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Abstract

Continuous lavers of MFI {mln—-ul-tn_l- Si-rich ZSM-5) have been nrenared on porous, sintered stainless steel sunnorts,
contingous 1ayers o Mir 1nicante-,; rich LSM-0) have been prepared on po sintered stamnie: uppo

Similar metal supported MFI membrancs of ~ 50 pm thickness have been grown within stamless steel membrane modules in
order to perform (high-temperature) permeation experiments As-synthesized layers are found to be gas—tight even for small
molecuies such as neon. The supporied MFI iayers remain ihermomechanicaily stabie upon caicinaiion at 4460°C in air o
remove template idns (tetrapropylammonium). Gas permeation experiments have been performed using neon, methane, n-
butane, and isobutane according to the Wicke—Kallenbach principle with helium as a purge gas. The sequence of the pure
gas permeabilities at room temperature and 0.3 bar partial pressure difference is methane > n-butane >neon > isobutane,
demonstrating that the permeation is based on both adsorption and diffusion. The deviating permeation behaviour between
the butane isomers is attributed to the bulkiness of isobutane, which is also reflected in the substantially lower adsorption
capacity as compared with n-butane. In experiments using binary mixtures of strongly (butane isomers) and weakly (methane)
adsorbing species, the permeation rate of the former is hardly affected, whereas for the latter a drop in permeability of some
two orders of magnitude is observed. At hwhpr temperatures {up to 350°C) with a constant feed comnosition, the methane
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permeation rate increases as a result of the decreased adsorpuon of n-| butane The MFI layer retains its separation potential

after several heating and cooling cycles.
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Introduction

The preparation and characterization of zeolite
membranes has been pursued since the early eight-
ies, and several approaches to the preparation of
inorganic zeolite membranes have been explored
thus far [1- 3] Recently, several workers have
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(ZSM-5) layers or films [4-6]. The separation
potential of zeolites in a membrane configuration
has been studied by performing permeation experi-
ments on one or several zeolite crystals, embedded
in epoxy resin [7-9]. Few studies, however, have
been dedicated to formulate a permeation theory
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through zeolites is even more underdeveloped.
The scientific interest in zeolite membranes is
based on the generation of reliable data on
intracrystalline (micropore) diffusion. Membrane
permeation measurements can be performed within
a very broad range of diffusivities, thus allowing
for comparison of differently behaving molecules.
Most other techniques are restricted to either fast
or slow systems, which complicates comparison
[12]. Moreover, permeation may be studied under
steady state and/or transient conditions, and for
both single components and mixtures. In all cases,
however, the boundary conditions on either side

of the memhrana are wall dafined which allawe
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for a reliable interpretation of the observed permea-
tion behaviour.

The expected molecular sieving effect of zeolite
membranes, on which the industrial interest is
based, has not yet been confirmed experimentally.
The permeation results for the previously men-
tioned zeolite crystal/epoxy resin composite mem-
branes are not very promising, and the thus far
proposed membrane preparation methods do not
lead to easy scale-up. Moreover, the advantage of
inorganic membranes exists in the more severe
conditions (e.g., high temperature) under which
such membranes can be applied and, if necessary,
reactivated, as several organic polymer membranes
are available with excellent performance in both
permeation rate and selectivity. It is generally
acknowledged that the high-temperature applica-
tion of inorganic membranes is strongly limited by
high-temperature resistant sealing [13]. The com-
patibility problem can be avoided by the applica-
tion of several layers to join the ceramic membrane
and the (generally) stainless steel housing [14].

Indeed, the preparation of the membrane layer
or film is seldom performed in such a way that no
separate incorporation within a membrane module
is required [15]. Therefore, it is the objective of
this work to discuss the direct membrane prepara-
tion within a high-temperature membrane module,
thus avoiding the use of high-temperature resistant,
gas-tight sealants. To this end, MFI layers have
been grown on porous sintered stainless steel sup-
ports, which guarantees good thermomechanical
compatibility between the porous support and the
membrane module housing. In addition, stainless
steel offers several other advantages over ceramic
supports, such as (i) easy construction, (ii) mechan-
ical strength, (iii) chemical inertness, and (iv) rela-
tively high thermal conductivity as compared to
ceramics. Some permeation measurements on the
prepared MFI membranes have been included to
demonstrate the interesting permeation behaviour
of this new type of membrane. Finally, the use at
high temperatures in connection with the thermal
stability of the composite system is discussed.

Theory

Steady state membrane permeation measure-
ments under well-defined boundary conditions
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offer a straightforward method to acquire accurate
data on diffusion. The experimental set-up accord-
ing to the Wicke—Kallenbach principle is favoured
[16,17], because permeation is exclusively driven
by a concentration gradient. If intracrystalline
diffusion through the zeolite layer is the rate deter-
mining process for permeation, Fick’s first law of
diffusion applies:

Bror=—D(@)* A o2 )

with ¢, the flow rate (mol/s), D(q) the concen-
tration-dependent intracrystalline Fickian diffusiv-
ity (m?/s), q the sorbate concentration (mol/m3),
A,, the membrane surface area (m?), and x the
distance within the membrane layer (m).

Permeation through supported membranes,
however, is affected by the presence of the support,
and a more complex permeation model is required.
Mainly for rather thin membranes, the mem-
brane/support interface porosity is an essential
parameter, as the effective membrane thickness is
considerably larger than the actual layer thickness.
For the same reason, the effective membrane sur-
face area on either the feed (adsorption), or the
permeate (desorption) side is reduced. According
to Barrer [10], however, the sorption processes to
and from the zeolite micropores may be considered
fast as compared to intracrystalline diffusion, pro-
vided relatively thick layers (> 50 pm) are consid-
ered at room temperature. Such thick membrane
layers are studied in this work, hence permeation
is expected to be basically governed by intracrystal-
line diffusion. The extra resistance to mass flow by
gas diffusion through the porous support (the
zeolite layer faces the feed side) is expected to be
nullified by the high flow rate of the purge gas.

Under steady state conditions the permeability
(P) may be defined as a convenient parameter to
relate the observed permeate flow rate to the
imposed (partial) pressure difference (Ap) over the
membrane:

An

¢mol= pP- lm

Ap )]

with I, (m) the membrane thickness. Only within
the Henry region, however, the permeability may
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be considered constant, and defined as P DK,
with K the Henry coefficient (molm~3Pa™1)
Generally, the diffusivity is concentration depen-
dent as in egn. (1), and the permeability will slightly
decrease for increasing feed pressures.

Equation (2) demonstrates that the permeation
rate depends on both sorption and diffusion. Even
for adsorption within the Henry region, stronger
adsorbing moiecuies wiil experience a much iarger
driving force than weakly adsorbing species.

Therefere’ pure gas permeabﬂlfv ratios un" gen-

erally not reflect the large differences in dlﬂuswlty,
that are related to the mobility within the zeolite
micropores.

The selectivity («) is generally defined as the
enrichment factor of one component in the perme-
ate as compared to the feed composition ratio:

_XF')p
Xp*VF

3)

with xpp and ygp the molar fraction on the feed

{(FY and the nermeate (P) cide. resnectivelv. Even
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within the Henry region, the selectivity of a binary
mixture will vary with the applied conditions on
both the feed and the permeate side of the mem-
brane. This was previously demonstrated for per-
meation measurements on hydrogen/methane
mixtures through clay supported MFI layers [18].
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be considered equal to the intrinsic diffusivity (D),
and it is more appropriate to take the gradient of
the chemical potential (0u/0x) into account, which
is the true driving force for permeation. In order
to describe permeation by Fickian diffusion (purely
concentration driven process), D(g) is related to the

intrinsic diffusivity [D¢(q)] by a Darken-type equa-
.tion [19]:
D op 4
(@)= o(q) @
d ln q

The factor (d In p/d In q), generally referred to as
the Darken factor [20], can be directly obtained
from the adsorption isotherm. In a previous study,
the steady state permeation of methane and n-
butane as a function of the feed and the permeate
pressure at room temperature was evaluated,
arlcnrnhnn r’)ﬂ Self-
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diffusivity (PFG NMR) data [22] were used under

the assumption that Dy(g) could be considered
equal to the self-diffusivity [D(q)]:

l
m p
moi 09X = — Ay D «d 5
J‘O d) )] J;F (Q) dlnq q ( )

in which g and ¢p denote the sorbate concen-
tration on the feed and the permeate side, respec-
tively, in equilibrium with the gas phase. For
relatively low feed pressures (<25kPa) and at
room temperature, the methane permeation was
calculated to be proportional to the feed pressure,
whereas for n-butane a strongly non-linear behavi-
our was found.

The Fickian diffusion model

eqn. (5) is strongly dependent on the Darkcn factor,
which is directly related to the sorption model
applied. It should be pointed out that the Langmuir
adsorption model, from a theoretical point of view,
is not valid for near saturation adsorption. On the
other hand, from the shape of most adsorption

isothermes (tune I accordinge to the BRrunaner clagei-

AV LIAWA KRS (VY yv Ly GVLULIGILLE WV LIL DAl wiid el Vidsss

fication) it is not likely that other adsorption
models will lead to a very different thermodynami-
cal correction (Darken factor) for diffusion. From
these considerations, the permeation model pre-
sented in eqn. (5) may be used to relate the theoreti-
cal pure gas permeation rates to the experimental
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Experimental
Crystallization

Porous, sintered stainless (AISI 316) steel sup-
ports (diameter 25 mm, thickness 3 mm) were pro-
vided by Krebstge (Radevormwaid, Germanyj.
The high-porosity supports were provided with a
thin (50-150 um) top layer of metal wool (R/F 1)
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For the constructlon of two high-temperature
membrane modules, similar substrates (diameter
20 mm) were incorporated in non-porous stainless
steel (AISI 316) disks (c¢f. Fig. 1). Intimate contact
between both paris was achieved by non-
isothermic assemblage (porous support at liquid
nitrogen temnerature: non-norous digk at Aﬂﬂ°P\
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ZEOLITE LAYER

NON-POROUS PARTS

— - J

Fig. 1. Schematic view of a zeolite layer on top of a porous/non-
porous substrate.

Two stainless steel cylinders, provided with com-
mercial flange connections (Leybold-Heraeus),
were subsequently connected to the non-porous
part of each disk with a gold alloy. In Fig.2 a
photograph of the complete high-temperature
module is shown, During hydrothermal treatment,
the top section of the module (with the smooth
top layer) is filled with the synthesis mixture, and
the lower section is effectively closed by a Teflon
cylinder (also shown in Fig, 2). Both sides of the
module are closed with flange connections using
Teflon sealing rings.

Prior to the formation of MFI layers within the
above high-temperature modules, several hydro-
thermal syntheses were performed on separate
porous supports within Teflon-lined (30 ml) auto-
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claves. In these experiments, the chemical composi-
tion of the synthesis mixture was optimized for the
formation of a continuous MFT layer, fully cover-
ing the porous metal substrate. The metal disks
were installed into tight-fitting Teflon holders, thus
only exposing the smooth top face of the disks to
the synthesis mixture.

All synthesis mixtures contained in principle
only silica, tetrapropylammonium (TPA) as a tem-
plate, and water. In the first experiments, gel
compositions were based on the synthesis pro-
cedure according to Ghamami and Sand [23]:
Ludox AS-40 (Du Pont), ammonia (25%, Baker),
and TPAOH (40%, CFZ, Zaltbommel,
Netherlands). In the present work, however, we
will focus on more diluted synthesis mixtures at
high pH (13.5-14) and higher template concen-
trations. In these experiments Aerosil 200
{Degussa) was used as the silicon source, and TPA
was added from two sources: TPABr (CFZ), and
TPAOH. The introduction of alkali atoms (Na, K)
was avoided to ensure the maximal incorporation
of TPA (four per unit cell) in the framework.
Nevertheless, low concentrations of potassium and
sodium were introduced in the synthesis mixture
by the TPAOH source (1.2 wt% K; 0.04 wt% Na).
For comparison, the previously applied synthesis
mixture for the preparation of continuous MFI
layers on ceramic supports (in the presence of
sodium ions) has been tried as well [18].

All synthesis mixtures were aged while stirring

Fig. 2. Picture of the high-temperature stainless steel membrane module and Teflon sealing rings and cylinder.
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for 5 h under ambient conditions. The hydrother-
mal synthesis was always performed at 180°C
After reaction, the metal disks were washed with
water and then ethanol, and dried in air. The MFI
layers were characterized by light and electron
microscopy (SEM), and by X-ray diffraction.
Chemical analysis by ICP and AAS was carried
out on both the initial synthesis mixtures and the
supernatants after hydrothermal treatment. EDAX
elemental analysis was performed on an MFI/metal
composite, as prepared according to the optimized
synthesis procedure.

The ontimized svnthesis mixture was apnlied to
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prepare continuous MFT layers within the high-
temperature membrane module. In addition, some
blank experiments were performed within the
Teflon-lined autoclaves in the absence of stainless
steel, so as to study the effect of the metal substrate
on the crystallization. A calcined MFT layer was

centhcannantly ramavad fram tha mamhransa madnla
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by treatment with a 4 M KOH solution at 180°C
for 12 h, thoroughly washed with water, and again
provided with an MFT layer.

Permeation

The membrane module (with a freshly prepared
MFT film) was installed in the permeation appara-
tus using similar flange connections as for the
hydrothermal synthesis. Instead of Teflon, com-
mercially available high-temperature resistant
copper sealing rings were applied. In this configu-
ration it was possible to flush gas through both
module compartments independently. The permea-
tion experiments were performed according to the
Wicke—Kallenbach concept (concentration omdl-

ent as the driving force), using helium as a purge
gas. Generally, gas flows of 100 ml (STP)/min were
applied on either side of the membrane (total
pressure 1 bar). The feed composition could be

varied from 0.i to 100% in helium by mass fiow
controllers. The permeate side was continuously

fluched with heliuvm and analvzed by masge snec-
DUsSneQ wiln neénum, and ana:yzeQ oy mass spec

trometry (Leybold—Heraeus). In all experiments,
the zeolite layer was exposed to the feed side,
because the inner surface of this compartment was
fully covered with MFI material. On the permeate

Slde this extra MFI material may influence the
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transient permeation results, as the permeating
molecules are readsorbed. High purity gases were
used (Intermar Netherlands): helium (99 996%),

athana (0Q K0, nann m_hntana nd ahutan
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(99.95%). The mass spectrometer was calibrated
by self-made mixtures in helium within the same
range as the permeate concentrations.

First, the permeability of the as-synthesized
MFT layers (containing TPA) was tested for a pure
neon feed (100%). In previous studies it was estab-
lished that TPA-containing MFI crystals are gas-
tight for all gases, even for small molecules such
as hydrogen and helium [9,18.217. Next, the MFI
layer was calcined at 400° C (ramp 1°C/min; dwell
16 h) in air (100 ml/min through both compart-
ments). In this work we only discuss the permeation
experiments on membrane HTSS-2, although sim-
ilar behaviour has been observed for both other
membranes (HTSS-1 and HTSS-1a). On the four
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steady state permeation measurements were per-
formed at room temperature. For transient meas-
urements the membrane module was initially
flushed with pure helium until no other species
were apparent by mass spectrometry (<5 ppm;
0.5 Pa). On the feed side a mixture of the permeate
gas and helium was introduced, while the COi‘ﬁpOSi-
tion of the permeate was measured in time until
steady state was reached. A delay time of approxi-
mately 26 s was found in a separately performed
experiment on a membrane module without any
zeolite material inside. Other transient measure-
ments were performed by changing the feed from

70% methane to a memane/outane isomer mixture

(70/30; n-butane or isobutane), and the transient
nermeation behaviour of an eaguimolar methane/

Pl alION DEaVIOUD O all CGRilnloial e ially

n-butane mixture was studled under ambient
conditions.

In order to study the effect of the macroporous
stainless steel support, the steady state permeation
rates for methane and neon were measured for
different purge gas flow rates (on the permeate

side) at room temvperature. The ctpadv state perme-
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ation behaviour of an equimolar methane/n butane
mixture (pure) was studied within the temperature
region of 20-350°C by subsequently heating
(1°C/min) and cooling (1.5°C/min). The thermal

stabmty of the stainiess steel supportea MFr1 mem-
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brane was checked by repeated heating and cooling

o $amem ol

{three timics).

Results and discussion
Crystallization

An overview of the resuiting MFI products for
different gel compositions (M and SS series) is

including the experiments
ng the cxperiments

within the membrane modules (HTSS series).
Exclusively MFI material is formed, which is con-
firmed by XRD and light and electron microscopy.
However, the nature of the MFI phase on the
metal disks strongly depends on the synthesis
mixture composition, and varies from separate
crystals to continuous layers.

A seemingly continuous MFI layer, but in fact
still containing mesopores, is obtained from the

presented in Table I,

TABLE 1
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synthesis mixture according to M-1. This has been
established by applying some water on top of the
dried, as-synthesized layer. In all cases, the water
is readily absorbed through the deposited MFI
layer into the porous metal support. In Fig.3 a
cross-sectional view of the MFI layer is shown.
The layer consists of small aggregated crystals, in
which some mesopores are visible. Therefore, this
approach has been abandoned at an early stage. It
is, however, noteworthy that unsupported MFI

membranes have been grown on Teflon siabs l'\v

Uil b2

Tsikoyiannis and Haag [4] from a synthesis mix-
ture with a comparable composition (100 SiO,:5.2
TPABr:4.4 NaOH :2832 H,0).

In contrast to the above-mentioned mhomogen-
eous layers, the synthesis mixture according to
SSl (cf Table 1) yields continuous MFI layers

An nd n aha ahkcarvad Tha
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cross section of this layer of ~75 pm thickness is
shown in Fig. 4b. Figures 5a and b present the

Preparation results of the in situ crystallization of MFI on porous, stainless steel supports (reaction temperature 180°C)

Exp? Gel composition Time Product
{h)
M-1° 100 SiO,:54 NH;: 6 58 Thick layer (100 pm),
TPAOH:6330 H,O containing mesopores
(Fig. 3)
$S§-1 100 SiO,:100 TPA:50 OH™ 48 Continuous,
110000 H,O polycrystalline layer (75 pm)
(Figs. 4a and b)
SS-2 100 SiQ,: 150 TPA:50 OH™ 26 Many, small (60 pm
1100000 H,O length) crystals (Flg 6)
SS-3 100 SiO,:400 TPA: 150 45 Near to continuous layer
OH™:26000 H,O (Fig. 7)
SS-4 100 SiO,:230 TPA:230 102 Intergrown crystals, partly
OH™:25000 H,O covering the support
(Fig. 8}
$§-5¢ 100 SiO,:300 TPA :300 174 Separates large crystals
OH™:16667 H,O (up to 400 pm length)
HTSS-1 100 Si0,: 100 TPA:50 OH™ 49 Continuous,
:11000 H,O polycrystalline layer
HTSS-2 100 Si0,:230 TPA:75 OH™ 45 Continuous,
114000 H,O polycrystalline layer
B-HTSS-2 100 Si0,:230 TPA:75 OH™ 45 Inhomogeneous,
115000 H,O polycrystalline layer
(Figs. 9a—c)
HTSS-1a 100 SiO,:100 TPA:50 OH™ 36 Continuous,

19000 H,O

poiycrystaliiine iayer

*M and SS denote metal support in Teflon holder; HTSS denotes high temperature membrane module; B-HTSS denotes blank
experiment {no metal present). bWith Ludox AS-40 and ammonia. *TPABr and NaOH instead of TPAQH.
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Fig. 3. SEM-picture of a cross section of the MFI layer on
stainless steel, prepared according to M-1, contammg meso-
pores (magnification 1500 x).

cross-sectional overview of the composite mem-
brane by SEM and EDAX elemental image, respec-
tively. A pure silica MFI layer (red) is supported
by the blue stainless steel substrate, consisting of
mainly iron, chromium, and nickel. Some small
MFT crystals can be observed on the stainless steel
within the wide pore section (the small red dots
within the blue support). Even the thin metal top
layer with substantially smaller pores has retained
the greater part of its porosity. This is rationalized
by the low applied silica concentration in connec-
tion with the limited hold-up of the synthesis
mixture within the macropores of the support.
During the crystallization process, the pores within
the metal support become isolated from the bulk

solution by the developing MFI layer. On the .

outer surface, on the other hand, the crystal growth
can continue from nutrients in the bulk solution.
Unless the crystallization is favoured in a
specific direction as on the extremely smooth and
non-porous Si-wafers [24], total coverage of the
porous support requires a relatively large layer
thickness. Inevitably, the growth on a macroporous
support will lead to a randomly grown crystalline
layer, because the crystal growth proceeds from
nuclei with a large variation in orientation. Hence,
the minimal layer thickness is expected to be more
or less correlated to the maximal pore size of the
porous support, also depending on the smoothness

137

Fig. 4a. SEM picture of a continuous MFI layer (top view),
prepared according to SS~1 (magmﬁcatlon 600 x).

Fig. 4b. SEM picture of a cross section of the same two-layer
stainless steel supported MFI layer (magnification 600 x).

of the support top face. For. this reason two-layer
stainless steel supports have been used, thus com-
bining a high porosity support and a smooth top
layer'with a smaller pore size (~10 pm). On. one-
layer stainless steel supports with a comparable
pore diameter, the nucleation has been found to
proceed on each metal particle separately, and no
continuous layers are obtained.

The crystallization process, however, is not lim-
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SI+CR

FE+CR

B-I1+FE+CR

Fig. 5a. Cross-sectional overview (SEM) of the MFI composite membrane, prepared according to SS-1 (magnification 130 x).

Fig. 5b. EDAX elemental image of the cross-sectional overview of the same two-layer stainless steel supported MFI membrane.
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ited to the stainless steel support, and also proceeds
on the exposed Teflon parts within the autoclave.
In Fig. 6 the resulting MFI phase on top of the
two-layer stainless steel support is shown (SS-2),
prepared from a tenfold diluted mixture as com-
pared with SS-1. If all available silica had been
deposited on top of the stainless steel support, a
100 um thick MFI layer would have yielded (sur-
face area 5 cm?). Instead, the support is only partly
covered by thin crystals of ~60 um length. The
availability of nutrients for crystallization is further
limited by the silica-to-hydroxide (SiO,/OH™)
ratio (cf. Table 1: SS-3,4,5; Figs 7, 8). For decreasing
SiO,/OH™ ratios, the solubility of silica is
enhanced, and a substantial amount of the nutri-
ents for crystallization remains in solution. In
Table 2 the ICP and AAS chemical analyses before
and after (supernatants) hydrothermal synthesis
are presented for some experiments. After long
synthesis times (174 h), the consumed silica (yield)
for SS-5 (SiO,/OH™ =0.3) is ~57%. For higher
SiO,/OH ™ ratios (0.7-2.0; SS-3,4), the yield is at
least 80%, even after only 36 h. The layer thickness
within the high-temperature modules can be esti-

Fig. 6. SEM picture of small MFI crystals on top of a two-
layer stainless steel support, prepared according to SS-2 (magni-
fication 300 x).
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Fig. 7. SEM picture of a near to continuous MFTI layer on top
of a two-layer stainless steel support, prepared according to
SS-3 (magnification 150 x).

Fig. 8. SEM picture of a partly covered two-layer stainless steel
support, prepared according to SS-4 (magnification 130 x).
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TABLE 2
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Chemical analysis before (synthesis mixture) and after (supernatant) hydrothermal treatment (cf. Table 1)

Exp. Si (g/kg) SiO, Yield Na (mg/kg) K (g/kg) pH Leached
—— deposited (%) (formal) materials
in out (®) in out in out
SS-3 438 1.0 0.29 79 50 60 1.6 1.8 13.5 0.03 mg Mo
SS-4 5.5 35 0.14 36 90 110 2.8 32 13.7 0.21 mg Mo
SS-5 7.0 30 0.33 57 1700 1900 0.0005 0.0013 14.0 0.34 mg Mo
HTSS-2 9.1 0.6 0.31 93 50 53 1.5 L5 13.5 0.03 mg Mo
B-HTSS-2 84 0.8 0.46 90 47 52 1.5 1.6 13.5 —
HTSS-1a 144 2.7 0.40 81 53 54 1.8 1.6 13.5 0.001 mg Cr

mated from the amount of silica deposited accord-
ing to Table 2, assuming homogeneous deposition
on all exposed surfaces (surface area ~ 37 cm? for
both modules). Accordingly, layer thicknesses
amount to 42 pm (HTSS-2) and 56 pm (HTSS-1a).

From the data in Table 2 it may be concluded
that high silica MFI (silicalite-1) is formed.
Generally, no T atoms or other trivalent cations
(Al, Fe, Cr), originating from the metal support
and/or the silica source, are detected in either the
synthesis gels or the supernatants (< 0.2 ppm). Only
some molybdenum (maximal concentration of
10 ppm) is detected in all analyzed supernatants,
especially under more extreme conditions (SS-5;
pH 14, 174h). Under the assumption that the
chemical compositions of the synthesis mixture
and the MFI phase are equal, ali Si/T ratios are
higher than 5000. The concentration of alkali (Na,
K) ions within the framework is also low. The
explanation for the generally somewhat higher
alkali concentrations in the supernatants (after
synthesis) is attributed to the reduced liquid den-
sity, because substantial amounts of silica and TPA
have been consumed for the crystallization. Due
to the relatively low accuracy of the data presented
in Table 2, only a maximal Si/Na ratio of 3000 can
be given (assuming 10% error). The same holds
for potassium, but as a result of the tenfold higher
potassium concentration, the minimal Si/K ratio
amounts to 300. It is, however, expected that hardly
any potassium is present in the layer, because the
incorporation of TPA in the MFI framework is
strongly favoured.

From the low iron, nickel, and chromium con-
centrations in the supernatants, even for the high-
temperature modules, the applied stainless steel

can be considered inert under the required hydro-
thermal synthesis conditions. This is also confirmed
by experiment SS-5, which synthesis mixture was
previously applied to prepare continuous MFI
layers on ceramic supports [18]. On inert zirconia
substrates, large, separately grown crystals were
formed only after five days, as is the case in
experiment SS-5. The chemical composition of the
synthesis mixture is not affected by the presence of
the inert support, and the crystallization proceeds
in a similar way as for large, single crystals of
MFI, previously described by Jansen et al. [25].
From the blank experiments (MFT crystalliza-
tion in the absence of stainless steel), however, it
seems that the stainless steel does affect the crystal-
lization process, both in a chemical and a physical
sense. Similar to the high-temperature modules,
the Teflon lining in contact with the crystallization
liquid is covered by MFI material. Several open
spaces, on the other hand, remain present (Fig. 9a),
and from the inhomogeneous nature of the layer
the crystallization is expected to proceed in subse-
quently occurring stadia (Fig. 9b). Initially, small
and somewhat aggregated crystals are formed,
which is attributed to the high supersaturation of
the synthesis mixture, followed by the growth of a
more continuous layer on top of these aggregated
crystals. Figure 9c presents the bottom side of the
layer (facing the Teflon lining during hydrothermal
synthesis) near one of the open spaces in the layer.
Next to the open space, a rather dense MFI phase
is formed, probably as a result of the second
crystallization stadium. Finally, a top layer, similar
to the one on the stainless steel support, is formed.
The occurrence of large open spaces within the
layer is attributed io the relatively poor adhesion
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Fig. 9a. SEM picture of an unsupported MFI layer (top view), prepared according to B-HTSS-2 (magnification 50 x).

Fig. 9b. Cross-sectional view of the same unsupported MFI layer, revealing its inhomogeneous nature (magnification 240 x).

Fig. 9c. SEM picture of the bottom side of the same unsupported MFI layer, facing the Teflon surface during hydrothermal synthesis,

near an open space (magnification 600 x).

between the synthesis mixture and the hydrophobic
Teflon surface (physical effect). In all experiments
large amounts of TPA are introduced, and a high
propene production due to the Hofmann degrada-

tion reaction is expected [25]. The resulting vola-
tiles (mainly propene and water) are concentrated
in gas bubbles that adhere to the Teflon surface.
Obviously, these gas bubbles hamper the formation
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of a layer, fully covering the Teflon lining. The
wetting of the hydrous solution to the more hydro-
philic stainless steel, on the other hand, is excellent.
Therefore, the gas bubbles produced are forced
from the stainless steel support by the hydrous
solution.

The presumed chemical effect is based on the
fact that no small aggregated crystals are observed
in the case of the stainless steel supported MFI
layers. Apparently, the nucleation and crystal
growth proceed in an essentially different manner
on the stainless steel surface as compared with the
inert Teflon lining. This may be caused by a local
higher concentration of trivalent cations, such as
Fe(III) and Cr(IIl), near the metal support. The
occurrence of a dense silica gel phase, prior to the
crystallization of cube-shaped single crystals of
MFTI has been attributed to the presence of low
concentrations of trivalent cations [25]. Therefore,
the stainless steel material is not expected to be
fully inert, but the concentration of leached metal
ions remains below the detection level of the
chemical analysis. From the above considerations
it may be argued that the present stainless steel
supported, membraneous layer consists of ran-
domly oriented MFT crystals, grown next to each
other, similar to the previously reported ceramic
(clay) supported MFI layers [18].

The relative inertness of the stainless steel mate-
rial under the required hydrothermal conditions at
high pH allows for recycling of the module. This
compensates for the fact that rather complex mod-
ules have to be constructed, in order to achieve a
high specific surface area. Upon removal of the
calcined MFI layer from the membrane module
(HTSS-1) by alkaline treatment, some leaching of
iron, chromium, and molybdenum (<0.5 mg) has
been observed. Less extreme conditions (0.5 M
KOH; 180°C; 2 h) are expected to suffice to dissolve
all silica within the module.

These results demonstrate that continuous,
polycrystalline MFT layers can be prepared on
inert stainless steel substrates, but the chemical
composition of the synthesis mixture is restricted.
In the first place, relatively thick (>10 pm) layers
are required to achieve a complete coverage of the
porous parts within the membrane module.
Secondly, a rapid but homogeneous nucleation
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and crystal growth should proceed on all (exter-
nally) exposed surfaces. A high TPA concentration
within the synthesis gel is expected to enhance
nucleation. In addition, TPA favours the growth
of large MFI crystals. A relatively high SiO,/OH ~
ratio also gives rise to a high nucleation rate (high
supersaturation), and moreover leads to an efficient
use of the silica within the synthesis mixture for
the formation of a continuous MFI layer.
Therefore, the MFI membrane preparation accord-
ing to HTSS-2 (high TPA concentration, cf.
Table 1), is considered optimal. Further optimiza-
tion of the membrane preparation, however, seems
possible, for instance by varying the synthesis time
and/or temperature, and may lead to another
optimal gel composition.

Permeation

The as-synthesized metal supported MFI layers
(HTSS-1, 2, and 1a) proved to be gas-tight (low
<7410 2 mol/s; P<41:107mol m m™?2
s~ ! Pa~!) for a pure neon feed (100%), even after
1h on stream. In Fig. 10 the pure gas (30% in
helium) permeation behaviour of all gases through
the calcined MFI layer (HTSS-2) is shown. The
time to detect methane (34s) and neon (38 s) is
somewhat higher than the delay time of the experi-
mental set-up (26 s). The detection of the butane
fluxes depends strongly on the isomer: n-butane
after 42 s, and isobutane after ~2 min. For meth-
ane, neon, and n-butane the steady state fluxes are

10
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Fig. 10. Pure gas transient permeation behaviour (30% in
helium; 1 bar total pressure) for methane, neon, n-butane, and
isobutane at 25°C.
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reached within 1-2 min. In the case of isobutane
it takes over 10 min to reach au:auy state coin-
pletely, and the permeation rate is 1-2 orders of
magnitude lower. Under the applied conditions,
the steady state permeabilities (in molm m~2s~!
Pa~!) amount to 1.2:107 ! (methane), 1.5-10712
(neon), 4.5:107!2 (n-butane), and 7.0-107*
(isobutane)

lIlC aasorpuon capacity OI [l’lc memoranc 1aycr
(la=50 pm; A,=3cm?), assuming equilibrium
under the applied conditions on the feed and the
permeate side, and the observed steady state per-
meation rate may be combined to estimate the
delay time to reach steady state permeation.
Surprisingly, for methane and neon the estimates
amount to oniy a few seconds, and are substantiaiiy
lower than the actually required times. For n-

I-\nfnnp the estimated value is nnlv somewhat lower
1¢ estimated newnat ow

(~1 mm), whereas for isobutane the required delay
time is substantially shorter than the estimated
value (>2000 s). Apparently, the transient permea-
tion behaviour depends strongly on the permeating
species. A more extensive comparison is published
elsewhere [26]

T hia tha Ak
In Table 3 3, N uusef'v'ed st\ead" state flow rates

for methane and n-butane are compared with the
theoretical steady state permeation rates [21],
according to the Fickian model in eqn (5). The
observed flow rate for n-butane is of the same
order of magnitude as the theoretical value,
whereas for methane the experimental permeation
rate is over one order of magnitude lower than the
one according to theory. It is remarkable that the
best agreement is found for n-butane, as the perme-
ation model applied here is basically more reliable
for methane, for which species adsorption remains
within the Henry region.

TABLE 3
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In fact, somewhat lower experimental permea-
tion rates are to be expected from the random
orientation of the MFI crystals (vide supra). For
only few crystals within the layer does the permea-
tion proceed exclusively via the straight or sinusoi-
dal channels so, due to the diffusional anisotropy
[29], the average diffusivity through the MFI layer
will be lower than maximal. The flow rate may be
furiher reduced by the fact thati some plugging of
the stainless steel top layer by deposited MFI
material occurred. Extra resistance to molecular
flow by the presence of intercrystalline voids within
the membraneous layer is, however, considered
unlikely, because the crystals are grown separately
next to, and not on top of each other.

The steady state permeation rates for methane
and neon are not affected by the helium flow rate

on the nermeate gide (\mﬁnhnn 50-500 ml/m:n\

on the permeate ml/mi
Apparently, diffusion through the macroporous
support does not affect the permeation rate. This
has only been checked for the weakly adsorbing
species [26], and as for near saturation adsorption
the permeation rate depends on the partial pressure
on the permeate side [21]. In fact, an intrinsic
problem of the Wicke—Kallenbach a

encountered here, because the permeate partial
pressure and the flow rate through the membrane
are interrelated. A higher purge gas flow rate on
the permeate side leads to a lower permeate con-
centration, and a higher permeation rate is to be
expected. The large difference in pcrmeation rate
between the two butane isomers is uul_y par u_y
attributable to the isobutane adsorption capacity
of MFI, being only half the n-butane adsorption
under the saturation conditions applied here
[26,30]. According to permeation measurements
on a twinned silicalite crystal at 24°C [7], the

T
l\ﬂll\dllua\tll ﬂ-yl.ll UaCu ID

Comparison of methane and n-butane steady state permeation rates with the Fickian diffusion model, according to egn. (5), for a

feed of 30% sorbate in helium at 25°C

Gas Pteed ppermene ¢mol(exP') D 0‘ Kb k° ‘Ioc ¢mol(th‘)
(kPa) (kPa) {mol s~%) (m2s71) (molm™3Pa~?) Pa~1) (molm™3) (mols™Y)

Methane 30 29 2210°¢ 121078 0.0174 — — 3310°%

n-butane 30 Li 811677 55107° — 311072 275 10° 25107

*Intrinsic diffusivity, parameter in the diffusion model [21], according to PFG NMR seli-diffusion data from ref. 22. *Henry
coefficient taken from ref. 27. °*Langmuir isotherm parameters, fitted for adsorption data from ref, 28.
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intrinsic diffusivity of isobutane is somewhat lower
(by a factor of 3) than that of n-butane. Hence, the
low permeation rate of isobutane as compared
with n-butane under near saturation conditions
(pure gas permeation ratio of over 60) may be
attributed to the bulkiness of isobutane.

Typical transient permeation behaviour has
been observed for a 50/50 methane/n-butane mix-
ture (Fig. 11). The methane flux starts similar to
the pure gas measurement in Fig. 10, but levels off
after a few seconds to reach a temporary maximum.
The permeation behaviour of n-butane is hardly
affected by the presence of methane instead of
helium on the feed side. Steady state is reached
within 2 min, similar to the pure gas permeation
experiment for n-butane. The selectivity («), how-
ever, amounts to ~50 in favour of n-butane,
whereas the ideal separation factor, based on pure
gas permeabilities, is in favour of methane. In this
case, separation is apparently governed by a differ-
ence in adsorption strength, and by the reduced
mobility (vide infra) of methane within the zeolite
micropores in the presence of strongly adsorbing
molecules. Owing to the strong adsorption of n-
butane, hardly any methane may enter the zeolite
micropores, and the driving force for methane
permeation is substantially reduced. On other sup-
ported MFTI layers a similar but less pronounced
behaviour of binary mixtures of weakly and
strongly adsorbing molecules has been observed
[21].

The methane permeation is equally reduced in
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Fig. 11. Transient permeation behaviour of a binary methane/
n-butane mixture at 25°C.
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the presence of isobutane. In Fig, 12 the permeation
behaviour of methane is shown, after either n-
butane, or isobutane is added to the initially pure
methane feed (70% in helium). Again, the required
time to reach the new steady state depends on the
butane isomer. The major drop in methane permea-
tion, however, results directly after the feed gas has
been switched, similar to n-butane. Even after short
times, apparently, the zeolite micropores on the
feed side are effectively blocked by the isobutane
molecules. In spite of their different (pure gas)
permeation behaviour, the methane permeation
rate is of the same order of magnitude for both
butane isomers. Based on the previously mentioned
difference in sorption capacity, however, the meth-
ane sorbate concentration on the feed side may be
higher in the presence of isobutane as compared
with n-butane. Hence, a higher driving force for
methane permeation is expected in the presence of
isobutane, in principle leading to a higher methane
permeation rate. Actually, the methane permeation
rate in the presence of n-butane is even somewhat
higher than for isobutane, which suggests that the
higher driving force for methane permeation is
cancelled by the presence of slow moving isobutane
molecules. It was established by the PFG NMR
method that in the presence of virtually immobile
benzene molecules (2 per unit cell), the methane
diffusivity within the MFI framework is reduced
by approximately two orders of magnitude [31].
As for n-butane, all the methane molecules that
enter the zeolite framework are dragged through

o methane =] isobutane . n-butane

0.1

0.01 F

0.001

Flux (mmol/m>.s)

0.0001

=
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0.00001 * L
0 300 600 200 1200 1500

Time (s)

Fig. 12. Transient permeation behaviour for a methane feed
(70% in helium), to which either n-butane or isobutane (30%)
is added at 25°C.
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the micropores by the fast moving n-butane mole-
cules, and for both butane isomers at room temper-
ature the high intrinsic mobility of methane is
overruled.

The permeation behaviour (steady state) of a
50/50 methane/n-butane mixture (pure) as a func-
tion of temperature is shown in Fig. 13. A steady
increase of the n-butane flux is observed (up to
~160°C). The methane permeation rate remains
low up to ~140°C, and the selectivity is in favour
of n-butane. At higher temperatures, the methane
flow becomes substantial and even exceeds the
decreasing n-butane flow at ~230°C. At still higher
temperature (up to 350°C) the rise in methane
permeation levels off. The same permeation behavi-
our for both gases is observed upon cooling, and
has been found to be reproducible for several
subsequent cycles. Thus, the metal supported MFI
membrane remains thermomechanically stable up
to at least 350°C.

All observed features in Fig. 13 may be related
to the fact that both diffusion and adsorption are
temperature dependent. For the n-butane permea-
tion rate, the initial rise with temperature may
arise from the higher intrinsic diffusivity, as diffu-
sion is an activated process. Concurrently, how-
ever, the n-butane adsorption shifts out of the
saturation area, first on the permeate side, so the
driving force for n-butane permeation is also
increased. For still higher temperatures, the driving
force for n-butane decreases, as the adsorbate
concentration on the feed side is no longer near

O methane +  n-butane
20
180 °C 150 °C
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Fig. 13. Steady state permeation rates of a 50/50 methane/n-
butane mixture as function of temperature (heating rate
1°C/min; cooling rate 1.5°C/min).
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saturation. Still higher n-butane permeation rates
may be reached by applying higher n-butane (par-
tial) feed pressures.

For other than the feed conditions applied here
(1 bar, 50/50 mixture), the permeation behaviour
as a function of temperature may vary, although
the trend is expected to be similar to Fig. 13. At
low temperatures, the methane permeation rate is
governed by the n-butane adsorbate concentration.
The initial rise in methane permeation rate at low
temperature may, therefore, be attributed to the
increasing n-butane flow. At higher temperatures,
the competition by the strongly adsorbing n-butane
molecules diminishes, and both the driving force
for methane permeation and the methane mobility
are strongly increased. At sufficiently high temper-
atures, the selectivity is based on the pure gas
permeability ratio (adsorption obeying Henry’s law
for both components) [26]. It should be noted that
the true temperature dependency for the methane
permeation, as presented in Fig. 13, is obscured by
the presence of the n-butane molecules, whereas
for n-butane, the presence of methane instead of
helium is not expected to give rise to a significantly
different permeation behaviour.

The strong blocking effect of n-butane and
isobutane on the methane permeation under the
conditions applied here (ambient conditions, p/p,
~0.14) shows that the membraneous layer consists
of microporous material. These experiments do
not, however, exclude the presence of larger pores,
by which the separating potential of the membrane
may be reduced. The presence of larger pores has
been demonstrated by the fact that some transport
of iso-octane takes place [26], which has no access
to the MFT framework according to its molecular
dimensions. The methane permeation is, however,
hardly affected by the presence of iso-octane,
whereas a comparable drop in the methane perme-
ation is observed after the introduction of n-butane
to the feed. Apparently, only few larger pores are
present within the MFT layer, and their presence
is not detrimental to the membrane performance.

To conclude, the permeation results presented
here suggest that for mixtures consisting of weakly
and strongly adsorbing molecules, the membrane
is expected to be selective towards the latter,
notwithstanding the generally lower intrinsic
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diffusivity for stronger adsorbing species. This type
of membrane may, therefore, also be of interest to
separate molecules with a difference in polarity.
For example, the separation of water/ethanol mix-
tures on the silicalite-1 membranes reported here
may lead to a substantial enrichment of ethanol,
because the affinity of the hydrophobic MFI lattice
for ethanol is much higher than for water [32].
The large difference in pure gas permeabilities of
n-butane and isobutane, on the other hand, may
not lead to high selectivities, as the difference in
adsorption is only small.

Conclusions

Continuous polycrystalline membranes of MFI
have been grown on two-layer porous, sintered
stainless steel supports. High-temperature sealing
is avoided by the formation of the zeolite layer on
both porous and non-porous stainless steel parts.
The incorporated TPA within the as-synthesized
MFTI phase can be removed by calcination in air
at 400°C without the occurrence of cracks. In
addition, no deterioration of the membrane perfor-
mance has been observed after thermal cycling
to 350°C.

High fluxes have been observed for small mole-
cules, such as methane and neon, and linear alkanes
(n-butane). For branched alkanes (isobutane) sub-
stantially lower fluxes are found. The diffusivities
for methane and n-butane, based on the observed
steady state permeation rates, are lower than the
self-diffusivities according to the PFG NMR tech-
nique. Under conditions of near saturation adsorp-
tion, the selectivity is mainly governed by
adsorption, favouring strongly adsorbing mole-
cules over weakly adsorbing species.
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