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Abstract

Alumina—zeolite composite membranes were prepared on alumina porous tubular supports by single-step in situ hydrother-
mal synthesis. Hydrogembutane separation factor was used as a criterion to evaluate the presence of defects. Five membranes
of different qualities were selected. The hydrogen permeance through the membranes, plugged beforehand with two strongly
adsorbing gases (water anébutane), was followed with time at room temperature. The dynamic desorption thus observed
was correlated to the quality of the membrane.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction gas separation and pervaporation applicat{@d2].
The separation properties of the membrane are de-
Making zeolite membranes able to separate gastermined by the presence of defects, their adsorption
molecules has been a goal of many authors in the characteristics, and the gas properties in the mixture
last two decades. Zeolite membranes usually have a(kinetic diameter, adsorption strength and diffusivity).
polycrystalline structure. Permeating molecules can Therefore, gas mixture separation through the mem-
pass through both zeolite pores (intracrystalline path- brane can be used as a method for evaluation of the
ways) and gaps between crystals (membrane defectsmembrane qualityf13-18] Nevertheless, the char-
or inter-crystalline pathway$}1]. The last decade has  acterisation of gas mixtures crossing the membrane
seen a major breakthrough in the synthesis of high necessitates sophisticated equipment. This technique
quality zeolite membranes with potential for industrial is therefore difficult to apply to industrial production
and quality control. The permporometry technique, as
described by Nakafil9] has been tentatively used on
* Corresponding author. Tek:33-4-7244-5368; microporous membranes by Tsuru et[@0]. In this
fax: +33-4-7244-5399. case, the concentration of an adsorbing gas is kept
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1 On leave from the J. Heyrovgknstitute of Physical Chemistry, constant with time on both sides of the membrane,

Academy of Sciences of the Czech Republic, Dolejskova 3, 18223 and the permeation of a non-adsorping gas is fol-
Praha 8, Czech Republic. lowed. The present paper presents different but more
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simple approach, the dynamic desorption of a gas ad- [N2] N2 2
sorbed beforehand (water mbutane), under pressure : ? ; %‘

difference of a non-adsorbing gas (hydrogen).

membrane

- Y WV W_V_V_¥_)

2. Experimental

2.1. Material S
. Chromatograph —
ZSM-5 membranes were prepared by growing ze- < oven _*
olite crystals into the pores of a multilayeralumina
membrane supports, as described elsewlfiéy21]. Fig. 1. Schematics of the membrane set-up, shown as an ex-

They were tubes of 15cm Iength 6.5 mm inner diam- ample for the gas separation configuration: pressure difference

eter, provided by the Société des Céramiques Tech-P' ~ Ps=A4p~0.pr is the pressure in the feed (tube) side and
’ ps the pressure in the sweep (shell) side of the membrane. Please

niqut_es (now PALL-Exekia), typt_a T1-70. The support ote the pressurep) & pressure differenceAp) sensors as well
consisted of three layers. The first layer was made of as the gas chromatograph analyzer (TCD/FID, necessary only for

10-uwm pores, for a thickness of 1.5mm. Two layers gas separation experiments).

of smaller pore size, 0.64 and Quin, with a respec- . ) .

tive thickness of about 40 and @tn, are located on ~ @dsorption and desorption) (sB&. 1). All transport

top of the first layer. The support tubes were equipped Measurements were carried out at room temperature.

with 1-cm enamel endings for proper sealing on

graphite rings. A precursor 120 g/l (2mol/l) Degussa 2-3- Pre-treatment

Aerosil 380 silica solution in 0.9 mol/l tetrapropyl

ammonium hydroxide (TPAOH, diluted Aldrich: A high temperature pre-treatment (HTP) was used

25,453-3) was matured under magnetic stirring for to remove any adsorbed gases from a previous test or

72h and centrifuged to eliminate any particle left in moisture possibly adsorbed from air. The membranes

suspension. The molar ratio of the silica, TPAOH Wwere heated at a rate of°C/min up to 400C and

and water in the precursor was 2:0.9:55.6. The sup- kept at this temperature for 6h. This pre-treatment

port tube was then immersed into the solution in a Wwas carried out in nitrogen stream flowing along both

Teflon insert placed in a stainless steel autoclave. The tube and shell sides of the tubular membrane at a rate

autoclave was heated for about 90 h up to 443 K. Be- 0f 20 ml/min. Well reproducible values of hydrogen

fore calcinations, the membrane was checked for gaspermeance through the membrane at room tempera-

tightness. ture after HTP were obtained. This value is noted here
The membrane was then calcined at 300in a  ‘[n,max @nd hereafter referred to as the ‘maximal

mixture of 5% G and 95% N with a flow rate of hydrogen permeance’. To determine the correct tem-

20 ml/min (1.7°C/min heating rate), until the hydro- ~ perature used during this step, the following procedure

gen permeance reached a plateau (6 h). was followed. A set of experiments was carried out
To avoid potential effects of sealing on the mem- by controlling hydrogen permeance after treatments at

brane permeance measurement, all operations with thedifferent temperature. After water adsorption, a tem-

membranes (pre-treatment, adsorption, separation testperature as high as 18G was necessary to reach the

desorption) were carried out inside the same module, maximum hydrogen permeance. After hydrocarbon

while the tube membrane kept mounted in during the adsorption, atemperature of 38D was necessary. As
whole set of experiments. a consequence, 40C was used to keep a safe margin.

2.2. Experimental set-up 2.4. Butane/hydrogen separation factor

A stainless steel flow system was used for all experi-  Separation tests were carried out in the set-up con-
ments (pre-treatment, separation testspermeation, figured as shown iifrig. 1 The gas mixture was fed
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on the tube side of the membrane, while nitrogen outlet was monitored by an absolute humidity-meter
was used as a counter-current sweep gas, in order(Hygrocor Coreci). The pressure difference across the
to remove the permeated components from the shell membrane was kept nil. When the water concentration
side. The measurements were carried out from an at the outlet reached the water concentration at the
equimolar mixture of hydrogen andbutane diluted inlet of the membrane, it was considered saturated.
in nitrogen (N flow rate: 55 ml/min, H: 11 ml/min, This was usually achieved after 4-5 h. The inlet water
n-butane: 11 ml/min) with pressures close to 100 kPa concentration was checked using the humidity-meter
on both sides of the membrane. The sweep flow rate before starting the membrane saturation process. The
was set-up at 52 ml/min. The separation factor was cal- average amount of water adsorbed in the membranes
culated from steady state data, which were obtained was 8—-9 mg for a relative pressure in the feed stream
after 60 min, from the following expression: of 0.16, and 20-30mg for 0.65, as calculated by

of — FHeYn-butane integrating the outlet gas humidity.

YHz¥n-butane 2.7. n-Butane adsorption in the membrane
wherex andy are the molar fraction of hydrogen or
n-butane in the feed and sweep gas, respectively. The adsorption ofi-butane was actually obtained

The membrane separation ability for a mixture of after then-butane/hydrogen separation test. The du-
adsorbing and non-adsorbing gases at low temperatureration of the test was 60min and the partial pres-
is based on adsorption. The adsorption of the stronger sure ofn-butane 14 kPa. Based arbutane adsorption
adsorbing species (butane in this case), in the zeoliteisotherms in ZSM-5 measured by VIu@?2] and Sun
pores, hinders hydrogen permeation. The presence ofet al. [23] the butane load under 14 kPa pressure at
even a small number of defects would ruin such a pro- 298 K corresponds to 8-10 molecules per unit cell.
cess, due to the high non-separative transfer in larger )
pores. Considering this separation mechanism, the bu-2-8. Désorption
tane/hydrogen separation factor is taken as relevant a

quality indicator. Desorption of water on-butane was carried out
under the conditions of hydrogen single gas perme-
2.5. Hydrogen single gas permeation ation measurements (i.e. under a pressure difference

of 100kPa across the membrane). The desorption
The hydrogen single gas permeation, denoted here-Was followed by monitoring the hydrogen permeance
after as [y,,", was carried out at a 100-kPa pressure through the membrane.
drop across the membrane at room temperature, in
dead-end mode. The gas used was >99.9 pure fromz Resylts
the cylinder, and further purified through two adsorp-
tion cartridges (adequate for hydrocarbons and water) 3.1, Separation factors
upstream from the membrane. The pressure on the
permeate side was kept at 101 kPa. The effective mem-  After n-butane/hydrogen separation testing, five

brane area was 0.002&m membrane samples with various qualities were se-
o lected. Table 1shows the selected membranes and
2.6. Water adsorption in the membrane their hydrogen permeandd,,, after high temperature

pre-treatment. The values of separation factor 130

Two saturators were placed prior to the module. and 27 indicate membranes with much fewer defects
They allowed adsorption of water vapour into the than in samples with values of 10, 6 and 4.
membrane using a wet nitrogen stream on both sides.
Two relative pressures of water were used: 0.15 and 3.2. Water desorption
0.65, i.e. 0.35 and 1.5kPa water partial pressure, re-
spectively. They were obtained by mixing dry and After 18 h of 100-kPa tube-side hydrogen overpres-
saturated nitrogen. The water relative pressure at thesure, the hydrogen permeance of all tested membranes
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Fig. 2. Water desorption from the membranes A, B, E as followed by the evolution of hydrogen permeance through the membrane: (C1/H)
membrane A; (@, ¢/O) membrane B; (A) membrane E. The membranes were wetted at prg = 0.15 (open marks) and 0.65 (solid marks).
Note that the actual first value is taken at + < 1 mn, but not strictly O for technical reasons. Therefore, this value should not be taken too

precisely.

reached 70-80% of their original value [y, max, (cf.
Fig. 2).

3.3. n-Butane desorption

The hydrogen permeance evolved relatively quickly
through the lower quality membranes (C, D, E) and
reached 85-90% of the original value, [ [y, max), after

a= I—IHZ / I—IHZmaX
1 -

08

06

0.4

time (min)

approximately 10h (see Fig. 3). A dramaticaly dif-
ferent situation occurred during n-butane desorption
from the higher quality membrane B. Even after 23 h
the hydrogen permeance kept at very low values. This
experiment was repeated on a shorter time scale on the
membrane A with similar results. That indicates that
n-butane molecules could not desorb from the mem-
brane passing through pores in this case.

time (h)

Fig. 3. Desorption curves of n-butane from the membranes saturated at 14kPa n-butane partial pressure: (CJ/H) membrane B; (A)
membrane C; (@) membrane D; (¥/57) membrane E; open marks show a reproduction of the experiment.
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Table 1
Membrane samples used and their characteristics obtained after
high temperature pre-treatment

Membrane Ha/n-butane [Ty max

sample separation factor, Sf (10~" mol/m? sPa) at
at room temperature room temperature

A 130 5

B 27 4

C 10 5

D 6 15

E 4 15

4. Discussion

4.1. Critical diameter for adsorption in the
membrane

During the adsorption step, the membrane is sub-
mitted to a certain partial pressure of an adsorbing gas
(i.e. water and butane here). A first approach could be
to consider that the different types of pores are filled
up, and therefore plugged for all sizes up to a certain
“critical diameter”.

This adsorption step can be compared to the ad-
sorption isotherms of different materials. For example,
n-butane completely fills the channel pores of MFI
zeolite (channel size 0.51-0.56 nm), at relatively low
relative pressure, as shown in Fig. 4.

Onthesamefigure, it can be noted that the zeolite L,
with alarger 0.78 nm pore size is also saturated under
a 14-kPa pressure of butane, whereas MCM-41, with a
pore size of 3nm is not saturated. Even if the material

5.0
4.0

3.0

2.0

[mmol/g]

surface properties are different, it may be assumed that
in the case of thiswork, the only pores remaining open
after the adsorption step are inter-crystalline pores. A
first conclusion could bethat the pore critical diameter,
for abutane pressure of 14 kPa, islocated between 0.78
and 3 nm. The mechanism of water adsorption should
be similar. However, in this case, al the membranes
tested behave similarly. This point will be addressed
|ater.

Another approach to the evaluation of the critical
diameter could be to use Kelvin equation for capil-
lary condensation. As noted by Nakao [19] and Tsuru
et a. [20], the condensation pore radius should then
be increased by the thickness of an adsorption layer
(0.5nm for butane, approximately). In this case, one
can obtain the following Table 2.

One also needs to take into account the approxi-
mation of Kelvin eguation, originally designed for an
infinite length capillary, and not a porous network. It
may be concluded once again that the critical diame-
ter for butane in the conditions of this work is larger
that the MFI zeolite channel size.

Therefore, it can be thought that the pore-plugging
process occurring during the adsorption stepisdueto a
combined adsorption in zeolite pores and condensation
in other pores smaller than the critical diameter.

4.2. Butane desorption
The phenomenon of n-butane desorption will be

discussed qualitatively. If any, defects larger than the
critical diameter are not plugged during the adsorption

—=—MCM-41,273 K
—a—silicalite-1, 308 K
—e—silicalite-1, 277 K
—eo—zeolite L, 299 K

0 15 30 45

n-butane partial pressure [kPa]

60 75 90 105

Fig. 4. Adsorption isotherms of n-butane in zeolites with various channel sizez MCM-41, 3nm [24]; zeolite L, 0.78 nm [25]; silicdlite,
0.51-0.56 nm [23]. Please note the dashed line marking the 14-kPa butane partial pressure used during this work.
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Table 2
Kelvin capillary condensation diameter for the conditions used in this work (taken as critical diameter)
n-Butane at relative pressure 6% Water at relative Water at relative
(i.e. 14kPa, Troom) pressure 15% pressure 65%
Capillary condensation diameter (nm) 17 11 49

process. Therefore, hydrogen starts to permeate
through these open large pores in the separative
layer. This starting hydrogen permeation is followed
by a significant increase with time. This can be
explained by the desorption of n-butane from the
rest of the membrane pores (zeolite channels and
inter-crystalline pores smaller than the critical diame-
ter) into the passageways resulting from the defects, as
n-butane concentration in these passagewaysis perma-
nently and significantly diminished by the hydrogen
stream.

On the other hand, hydrogen permeance through the
high quality membranes remained very low. It seems
that high quality membranes only contain ZSM-5 mi-
cropores and maybe narrow inter-crystalline channels
of a size not larger than the critical diameter. There-
fore, no open pores are present to alow the start of the
desorption process described earlier. Then, the hydro-
gen permeance through the saturated membrane could
only be due to a free desorption process, which is ob-
viously very dow, as shown in Fig. 3.

We a'so considered a possibility of oligomerisation
of possible organic impurities. The low-temperature
oligomerisation of small olefins on ZSM-5 zeolites
was suggested by Berg and co-workers [26-28] and
Zikanova et a. [29]. We used a n-butane cylinder
with the following impurities content: isobutane:
150 ppm; C3 (C3Hg and CzHg): 30 ppm; other unsat-
urated <50 ppm. This possibility of oligomerisation
was ruled out when it was demonstrated that ammo-
nia molecules would move out n-butane molecules
(adsorbed from the same cylinder [30]). The fact

that oligomers could be easily shifted by ammonia
molecules at room temperature seems very unlikely.

4.3. Water desorption

On the opposite of what had been presented for
butane desorption, no practical differences were ob-
served for water desorption between lower and higher
quality membranes, in spite of the high adsorption
and condensation ability of water. As mentioned in
Fig. 2, care should be taken regarding the first point
measured just after the start of the desorption process.
The time needed to establish hydrogen overpressure
and the duration of the flux measurement are large
when compared to water desorption speed. Neverthe-
less, water desorption from membrane B (separation
factor 27, hydrogen permeance 0.5 umol/m? sPa) is
repeatedly slower than from membrane A (Sf = 130,
[THy(max) = 0-4p.mol/m?sPa). This may be due to
some differences in the membrane structure. For ex-
ample, the lower hydrogen permeance may reflect a
higher effective thickness, that may slower the desorp-
tion process.

A water diffusion coefficient, two orders of magni-
tude higher than for n-butanein MFI channel systems,
could explain the unexpected difference between wa
ter and butane desorption, as shown in Table 3.

The kinetic effect of different desorption rates of
water and n-butane molecules is well perceptible al-
ready on the lower quality membrane E (see Fig. 5).
Whereas water desorbed already after 2h, n-butane
needed more than 8h.

Table 3
Diffusion coefficients of water and n-butane in MFI channel system at low loading

T (K) Si/Al ratio D (m?/s) Reference
Water 298 Silicalite 33 x 107° [31]

298 25 5 x 1079 [32]
n-Butane 298 Silicalite Straight channel: 8.7 x 10~11; sinusoidal channel: 1.5 x 10~ 11 [33]

298 53 11 x 1071 [34]
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Fig. 5. Comparison of water (A) and n-butane (CJ/H) desorption curves of the lower quality membrane E. Please note the absolute
permeance axis on the right.

This trend, even more pronounced, was also ob- 4.4. Maximum values of desorbed amounts of water
served on the higher quality membrane B as can be and n-butane
seen in Fig. 6. Therefore, it is difficult to use water
desorption to differentiate between high alow quality The residual amounts of water and n-butane after
membranes.

desorption may reflect the adsorption force between

I - - 4
0.8 -
43
5 " g
(gl g — ~
EI 0.6 7 =
A -~
T 04 g
= 7 @
| =g
L /// &
[/ 41
0.2 1A
0 . ‘ ‘ \ 0
0 5 10 15 20 25

time (h)

Fig. 6. Comparison of water (A/A) and n-butane (C1/M) desorption curves of the higher quality membrane B. Please note the absolute
permeance axis on the right.
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Fig. 7. Adsorption heats of water and n-butane in ZSM-5 with different Si/Al ratio from literature data: n-butane (M) on silicalite [33];
(V¥) on ZSM-5 with Si/Al = 132 [35]; (@) on silicalite [23]; water ((J) on ZSM-5 with Si/Al = 37 [36]; (A) on silicalite [37].

the molecules and membrane surface. Fig. 7 shows
literature data on water and n-butane adsorption heats
of ZSM-5 zeolite with different ratio of Si/Al and dif-
ferent surface coverage. The adsorption heats of wa-
ter and n-butane are comparable at high coverage (ca.
60kJmol for both), whereas, at low coverage water
adsorption heats are significantly higher (120kJmol)
than for n-butane (60 kJmol) (see Fig. 7). It indicates
that a complete desorption of water from ZSM-5 ze-
olite is more difficult than for n-butane. This is in
agreement with our experimental findings. The maxi-
mum values of hydrogen permeance through the wet
membranes were systematically lower (about 70% of
the dry membrane value) when compared to those ob-
tained with n-butane (90%), on lower quality mem-
branes, after 23 h.

5. Conclusion

The low diffusion coefficient of n-butane together
with its relatively high adsorption heat in ZSM-5
microporous system, make this molecule an efficient
probe to study zeolite membrane quality, using the
described dynamic desorption procedure. This sim-
ple quality test is based on the measurement of the

permeation of a non-adsorbed gas through a mem-
brane saturated by an adsorbing molecule, as n-butane.

Nevertheless, this adsorbing molecule should not
have too high a diffusion coefficient, in order to avoid
afast and therefore indiscriminating desorption.

In comparison with the sophisticated eguipment
necessary to characterise the membrane by separation
tests, this work present a simple, till effective, ap-
proach, that could be used in the future as a quality
control for industrial production of zeolite mem-
branes. As a matter of fact, the laboratory procedures
used here for thorough studies (well-defined gases,
long-term experiments) can be easily simplified to be
adapted to an industrial quality control process.
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