;:‘ Adsorption 9: 225-234, 2003
' (© 2003 Kluwer Academic Publishers. Manufactured in The Netherlands.

Transport Properties of Ethane, Butanes and Their Binary Mixtures
in MFI-Type Zeolite and Zeolite-Membrane Samples

MING JIANG AND MLADEN EIC*
Department of Chemical Engineering, University of New Brunswick, P.O. Box 4400, Fredericton,
New Brunswick E3B 5A3, Canada

meic @unb.ca

Abstract. Transport properties of ethane, butane and their binary mixtures in large crystals of silicalite-1, ZSM-5,
and an MFI-zeolite membrane as well as agglomerates (pellets) of silicalite zeolites have been investigated by the
Zero Length Column (ZLC) method. It was found that in the large crystals of silicalite-1 and ZSM-5, and in the
membrane sample desorption of iso-butane was controlled by micropore diffusion, while in the case of pelleted
silicalite sample it was controlled by macropore diffusion. The effective thickness of the zeolite membrane can be
reasonably evaluated by comparing the diffusivity data obtained from the ZL.C and gas permeation measurements.
Desorption of ethane and n-butane in the large crystals of silicalite-1 and ZSM-5 and the membrane sample is
attributed to both equilibrium effects and micropore diffusion. The diffusivity of ethane is significantly reduced
in the presence of iso-butane giving rise to a micropore diffusion-controlled process. Furthermore, diffusion of

iso-butane in the zeolite samples is affected by the counter flow of ethane.
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1. Introduction

Research on diffusion involving zeolites has been
mainly focused on single-component systems, al-
though most practical applications of zeolites involve
binary or multi-component diffusion. PFG NMR
technique has been successfully used to study binary
mixture systems (Snurr and Kérger, 1997; Jost et al.,
1998; Nivarthi and McCormick, 1995). However, this
technique is limited to highly mobile species. The dif-
fusivities of sterically hindered molecules (such as iso-
butane) in zeolites are generally too small to be mea-
sured by NMR technique. Zero Length Column (ZLC)
has been considered as a promising method. Counter-
current diffusion of binary mixtures consisting of
p-xylene /benzene and p-xylene/o-xylene in silicalite
was investigated by the ZLC method using Stefan-
Maxwell model to analyze experimental data (Brandani
et al., 2000). However, in general very limited litera-
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ture data have been so far available for binary mixture
systems.

Zeolites of MFI type (e.g., silicalite and ZSM-5) pos-
sess channels defined by 10-membered oxygen rings
with a diameter of ~0.55 nm, which can be used to
separate gases on a scale of molecular sieving. There-
fore, they have been considered as good candidates for
inorganic membrane materials. These materials have
been attracting considerable interest because of their
mechanical strength, thermal stability and organic sol-
vent resistance. Among the zeolite membranes stud-
ied so far, MFI-zeolite membranes supported on alu-
mina or stainless steel have exhibited most reproducible
permeance data. In a previous work (Ciavarella et al.,
2000), permeation of gases (H, and/or butane) through
a composite alumina-MFI-zeolite membrane has been
reported. It was concluded that transport in the mem-
brane was controlled by a composite zeolite-alumina
layer formed at outer surface of the support, viz., zeolite
based membrane behaves as a molecular sieve. From
this point of view, the diffusion properties of sorbates
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in the zeolite pores play an important role in controlling
gas permeation and determining separation efficiency
of membrane materials.

In the present work, the diffusion of single compo-
nents as well as binary mixtures of ethane, n-butane and
iso-butane in large crystals of silicalite-1 and ZSM-5
zeolites, as well as a composite alumina-MFI zeolite
membrane sample, and silicalite pellets have been in-
vestigated using the ZL.C method. The diffusivity data
obtained for the MFI zeolite crystals (silicalite and
ZSM-5) and MFI-membrane have been compared and
interpreted. The effects of counter sorbate species on
the mobility of diffusing species have been explored in
the co- and counter-current modes of operation.

2. Experimental

Silicalite-1 and NaH-ZSM-5 (denoted as ZSM-5 in the
text) were synthesized by standard method (Zikanova
and Derewinski, 1995). The distribution of crystal sizes
was uniform with the dimensions, estimated from scan-
ning electron micrographs (SEM), of 113 x 20 x 20
and 14 x 11 x 8 um forsilicalite-1 and ZSM-5, respec-
tively. These sizes correspond to the equivalent radii
(R) of 22.1 and 6.7 um respectively when the crystals
are approximated as spheres. Silicalite pellets with av-
erage radii of 50, 390 and 550 um were prepared by
sieving the crashed commercial granules obtained from
UOP Corporation. The zeolite samples were calcined
at 550°C for 6 h to remove contaminates and organic
templates before loading on the ZLC column.

The preparation of composite alumina-MFI mem-
brane sample has been described in detail elsewhere
(Moueddeb et al., in press; Ramsay et al., 1994; Piera
et al., 1998). The macroporous alumina was supplied
by SCT/US Filter (Membralox T1-70). The precursor
was a clear solution of tetrapropylammonium hydrox-
ide (TPAOH, 1 M solution from Aldrich) and silica
(aerosil Degussa 380). A single-step synthesis proto-
col was employed in the preparation of the membrane
(Ciavarellaetal., 2000; Ramsay et al., 1994; Pieraetal.,
1998). The membrane sample used for the ZL.C mea-
surements was taken from the membrane tube by using
a very hard and sharp knife to enable scraping of the
surface that contains active zeolite layer.

Diffusion of single components and binary mixtures
of ethane and butane was measured by the ZLC
method. A very small amount of sample (less than
2 mg) was loaded into the ZLC column and activated
at 270°C overnight to remove water present in the orig-

inal sample. The column was then equilibrated with a
sorbate either as a single component or as binary mix-
ture (for co-current diffusion measurements) diluted
in a helium flow. The concentration of the sorbates
was adjusted and maintained at a low level, or within
linear region of adsorption isotherm as required by the
ZLC theory. Desorption was carried out by purging
with ultra-pure helium (for single-component and
co-current diffusion measurements) or using helium
plus counter sorbate (for counter-current diffusion
measurements). The relative concentrations (c/co)
of the effluent species from the ZLC column were
measured on an on-line quadruple mass spectrometer
(Dycor Dymaxion, Ametek, USA) by monitoring the
mass signals of 30 (CzHg fragment) for ethane and 43
(C5H7 fragment) for butane species.

Detailed analysis of the ZLC curves for single-
component diffusion has been described elsewhere (Eié
and Ruthven, 1988). For a linear system with uniform
spherical particles with a radius of R the relative efflu-
ent concentration (c/cg) versus time (¢) is given by:
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where D is the diffusivity and §,,’s are the eigenvalues
given by the roots of auxiliary equation:
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where ¢ is the void fraction of particle layer, v intersti-
tial gas velocity, z the ZLC bed depth, and K ; dimen-
sionless Henry Law constant.

In the long time region the higher order terms in the
summation can be ignored, and the function defined by
Eq. (1) approaches asymptotic solution:

2 o(—BDI/R
o L@ =1] exp(—B;Dt/R*) (4

From Eq. (4), the values of L and D/R? can easily be
determined from the slope and intercept of a plot of
In(c/cp) versus time ¢.
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The above analytical solution for single-component
diffusion can be tentatively used for the evaluation of
the co-current diffusion of binary mixtures at low con-
centrations. The theoretical analysis of ZL.C curves for
the counter-current diffusion requires further develop-
ment of a theoretical model, which is a subject of our
future study.

3. Results and Discussion
3.1. Diffusion of Single Components

The ZLC measurements were performed for the single-
component systems involving ethane, n-butane and iso-
butane in the temperature range of —40 to 0°C for
ethane, and O to 140°C for butane depending on the
samples. The concentration of the sorbate in helium
was maintained between 0.025 and 0.06 vol% to main-
tain the system linearity. Helium purge flow rate var-
ied from 40 to 120 cm® (STP) min~!. As described
above, the membrane sample was taken from the sur-
face layer that also contains alumina support in addition
to the zeolite crystals grown on the support. Therefore,
pure alumina from the membrane support was a part
of the sample used in the ZLC measurements. It was
found that effects with respect to the diffusion through
the alumina crystals were negligible, thus confirming
the assumption that the effective diffusion through the
membrane is completely controlled by intracrystalline
diffusion involving the zeolite layer only. Representa-
tive ZLC curves for the diffusion of ethane, n-butane
and iso-butane in the silicalite-1, ZSM-5 and mem-
brane samples are displayed in Figs. 1-3. They are fitted
by the ZLC model using Eqs. (1) and (2). Diffusivity
data derived from the fitting results are summarized in
Tables 1-3.

The reliable ZLC curves for ethane could only be
obtained at much lower temperatures in comparison to
butane. Although good tentative agreements between
experimental data and the theory were obtained, e.g.,
Fig. 1(a), a close inspection of the ZLC curves for
ethane shows that the appreciable initial drops in
concentration corresponding to fast purging of the free
volume of the system are not noticeable. This clearly
indicates fast diffusion rates. Hufton and Ruthven
(1993) have revealed that, when intracrystalline
transport is fast compared to the rate at which sorbate
is removed by the purge gas, the overall desorption
process is controlled by equilibrium effect, and
the corresponding ZLC curves can be extrapolated
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Figure 1. Experimental (symbols) and theoretical (solid lines) ZLC
curves of ethane (a) and n-butane (b) in silicalite-1.

through the origin with a slope inversely proportional
to Henry’s constant. The rate of intracrystalline
transport is determined by the size of sorbate molecule
and the size of the zeolite crystals. In the present case,
the kinetic size of ethane molecule is small relative
to the micropores of the MFI zeolite and therefore
the diffusion rate of ethane through the micropores
may be comparable to its surface removal rate by the
purge gas. In addition, the average size of the zeolite
crystals in the samples (especially in the membrane)
is small, which gives rise to a fast diffusion of ethane
passing through the crystals. Therefore, the overall
transport process of ethane in the samples seems to
be attributed to both the intracrystalline diffusion and
equilibrium-controlling effects. This conclusion is also
confirmed by the rather small L values obtained from
the theoretical fitting (see Tables 1 and 2). Compared
to the membrane sample, the reliable ZL.C curves for
ethane in the ZSM-5 sample were only possible to
obtain at lower temperatures, e.g., below —30°C, al-
though the effective average size of the zeolite crystals
in the membrane is much smaller than the size of the
crystals in the ZSM-5. The relatively low transport rate
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Figure2. Experimental (symbols) and theoretical (solid lines) ZLC
curves of iso-butane in silicalite-1 (a) and ZSM-5 (b).

of ethane in the membrane sample may result from the
inhomogeneity of the zeolite material, and the possible
effects of the surface barrier due to the existence of
crystal defects in the membrane (vide infra).

Inspection of the ZLC curves of n-butane in the
silicalite-1, ZSM-5 and membrane samples also reveals
that the decrease in In(c/co) appears to be nearly linear
with time from the beginning of the process, suggesting
that the desorption process is equilibrium-controlled
(see Figs. 1(b) and 3(a)). For that reason the theoreti-
cal analysis of the ZLC curves is difficult. Obtained L
values for n-butane diffusion in the samples are rather
small, indicating that the desorption rate is controlled
by both internal diffusion and convection. At small L
values, the diffusivities estimated from the ZLC curves
are subject to a considerable uncertainty.

For the diffusion of iso-butane in the silicalite-1,
ZSM-5 and membrane samples (Figs. 2 and 3), much
more significant initial drops can be observed com-
pared to the ZLC curves of ethane and n-butane. The L
values larger than 5 are generally obtained from the
theoretical fittings of the ZLC curves (see Tables 1
and 2) (L =5 is considered a point of transition from an
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Figure 3. Experimental ZLC curves of n-butane (a) and iso-butane
(b) in the membrane sample.

equilibrium-controlled to the intracrystalline diffusion
process (Hufton and Ruthven, 1993)). The diffusivity
values of iso-butane were confirmed from a series of
measurements using different purge flow rates of he-
lium. For instance, the values of D/ R? for iso-butane
in the membrane sample measured at 20°C at different
purge flow rates (60~120 ml min~') vary only between
9.9 and 11.3 sec™! (Table 3). This indicates the valid-
ity of the simple theoretical ZLC model for the mi-
cropore diffusion-controlled process. Considering the
equivalent radii of the silicalite-1 and ZSM-5 crystals
(22.1 and 6.7 pum, respectively), the calculated abso-
lute diffusivities for iso-butane are comparable to those
obtained by Hufton and Ruthven (1993).

Millot et al. (VIugt et al., 2000) studied the diffusion
of n-butane and iso-butane in MFI-type zeolites us-
ing quasi-elastic neutron scattering technique. They re-
ported that the diffusivities were significantly affected
by the kinetic diameters of sorbate molecules. The dif-
fusivity of iso-butane in ZSM-5 was found to be three
orders of magnitude lower than n-butane because of
the relatively larger kinetic diameter of iso-butane. In
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Table 1. Diffusivity data for ethane, butane and their mixtures in
the silicalite-1 sample.

Table 2. Diffusivity data for ethane and butane in the ZSM-5
sample.

Purge rate D/R* x 103 Purge rate D/R* x 103
Sorbate (mlmin~Y) T (°C) (sec™) L Sorbate (mlmin~") T (°C) (sec™h) L
Ethane 40 -30 14.9 3.0 Ethane 120 —40 9.6 3.0
40 -20 26.6 3.0 120 -30 12.7 3.0
40 —10 42.4 3.0 n-Butane 120 40 3.6 3.0
40 0 473 5.0 120 60 6.0 3.0
n-Butane 120 30 6.8 3.0 120 80 7.6 3.0
120 40 10.0 3.5 Isobutane 60 0 1.7 6.0
120 50 15.5 4.2 60 20 3.0 6.0
Isobutane 80 30 4.9 6.3 60 40 6.7 5.0
80 40 7.3 6.3 60 60 11.8 5.0
80 50 9.0 9.0 Ethane/isobutane 80 —10 11.1 10.0
80 60 13.4 10.0 (0.40%) 80 0 244 6.5
Ethane/isobutane 40 0 19.4 7.0
(0.40) 40 10 36.8 7.0
40 30 66.7 70 effect of anisotropy of silicalite-1 on the diffusion of
Ethane/isobutane 40 0 153 85 iso-butane. Interestingly, the diffusivity of iso-butane
(0.08) 40 10 20.0 100 in silicalite obtained by averaging the effects in each
40 20 - 1o direction (4 x 10712-6 x 10713 m? sec™!) is very close
20 30 05 120 to our r.esults determined by the ZLLC ir}gthod and p_r?g
i sented in Table 1 (vary between2 x 10~ and 6x 10
Ethéglg/iwbumne 40 0 1.0 120 m?sec™! depending on the temperature if the equiv-
009 40 10 16.9 120 alent radius of the silicalite-1 is taken as 22.1 um),
40 20 23.3 120 confirming the reliability of the ZLC method.
40 30 35.6 12.0

contrast, our results are obviously in disagreement with
the data of Millot et al. although the accuracy of the
diffusion data for the n-butane remains unclear. The
reason for the discrepancy is due to the different tech-
niques used for the measurements of diffusion data. The
ZLC method studies diffusion on a macroscopic scale,
while the techniques such as neutron scattering study
diffusion on a scale smaller than the crystallite size,
which primary reveals microscopic features of molec-
ular diffusion. Therefore, the results obtained from the
ZLC method will be determined not only by the in-
tracrystalline diffusion, but also by macroscopic crys-
tal properties. Vlugt et al. (Geier et al., 2001) used so-
called transition path sampling method to investigate
the diffusion of iso-butane in silicalite. In their study,
they considered the effect of zeolite channel structure
on the diffusivity. However, their computed diffusivity
is more than one order of magnitude lower than most
of the diffusion data reported in the literature. Further-
more, Geier et al. (Millot et al., 1999) considered the

Based on the diffusivity data obtained from ZLC
measurements, Arrhenius plots of D/ R? for the diffu-
sion of iso-butane in the silicalite-1, ZSM-5 and mem-
brane samples are shown in Fig 4. Good linear trends
can be observed for the temperature range employed
in the measurements. As indicated in Fig. 4, the activa-
tion energies derived from the plots for the silicalite-1
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Figure 4. Arrehnius plots for the diffusion of iso-butane in the
silicalite-1 (a), ZSM-5 (b) and membrane samples (c).
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Table 3. Diffusivity data for butane and ethane in the membrane sample obtained from the gas permeation

and ZL.C measurements.

ZLC measurements

Gas permeation

Purge rate D/R*x10°  D*/R*x 1073 D*/Ix 10° 1/R?
Sorbate (mlmin~") T (°C) (sec™!) (sec™) (cm/s) (um™1)
Ethane 60 —40 28.8 3.0 20.7 0.50
60 —-30 44.6
60 —20 72.0
n-Butane 60 10 3.5 0.9 6.7 0.14
60 20 44
60 30 7.1
60 40 11.1
Iso-butane 60 0 4.8 7.3 21.0 0.35
60 10 6.7
60 20 10.4
60 30 203
90 20 9.9
120 20 11.3

and ZSM-5 samples are very similar (~25 kJ mol™!).
This is not surprising since both silicalite and ZSM-
5 are of the similar structure belonging to the MFI
zeolites. However, for the membrane sample a rela-
tively high activation energy (ca. 32 kJ mol~') was
derived, which is in a good agreement with the results
obtained by Millot et al. (34 kJ mol~) (Vlugt et al.,
2000) and by Ciavarella et al. (2000) (31 kJ mol™1)
using gas-permeation techniques for the same type of
membranes.

In order to obtain the diffusivity D, the equivalent
radius of the zeolite crystals R has to be evaluated.
For zeolites of uniform crystals, R values can be easily
determined from their SEM images. For a composite
zeolite membrane, however, the zeolite crystals in the
membrane are not uniformly distributed. The internal
structure of the membrane is composed of large alu-
mina particles (between 20 and 30 wm). Small zeolite
crystals are stacked on the surface of the larger alumina
particles. Considering that the micropores of the zeolite
control diffusion, it is most likely that only a dense layer
of the zeolite membrane is involved in the process. The
boundary of such a dense zeolite membrane cannot be
visualized from the SEM image alone, which makes
the determination of the thickness of the membrane
difficult. Ratios of the pre-exponential factor of the dif-
fusivity coefficient and effective membrane thickness
(D* /1) can be readily obtained from gas permeation
measurements. These ratios can then be compared with

D> /R? derived from the ZLC measurements (Jiang
et al., 2001) in order to calculate values of // R2. From
these values the thickness of the membrane can be eas-
ily determined provided that the diffusivity data ob-
tained from the ZL.C and gas permeation measurements
are comparable within the experimental errors. For n-
butane, iso-butane and ethane, the values of [/ R? listed
in Table 3 vary between 0.14 and 0.5 um~!. Because
of the uncertainty regarding diffusivity data for ethane
and n-butane determined from the ZLC measurements
as discussed above, only the I/ R? value for iso-butane
(ca. 0.4 um~") should be considered for the estimate of
[. Assuming that the equivalent radius R of the zeolite
crystals in the membrane is about 3 um (Moueddeb et
al., in press; Ramsay et al., 1994; Piera et al., 1998),
the calculated effective thickness of the membrane, /
is about 4 um, which corresponds to one or two layers
of zeolite crystals. A similar effective membrane thick-
ness has been reported earlier (Ciavarella et al., 2000).
Here, one can ascertain that the effective thickness of
the membrane for diffusion through the micropores of
the zeolites is much smaller than the geometric thick-
ness as observed from the SEM images.

The size of zeolite crystals is one of the most im-
portant factors in determining whether the transport
process is micropore diffusion or equilibrium con-
trolled. In the pelletized samples prepared from the
commercial zeolites, the sizes of the zeolite crystals are
very small. Therefore the diffusion of a sorbate through
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Figure 5. Experimental (symbols) and theoretical (solid lines) ZLC
curves of iso-butane in pelletized silicalites with the particle radii of
50 (a) and 550 pm (b).

the intracrystalline medium may be much faster than
the transport through the whole pellet, i.e., the trans-
port process could be controlled by the macropores
formed from stacking of the very small zeolite crystals
or by equilibrium if the particle size of the pellets is
small. Figure 5 shows the ZLC curves for iso-butane in
the silicalite pellets with two different average particle
sizes. As expected, in the case where the particles are
of small size (R =50 mm) practically no initial drops
are observed; the plots of In(c/cy) versus ¢ are essen-
tially linear, and can be extrapolated through the origin
(Fig. 5(a)). It clearly indicates that the transport process
is equilibrium-controlled. With the large particle size
(R =550 mm), the macropore-controlled diffusion be-
comes dominant as indicated by the large initial drops
in the plots of In(c/co) versus ¢ (Fig. 5(b)). Analysis
of the ZLC curves for iso-butane in the pelletized sili-
calite samples using two larger particle sizes (R} =390
and R, =550 um, see Table 4) shows that the L val-
ues derived from the fitting procedures are greater than
5, and with the ratios of the diffusional time constants
(Dei/ R*s) being close to the square ratio of the parti-

Table 4. Diffusivity data for iso-butane in the silicalite pellets.

Der/R? x 10° Do/ R? x 10°

T (°C) (sec™) (sec™) Ratio of D/ R?
30 0.78 0.41 1.90
40 1.32 0.66 2.00
50 221 1.12 1.97
60 3.86 1.91 2.02

“The average R; and R; are 390 and 550 pm, respectively.
b < L < 10.

cle radii R3/R? (ca. 2.0), this analysis provides a clear
proof of macropore-controlled diffusion process.

3.2.  Diffusion in Binary Mixtures

The diffusion measurements involving binary mixtures
were carried out in co- and counter-current modes mon-
itored by mass spectroscopy.

Co-current ZLC curves for ethane mixed with iso-
butane were measured using variable molar ratios of
ethane/iso-butane. In order to avoid interference at the
higher iso-butane concentrations (Jiang et al., 2002)
the ZLC curves were measured at low total concen-
tration in the gas phase, e.g. 0.06 vol%. The molar
ratios of ethane/isobutane varied from 0.04 to 0.40.
Figure 6 presents the experimental data (symbols) and
the corresponding theoretical curves fitted by the ZLC
model (solid lines) for the diffusion of ethane in the
silicalite-1 sample in the presence of iso-butane. The
diffusivity data derived from the fitting results are sum-
marized in Table 1. Contrary to the ZLC curves for
single-component system (Fig 1(a)), the reliable ZL.C
curves for ethane mixed with iso-butane can be ob-
tained at much higher temperatures (>0°C), indicating
that the transport rate of ethane has been significantly
reduced in the presence of iso-butane. This is also con-
firmed by the theoretically fitted diffusivities as shown
in Table 1. Compared to single-component diffusion
of ethane, much larger initial drops can be observed
even at a very low concentration of iso-butane (Fig. 6).
The L values derived from the theoretical fitting are
greater than 7.0 (Table 1), indicating that the transport
of ethane in the sample has been changed from a mainly
equilibrium-control process to the micropore diffusion
control. Similar results were also obtained with the
ZSM-5 sample. In the absence of iso-butane, reliable
ZLC curves were only obtained at temperatures below
—30°C, while in the presence of iso-butane, they can be
obtained at a temperature as high as —10°C (Table 2),
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Figure 6. Experimental (symbols) and theoretical (solid lines) co-
current ZLC curves of ethane in the presence of iso-butane in
silicalite- 1 with ratios of ethane to iso-butane of 0.40 (a) and 0.04 (b).

indicating that the presence of iso-butane decreases the
rate of transport of ethane through the ZSM-5 samples.

Co-current ZLC curves of iso-butane in the pres-
ence of ethane were also measured. The concentra-
tion of ethane can be independently changed from 2
to 15%, since the mass signals of ethane do not inter-
fere with the mass signal of isobutane at m/e = 43.
However, at different concentrations of ethane, the ob-
tained ZLC curves of iso-butane are very similar, and
the derived diffusivity data show deviations of less than
15%, indicating that ethane has practically no effect on
the diffusion of iso-butane in the co-current arrange-
ment. This is not surprising even though one may ex-
pect that the presence of ethane could affect iso-butane
diffusion. In the binary flux, a certain amount of iso-
butane is replaced by the faster diffusing molecules,
i.e., ethane consequently introducing additional con-
centration gradient of the second component. Based
on that, diffusivity of the remaining iso-butane in the
flux should be enhanced. However, this enhancement is
considered insignificant due to much faster diffusion of
ethane (much shorter retention time within the crystal

structure), thus rendering the difference in diffusivity
very difficult to measure by the ZLC technique.
Attempts to measure the counter-current ZLC curves
of ethane purged by helium plus iso-butane were not
successful, because of the interference of the mass sig-
nal of m/e =30 arising from iso-butane (Jiang et al.,
2002). Therefore, only counter-current ZLC curves of
iso-butane purged with helium containing ethane were
obtained. The concentration of ethane in helium used as
the counter purge varied from 0.25 and 10 vol%. Rep-
resentative ZLC curves for iso-butane in the silicalite- 1
crystals and silicalite pellets purged by ethane (1.0%)
in helium at flow rates of 40 and 80 ml min~'are pre-
sented in Fig. 7. With the counter flow purge involving
ethane/helium, the adsorbed iso-butane is quickly des-
orbed at the initial time, but the desorption curve levels
off after certain time depending on the desorption tem-
perature (see the separation marks shown on the curves
in Fig. 7). Further increase in desorption time has a very
limited effect on desorption of iso-butane. Compared
with the co-current diffusion of binary mixture, the
desorption rates of iso-butane are significantly reduced
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Figure 7. Counter-current diffusion of iso-butane purged by helium
plus ethane in silicalite-1 (a) and silicalite pellets (R =390 um) (b).
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by the counter flow of ethane/helium, indicating a
strong interaction of the adsorbed iso-butane species
with the ethane in the counter flow. As shown in
Fig. 7(a), when the concentration of ethane in the
counter flow decreases (see the inserted curves of
counter flow of ethane), more iso-butane starts to des-
orb from the sample. This indicates that significant
amount of iso-butane may be immobilized in the pores
or channels of the zeolite in the presence of ethane in
the counter-flow.

Kirger et al. (Snurr and Kirger, 1997; Jost et al.,
1998) have investigated diffusion properties of differ-
ent binary mixture systems by using PFG NMR tech-
nique and revealed that the mobility of the faster dif-
fusing species is in general reduced in the presence of
a slower moving species, whereas the mobility of the
slower moving species is not significantly affected by
the faster diffusing species. However, the PFG NMR
technique is usually limited to highly mobile species.
The counter-current diffusion of p-xylene/benzene and
p-xylene/o-xylene binary mixtures in silicalite has been
investigated with the ZLC method and analyzed using
the Stefan-Maxwell model by Brandani et al. (2000).
They have drawn the same conclusion. In the present
work, the results obtained from the co-current measure-
ments of binary mixture of ethane/iso-butane clearly in-
dicate that diffusion of faster species (ethane) is signifi-
cantly reduced by slower species (iso-butane), which is
consistent with the above-mentioned literature results.
However, considering that the diffusivity of ethane is
much higher than that of iso-butane, the former could
be completely purged at the early stages of the desorp-
tion process leaving only the latter species in the zeo-
lite. This would render diffusion of iso-butane mixed
with ethane to be equivalent to the single component
diffusion. Therefore, the effect of ethane upon the des-
orption of iso-butane cannot be elucidated from the co-
current measurements. However, in the counter-current
mode of diffusion measurements the iso-butane, which
is pre-adsorbed in zeolite, will interact with ethane
throughout the entire desorption process and therefore
the effect of ethane upon the transport properties of
iso-butane can be more evidently explained. Figure 7
clearly indicates that the diffusion of the slower mov-
ing species (iso-butane) is affected by the faster moving
species (ethane). This is contrary to the results reported
by Kirger et al. (Snurr and Kiérger, 1997; Jost et al.,
1998) We have also obtained similar results involving
the diffusion of n-butane affected by the counter flow of
ethane in the silicalite-1 and ZSM-5 crystals and large

silicalite pellets (Jiang et al., 2002). The discrepancy
between our observations and those reported in the lit-
erature needs a further investigation and clarification.

4. Conclusion

The transport properties of ethane, n-butane, iso-butane
and their respective binary mixtures in MFI-type zeo-
lite and membrane samples were investigated using the
ZLC technique. It was found that the desorption process
of ethane in the large crystals of silicalite-1 and ZSM-5
as well as the membrane sample is attributed to both
micropore diffusion and equilibrium effects. The pres-
ence of iso-butane reduces the rate of intracrystalline
transport of ethane in the large crystals, which gives
rise to a micropore diffusion-controlled process. In the
pelletized silicalite samples, the transport of ethane
is mainly controlled by the equilibrium effect. Trans-
port of iso-butane in the large crystals of silicalite-1
and ZSM-5 and the membrane sample is micropore
diffusion-controlled, while that of iso-butane in the pel-
letized silicalite samples can be either equilibrium- or
macropore diffusion-controlled depending on the par-
ticle size of the pellets. By comparing the results ob-
tained from the ZLC and gas permeation experiments,
the effective thickness of the membrane for gas perme-
ation and separation has been estimated to be about one
or two lays of zeolites. In the large crystals of silicalite-
1 and ZSM-5 and the pelletized silicalite samples, dif-
fusion of iso-butane is affected by the counter flow of
ethane. Certain amount of iso-butane seems to be im-
mobilized in the samples by interacting with ethane and
can be released only when the concentration of ethane
in the counter flow is decreased.
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