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The one-component steady-state permeation of gases through a silicalite-1 zeolite
composite membrane as a function of the temperature is studied from 190 to 680 K for
light hydrocarbons, noble gases, and some inorganic gases. In general, with increasing
temperature the permeance shows a maximum followed by a minimum. For gases weakly
adsorbed the permeance has only a minimum and for gases strongly adsorbed only a
maximum is observed in the permeance. The permeance for various gases, for a feed
pressure of 101 kPa, span four orders of magnitude. The lowest permeation is for i-butane
at 300 K- a permeance of 0.07 X 10~% mol-m~2-s~!-Pa~!. The highest value
is observed for methane: a permeance of 70 X 10 ™% mol-m~2-s~1-Pa~! at about
240 K A comparison between the isobars and the temperature dependence of the
steady-state permeance, both at 101 kPa, shows that at the temperature where the
amount adsorbed vanishes the permeance starts to increase. The temperature depen-
dence of the steady-state fluxes through the silicalite-1 membrane can be described only
if two diffusion mechanisms are taken into account. For high occupancies the mass
transport can be described by equilibrium adsorption followed by surface diffusion and
for low occupancies the mass transport can be described by activated gaseous diffusion.
With increasing temperature the mass-transport mechanism shifts from the surface dif-
fusion regime to the activated gaseous diffusion regime. With these two diffusivities
modeling results agree well with experimental results for the one-component flux through

the silicalite-1 zeolite membrane.

Introduction

Diffusion in microporous materials is studied from both a
fundamental and a practical point of view. Because of the
well-defined pore structure of zeolites, the mass transport in
these materials is extensively studied. The use of micro-
porous materials in various catalytic and separation processes
is another point of investigation. For a zeolite membrane it
will be possible to combine catalytic activity and separation.
In this work the temperature dependence of the one-compo-
nent permeation through a silicalite-1 zeolite membrane has
been studied.

Results are reported for the one-component steady-state
permeation of 15 different gases through a silicalite-1 com-
posite membrane as function of the temperature over the
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range of 190 to 680 K. The gases can be divided into the
following three groups, the noble gases (He, Ne, Ar, Kr, and
Xe), inorganic molecules (H,, N,, CO, CO,, and SF;), and
light hydrocarbons (CH,, C,H,, C;H,, n-C,H,,, and i-
C,H,y). Also, results are presented for the equilibrium
amount adsorbed on silicalite-1 as a function of the tempera-
ture; isobars at 101 kPa over the temperature range of 200 to
600 K. From these isobars the entropy and the enthalpy of
adsorption are determined using the Langmuir isotherm. The
presented results for the permeance, as a function of the
temperature, clearly demonstrate the existence of two differ-
ent mass-transport regimes in the silicalite-1 crystals.
Generally, the following behavior for the permeation as a
function of the temperature is observed. Initially, the perme-
ation increases with increasing temperature and goes through
a maximum and then decreases. By further increasing the
temperature the permeation reaches a minimum and in-
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creases again. At low temperatures adsorption dominates and
the permeation behavior can be described by adsorption fol-
lowed by surface diffusion. The maximum in the permeation
can be explained in terms of activated diffusion of adsorbed
molecules. The surface diffusivity increases with tempera-
ture, and the amount adsorbed decreases with temperature.
A comparison of the permeation and the isobar shows that
the minimum in the permeation occurs at the temperature
where the amount adsorbed in the silicalite-1 vanishes. The
fact that the flux increases again at high temperatures can be
explained with the so-called gas translation diffusion (Xiao
and Wei, 1992a). At high temperatures there is a relatively
small amount of the molecules in the adsorbed phase. For
this situation the kinetic energy of the molecules in the zeo-
lite pore dominates, and the molecules retain their gaseous
character. But the molecules still have to overcome an energy
barrier by passing from the channels to intersec-
tions, and vice versa. This is also an activated diffusion
process. For normal Knudsen diffusion it is not pos-
sible to have an increase in the flux with an increase in the
temperature.

This possibility of two different diffusion regimes in zeo-
lites has recently been discussed by Xiao and Wei (1992a).
The existence of two different diffusion regimes is in agree-
ment with the mass transport of gases in other inorganic
membranes, like glass membranes. See, for example, Hwang
and Kammermeyer (1966), Shindo et al. (1983a), and
Shelekin et al. (1995).

Micropore diffusion theory

Diffusion in microporous media is described in terms of
adsorption and surface diffusion; mass transport takes place
in an adsorbed phase and can be pictured as molecules hop-
ping between fixed sites. For the mass transport an activation
energy of diffusion has to overcome (Barrer, 1941; Barrer and
Jost, 1949; Reed and Ehrlich, 1981; Van den Broeke, 1995).
This model for micropore diffusion has been extended by
Xiao and Wei (1992a). Diffusion in zeolites is described as an
activated process, and different situations are discussed in
terms of different diffusional paths. In this way the hopping
model, called the solid vibration model, has been derived,
and an activated gas-phase diffusion model, called the gas
translation model, is obtained. A different derivation of an
activated gaseous diffusion coefficient for micropore diffu-
sion has been given by Petropoulos and Hadvredaki (1986).

It is generally accepted that the concentration dependence
of the Fick micropore or surface diffusivity is given by the
Darken equation, D; = D(0) (d In P/d In q) (Chen and Yang,
1991; Karger and Ruthven, 1992; Krishna, 1993; Van den
Broeke, 1995). This relation relates the Fick diffusivity to an
intrinsic diffusivity Dg(0). The thermodynamic factor, I' =
dIln P/d1n g, relates the gas-phase pressure to the amount
adsorbed and is obtained when the gradient in the chemical
potential is used as the driving force for diffusion. Using the
concept of transition-state theory, Chen and Yang (1991) de-
rived a modified form of the Darken relation that takes into
account the effect of the constriction of the zeolite structure
on the mass transport. With this model different behaviors
for the one-component Fick diffusivity in different zeolites,
as a function of the amount adsorbed, are described. It has
been found that one-component diffusion in MFI zeolites
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(silicalite-1 and ZSM-5) is a strong function of the amount
adsorbed. The diffusion of hydrocarbons, including 2-methyl-
butane and benzene, in ZSM-5 has been studied by Xiao and
Wei (1992b). For a loading higher than four molecules per
unit cell, the Fick diffusivity increases with an increase in the
amount adsorbed. This behavior is confirmed by Molecular
Dynamics simulations for one-component diffusion of
methane in silicalite-1 (Maginn et al., 1993).

Microporous membranes

Zeolite Membranes. The results reported in this work were
obtained with the same experimental setup and membrane
synthesis procedure as described by Bakker et al. (1993) and
by Geus et al. (1993). The permeation of one- and two-com-
ponent gaseous systems through a silicalite-1 zeolite layer on
a metal support, using a Wicke-Kallenbach diffusion cell, have
been described by Bakker et al. (1993, 1996). Typical perme-
ation behavior is demonstrated by the system composed of
hydrogen, n-butane, and the silicalite-1 membrane. The
steady-state selectivity for a 1:1 mixture of hydrogen and n-
butane, for a feed pressure of 101 kPa, depends on the tem-
perature. At room temperature the n-butane is adsorbed
much stronger than the hydrogen, resulting in a separation
factor of about 50, toward butane. With increasing tempera-
ture the amount adsorbed decreases, and the difference in
mobility in the micropores will be the governing mechanism
for separation. For this mechanism the membrane selectivity
is in favor of the hydrogen. At 600 K a separation factor of
about 4 toward hydrogen is found. Also, transient experi-
ments have been performed at room temperature. In this type
of experiment the approach to equilibrium is followed. For
the permeation as a function of time, the faster moving but
weakly adsorbed hydrogen shows a maximum in the perme-
ation flux. The hydrogen enters the silicalite crystal first, be-
cause of its higher mobility, and is then replaced by the stower
moving but stronger adsorbed butane. At steady state the bi-
nary flux of n-butane is higher than the hydrogen flux (Bakker
et al., 1996; Van de Graaf et al., 1997).

Vroon et al. (1996) studied the synthesis of a silicalite-1
membrane on a ceramic support. Results are presented for
the one-component permeation of methane, ethane, propane,
n-butane, i-butane, and the permeation of some binary mix-
tures, as function of the partial pressure and temperature.
The permeation of a 50-kPa methane and 50-kPa n-butane
mixture, as a function of temperature clearly shows the effect
of the stronger adsorbed n-butane on the weaker adsorbed
methane. At a temperature of 373 K the flux of methane in
the mixture has dropped by an order of magnitude as com-
pared to the one-component situation.

Yan et al. (1995a, 1995b) presented results for a ZSM-5
membrane on an alumina support. Several synthesis experi-
ments are described, which have been performed to find the
optimal conditions to form a continuous zeolite layer. It was
found that the one-component n-butane permeation was be-
tween 18 and 31 times higher than the i-butane permeation,
over the temperature range of 303 to 458 K.

The group of Falconer and Noble (Bai et al., 1995; Baertsch
et al.,, 1996) use a tube covered with silicalite-1 zeolite to study
one- and two-component diffusion. Results are reported for
the one-component permeation of five gases—hydrogen, ar-
gon, n-butane, i-butane, and sulfur hexafluoride—over the
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temperature range of 300 to 600 K. For hydrogen and argon
a small minimum is observed in the permeance, as a function
of the temperature. For the other three gases— n-butane, i-
butane, and sulfur hexafluoride—the permeance increases
monotonously with increasing temperature. At a temperature
of 298 K the permeance of n-butane is higher than the per-
meance of i-butane; above this temperature i-butane perme-
ates faster than n-butane (Bai et al., 1995). Results are also
reported for aromatic hydrocarbon vapors permeating
through the silicalite-1 membrane. Over the temperature
range of 380 to 480 K it was found that the one-component
permeance of the three xylene isomers, benzene, ethylben-
zene, and toluene all increase with an increase in tempera-
ture. The sequence of the permeance did not follow the se-
quence of the kinetic diameter. For various binary mixtures
of the aromatic hydrocarbons it was observed that the faster
permeating species were slowed down to the rate of the slower
permeating molecules, and as a consequence no separation is
possible (Baertsch et al., 1996).

Nishiyama et al. (1996) reported results of one-component
permeation through a Ferrierite zeolite membrane over the
temperature range of 295 to 385 K. For a number of gases,
including hydrogen, methane, oxygen, and carbon dioxide, a
minimum is observed in the one-component permeation as a
function of the temperature.

Carbon Molecular Sieve Membranes. Membranes of micro-
porous activated carbon have been used by Barrer and
coworkers (Ash et al,, 1967, 1968) to study the diffusion in
porous materials. Koresh and Soffer (1980) used fibrous car-
bon molecular sieves (CMS) and carbon molecular sieve
membranes (Koresh and Soffer, 1983, 1986) to study the ef-
fect of pore structure and pore opening on mass transport.
By gradually enlarging the pore openings of the carbon from
0.31 nm to 0.56 nm the cross section related to adsorption
and diffusion of various molecules was established. Recently,
with the development of carbon molecular sieves, interest in
this type of microporous membrane has been renewed.

Chen and Yang (1994) developed a carbon molecular sieve
membrane on a macroporous graphite support by controlled
pyrolysis. A carbon molecular sieve layer of 15-um thickness
was obtained; the support thickness is 0.457 cm. Steady-state
permeation experiments were performed for methane,
ethane, and binary mixtures of these gases. From the concen-
tration dependence of the single-component diffusivities the
binary fluxes could be predicted using a loading ratio correla-
tion for the isotherms.

Rao and Sircar (1993) developed a CMS membrane for the
separation of hydrogen from small hydrocarbons. Results are
reported for permeation of a mixture of hydrogen, methane,
ethane and propane at 295 K. The mass transport through
the micropores, with a diameter of about 1 nm, is by adsorp-
tion and surface diffusion. Separation was achieved by the
difference in the amount adsorbed. Although the mobility of
the hydrogen in the CMS membrane is higher than the mo-
bility of the hydrocarbons, the membrane selectivity is in fa-
vor of the more strongly adsorbed hydrocarbons, rather than
for the hydrogen that is relatively weakly adsorbed.

This behavior is completely analogous to the behavior of a
mixture of hydrogen and n-butane through the silicalite-1
membrane, as studied by Bakker et al. (1996).

Glass Membranes. Kammermeyer and coworkers (Hwang
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and Kammermeyer, 1996; Hwang, 1968; Tock and Kammer-
meyer, 1969) and Inoue and coworkers (Shindo et al., 1983a,
1983b; Okubo and Inoue, 1989) studied the one-component
diffusion in mesoporous Vycor glass membranes with a pore
diameter of about 40 nm. Okubo and Inoue (1989) studied
the permeation through a modified glass membrane, with a
pore diameter of about 4 nm. The permeation results for this
modified membrane show the same trend as was observed for
the membrane with the larger pore diameter. In the modified
glass membrane the permeation was one order of magnitude
smalier as compared to the original glass membrane.

The various results for the adjusted permeance, IITY2, of
noble gases, nitrogen, and carbon dioxide as a function of the
temperature (200—-600 K) through glass membranes all show
the same behavior. As the temperature is increased, starting
at about 200 K, the adjusted permeability decreases, but for
most of the gases it reaches a minimum around 300 K, and by
further increasing the temperature the adjusted permeability
starts to increase.

Ma and coworkers (Bhandarkar et al., 1992; Shelekhin et
al., 1995) studied the permeation through a bidisperse micro-
porous glass membrane, over the temperature range of 300
to 700 K. The result for the permeability of helium, methane,
and carbon dioxide all increase with increasing temperature.
The pore diameter of this glass membrane ranges from 0.5
nm to 1.5 nm.

The objective of this work is to present and interpret re-
sults for the temperature dependence of the flux of simple
gases through a silicalite-1 membrane. The experimental re-
sults are described by a combined surface and activated
gaseous diffusion model. Confirmed by the one-component
permeation results for the silicalite~-1 membrane, a general
model for mass-transport micropores is available. For low
temperatures the transport is by adsorption and surface dif-
fusion, and for high temperatures mass transport is by acti-
vated gaseous diffusion. As a consequence of the fact that a
second diffusion mechanism exists for zeolitic diffusion, he-
lium, which is essentially nonadsorbing in silicalite-1, also has
a significant flux through the zeolite crystals of the mem-
brane, for elevated temperatures.

Diffusion in Microporous Materials

Following Xiao and Wei (1992a) we start with the most
general expression for the Fick diffusion coefficient

uA E,
Dp=—exp|l ——1], 1)
z

with u the velocity of the diffusing molecules, A the diffu-
sional free length, z a constriction or probability factor, and
E, the activation energy for diffusion.

For the silicalite-1 zeolite it will be shown that two differ-
ent diffusion regimes are possible, depending on the temper-
ature. For low temperatures diffusion takes place by diffu-
sion in an adsorbed phase. If the temperature is increased,
the amount adsorbed will decrease and above a given tem-
perature no adsorbed phase will be present in the zeolite
channels and the mass transport is by activated gaseous diffu-
sion. The former will be denoted as surface diffusion, the
latter as gas translation diffusion.
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Temperature dependence of the flux

We have extended the description of Xiao and Wei (1992a),
and we assume that for a given temperature and loading both
the surface diffusion and the activated gas translation diffu-
sion contribute to the overall mass transport through the sili-
calite-1 membrane. For the total steady-state flux through the
membrane we write

Jor =I5+ g7, (2)

with J; the flux given by the mass transport in silicalite-1,
which takes place by surface diffusion, and J;; the flux given
by the mass transport, which takes place by activated gas
translation diffusion.

Surface diffusion

For low temperatures an adsorbed phase is present in the
zeolite pore. In this adsorbed phase the mass transport takes
place by molecules jumping between adsorption sites. Assum-
ing a random walk mechanism for mass transport, Eq. 1 gives
the following relation for the surface diffusion coefficient

1 E
Ds(q)=;)\2v(q)exp(— 1;’;)

E
D,s ) 3)

= Dg(q)exp( -7

where A is the distance between two adjacent sites, which is
equal to the diffusional length. The velocity of the diffusing
molecules is related to the jump frequency, v, of the ad-
sorbed molecules by u = Av. The flux through the silicalite-1
membrane for this situation is given by

Jo = epDy( ) )
s = €ps\g '

with e the porosity of the support and p the density of sili-
calite-1.

In general the surface diffusivity is a function of the amount
adsorbed, g (Chen and Yang, 1991). With the driving force
for diffusion given by the gradient in the chemical potential,
one can derive a relation between the Fick diffusivity and an
intrinsic diffusivity (Krishna, 1993; Van den Broeke, 1995).
The concentration dependence of the (Fick) surface diffusion
in Eq. 3 is then given by

E
Ds(q)=Dg(q)exp(— If'Ts)

dln P
ding

This equation is also known as the Darken equation, and used
to introduce some quantities. The diffusivity DY is generally
referred to as a limiting diffusivity, which is independent of
the temperature. The diffusivity Dg(0) is referred to as an
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intrinsic diffusivity, which is independent of the amount ad-
sorbed. The results to be presented below will be given in
terms of DJ(0). The thermodynamic correction factor T can
be calculated from the adsorption isotherm.

Equilibrium adsorption

Often the Langmuir isotherm is used to describe the rela-
tion between the amount adsorbed, ¢, and the gas phase
pressure, P,

q bP
ga 1+bP°

(6)

The fractional surface occupancy 6 is also a function of the
temperature. The temperature dependence is given by the
Langmuir parameter

b= b°exp( — AH)
RT
AS AH
=exp(—§‘“—ﬁ). @)

In this work we assume that the entropy of adsorption, AS,
and the enthalpy of adsorption, — AH, are constant. For
Langmuir adsorption the thermodynamic correction factor,
see Egs. 5 and 6, is given by

I_, - qsat
Gsat — 49

=— ®

Gas translation diffusion

For high enough temperatures no well-defined adsorbed
phase will exist in the zeolite pore. Following Xiao and Wei
(1992a), we say that the molecules inside the silicalite-1 pores
retain their gaseous character, but for diffusion, from site-
to-site, the molecules have to overcome an energy barrier im-
posed by the pore structure.

Again, the diffusivity can be derived from Eq. 1. The veloc-
ity of the diffusing molecules is obtained from the kinetic gas
theory, where the diffusional length is denoted by A.

A [BRT Epor
Dor == = exp| - =251 ).
o=V oM e"p( RT ) ®

For this situation the flux is given by

1 dpP

Jor= EDGTE o

(10)

The preceding theory, with the separate contributions is
demonstrated in Figure 1 for the permeance of krypton. Also,
plotted is the modified permeance, IITY2, from which the

AIChE Journal



60 mmmm 12
—- { i, 9 -]
- I .
& 01 - L1.0
P £
= F0.8
E
= 0.6
9 (Htot Tm)/!s/ -
= — 0.4
e to2
. 0
=
s einma el 111}
600 700

T [K]

Figure 1. Contribution of surface and gas translation
diffusion to the total permeance II, of kryp-
ton, and adjusted permeance II T'/2.

temperature dependence is better observed. In this way the
total temperature dependence of the activated gaseous flux is
taken into account; see Eqs. 9 and 10.

Mass balance and permeance

The flux through the silicalite-1 membrane is calculated
from the mass balance over the membrane, at the steady state.
In the mass balance the partial feed pressure, the permeate
pressure, and the feed and the sweep gas flow rate are taken
into account. As is shown below, upon heating the flux
through the membrane changes with temperature. Therefore,
the partial pressure difference over the membrane changes
as the temperature changes. The permeance is used to com-
pensate for the change in the partial pressure difference over
the membrane. The permeance, II, is related to the flux and
the partial pressure difference over the membrane, AP, in
the following way

IM=-—. (11)

Simulations

Combining Egs. 2 to 10 the total flux through the zeolite
membrane is given by

JolT)=¢

Ep.s ) de
RT | dx

AV i ( Eper) | )
"7V 7mrT ®P\” TRT )dx'

It is noted that in this equation the occupancy 6 is a function
of the temperature, given by Egs. 6 and 7.

In the paper of Xiao and Wei (1992a) a general picture is
given of diffusion in MFI zeolite crystals; the "activated gas
translation diffusion was discussed in detail. For the zeolite
structure studied in this work the activation energy for the
gas translation diffusion can be interpreted as the difference
in the potential energy, U, between a molecule in the inter-
sections and in the ghannels. This can be written as

1
P4 DS (0) 1T@e’fp( -
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ED= |Umax —Umin [ (13)

The potential energy can be calculated from, for example,
the 6-12 Lennard-Jones potential. The distance between the
sites also determines the diffusional path, A, for surface and
gas translation diffusion; in silicalite-1 the distance between
two adjacent sites is about 1 nm. An interesting behavior is
seen for the intrinsic diffusivity as a function of the ratio of
the kinetic diameter to the channel diameter (cf. figure 10 of
the Xiao and Wei paper). If the ratio of the kinetic diameter
to the channel diameter is smaller than 0.6, the diffusivity is
more or less independent of this ratio. One can say that dif-
fusion takes place in the Knudsen regime. On the other hand,
if the kinetic diameter approaches the channel diameter, the
diffusivity decreases sharply. This diffusion regime is referred
to as configurational diffusion.

In this work the relative contributions of surface diffusion
and gaseous diffusion are investigated. In the simulation pre-
sented we have four unknown parameters. From Eq. 3 we
have used the limiting diffusivity, D2(0), and the activation
energy, Ej, 5, and from Eq. 9, the diffusional length, A, and
the activation energy, Ej, 57, as fitting parameters. The dif-
fusional length A for gas translation diffusion has been fitted
because its interpretation is not completely clear. The equi-
librium parameters are obtained from independent measure-
ments of the amount adsorbed as a function of the tempera-
ture; isobars at 101 kPa over the range of 200 to 600 K.

Boundary Conditions. In the experimental setup the sili-
calite-1 membrane is facing the feed flow, and the metal sup-
port the helium purge flow. Assuming equilibrium between
the gas phase and the adsorbed phase, we have for the feed
side the following condition:

0(x=0)=0*= (14)

1+ bP°

Because the metal support layer is much thicker than the
zeolite layer, the transport by molecular diffusion through the
support must be taken into account. This means there will be
a concentration difference, over the support, which cannot be
ignored. The concentration difference can be calculated from
the flux through the support N and the concentration C at
the purge side

dc,
Ny = DuTix—. | support +uCy (15)

with D, the molecular diffusion, which is also a function of
the temperature. The molecular diffusion coefficient is calcu-
lated from the relation given by Fuller (Fuller et al., 1966).

TV (M7 + M)”

P wy+vip)y

Diy=a (16)

with @ =1.01xX1073 g¥2-m?-s~!-N- K~ mol”. For exam-
ple, for methane with the molecular diffusion Dy, ye =5 X
107% m2.s7! at 300 K, and the gas velocity in the porous
support of about v =0.01 m-s~!, this gives rise to a partial
pressure difference of about 10 kPa over the metal support

September 1997 Vol. 43, No. 9 2207



Table 1. Ingredients Used in the Synthesis of Silicalite-1
Zeolite Membrane WTSS-1¢

Chemicals Relative Amount
SiO, (Aerosil 200) 100
TPA 195
OH™ 65
H,0 14,000
Synthesis time 12h

Synthesis temperature 465K

of 3-mm thickness. The ideal gas law is used to calculate the
pressure, at the interface of the silicalite-1 layer and the metal
support, from the concentration.

This pressure is used to calculate the driving force for per-
meation, which is given by the difference in occupancy and
the difference in partial pressure over the silicalite-1 layer.
The model is fitted to the experimental flux by optimizing the
values for the two activation energies for diffusion, the value
for the diffusivity D2(0), and the value for the diffusional
length A.

Experimental Section
Synthesis of the silicalite-1 membrane

A continuous silicalite-1 layer with a thickness of 50-60
pm was grown in a membrane module containing a two-layer
porous stainless-steel support. The support is 3 mm thick and
covered with a 50-150-um smooth top layer of metal wool.
The wires of this top layer are 10 to 50 wm apart. The top
layer is supported by a coarse sintered layer with an average
pore size of about 200 um. A synthesis mixture was prepared
by using silica (Aerosil 200, Degussa), tetrapropylammonium
(TPAOH and TPABr), and water. The relative amounts used
are given in Table 1. The synthesis mixture was aged for 6 h
under stirring, after which a clear solution was obtained. The
module with the smooth top layer of the support was filled
with the synthesis mixture, while the other section was closed
with a Teflon plug. During the synthesis both sides of the
module were closed with flange connections using Teflon
sealing rings. A typical synthesis is carried out at 465 K for 12
h. A continuous zeolite layer that covers both the porous and
the solid part of the membrane module is then being formed.
In this way only two materials are needed, the zeolite and
stainless steel, and no extra sealing is required. After the syn-
thesis the membrane was washed with water and ethanol and
the flange connections were removed and replaced by two
flanges with tubing for gas supply and removal. During the

Table 2. Characterization of the Silicalite-1 Zeolite
Membrane and Experimental Conditions for Permeation

Experiments

Pore diameter silicalite-1 d, [nm] 0.55
Density of silicalite-1 plg-em™3] 1.76
Thickness of silicalite-1 layer & [ pm] 50-60
Diameter of silicalite-1 membrane 2R,, [mm] 20
Thickness of two-layer metal support A (mm] 30
Porosity of metal-support layer € 0.52
Temperature range T [K] 190-680
Pressure P [kPa] 101
Feed flow ®; [nL(NTP)-min~'] 100

Purge flow (helium) @, [DL(NTP)-min~'] 200
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Figure 2. Experimental setup: Wicke-Kallenbach cell.

permeation experiments copper sealing rings were used be-
tween the flange with the silicalite-1 membrane and the two
flanges with the gas tubes.

The characteristic parameters of silicalite-1 and the experi-
mental setup are summarized in Table 2. The membrane
module is schematically depicted in Figure 2. In this article
permeation results are reported obtained from two metal
supported silicalite-1 membranes that were prepared in an
almost similar way. Table 3 indicates which membrane has
been used for the permeation experiments.

Calcination.  After the synthesis the template molecule te-
trapropylammonium is present in the zeolite pores and no
mass transport can occur through these pores. It is standard
procedure to remove the template molecules by calcination.
To test the quality of the membrane after the synthesis, neon
was introduced at 100 kPa and 295 K at the feed side for 45
min, prior to calcination. Before calcination no neon signal
was recorded by the mass spectrometer. During the calcina-
tion a 80/20 mixture of nitrogen and oxygen was flushed over
both sides of the membrane. At one side of the membrane
20-kPa krypton was added to this mixture to observe the de-
velopment of the permeation through the silicalite-1 layer.
The calcination was started at room temperature, and a heat-
ing rate of 1 K-min™' to 673 K was used. The calcination
was performed for 16 h, and the total pressure at both sides
of the membrane was 100 kPa. Above 623 K the permeation

Table 3. Intrinsic Diffusion Coefficients and Activation
Energies for Diffusion™

dkin** ED,S DS(O)

ED,GT A

Gas Membrane nm kJ-mol™' 107 ¥m?-s~! kJ-mol~! nm
He(/Ne) WTSS-1c  0.260 1.0 20 8.9 0.9
Ne WTSS-1¢ 0.275 1.9 2.4 8.5 1.1
Ar WTSS-1¢  0.340 49 1.9 7.1 1.1
Kr WTSS-1¢  0.360 7.4 1.7 7.0 1.1
Xe WTSS-1¢ 0.396 10.3 1.4 58 1.2
H, WTSS-1e  0.289 2.1 1.5 83 0.9
N, WTSS-1le 0.364 5.5 1.3 8.4 0.8
CO WTSS-1e  0.376 7.1 0.9 9.9 0.8
CO, WTSS-1e  0.330 9.6 0.7 10.3 0.9
SF; WTSS-1e  0.550 17.4 0.8 124 0.8
CH, WTSS-1¢  0.380 8.8 39 7.9 1.0
C,H, WTSS-1c 0.390 10.5 1.7 7.2 1.0
C,Hy WTSS-le 0430 122 0.75 114 09
n-C,H,; WTSS-1e 0.430 13.7 0.40 13.1 0.8
i-C,H,, WTSS-1e 0.500 15.1 0.15 13.5 0.8

= For all the gases the permeability was measured with helium as purge
flow. The permeability for helium, from the purge to the feed side, was
obtained from the permeation experiment with neon.

** From Breck (1974).
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of krypton increased strongly with temperature, while at 673
K the permeation of krypton was constant, indicating that the
zeolite pores were completely opened.

Experimental setup

Permeation Experiments. The permeation measurements
were performed according to the Wicke—Kallenbach method
(Wicke and Kallenbach, 1941) with helium as purge flow. The
feed, permeate, and retentate concentrations at both sides of
the membrane were analyzed using a mass spectrometer. The
pressure at the feed and the purge side can be varied inde-
pendently between 0.1 and 1 MPa. The membrane module is
placed with the zeolite membrane in a ventilation oven. Dur-
ing experiments the temperature was varied between 190 and
680 K. The temperature range of 190 to 298 K is obtained by
cooling the oven with solid carbon dioxide (sublimation point
of 194 K at 101 kPa).

The temperature-controlled permeation experiments are
performed with a heating rate of 2 K-min~!. Before each
experiment the oven was cooled to the desired temperature.
During the cooling the flux through the silicalite-1 membrane
was followed. If the flux was constant for about 30 min, steady
state was assumed and the experiment was started by heating
the oven. For all the temperature-controlled experiments,
pure components were studied at atmospheric pressure. The
feed flow rate, ®;, was equal to 100 mL-min~!. The helium
purge flow, ®,, was equal to 200 mL-min~!. All the flows
are in mL (NTP)/min. Prior to every experiment the oven
with the membrane module was heated overnight to assure a
clean membrane system. Typically, the oven was heated for 6
to 8 h at 538 K with a helium flow of at least 10 mL-min~!
at both sides of the membrane.

Adsorption Experiments. Adsorption experiments were
performed with silicalite-1 crystals to obtain the isobars over
the temperature range studied in this work. The isobars were
obtained using a gravimetric technique. A conventional flow
setup was used for this purpose; the change in the mass of
the sample over the temperature range of 200 to 600 K was
recorded. About 60 mg of silicalite-1 was put in a cup and
exposed to a gas flow of 50 mL (NTP)-min~!, the heating
rate was 1 K-min~!. The amount adsorbed on silicalite-1 as
a function of the temperature was obtained, at a pressure of
101 kPa, by following the desorption from the crystals. The
silicalite-1 crystals used to obtain the isobars were synthe-
sized with the same recipe as was used in the membrane syn-
thesis. Before the experiments the crystals were outgassed at
623 K and about 20 Pa for 6 to 8 h. The equilibrium results
were corrected for flow and buoyancy effects.

Results
Isobars

To establish the diffusion regime where adsorption is im-
portant, the equilibrium amount adsorbed was obtained as a
function of the temperature for most of the gases studied in
this work. The results for a number of isobars over the tem-
perature range of 200 to 600 K, at a pressure of 101 kPa, are
given in Figure 3. The isobars for the first four n-alkanes
have been reported previously by Bakker et al. (1996). The
following sequence in the amount adsorbed is observed: n-
C,H,,>C;Hg>C,H,>CH,.
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Figure 3. Isobars on silicalite-1 crystals at 101 kPa over
the temperature range of 200 to 600 K.

Solid lines are experimental results, dashed lines are fits with
the Langmuir model.

From Figure 3 it follows that by increasing the tempera-
ture, the amount adsorbed decreases, and above a given tem-
perature, no measurable adsorption takes place. For the
strongest adsorbed components, xenon, i-butane, and n-
butane, this temperature is about 600 K. From the isobar at
low temperatures it is clear that different components have a
different saturation capacity, q.,. Of the noble gases, neon
and helium are essentially nonadsorbing; less than 0.1 mmol-
g~ ! of these gases is adsorbed at a temperature of 200 K.

The isobars are described with the Langmuir isotherm with
the b parameter as function of the temperature. The fits are
obtained using (in Eq. 7) a constant enthalpy of adsorption
and a constant entropy of adsorption. The results of these fits
are given in Table 4. The saturation capacity of the different
components has also been derived from the isobars. These
results obtained from the isobars are used in the description
of the temperature dependence of the one-component per-
meance.

Concentration dependent diffusion

First we discuss the results for steady-state experiments as
a function of the feed pressure to confirm the concentration

Table 4. Equilibrinm Adsorption Properties of Simple Gases
in Silicalite-1, Obtained from Independent Isobaric Data

M AS —AH e
Gas g'mol™!  J-mol”:K~! kJ-mol™' mmol-g™!
He 4 0 0.0 0.0
Ne* 20 -37 5.0 5.2
Ar 40 —49 13.2 5.1
Kr 84 -57 19.3 49
Xe 131 -69 29.9 31
H, 2 —43 59 54
N, 28 ~50 13.8 54
co* 28 -55 17.9 5.1
CO, 44 ~58 24.1 5.0
SE¢ 146 -74 379 21
CH, 16 -70 226 45
C,H, 30 -74 304 3.0
C,Hj 44 —80 38.2 24
n-CiH, 58 -85 459 22
i-C,H,q 58 -8 341 15

+ Data obtained from the fit for the flux.
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Figure 4. One-component flux of propane through
membrane WTSS-1e.

Results are for three different temperatures, 303, 373 and
423 K, over the pressure range of 0 to 101 kPa. The dashed
lines are a guide to the eye.

dependence of the one-component Fick diffusivity. In Figure
4 results are presented for propane as a function of the feed
side pressure, for three different temperatures. At a temper-
ature of 303 K the flux of propane shows a nonlinear de-
pendence on the feed side (partial) pressure. At a higher
temperature the amount adsorbed in the silicalite-1 crystals
of the membrane is lower, and the flux shows a linear depen-
dence on the feed side pressure. An interesting aspect is the
fact that the propane flux at 373 K is higher than the flux at
423 K. The results presented in Figure 4 for propane indicate
that the temperature dependence of the permeance will not
follow an Arrhenius relation. It is therefore important to cover
a large temperature range.

In Figure 5 the normalized surface diffusivity at 303 K is
plotted as a function of the amount adsorbed. For the perme-
ation of propane at 300 K the main contribution is by surface
diffusion and we can neglect the contribution from the gas
translation diffusion. The surface diffusivity is calculated from
the total flux by using Eq. 4. As we will see below for the
permeation of propane at 303 K, the gas translation contribu-
tion to the overall permeance is on the order of 1%. For

25 ’
DD [ [ T=303K 5
1 CH, o
20 o} JH, ;
q o CH, ’
---- T=1/(1-6,,) s
15 ’
Q
i ;
10 &
T P
54 P
- /O o
! ~e--% O
{ o Ommmm = - o ©
o o2 04 o6 P PE—

8, [

Figure 5. Normalized one-component surface diffusivity
for ethane and propane as function of the di-
mensioniess amount adsorbed.

Result obtained from the flux at a temperature of 303 K.
The solid line is the thermodynamic factor obtained from
the Langmuir isotherm, Eq. 9.
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ethane this is about 8%, at the same temperature. Clearly,
the surface diffusivity varies with the amount adsorbed, and
fotiows closely the thermodynamic factor, ' =1A1—6)"!. In
the following the concentration-dependent surface diffusion
is used in the description of the temperature dependence of
the one-component permeance.

Permeance as a function of the temperature

Figures 6 and 7 present the various results for the one-
component permeation as a function of the temperature.
Three different groups of gases are considered; noble gases,
light hydrocarbons, and inorganic gases.

For the four linear alkanes, carbon monoxide, carbon diox-
ide, sulfur hexafluoride, krypton, and xenon a clear maximum
and minimum is observed in the permeance through the sili-
calite-1 membrane. For helium (against neon), nitrogen, hy-
drogen, neon, and argon only a minimum in the permeance is
seen. For i-butane the permeance increases continuously with
increasing temperature.

All the results for the permeance are described with a con-
centration-dependent diffusion coefficient and taking the two
different diffusion coefficients into account (see Eq. 12). The
permeance is fitted with Eqgs. 11 and 12, and the results of
the fits were given earlier in Table 3. In Figure 7 the perme-
ance of helium, from the purge to the feed side, is compared
for three different feed gases.

One-component diffusion

For the gases studied Figure 8 shows the corrected surface
diffusion at a temperature of 303 K as function of the kinetic
diameter. This is based on Eq. 5 and the data given earlier in
Table 3, and taking the vanishing amount adsorbed in Eq. 8.
We see that there are essentially two regions. In the first
region the diffusivity is almost independent of the kinetic di-
ameter. In the second region the diffusivity decreases rapidly
with an increase in kinetic diameter. By going from argon to
sulfur hexafluoride the diffusivity drops by a factor of 500.

A series of experiments have been performed with all 15
different gases at 673 K, with the same membrane (WTSS-1e).
The results for the permeance are plotted in Figures 9a and
9b. In Figure 9a we have plotted the one-component perme-
ance at a temperature of 673 K, as a function of the square
root of the mass, and in Figure 9b as a function of the kinetic
diameter. In both plots the same trend is seen—the perme-
ance through the silicalite-1 layer decreases rapidly if the mass
or the size of the permeating molecules increases. In Figure
9a we have also plotted the permeance, as a function of the
square root of the mass, calculated with a constant activation
energy of 10 kJ mol ™! for the activated gaseous diffusion;
this is the dashed line in Figure 9a.

Discussion

Steady-state permeance as function of the temperature
The following general behavior is observed for the perme-

ance as a function of the temperature. Initially, the perme-

ance goes through a maximum if the temperature is in-

creased. If the temperature is further increased, a minimum

is observed in the permeance.
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Figure 6. One-component permeance at a pressure of 101 kPa as a function of the temperature (190 to 680 K).

(a) Permeance of the hydrocarbons: CH, and C,H¢ through membrane WTSS-ic, C3Hg, n —C4H,, and i-C4H,y through membrane
WTSS-1e. (b) Permeance of the inorganic gases: N,, CO, and CO, through membrane WTSS-1e. (c) Permeance of the inorganic gases: H,
and SF, through membrane WTSS-1e. (d) Permeance of the noble gases: He, Ne, Ar, Kr, and Xe through membrane WTSS-lc.

The maximum in the flux can be described by equilibrium
adsorption and activated surface diffusion. For this case, mass
transport takes place by molecules hopping between sites.
This is an activated process and the diffusivity increases with
temperature. The amount adsorbed is based on equilibrium
and decreases with temperature. The sequence in the max-
ima of the permeance follows the sequence of the equilib-
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= 40
3 1 1---- HeH,
= 30
S |
B 201
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Figure 7. Helium permeance through membrane WTSS-
1e, from the purge to the feed side, as a func-
tion of the temperature for three different
gases at the feed side.
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rium amount adsorbed in silicalite-1. For the linear hydrocar-
bons this sequence is methane < ethane < propane < n-
butane. The amount adsorbed is taken into account by the
enthalpy of adsorption (see Table 4). The effect of the in-
crease in the enthaipy of adsorption is that the amount ad-
sorbed will increase, and therefore the maximum in the flux
occurs at a higher temperature. The activation energy for dif-

10.000 -
] He -
DO | twfel- 1K
10 [m?s™] N Noble
m’s] arg N on,
1.000 4 A 4 ® Inorganic
k| Krg'\
] e CH( o co
] co,, €O :
0.100 Xe~ ¥ Hydrocarbons
CH, .
0.010 v oo
3 n-CH,, \\\ e
] icH, v 5K
0.001 ——————— —————————————
02 03 04 05 0.6
<”kin [nm]

Figure 8. One-component surface diffusion coefficient
as a function of the kinetic diameter, at a tem-
perature of 303 K.

The dashed lines are a guide to the eye.
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Figure 9. One-component permeance for the different
gases at 673 K.

(a) As a function of the square root of the mass. (b) As a
function of the kinetic diameter.

fusion has only an effect on the height of the maximum. One
of the most interesting effects is the increase in the perme-
ance if the temperature is further increased. This is clearly
seen for methane and the noble gases.

For most of the gases studied the permeance increases with
increasing temperature for a temperature above 650 K. For
xenon and n-butane the permeance reaches a plateau be-
tween 650 and 673 K. The minimum in the flux occurs be-
cause, above a given temperature, the equilibrium amount
adsorbed in the silicalite-1 pores vanishes. This increase in
the permeance can only be described with a second diffusion
mechanism. The explanation of the increasing trend is that
an activated process must exist. This behavior is described
with Eq. 9 for the gas translation diffusion coefficient. With-
out an additional term for the activation energy, Knudsen
diffusion cannot describe the observed increase. It is noted
that when adsorption increases, the minimum takes place at
higher temperatures. From a comparison between the per-
meance and the isobars it is seen that the temperature of the
minimum corresponds within 50 K with the temperature
where the amount adsorbed vanishes.

Permeation of i-Butane. It seems that i-butane shows a
different behavior as a function of the temperature when
compared to the other gases; no maximum and no minimum
is observed. This is because, for the permeation of i-butane,
the contribution from surface diffusion is much smaller than

2212 September 1997 Vol. 43, No. 9

the contribution from the gaseous diffusion. This becomes
clear if the properties for n-butane and i-butane, as pre-
sented in Tables 3 and 4, are compared. From simulations it
follows that if for i-butane, for example, the activation en-
ergy, Ep ¢, was decreased to about 12 kJ-mol™!, a maximum
and a minimum in the temperature dependence of the over-
all permeance would also be observed. So, the experimental
and simulated results for i-butane confirm that a general the-
ory for micropore diffusion is available.

Counterdiffusion of Helium. During the temperature pro-
grammed experiments, the helium flow from the purge to the
feed side is recorded at fixed intervals (about every 30 K).
The permeation of helium through the membrane depends
on the amount of feed gas adsorbed (see Figure 7). Helium is
hindered more by stronger adsorbed molecules; for helium to
move through the gas phase, sufficient space is required in-
side the zeolite pores. This confirms that activated gas diffu-
sion takes place in the zeolite pores.

At a temperature of 673 K, it is found that the helium
permeates regardless of the kind of feed gas. For all the gases
considered, permeance of the counterdiffusing helium lies
around 50x107% mol-m~2-s~!-Pa~! at 673 K.

One-component diffusivities

Surface Diffusion. From Figure 8 it follows that the sur-
face diffusivity is almost constant for a kinetic diameter up to
about 0.3 nm. This corresponds with a kinetic diameter to
pore diameter ratio of 0.55. Above this ratio the corrected
diffusivities decrease strongly, on the half logarithmic scale,
with the kinetic diameter. A relatively large difference is ob-
served for carbon dioxide; from an extrapolation based on
the diffusivity of the other gases, the corrected diffusivity is
about an order of magnitude lower than expected. We can
say that at 300 K, for helium, neon, and hydrogen the diffu-
sion is in the Knudsen regime; for the other gases, the diffu-
sion is in the configurational regime.

High Temperature Limit: Gas Translation Diffusion. For a
temperature above 650 K, almost no gas adsorption takes
place in the silicalite-1 crystals. For this situation the mass
transport will be solely determined by activated gaseous dif-
fusion. From Figure 9 it follows that all the results for the
permeance lie in a small band around an average activation
energy for gas translation diffusion of about 10 kJ mol ™!,
From the plot of the permeance as a function of the kinetic
diameter, it follows, as expected, that the permeance strongly
decreases with increasing size of the molecules.

From Table 3 it is clear that the diffusional length A is the
same for all the gases. The distance of about 1 nm is clearly
of intracrystalline dimensions, and is about the distance be-
tween two intersections.

Comparison with literature data

Permeation Through Zeolite Membranes. For a number of
different zeolite membranes permeation data have been re-
ported in the literature. In Table 5 a comparison is made
between other MFI membranes and a Ferrierite membrane.
Ferrierite has a pore dimension similar to the MFI zeolites.
Results are compared for the weakly adsorbed hydrogen, the
moderately adsorbed methane, and the strongly adsorbed n-
butane. Some differences are found from the permeation re-
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Table 5. Comparison of Reported One-Component Permeation Data through Different Zeolites Membranes*

111078 [mol-m~2.s~1.Pa~1]

Zeolite/Support 8[ pm] H, CH, n—-C,Hy, Reference
Ferrierite /alumina — 0.8 03 - Nishiyama et al. (1996)
ZSM-5/a-Al, 0, 10 1.0 — 111+ Yan et al. (1995b)
Silicalite-1/y-alumina 5 340 — 59 Bai et al. (1995)
Silicalite-1 /a-Al,O4 <5 — 10* 3t Vroon et al. (1996)
Silicalite-1/stainless steel 50 15 30 5 This work

= Results are for pure component with a pressure of 101 kPa and a temperature of about 300 K; & is the thickness of the zeolite membrane.

** At 381 K.
¥ Results obtained from flux, IT = J/AP, with AP =1x10° Pa.

sults through the various membranes. A number of explana-
tions can be put forward. First of all, the membrane thick-
ness has a distinct influence. Compared to the results pre-
sented in this work for a membrane with a thickness of § = 50
um, the difference with Bai et al. (1995) for the permeation
of hydrogen is on the order of a factor of 2, after a correction
for the membrane thickness. The difference with Nishiyama
et al. (1996) and Yan et al. (19952) becomes larger after tak-
ing the membrane thickness into account. This may be caused
by the fact that they also have a different type of zeolite layer
and support. As discussed by Bakker et al. (1996) the mass-
transport resistance of the metal support is much lower as
compared to ceramic supports.

More interesting to compare is the observed trend for the
permeation of, in particular, the hydrocarbons as a function
of the temperature through the different MFI-supported
membranes. For these gases a comparison is possible, with
results presented by Vroon et al. (1996), by Bai et al. (1995),
and by Yan et al. (1995a). The results presented by Vroon et
al. (1996) for the flux of the first four n-alkanes and i-butane
(cf. Figures 7 and 8), through a silicalite-1 layer on a a-Al,0;
support, show a very similar behavior, as reported in this work.
A maximum is observed in the flux of ethane, propane, and
n-butane over the temperature range studied. For i-butane
an increasing behavior is observed. It is noted that the au-
thors just cited also find that, over the temperature range of
300 to 575 K, the flux of n-butane is always higher than the
one obtained for i-butane. Yan et al. (1995a) reported results
for a ZSM-5 layer on a a-Al,O; support, where n-butane
permeates 18 to 31 times faster than i-butane over the tem-
perature range of 303 to 458 K. On the other hand, Bai et al.
(1995) reported results for the permeation of n-butane and
i-butane through a silicalite-1 layer on a y-alumina support
that are different from the other results for MFI membranes.
First of all no maximum is observed in the permeance of n-
butane. Second, above 350 K, i-butane has always a higher
permeance than n-butane (cf. Figure 3). Because all other
groups find that the permeance of n-butane is higher than
the i-butane permeance through MFI membranes, the result
of Bai et al. (1995) is questionable.

Conclusions

Results for the one-component steady-state gas perme-
ation through a silicalite-1 zeolite membrane have been pre-
sented and modeled. Good agreement is obtained between
the experimental and numerical results for the permeation
through the silicalite-1 membrane. The permeation behavior
can be described for a wide range of properties, including the
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enthalpy of adsorption, the activation energy for diffusion,
and the size and the mass, of 15 different gases.

A new diffusion regime is established from the permeation
through the silicalite-1 membrane. This regime is difficult to
study with the conventional expérimental techniques. It has
been demonstrated that the temperature dependence of the
steady-state fluxes, over the range of 190 to 680 K, can only
be described if two diffusion mechanisms are taken into ac-
count. At conditions where a considerable amount is ad-
sorbed, the diffusion takes place by mass transport in an ad-
sorbed layer. This can be pictured as molecules jumping be-
tween adsorption sites. This is referred to as surface diffu-
sion. For high temperatures, where virtually no adsorption
takes place, the diffusion is described by gas transport diffu-
sion. The existence of two different diffusion regimes is in
agreement with the mass transport of gases in microporous
glass membranes. Comparing the isobars for the equilibrium
amount adsorbed on silicalite-1 at 101 kPa with the fluxes as
function of the temperature, we see that the minimum in the
fluxes occurs at the temperature where the amount adsorbed
vanishes. At this temperature the one-component flux through
the silicalite-1 membrane starts to increase. The diffusional
path in the high-temperature range is about 1 nm. This is
clearly an intracrystalline property and corresponds to the
distance between two pore intersections.
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Notation

b= limitinlg value of the Langmuir adsorption parameter, (100
kPa)~
d , =pore diameter, m
-1
M =molar mass, g mol
R =gas constant, J-mol ~!-K~!
R, =diameter of zeolite membrane layer, m
v = gas velocity, m-s™!
v = diffusional volume, m*
x =space coordinate, m
a =constant in Fuller equation, g"?-m?-s~!-N-K~"-mol”®
A =thickness of support, m

Subscripts and superscripts

avg =average amount adsorbed
D =diffusion
F =Fick diffusion
max, min = maximum, minimum in potential energy
sat =saturation capacity
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