mixture self-diffusivities of both CF4 and n-butane decrease.

TABLE 1: Single-Component Data in NaX Zeolites at 298 K: Saturation Loadings nsat, Measured Unrestricted Intracrystalline
Self-Diffusivities D0, the Maxwell-Stefan Diffusivities Ði, and the Maxwell-Stefan Diffusivities at Zero Loading Ði(0)

loading
(molecules/s.c.)a nsat(molecules/s.c.)a θ D0 (m2/s) Ði (m2/s) Ði(0) (m2/s)

1CF4 6.8b 0.147 6.9 × 10-9 8.2 × 10-9 9.6 × 10-9

2CF4 6.8b 0.294 5.1 × 10-9 7.0 × 10-9 9.9 × 10-9

1CH4 14.7b 0.068 1.8 × 10-8 2.0 × 10-8 2.1 × 10-8

1C4H10 5.3b 0.189 2.6 × 10-9 3.3 × 10-9 4.0 × 10-9

2C4H10 5.3b 0.378 1.6 × 10-9 2.4 × 10-9 3.8 × 10-9

1C6H14 3.8c 0.263 1.1 × 10-9 1.4 × 10-9 1.9 × 10-9

1C8H18 3.06d 0.327 3.5 × 10-10 4.9 × 10-10 7.3 × 10-10

1C6H12 4.5e 0.222 8 × 10-10e 1.0 × 10-9 1.3 × 10-9

1C6H6 4.5f 0.222 1.3 × 10-11g 1.7 × 10-11 2.1 × 10-11

a s.c. ) supercage. b Reference 30. c Reference 42. d From molecular simulation. e Reference 43. f Reference 41. g Reference 1.

TABLE 2: Comparison of the Unrestricted Intracrystalline
Self-Diffusivities from PFG NMR Measurements and from
the Maxwell-Stefan Estimation Scheme for Binary Systems
in NaX at 298 K

CF4 (m2/s) second component (m2/s)
loading

(molecules/s.c.)a MS PFG NMR MS PFG NMR

1CF4 + 1CH4 6.0 × 10-9 6.0 × 10-9 1.3 × 10-8 1.3 × 10-8

1CF4 + 1C4H10 4.3 × 10-9 3.4 × 10-9 1.9 × 10-9 2.1 × 10-9

1CF4 + 1C6H14 3.3 × 10-9 2.2 × 10-9 7.8 × 10-10 8.4 × 10-10

1CF4 + 1C8H18 2.3 × 10-9 9.4 × 10-10 2.6 × 10-10 2.5 × 10-10

1CF4 + 1C6H12 3.4 × 10-9 1.7 × 10-9 6.1 × 10-10 5.7 × 10-10

1CF4 + 1C6H6 1.0 × 10-9 8.7 × 10-10 1.0 × 10-11 1.6 × 10-11

a s.c. ) supercage.

Figure 8. Variation of the unrestricted intracrystalline self-diffusivities
(D0) in binary systems loaded with one CF4 (squares) and one C6

hydrocarbon (circles) per supercage. Single-component values for the
C6 hydrocarbons at a loading of one molecule per supercage are also
presented (+). The solid and open symbols represent the self-
diffusivities obtained from PFG NMR mixture measurements and the
MS estimation scheme, respectively.

Figure 9. Variation of the unrestricted intracrystalline self-diffusivities
(D0) in binary systems loaded with nCF4 (squares) and (2 - n)butane
(circles) per supercage. The solid and open symbols represent the self-
diffusivities obtained from PFG NMR mixture measurements and the
MS estimation scheme, respectively.
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6. Conclusions

Self-diffusion coefficients of CF4 and various hydrocarbons
in NaX zeolites were measured by PFG NMR for single
components and binary mixtures. The variation of the NMR
signal with the gradient pulse intensity allowed a clear dis-
crimination between reflecting and absorbing boundary condi-
tions at the crystal edges. For the absorption boundary condition,
the well-established two-region model was used to obtain the
apparent intracrystalline self-diffusivity. With increasing dif-
fusion time, the apparent diffusivities gradually decrease as
molecules approaching the crystal edges are reflected back into
the crystal or escape into the gas phase. The true unrestricted
intracrystalline self-diffusivities (D0) were derived by extrapolat-
ing to zero diffusion time when no molecules can sense the
external surface using the short-time diffusion model.

The intracrystalline self-diffusivity for a given component
coadsorbed in a zeolite with a second component is influenced
by the diffusivity of the second component and its size. For
example, the diffusivity of CF4 is reduced when the coadsorbed
molecules are larger and/or slowly diffusing. The systematic
set of mixture data obtained in this study was used to test a
scheme for estimating binary diffusion coefficients from single-
component data based on the Maxwell-Stefan formulation of
diffusion. For mixtures of CF4 and various hydrocarbons, the
self-diffusivities estimated from this method were consistent
with those directly measured by PFG NMR experiments for
the mixtures. This estimation method has been tested previously
by using data from MD simulations. This work provides a
critical test using experimentally measured mixture data.
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