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Controlling the Performance of Silicalite-1 Membranes

Leszek Gora,* Jacobus C. Jansen, and Thomas Maschmeyer*!?!

Abstract: The structural and perform-
ance characteristics (for n- and i-butane
separation) of self-supported silicalite-1
membranes, were optimised by fine-
tuning their syntheses by screening a
total of nine silica sources and many
reaction conditions. The mass balances
indicate that membrane thickness is a

properties of the final membrane are
demonstrated by its high permselectivity
of 31 for n-butane combined with a n-
butane flux of 10 mmolm—2s~!, indicat-
ing perfect performance. For 50/50 mix-
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tures (of n and i) the selectivity for n-
butane was 48 and its flux was
3.8 mmolm~2s~.. For the given selectiv-
ities, in relation to the membrane thick-
ness, the theoretical fluxes are the high-
est values ever reported, underlining the
point that high structural integrity is
essential to achieve superior functional-

function of both the synthesis volume
and the silica source used. The excellent

zeolites

Introduction

The interest in potential applications of zeolite membranes
for separations at the molecular level is reflected in the rapid
increase of studies dealing with their syntheses and test-
ing."™"1 These developments are of great technological
importance as well as of great scientific interest. Well-defined,
crystalline, hydrothermally stable membranes offer great
versatility for many applications; their selectivity is deter-
mined by the reaction and separation processes employed.
Ample scope exists for designing specific membranes to
generate tailor-made systems. However, some practical hur-
dles still need to be overcome, and further fundamental
insight needs to be gained before the development of such
membrane systems is routine. Zeolite membranes are most
commonly prepared by single- or multistep, in situ hydro-
thermal crystallisation on a flat or tubular porous support at
100-180°C, either from a solution or a gel of aluminosilicate.
Methods involving secondary growth on seeded supports for
zeolite membrane processing!"? as well as vapor-phase
deposition®! have been introduced recently. Zeolite mem-
branes, mostly MFI type, can be grown on porous supports
such as stainless steel,* % anodic alumina,” a-alumina,[® 8 -1
y-alumina,®® 1?2l clay composites,F glass,['3] and carbon with a
Zr0,-TiO, coating."Y Depending on the experimental con-
ditions, the thickness of the zeolite membrane can be varied
from a few hundred® to a few micrometers.[¥! On most porous
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supports the zeolite layers are firmly bonded through surface
hydroxy groups, whereas non-porous teflon, as an inert
support, is easily separated from a zeolite layer. The syntheses
of self-supported MFI membranes prepared by removal from
teflon slabs were first reported by Sano et al.l'l and Tsi-
koyiannis et al.l'’l Another method involves the synthesis of
MFI membranes on cellulose filter paper, in which the self-
supported zeolite layers are formed by burning off the
cellulose phase.l'! A mercury surface was also used as a
substrate for the growth of a self-supported film of MFI type
zeolite.'”] Although, the supported zeolite membrane has
better mechanical properties than a self-supported zeolite
layer, the macropores of the support affect the membrane
performance as reported by van de Graaf et al.? A support
can significantly influence the concentrations of permeates at
the interface of the support/zeolite layer, reducing the
selectivity and the flux. For fundamental studies, the self-
supported zeolite layer should reveal the most representative
behaviour of zeolite membranes; however, owing to mechan-
ical constrictions a thickness of at least 50 pm is unavoidable.
In this study, we have explored the influence of different
types of silica sources and aging effects on zeolite layer
formation. Both the mass balance as well as the variation in
thickness of the unsupported zeolite layers due to changes in
the volume of the reaction mixture were determined. Finally,
the gas permeability of the resulting films were measured.

Experimental Section

Film preparation: The molar ratio of the synthesis mixture was:
100Si0,:123 tetrapropylammonium (TPA):63.7 OH:14200H,0. The zeo-
lite synthesis solution was prepared by mixing tetrapropylammonium
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hydroxide (Chemische Fabriek Zaltbommel CFZ B.V., 25% in water),
tetrapropylammonium bromide (CFZ B.V.) and dionized water. After
TPABr was dissolved completely, one of the following silica sources was
added to the solution: Aerosil 200 (Degussa), Aerosil OX50 (Degussa),
TEOS (Merck), silica gel 40 (Fluka), silica gel Davisil 646 (Aldrich),
colloidal silica 30% (Aldrich), Ludox AS-40 (DuPont), Ludox LS
(DuPont) or Ludox HS-40 (DuPont). The synthesis mixture was aged
and stirred at room temperature until the solution became clear.
Comparable experiments without aging were also performed.

A teflon disk (35 mm in diameter) was placed in a 55-mL teflon-lined
autoclave to which the reaction mixture was added. The autoclaves were
placed in a hot air oven at either 180 °C for 17 h or 140 °C for 67 h. After the
autocalve had been allowed to cool, the teflon disk was removed, washed
and dried. The film was removed from the teflon using a small spatula. It
was possible to remove most samples (see Figure 1) without disintegration,
but with others it was more difficult, the layer thickness and phase
continuity of the membranes having a strong effect. The films were than
calcined for 16h in air at 400°C with a heating and cooling rate of
1 Kmin~!, respectively. The mass of product on the disk, on the wall of the
autoclave and from solution were determined systematically.
Characterisation: An optical microscope, Olympus BH2, was used for
estimating the membrane integrity and the presence of cracks in the layer
before and after calcination. Both sides of the layer as well as the thickness
(cross section) were examined by scanning electron microscopy (SEM)
using a Philips XL20 microscope. X-ray diffraction analysis was carried out
on the zeolite disk using a Philips PW 1830 X-ray diffractometer.
Permeation: Measurements were performed at 298 K for the single gases n-
butane and i-butane as well as for 1:1 mixtures (50 kPa of each gas). A piece
of zeolitic film was glued with epoxy resin onto a flange, which had a
0.25 cm? window. The flange was placed in a Wicke —Kallenbach cell and
the permeability was measured by mass spectrometry.’) The feed side was
at a pressure of 101 kPa. At the permeate side pure helium as a sweep gas
was used at a flow of 100 mLmin~!, keeping the pressure difference over
the membrane at zero. Both sides of the membrane were analysed for gas
composition, covering transient and steady-state scenarios. The membrane
flux was directly calculated from the gas flow rates and the compositions of
the permeate and of the retentate.

Calculations of the minimised energy positions of the n- and i-butane
molecules in the double 10-ring of silicalite-1 were carried out with the
Cerius2 suite of programs; n- and i-butane were built using the 3D-
sketcher, with atomic charges from MOPAC. The Dreiding 2.21 force field
was applied for the calculations. The Smart Minimiser was used to minimise
the energy of the hydrocarbons in vacuum and in the zeolite. Minimisation
was terminated if the RMS force dropped below 0.1 kcalmol .

Results and Discussion
Effect of silica sources and aging on the membrane formation

In Table 1 the various silica sources used are arranged on the
basis of the zeolite films formed. With TEOS as a silica source
the layer of 50um has a perfectly intergrown appearance
according to SEM observations of a cross section (Figure 1).
Transmission electron microscopy (TEM) measurements did
not reveal pinholes in the nanometer range. The membrane
synthesis under the optimal conditions described in this study
gives membranes with a high selectivity, equal to 48 and a flux
of 3.8 mmolm=—2s~! (Table2). As the precursor phase is
monomeric silica, after hydrolysis/aging (Table 1) the mem-
brane phase is nucleating and growing from a homogeneous
synthesis solution, resulting in a perfectly intergrown layer,
and is close to a microporous continuous phase. Fumed silica
particles on the other hand form gel particles that segre-
gate.”!l As the synthesis mixture is not stirred, the highly
supersaturated solution at the bottom of the autoclave is in
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Table 1. Silica sources used and precursors arranged according to the
zeolite films.

Silica source Precursor Zeolite crystal film

TEOS Merck |~ monomeric perfectly intergrown
(see Figure 1)

fumed silica Degussa segregated gel multilayer of well-con-
Aerosil 200 — from primary  nected crystallites
Aerosil OX50 particles (see Figures 2 and 3)

gel silica
Davisil 646 Aldrich
40 Fluka

colloidal silica segregated gel multilayer of poorly
no spec. Aldrich from gel bodies connected crystallites
Ludox Du Pont (see Figure 2a—f)
AS-40
LS
HS-40

Figure 1. Cross section of unsupported silicalite-1 layer synthesised at
180°C. TEOS as a silica source. Solution aged 6 h.

equilibrium with the silica/gel phase covering the support. It
can be concluded from in situ observation that nucleation
starts at the interphase of the gel particles and the solution.!]
Preferred growth occurs in the direction of the highest silica
concentrations (i.e. the gel phase), and only slowly do the
individual crystals grow together. Finally, crystal growth
results in an almost closed membrane of clearly observable
crystals, but a perfectly intergrown layer (such as that shown
in Figure 1) is not formed. When the gel phase is consumed by
the crystal growth, pinholes might remain between the
crystals as the density of the gel (1.4 g cm™) is smaller than
the density of the crystals (1.99 g cm~3).2!l Triangular pinholes
are present in a regular arrangement,??! thereby reducing the
performance of the zeolite membrane. In the last group of
silica sources silica gel or colloidal silica is used. The
segregated precursor phase, comprising larger particles or
more chemically resistant particles, converts upon increasing
the temperature into an even less closed crystal layer.
Individual crystals, although grown together, are easily
observed (Figures 2a—f). The main transport can be descri-
bed as Knudsen diffusion and viscous flow.
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Figure 2. Cross sections of unsupported silicalite-1 layers synthesised at 140°C. Different silica sources, solution aged 6 h prior to synthesis; a) silica gel
Davisil, b) enlargement of (a), ¢) silica colloidal 30 % SiO,, d) Ludox LS, e) Ludox AS-40, f) Ludox HS-40, g) Aerosil 200, h) TEOS. Arrows show the surface

that was in contact with the teflon during synthesis.

Figures 2a—h show cross sections of layers synthesised at
140°C with an aged reaction mixture using different silica
sources. Irrespective of the type of silica sources used, the
zeolite films show a double layer of crystals. The ratio of the
thickness between the two layers depends on the type of silica.
The first layer, bordering the teflon slab, is hardly observed in
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samples prepared with colloidal silica, whereas it is clearly
visible in samples made with fumed silica or with TEOS.
Apparently in the course of the synthesis, crystal growth from
the support is covered by aggregates of the precursor and
subsequently by crystals. In the case of colloidal silica, the
precipitation from solution is dominant from the start and
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Table 2. Comparisons of n-butane fluxes and ideal n-C,H,y/i-C,H,, permselectivity and selectivity through
zeolite membranes at room temperature by usiing the Wicke — Kallenbach method. The permeate pressure was

kept at 101 kPa.

synthesised with TEOS com-
pared to the thick films made
with Ludox HS-40. Most prob-

Zeolite/support 0 Flux Selectivity n-butane fluxes Ref. ably the supply of nutrient/mass
[um] [mmolm~2s~1] corrected for the . . .
. induced by gravity forces is
membrane thickness K R
[10-*mmol m~'s~'] higher in the case of aggregated
- silica particles, from for exam-
Single component (101 kPa) le HS-40. than in th f
ZSM-5/a-AlL,O, 10 0.950al 184 9.5 [9a] ple H5-40, than 1n the case o
silicalite-1/y-alumina 5 596 20 29.5 [29] molecularly dissolved TEOS.
silicalite-1/a-Al,O5 <5 0.67-3.8 48-131 19 [8] Based on the above data, sili-
;g;i“stf‘lﬁ;agless steel fg 33‘ gg 212 EL] calite-1 membranes prepared
-5/a-AlLO; . . _
ZSM-5/a-AlO, 10 0.25 3221 25 [9c] with TEOS are the best regard
silicalite-1/a-ALO, Ib] 12 56 - [30] ing the continuity of the zeolite
ZSM-5/a-Al,0; 20 1.6 10 32 [31] phase.
unsupported silicalite-1 50 10 31 500 this work The increase of the nuclea-
1:1 mixture (50 kPa:50 kPa) tion and crystal growth rate
s¥l%cal%te—1/a—A.1203 <5 0.83 52 42 [8a] upon aging of the reaction mix-
silicalite-1/Stainless steel 50 22 21 110.0 [32] . icular for 1 Si/Al
silicalite-1/Stainless steel 50 15 27 75.0 [4] ture, in particular tor low S1
silicalite-1/a-ALO, >3 13 52 6.5 [8b] systems, has been well-stud-
silicalite-1/a-AlO; 15 4.86141 4 0.84 384414 72.9 [2] ied.??! In the cases of aging of
silicalite-1/a-ALO; 30 1.991+£0.5 50.75 £ 11 60.0 2] all-silica mixtures, the silica
unsupported silicalite-1 50 3.78 48 189.0 this work

phase might either dissolve or

[a] Results obtained from permeation J = Ap. [b] No data available. [c] Data obtained at 105 °C. [d] Average from

two membranes. [e] Average from six membranes.

Table 3. Thickness of unsupported silicalite-1 layers in um. Synthesis
solutions, aged (+) or not aged (—).

140°C and 67 h.

Silica source 180°C and 17 h.

+ - + -
Aerosil 200 50-60 50 50-70 60-100
Aerosil OX50 50 50 50 50
TEOS 28 - 50 -
silica gel 40 75-100 - 100 -
silica gel Davisil 55 - 50-65 -
silica colloidal, 30 % 65-85 125
Ludox AS-40 70-90 75
Ludox LS 110 120
Ludox HS-40 150-200 150-175

. —
Figure 3. Cross section of unsupported silicalite-1 layer synthesised at 180°C. Aerosil 200 as a silica source;
a) solution not aged, b) solution aged 6 h.

growth from the support is hardly developed. X-ray diffrac-
tion (XRD) analyses showed that all samples were fully
crystalline. Preferential orientation was not observed. The
total thickness of the layers varies from 28 ym to 200 um
depending on the silica source. A relatively thin film can be
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reorganise in the gel, depending
upon the type of silica source.
Table 3 shows that when TEOS
or silica gels were used it was necessary to age the reaction
mixture in order to grow silicalite-1 films. Figures 3a and 3b
depict cross sections of layers synthesised with and without
aging, respectively, at 180°C with Aerosil 200. The film
synthesised from the non-aged mixture is formed by relatively
large crystals (Figure 3a), while in the layer crystallised from
the aged mixture the crystals are smaller. In both cases the
layer has a comparable thickness, and the crystal size
decreases gradually from the top to the bottom of the layer
(Table 4). The crystal size decreases 18 % upon aging, prior to
the synthesis at 140 °C, while at 180 °C, this decrease is at least
70 % . An advantage of small crystals obtained by aging is that
the thickness of the membrane
as well as the size of pinholes
can be reduced.

Mass balance determination
and layer thickness

Figure 4 shows the linear corre-
lation between the total mass of
silicalite-1 formed in the reac-
tor and the volume of the syn-
thesis mixture. Pertaining to the
mass of silica in solution and
the mass of silica in the total
product, the yield of the syn-
thesis is about 52 % in the case
of TEOS as Si-source (at 180°C
and 17 h). Figure 5a indicates that the mass of the zeolite layer
expressed in the layer thickness is extremely small below a
synthesis volume of 5 mL. Almost no crystals are observed on
the teflon support. This "hold up’ volume is present between
the disk and the walls, the bottom of the autoclave and partly

-
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Table 4. Crystal sizesl” in the silicalite-1 layer [pum].

Solution aged [h] Reaction temperature

140°C 180°C
0 top view 20-15 70-20
bottom side 6-5 20-18
6 top view 16-10 25-14
bottom side 5-4 8-4
[a] Measured from SEM pictures.
0.5 1 >
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Mass of solution in the reactor [g]

Figure 4. Plot of the total mass of silicalite-1 formed versus the amount of
the reaction mixture in the reactor (TEOS, 180°C).

on top of the disk. This volume contributes negligibly to the
formation of the layer on the top of the disk. At a synthesis
volume of 10 mL, of which only 5 mL is therefore a source to
provide the mass for the layer, the zeolite layer thickness is
50 um. The silica mass in this layer is then related to almost
100 % of the silica mass in the synthesis mixture available for
this layer. The conclusion is that the mixture and synthesis
conditions need to be well-balanced to obtain a high efficiency
with regard to the formation of a layer. However, as indicated
in Figure 5a, at 20, 30 and 40 g reaction mixtures the layer
thickness remains unaltered. The residual crystal mass is
recovered from the autoclave wall and the solution. Thus,
the larger the mass, the larger the resulting competitive
crystallisations; thus, the resulting layer thickness is more or
less constant. Most probably there is no segregation of
precursor species from the clear solution. Crystals formed
from the solution deposit, but do not grow as a fixed phase
on the 50 um layer and are, hence, removed in the washing
step.

Figure 5b indicates that at lower temperature, even when
employing longer synthesis times, 140°C is too low to obtain
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Figure 5. Plot of the thicknesses of non-supported silicalite-1 layers versus
the amounts of reaction mixture in the reactor; a) TEOS, 140°C, b) TEOS,
180°C.
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complete crystallisation from solution on the support. The
layer thickness is maximal 30 um. A comparable ’plateau’,
which is, however, smaller and lower is present in Figure 5b,
indicating that apparently the same phenomenon occurs as in
the experiment at 180 °C. In the case of Aerosil 200, at 180°C
and 17 h, the thickness of the layer is smaller and gradually
grows upon using larger synthesis volumes. The efficiency of
the synthesis is somewhat lower (about 48 % ) which, however,
cannot explain the final thinner layer formed. The difference
in the layer thickness between Aerosil and TEOS is mainly
caused by the sol particles of the Aerosil compared to those of
TEQOS, which induce a higher nucleation and crystallisation
rate in the solution. The larger mass of crystals formed in
solution compared to those formed in the TEOS experiment,
is not available to contribute to the layer in the case of
Aerosil. At the same time precursor species are aggregating in
the case of Aerosil, thus, larger masses increase the layer
thickness in contrast to the case for TEOS.

Reproducibility

An example of the reproducibility is shown in Table 5. Layers
were prepared under the same conditions, that is Aerosil 200,
ageing 6 h, 140°C. The total mass of the zeolite layer and

Table 5. Reproducibility of the preparations of non-supported MFI layers,
aerosil 200, 140°C, 67 h, aged 6 h prior to synthesis.

No. Mass of zeolite  Total thickness of Thickness of the

(el the layer [pm] first layer facing Teflon [um]
209  0.2971 60 13
210 0.2355 50 7
211 0.2882 60 14
212 0.3529 50 11
213 0.3207 50 10
226 0.3233 60 8
302 0.3359 50 9

crystals suspended in the bulk solution for six out of seven
samples varied by less than 3.3% from the average value.
Layer thicknesses were very similar (between 50-60 um).
These results clearly show that the formation of silicalite-1
layers is reproducible under the conditions chosen. It is well
established that during the first step of membrane crystal-
lisation, the support is covered by a gel phase.?!! This gel
phase is a precursor in the crystallisation. Formation of a gel
layer covering the support as well as the nucleation of crystals
can be controlled by adjusting the pH of the reaction
mixture,?! the concentration of SiO,*! and the temperature
and heating rates during the induction period.?> 2l

Permeation

The selectivity and fluxes of n-C,H,y/i-C,H,, are frequently
used as an indication for the quality of the membrane.
Permeation and selectivity measurements were conducted
with films synthesised at 180°C with TEOS as a silica source
(see Figure 1). With the minimum kinetic diameter of 0.50 nm
for i-butane, and of 0.43 nm for n-butanel®’!, both molecules
can permeate through the silicalite-1 channel apertures (ca.
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0.52 x 0.58 nm in the monoclinic phase?®!), and, therefore, no
absolute separation, but separation based on configurational
diffusion is envisaged. The n-butane flux was 10 mmolm=—2s~!
and the permselectivity of n-butane to i-butane was equal to
31 (Table 1). As the experiments were carried out at 298 K,
the permeation was principally based on surface diffusion of
the molecules. As the surface of the pores is made up of
siloxane linkages, the number and distance of the interactions
with the alkanes is of the C—H-- O van der Waals type. The
different energies of diffusion are related to the interaction of
the n- and i-butane molecules, characterised by their kinetic
diameters, with the double 10-rings of silicalite-1, character-
ised by their apertures. As shown in Figure 6, a number of
relatively short contacts is observed for i-butane compared to
n-butane in the double 10-ring. Therefore, n-butane transport
is higher than that of i-butane.

038 |
O i-butane
0.37 } Il ~-butane I
0.36
d[nm] 0.35 ~

1 3 5 7 9 11 13 15 17 19 21

Distance number

Figure 6. Distances d up to 0.38 nm from the minimised positions of the C
atoms of n-butane and isobutane to the oxygen atoms of a double 10-ring in
the sinusoidal channel of the monoclinic silicalite-1. The differences, in
particular, of the shortest ’contacts’ are substantial and indicative of the
different degree of interaction and, hence, separation.

A more quantitative approach is an estimate of the highest
separation versus flux. However, as there are no data in
literature for unsupported membranes this is only possible for
supported zeolite membranes (see Table2 for de-
tails).> 48 9121429321 The data from the unsupported mem-
brane indicate an almost perfect micropore phase in the case
of single gas as well as mixed gas feeds; in particular, when the
thickness is taken into account. The highest n-butane/i-butane
ideal selectivity reported, thus far, is equal to 3220, using a
ZSM-5/A1,0; membrane modified by post-synthetic treat-
ment, that is by triisopropylbenzene (kinetic diameter
0.84 nm) upon coking. Although this effectively closed
macro/mesopores and defects of micropores present in the
membrane, the improved selectivity is achieved at the cost of
a very significant decrease in flux. While maintaining a very
high selectivity, the flux of n-butane through the self-
supported silicalite-1 film presented in this work is much
higher than any other reported in the literature when the layer
thickness is taken into account.
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