submitted to J. Membr. Sci., revised version 1

Nanocomposite MFI-alumina membranes via pore-plugging synthesis:
Genesis of the zeolite material

5 Y. Li'?, M. Pera-Titus', G. Xiongz, W. Yangz, E. Landrivon', S. Miachon"" & J.-A. Dalmon'

!Institut de Recherches sur la Catalyse et I’Environnement de Lyon (IRCELYON), UMR 5256 CNRS - Université de Lyon,
2, av. A. Einstein, 69626 Villeurbanne cedex, France
?Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, China

Revised version from 14 September 2008

10

This paper presents a study of MFI-type zeolite crystal growth during hydrothermal synthesis of nanocomposite MFI-alumina membranes by
the pore-plugging method, using the standard protocol described in a previous study (S. Miachon et al., J. Membr. Sci. 2006, 281, 228). To this
aim, the materials have been characterized by SEM, EDX, pure H, gas permeance and n-butane/H, mixture separation at different stages of the
synthesis. The effect of synthesis time in the range 4-89 h and the effect of a 9-h interruption after a 8-h hydrothermal synthesis have been sur-

15 veyed, as well as the mean pore size and the alumina phase of the support inner layer. Our results suggest that an interruption during the synthesis
is necessary to allow the zeolite precursor to diffuse into the support pores. This diffusion leads to a further growth of zeolite crystals into the
support matrix without formation of a continuous zeolite film on top of the support, as is usually reported in the literature. The zeolite crystals are
fully embedded into the support top layer after at least 53-h synthesis time, leading to high quality membranes in only one synthesis run. The
nanocomposite MFI-alumina architecture at the nanoscale has important consequences in improving the gas separation performance of this kind

20 of materials when compared to more conventional film-like structures. A method based on gas transport measurements has been used to deter-

mine the effective thickness of the separating material.
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25
1 Introduction

Since the mid 90s, much work has been done in the field
of zeolite membranes for gas separation and pervaporation
applications, as reported in several reviews [1-7]. Recently,

30 A-type zeolite membranes have been implemented at the
industrial scale for pervaporation dehydration applications
[8]. The challenge is to prepare realistic membrane surface
areas whose properties only depend on the intrinsic proper-
ties of zeolites. In fact, the membrane performance is deter-

35 mined by the quality and intergrowth of the zeolite material
coating the porous support, whose thickness must be as low
as possible to favour high permeances. Moreover, besides
intercrystaline defects, the density and nature of grain
boundaries may also affect the permeation and separation

40 performance of the membranes [9-11].

MFI-type zeolite membranes have often been the target
of the investigations for gas separation applications due to
their small pore sizes (~0.5 nm) and mild crystallization con-
ditions [7]. Most often, the studies have focused on the syn-

45 thesis of continuous and well-intergrown thin films on top of
a porous support that ensures mechanical resistance. Zeolite
films can be prepared by either in situ or seeded hydrother-
mal synthesis, or by dry-gel conversion methods [6]. Specific
zeolite crystal orientation in the layers can be also achieved
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50 by fine-tuning the seed characteristics (size, shape, concentra-
tion) prior to hydrothermal synthesis [12,13], which might
influence the gas transport properties [14]. The main short-
coming of this configuration is the thermal expansion mis-
match between the support and the zeolite layer, which can

55 lead to crack formation during calcination and further cooling
[4,7], or to intercrystalline opening when operated at elevated
temperatures (>400 K), depending on the crystal size [15].

In previous studies [16-19], some of us have reported on
the synthesis and improved gas permeation and separation

60 performance of nanocomposite MFI — alumina membranes
(prepared either as tubes or hollow fibres) to overcome these
limitations. In this architecture, compared to a film, the active
phase is embedded into the host ceramic alumina porous net-
work via pore-plugging hydrothermal synthesis. Detailed

65 transmission electron micrographs have revealed that zeolite
crystals plug neighbouring support pores [16], which confers
to the material higher resistance to long-range thermal stresses
commonly observed in supported zeolite films [20-22]. An-
other consequence is that mass transfer within these mem-

70 branes at high temperature is kept governed by zeolite pores
instead of intercrystalline openings that may appear in film-
like configurations.

Nanocomposite membranes have shown high potential in
several separation applications (e.g., Xylene isomer separation

75 [23] and ammonia recovery [24]), and combined with a cata-
lyst in membrane reactors (e.g., isobutane dehydrogenation
[25] and xylene isomerization [23]). Besides, this nanocompo-
site configuration has also been applied to the synthesis of
other membrane materials, such as Pd-ceramic [26] and
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80 MCM-41 ‘LUS’ [27] membranes, these latter showing high
membrane quality together with high gas and water permea-
tion performance and high structural stability.

In a previous study [16], the composition of the precursor
solution and the support pore size were shown to play a cru-

85 cial role on the final membrane quality. An optimum on
membrane quality is obtained using a TPAOH/Si molar ratio
of 0.45, corresponding to [TPAOH] = 0.9 mol/l. This concen-
tration, when compared to others, involves a lower propor-
tion of Q°, and a higher proportion of Q* oligomers(*), long

90 enough to favour zeolite crystallization, but at the same time

short enough to diffuse into the support pores. This has been

inferred from *Si NMR analysis. Light absorption analysis
of the precursor also showed a strong influence of the precur-
sor concentration on precursor size. Moreover, the introduc-
tion of a heating interruption during hydrothermal synthesis
leads to higher membrane separation performance. However,
no detailed study has been published to date reporting on the
effect of this interruption on the MFI zeolite crystal growth
mechanism. This paper is therefore devoted to gain insight
100 into this aspect, as a follow-up to two previous articles de-
voted to this type of membranes [15,16]. In this third contri-
bution, our research strategy has focused on the analysis of
the effect of the two main variables addressed in ref. [16]: (1)
the synthesis time in the range 4-89 h, including a 9-h inter-

105 ruption after 8 h, and (2) the pore size and alumina phase of

the support top layer.

Moreover, on conventional film-like structured materials,
the membrane thickness is usually deduced from film thick-
ness as measured from SEM imaging [1,7]. In nanocomposite

110 materials, however, microscopy techniques cannot be ap-
plied, since no film is formed. Accordingly, a specific
method based on mass transport measurements is proposed
here to determine the effective thickness. This is the thick-
ness of closed material corresponding to the real mass trans-

115 fer resistance during operation, and responsible for the selec-
tivity.

9

[

2 Experimental

2.1 Membrane supports

The membranes were prepared on porous asymmetric 15-
120 cm long tubular supports with 7 mm i.d. and 10 mm o.d.
provided by Pall Exekia (Membralox T1-70). The quality of
the supports was deduced from the values of the first bubble
point pressure, higher than 80 kPa in all cases. Two of these
supports consisted of three a-alumina layers with mean pore
125 size and thickness decreasing from the outer to the inner side
of the tube, with the following pore size sequences (as given
by the tube provider): 12-0.8-0.2 um and 12-0.8-0.1 um (top-
layer thickness: 10 um in both cases). The first 12-um layer
had a porosity of 33%, whereas that of the other two was
130 30%. Moreover, a third support, also supplied by Pall-
Exekia, was also used, which consisted of a three-layered o-
alumina tube (0.2-um-mean-pore-size of the last layer) with a
fourth 5-nm y-alumina top layer deposited on the inner sur-
face of the tube.
135 In all cases, both ends of the supports were enamelled (1
cm at each side) for sealing purposes, defining a permeation
length of 15 cm and an active surface of 28.6 cm”.

(*) Q" is a notation referring to the number n of siloxane bridges around a Si
atom (the other being ~OH groups). Larger n values are usually associated
with larger oligomer particles.

2.2 Hydrothermal synthesis

The nanocomposite MFI-alumina membranes were pre-

140 pared by in situ hydrothermal synthesis using the pore-
plugging method as described in previous studies [16,17].
Shortly, a clear solution containing a molar composition of 1.0
Si0,: 0.45 TPAOH : 27.8 H,O was matured for 72 h. The
support tube was soaked in the solution placed in a Teflon-

145 lined autoclave. The closed autoclave was then placed vertical-
ly in an oven preheated at 170°C. The standard temperature
program is depicted in Fig. 1. It included a 9-h interruption
after 8 h synthesis, its total duration being 89 h. In order to
follow the growth of the nanocomposite material, some syn-

150 theses were stopped after different times (see Fig. 1) and the
corresponding materials were then characterised by gas trans-
port and other techniques. In each case, some support slices
were added to the autoclave on top of the tube during the syn-
theses for further electron microscopy analysis.

155 After the synthesis, the autoclave was cooled down to
room temperature, the synthesized membranes were removed,
washed with deionised water until pH neutrality, and dried
overnight at room temperature and subsequently at 120°C for
12 h. A membrane integrity test (N, permeation under 400

160 mbar differential pressure) was performed at this stage to as-
sess for the presence of large defects or cracks. The dried
membranes were then calcined at 500°C for 8 h under air
stream for template removal.

The tube weight was measured before synthesis, after the

165 drying step and after calcination, the samples being kept under
dry atmosphere in all the measurements.
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Fig. 1. Standard temperature program during synthesis, including a 9-
h interruption after 8 h synthesis. Material samples were analysed
170 after the times indicated by the dotted line arrows on bottom (4-89 h).

2.3 Membrane characterization

2.3.1 Electron microscopy characterization
Scanning electron microscopy (SEM) images on mem-
brane tube slices were obtained using a Philips-XL-30 micro-
175 scope at 20 kV equipped with EDS analysis (EDAX-phoenix).

2.3.2 Pure H, and alkane permeation and n-butane/H, sepa-
ration

Prior to any gas permeance or separation measurement, the

180 membranes were set in a tubular stainless steel module and

each end sealed using graphite cylindrical o-rings (Cefilac-

Fargraf) and submitted to desorption conditions. This was
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achieved by pre-treatment at 400°C for 6 h under N, flow (20
NmL.min™") at both retentate and permeate sides with a heat-

185 ing ramp of 1°C.min™". After a 6-h plateau, the temperature
was reduced to the room value in ca. 3 h. The purpose of this
step was to remove adsorbed species, such as water coming
from air humidity when the sample is exposed to open at-
mosphere, or gases adsorbed in previous experiments. Fur-

190 ther details about this and other pre-treatment protocols can
be found in ref. [29].

Pure hydrogen, methane, ethane, propane and n-butane
permeation experiments were performed at room temperature
in dead-end mode. The target gas was fed to the retentate side

195 of the membrane at 120 to 200 kPa, while the permeate side
was kept at atmospheric pressure. The gas permeance, Il
(umol.m™.s™.Pa™), was measured using a bubble flowmeter,
connected to the permeate stream of the membrane. The evo-
lution of the pure gas permeance of the alkanes with tempera-

200 ture was used to infer the value of the effective thickness of
the zeolitic material in the nanocomposite membranes.

The n-butane/H, mixture separation tests were performed
in Wicke-Kallenbach conditions. The pressure at both sides
of the module was kept at 120 kPa, with no pressure drop.

205 The mixture was fed to the inner side of the membrane using
N as carrier gas. The flow rate of each gas was measured
using mass flow controllers (Brooks 5850TR and 5850E) and
was kept at 55 NmL-min™' for N, and 11 NmL-min™ for both
n-butane and H, in the feed side of the membrane. In the

210 permeate side, N, was also used as sweep gas at (52
NmL-min™) in counter-current flow.

The composition at the feed, retentate and permeate
streams was analyzed by a HP 5890/series II Gas Chromato-
graph equipped with a Porapak Q column and FID and TCD

215 detectors. The separation factor of n-butane over H,
Sfcamiom, was calculated as the permeate-to-feed composi-
tion ratio of n-butane, divided by the same ratio for H,. The
separation factor was measured at steady state and room tem-
perature. Over a certain value, due to the very low amount of

220 hydrogen in the permeate, the separation factor scale should
be regarded as more logarithmic than linear.

3 Results

3.1 Material evolution as a function of synthesis time

3.1.1 Weight uptake and membrane integrity test

225 Table 1 summarizes the main results obtained for the
weight uptake and pure N, permeance before calcination
(membrane integrity test) during the genesis of MFI-alumina
membranes. After a sharp increase during the first 4 h, the
weight uptake increases progressively during the synthesis of

230 the MFI material. At the same time, the N, permeance before
calcination is drastically reduced after 35 h synthesis, sug-
gesting an efficient pore plugging.

3.1.2 Morphology of MFI-alumina membranes

235 Fig. 2 shows the cross-section SEM micrographs of the
last 2 layers (0.8 and 0.2 um pore size, respectively) of an o-
alumina support (Fig. 2a), and of the as-synthesized tube
slices after calcination for different synthesis times according
to the temperature program depicted in Fig. 1 (Figs. 2b-f).

240 Fig. 3b suggests the nucleation of zeolite seeds on the surface
and into the support pores of the 0.2-um top layer after 4-h
synthesis. In the following images (Figs. 2c-f), progressive
changes in morphology are visible, leading to the final situa-

tion (Fig. 2f), where zeolitic material is present within the last
245 support layer, without formation of a continuous zeolite film
on top.

Table 1.

Nitrogen permeance before calcination (second column) and weight

uptake (third column) of the nanocomposite MFI-alumina mem-
250 branes synthesized on 0.2-um top layer supports, as a function of

synthesis time.

Time [h] Ilx, (before 2callcinatlion) wt.% MFI
[wmol'm™s™-Pa™] (after calcination)
4 0.13 1.03
17 0.03 1.45
35 <10 1.94
53 <10 2.24
89 <10 2.72
200 <10 3.15

3.1.3  Evolution of the Si/Al ratio across the membrane thick-
ness
255 Fig. 3 shows the qualitative evolution, as a function of the
synthesis time, of the Si/Al ratio trend measured by EDX
along the radial direction and from the inner surface of the
membrane tube. The analyses were carried out after synthesis
on 0.2-um top-layer supports with spots of about 2 x 2 um?,
260 larger than the mean pore size of the last two layers (0.8 and
0.2 um, respectively). Therefore, these measurements provide
a comparison estimate of the amount of MFI material embed-
ded in the support porous network. It is to be noted that, due to
the nature of the material (roughness, nanocomposite architec-
265 ture...), the Si/Al ratios were obtained following semi-
quantitative analysis.
Fig. 3 also shows that the Si/Al ratio at each support depth
increases with hydrothermal synthesis time. In particular, after
4 and 17-h hydrothermal synthesis time, the Si/Al ratio on the
270 inner tube surface is higher than in the depth of the material.
In contrast, after 53 h, the Si/Al ratio within the support pores
becomes higher than on the inner tube surface, with a maxi-
mum value at about 20 um. This trend is preserved after 89-h
hydrothermal synthesis, the Si/Al ratio now showing higher
275 values all along the depth than on the inner tube surface.

3.1.4 Evolution of pure H, permeance and n-butane/H; sepa-
ration factor with synthesis time

Fig. 4 shows the evolution of the weight uptake, room-

280 temperature pure H, permeance and n-butane/H, separation

factor (taken as membrane quality estimate) during synthesis

on different membranes prepared on 0.2-um-top-layer-support

(each data point represents an average of different samples).

As can be seen, the MFI weight uptake increases monotoni-

285 cally during the synthesis, from 0.18 g after 4 h to 0.43 g after

89 h, corresponding to a tube weight change ranging from 1.1

to 2.6 wt.% (or from 6 to 15 mgMFI/cm® of tube). As ex-

pected, the increasing MFI weight uptake is accompanied by a

reduction of the pure H, permeance, from 0.55 to 0.25 um.m’

290 2.s'1.Pa'1, and by a net raise of the n-butane/H, separation fac-

tor, from 1 to about 100 (the latter value corresponding to the

mean performance of a large series of these materials includ-
ing the values listed in Table 1).

It is noteworthy that, when increasing the synthesis time

295 from 89 to 200 h (not shown), although the n-butane/H, sepa-

ration factor is not enhanced, the weight uptake goes on in-

creasing and the pure H, permeance shows some reduction.
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Also, interrupting the synthesis after 4 h instead of 8 h, high 300
separation factors (up to 155) are still obtained.

Magn WD Exp M 5um
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Fig. 2. Cross-section SEM micrographs of membrane tube slices made on support including a top layer of 0.2 wm mean pore size subjected to
305 hydrothermal synthesis for different synthesis times. (A) support, (B)4 h, (C) 17 h, (D) 35 h, (E) 53 h, (F) 89 h.
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0.2 ym pores 0.2-um-top-layer supports (membranes MFI01-1, MFI01-2
50+

and MFI02-1 in Table 1). As can be seen, for all the mem-
335 branes, the n-butane/H, separation factor decreases monotoni-
cally with increasing temperature.
Some SEM micrographs of the 5-nm-pore-size y-alumina
tubes before and after MFI synthesis are shown in Fig. 6. A
strong change in the material morphology occurs during zeo-
340 lite synthesis: large cracks appear in the y-alumina layer (see
Fig. 6¢), including its removal in some areas (Fig. 6b). In these
zones (Fig. 6d), very few zeolite crystals have grown perpen-
dicularly to the a-alumina support surface. On the remaining
y-alumina surface, non-connected zeolite crystals can be visu-
345 alized in some zones, with a variable population density (Fig.

Si/Al (a. u.)

6¢).
! support Table 2. .
N E R Enat Weight uptake, pure H, permeance (Ily,) and n-butane/H, separation
0 20 40 60 80 100 factor (Sfcaniom) of the nanocomposite MFI-alumina zeolite mem-

350 branes synthesized in this study after 89 h and subjected to an inter-

Distance from the surface (um) ruption during the synthesis.

Fig. 3. Comparison of qualitative trends of Si/Al ratios (expressed Top-
from EDX semi-quantitative analyses), as a function of the distance layer Mefm brane VK/};/IO ) H];Z 1pg! Sfeantonz [-]
from the inner surface of membrane tubes made on supports of 0.2- pore size o ronee [nmol-m™s™-Pa”]
310 um pore size top layer for different synthesis types. 02 um  MFI02T 27 0.26 350
s MFI102-2 2.8 0.24 33
2 MFIO1-1 - 0.34 151
(pmol/m~/s/Pa) Sf MFIO01-2 - 025 454
or (g) CAH10/H2 olum MFIOI3 28 0.36 %
0.6~ 1 permeance —120 M MFI014 - 27 0.49 98
2 ° ° MFIO1-5 3.0 0.22 28
0.5+ 100 MFI01-6 2.8 - -
5 MFI5-1 43 0.37 2
0.4 g0 5nm MFI5-2 3.1 0.50 5
weight MFI5-3 2.8 0.27 2
0.3 — 60
0.2 40 1000
S 10
0.1 —> 1 O
N oo )2
B | | | — 0 E N
0 20 40 60 80 N ]
Synthesis time (h) I i )
£l L
Fig. 4. Tube weight uptake, room temperature pure H, permeance 2 E A
and n-butane/H, separation factor (Sf) as a function of synthesis L‘C/-)F ]
time for membranes prepared on 0.2-pm top-layer supports. Hydro- 7 g
315 gen permeance values are very high at lower synthesis times (not | A gg
shown). 1 v
IR
3.1.5 Influence of top-layer characteristics 1 VAN
Table 2 summarizes the main results obtained for the 7
weight uptake, pure H, permeance and n-butane/H, separa- 0,1 [ [
320 tion factors of the synthesized MFI-alumina membranes after 0 100 200 300 400 500 600
89 h as a function of the mean pore size and nature of the T (°C)

support top layer. As can be seen, for both 0.1 and 0.2-um .-
alumina top-layer supports, the sample uptake after synthesis
lies in a narrow range (2.7-3.0 wt.% or 15-18 mgMFI/cm* of

Fig. 5. Evolution of n-butane/H, separation factor (Sf,.puuanen2) With
temperature for membrane MFIO1-1 (cycles) and MFI01-2 (squares)
355 prepared on a 0.1-um toplayer support, and membrane MFI02-1

325 tube). In the case of tubes including an additional y-alumina (triangles) prepared on a 0.2 pm support. Data was obtained after
5-nm mean-pore size layer, the weight uptake shows values high temperature treatment (400°C for 6 hours).
in a close range, but seem more disperse. Although all the i
membranes display similar pure H, permeance, those pre- 3.2 Effective thickness measurement

pared on 5-nm y-alumina supports show lower n-butane/H,
330 separation factors.

Fig. 5 shows the temperature evolution of the n-butane/H,

separation factor for three membranes synthesized on 0.1 and

The thermal behaviour of pure gas permeance can be used

360 to deduce the effective thickness of the synthesized nanocom-
posite membranes. As was presented in an earlier study [15],
nanocomposite MFI-alumina membranes offer a permeation
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thermal behaviour that can be well fitted to an equation di-

rectly deduced from the Maxwell-Stefan (MS) theory:

Py AS{ —R _AH(,
5 e penr [T R T RT E
N = satP ° 1n| expl:_if)]
T/ P, AS;,,—-R AHj, RT
1+ —exp| —¢— — —2%
P° R RT

with the parameter values taken from [15].

)]

In this work, we use the fittings of this model to the per-
meation-temperature plot for a series of pure linear alkane

380

(C1-C4), since for these gases sufficient adsorption and diffu-
370 sion data are available in the literature. Contrarily to the ap-
proach of our previous study [15], where the thickness of the
zeolite material was arbitrarily chosen, we present here the
results of the fitted parameters expressed as D *// ratio (see

Table 3).
375 The D,”// ratio decreases sharply with the chain length of

the alkane. This reflects a reduction of the diffusivity of the
alkane, / being constant. As will be shown below, this is the
principle of the measurement..

Fig. 6. SEM micrograph of a cross-section view of a 5-nm mean-pore size y-alumina fresh support (A). SEM views of the same material after 89-
h synthesis: (B) cross-section view, (C) top-view of the remai ning y-alumina, and (D) top-view of a liberated a-alumina top-layer surface.
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4 Discussion

385 4.1 Synthesis kinetics of nanocomposite MFI-alumina mem-
branes

The kinetics of MFI synthesis can be studied by inspecting
the curve of weight uptake in Fig. 4. The amount of zeolite
precursor present in the porous matrix in the beginning of the

390 crystallization (=0.24 g of SiO, corresponding to about 2 mL
solution) is rapidly consumed in a first step. This could be
attributed to the nucleation process. Zeolite nucleation can be
promoted by the presence of Al leached from the support
[9,16,30]. Further on, the tube weight uptake is progressively

395 slowed down due to nutrient depletion in the porous network,
which limits the crystal growth. As a matter of fact, one can
observe that, just after the interruption (17-h sample), the
weight uptake matches the total amount of zeolite precursor
initially available in the porous matrix. This could correspond

400 to a mechanism where the precursor diffusion from the bulk
solution into the porous system is slower than zeolite synthe-
sis

Table 3.
Fitted parameter (D,*//) from MS modelling (Eq. 1) for four hydro-

405 carbons.

Gas D.*/¢ [mm.s"]
CH4 101 +£7
C,Hj 20.7+0.9
C;Hg 11.5+0.8
n-C4H10 6.7£04
t=0 t=_8h

MFI precursor solution

AT

e ~e™
Ve i e i

During an interruption, the reduction of temperature in-
hibits nucleation and crystal growth processes. However,
molecular diffusion processes are only slightly affected by

410 temperature. During this time, an increase of precursor con-
centration in the porous network is therefore expected to
occur by diffusion. This increase in concentration might fa-
vour further crystal growth inside the pores when the synthe-
sis is resumed, improving in its turn the pore plugging during

415 subsequent hydrothermal synthesis at 170°C. As the kinetics
of crystal growth is expected to be slower than the initial
nucleation, this might translate into a sustained increase of
the weight uptake (see Fig. 4). From 17 h to the end of the
synthesis (i.e. 89 h), the tube weight uptake matches again

420 the amount of precursor present in the porous volume.

Note that without an interruption, one should expect that
crystallization would be favoured in the precursor-rich areas
surrounding the bulk of the solution. Moreover, in absence of
the interruption, the support top layer would hinder precursor

425 diffusion, avoiding its access into the support pores. This
could promote the growth of a film on top of the support, as
is generally observed in most of the reported studies using in
situ hydrothermal synthesis. In fact, a theoretical thickness
value of 30 um might be obtained if the whole zeolite weight

430 uptake were ascribed to film formation, a picture that is in
complete disagreement with the SEM micrographs shown in
Fig. 2.

A general scheme of the nanocomposite genesis on a
typical alumina support is given in Fig. 7. The likelihood that

435 MFI crystals plug the pores is inversely proportional to their
pore size. In other words, it is more likely that zeolite crystals
plug the 0.2-um top layer instead of the other two of the sup-
port (i.e. 0.8 and 12 um, respectively).

440 Fig. 7. Scheme of the genesis of nanocomposite membranes on a typical 3-layer a-alumina support. The vertical dashed line refers to the inter-
ruption during the synthesis. The three lines correspond to the three layers of the alumina support tubes, and the four columns to the different
steps in time during synthesis. At t=0, the porous volume is completely filled up by the precursor. After 8-h synthesis, the weight uptake corre-
sponds to a complete depletion of the corresponding amount of precursor due to MFI crystallization. In the course of the interruption (from time
8 to 17 h), the precursor diffuses and is allowed to fill up again the porous network, allowing further crystal growth and eventually support pore

445 plugging with zeolite, but only in the 0.2 um pore support layer.
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Some simple calculations reveal a ~14% plugging of the
available pore volume of the alumina top layer by MFI mate-
rial. This value has been obtained from the total available pre-

450 cursor material present in solution in the top layer successively
before and after the interruption. This amount, together with
some that might be coming from the precursor diffused into the
top layer pores during the whole synthesis process (i.e. 89 h)
appears to be sufficient to allow pore plugging. This results in

455 the formation of a thin and continuous nanocomposite material,
leading to high separation performance while keeping high
permeances (see Fig. 4).

The EDX analyses shown in Fig. 3 reveal the growth of an
important amount of MFI material in the first 20-um depth

460 porous network, involving essentially the 0.2-um mean pore
top-layer of the alumina supports. This result is consistent with
the cross-section SEM micrograph obtained at the end of the
hydrothermal synthesis (Fig. 2f), where the presence a new
material can be distinguished in this layer.

465 The EDX analyses shown in Fig. 3 reveal the growth of an
important amount of MFI material in the first 20-um depth
porous network, involving essentially the 0.2-um mean pore
top-layer of the alumina supports. This result is consistent with
the cross-section SEM micrograph obtained at the end of the

470 hydrothermal synthesis (Fig. 2f), where the presence a new
material can be distinguished in this layer.

4.2 Effect of the top-layer pore size and material on pore
plugging

475 All the membranes grown on 0.1 and 0.2-um top layer sup-
ports show good quality after full-duration synthesis, achieving
n-butane/H, separation factors in the 30-400 range (see Table
2). Moreover, the gas separation patterns show good repro-
ducibility, as can be inferred from the very similar thermal

480 behaviour (see Fig. 6). This suggests that for these pore-size
values, pore plugging is effective. Let us recall that for top
layer pore sizes higher than a critical value (0.5 um, as previ-
ously reported [16]), pore plugging is incomplete.

In the case of supports including an additional 5-nm mean

485 pore size y-alumina layer (see Fig. 6), this layer becomes
cracked and partially removed, likely due to the alkalinity of
the synthesis medium. In any case, as shown by SEM micro-
graphs, no continuous MFI film is formed neither on the re-
maining y-alumina material nor on the liberated a-alumina

490 layer. Even if the resulting membranes showed lower n-
butane/H, separation factors (see Table 2), displaying some
membrane defects, these images confirm the presence of a
separative nanocomposite zone within the porosity of the alu-
mina support.

495 Despite the partial leaching of y-alumina during the synthe-
sis, the weight uptake of the y-alumina tubes is comparable to
that of the other supports (see Table 2). As a matter of fact, a
simple calculation reveals that the weight variation correspond-
ing to the disappearance of the whole y-alumina layer is negli-

500 gible when compared to that ascribed to MFI formation. This
Al-leaching may lead to very high local Al concentrations,
which might affect the MFI growth, limiting a complete plug-
ging. This could explain the observed relatively poor separa-
tion performance.

505

4.3 Determination of the effective thickness of nanocompo-
site membranes

Due the membrane nanocomposite structure, the thick-
ness of the MFI material cannot be inferred from SEM im-
510 aging, as is usually the case with film-like membranes.
However, a gas-transport effective value can be determined
from parameter D’,// obtained from the MS fittings, using
the value of the diffusivity at zero coverage of the permeat-
ing species, D ... Nevertheless, the values of these diffusiv-
515 ities might change much depending on the method used for
their determination. The diffusivities measured from micro-
scopic methods (PFG-NMR and QENS) correspond in fact
to self-diffuvities determined at equilibrium (absence of
concentration gradients), while those measured from macro-
520 scopic methods (FR, chromatography, MBR/CU) refer to
transport diffusivities measured in the presence of concen-
tration gradients.
As an example, Table 4 collects some intrinsic diffusiv-
ity values published in the literature for propane in silicalite-
525 1 measured by a number of experimental techniques, which
could be further used to calculate an effective thickness. As
can be seen, microscopic methods like QENS and PFG-
RMN tend to provide much higher diffusivity values than
those obtained by macroscpic methods such as ZLC, re-
530 sponse frequency (RF) or from diffusion within a silicalite-1
single crystal (SCMBR). It has been traditionally argued
that macroscopic techniques provide lower diffusivity val-
ues on the grounds of external diffusion limitations, coun-
terdiffusion effects in the case of diluted systems, or defects
535 in zeolite crystals. In contrast, microscopic techniques are
not affected by external resistances, since diffusivities are
measured from diffusion inside the zeolite crystal and even
sometimes only from one adsorption site to the next. The
results obtained from molecular modelling (e.g., MD) ap-
540 proach the values measured by microscopic techniques,
since the simulations assume implicitly that zeolite crystals
are perfect and that intracrystalline mass transfer does not
suffer from external resistances.

Table 4.

545 Intrinsic self- and transport diffusivities of propane in silicalite-1
reported in the literature. In italics, self-diffusivities. In bold,
transport diffusivities used for effective thickness estimation

T(K) Method 815?;2“% Reference C‘():EE;‘ted
313 NMR 3.9 [33] 16
300 MD 2.0 [34] 9.6
300 QENS 1.2 [35] 5.8
323 FR 0.6 [36] 22
333 FR 0.5 [36] 2.0
334  SCMBR 7.3.107 [37] 0.02
400 CHTG 2.9.10° [38] 5.10°
323 SCMBR 0.38 [39] 1.4
323 SCMBR 0.49 [40] 1.8
303 ZLC 7.3.10° [41] 0.03

Nomenclature: MD, Molecular Dynamics; QENS, Quasi-elastic neutron-
scattering; SCMBR, Single crystal membrane; CHTG, Chromatography;
550 FR, frequency response; ZLC, zero-length column.

On the basis of the above stated considerations, it seems
reasonable to only use transport diffusivities for the calcula-
tion of the effective thickness from fitted transport diffusiv-
ities. The studies involving the determination of diffusivities

555 from gas permeation within film-like membranes and esti-
mation of the zeolite film thickness microscopy (e.g.,
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[31,32]) have been omitted due to the uncertainty in the deter-
mination of the effective thickness by microscopy techniques.
Moreover, the modelling behind gas transport in most refer-

560 ences is different from that used here (i.e. activation term
added to MS equation).
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Fig. 8. Relative frequency of the effective thickness of the tested
membrane computed using different transport diffusivity values for
565 C1-C4 alkanes.

Fig. 8 plots the distribution of the computed effective thick-
nesses in the range 0.2-10 wm from parameter D,// obtained
from MS fittings of C1-C4 pure alkane permeance using the
corresponding published intrinsic transport diffusivities values.

570 Effective thicknesses lower than the mean pore size of the top
layer, 0.2 wm, lacking of physical sense, have been disgarded.
As can be seen, a higher frequency of values can be found
between 0.5-2.5 um. This is especially the case for ethane and
propane. Accordingly, a mean value of 1.5 um can be chosen

575 for the effective thickness of the tested membrane. It is inter-
esting to note that this value is in fairly good agreement with
the minimum pore-volume plugging estimated in section 4.1,
i.e. 14%, which corresponds to a thickness about 2 um. Al-
though this method is of course approximate due to the disper-

580 sion of diffusivity values, it provides a quite realistic estimate
of the effective thickness of nanocomposite membranes.

It has to be noted that the zeolite membrane is thinner than
the support toplayer. One can wonder if both are related. It is
possible that deacreasing the support toplayer thickness would

585 provide a mean to decrease the separative thickness. However,
within the scope of this work, it is difficult to answer this ques-
tion.

5 Conclusions

This study points to the role of an interruption during hy-
590 drothermal synthesis in the nucleation and crystal growth proc-
esses that occur in the support pores during the formation of
nanocomposite MFI-alumina material. A 9-h interruption dur-
ing the synthesis seems to allow nutrient precursor moieties to
diffuse into the support pores, further nucleate, crystallize as
595 the synthesis progresses and eventually plug the support pores.
As a result, a composite MFI-alumina separative layer is ob-
tained. The supports including top layers of about 0.1 and
0.2-um pore size allow embedding of the zeolitic material into
the support pores.

600  As opposed to more conventional zeolite membrane syn-
thesis protocols, no continuous and well-intergrown film is
formed on top of the support.

In addition, the effective thickness of the equivalent ac-
tive zeolitic layer was determined (~2 wm) using a method

605 based on gas transport.
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