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Membrane technology is expected to be an efficient process for CO2 separation. Microporous titanosili-
TS-10
eolite membrane
O2 separation
igh pressure

cate ETS-10 membranes prepared by seeded hydrothermal synthesis are presented as candidates to CO2

separation from binary mixtures (CO2/N2 and CO2/H2). The prepared membranes with different synthesis
time have been characterized by SEM and XRD. Permeation properties have been evaluated by a novel,
non-destructive technique based on the measurement of the local He permeation of a limited area. It was
established a good concordance between defects localized by the new He mapping technique and the
separation properties of the membranes. At room temperature, ETS-10 membranes can separate CO2/N2

epar
equimolar mixture with s

. Introduction

The use of fossil fuels as energetic vector leads to CO2
missions into the atmosphere, which may contribute to global
arming. Independently of how CO2 capture is integrated in
ower generation processes employing fossil combustibles (e.g. in
ost-combustion, oxy-fuel combustion, pre-combustion decarbon-

sation cycles), it is low efficiency and cost penalty. Furthermore, in
atural gas sweetening, CO2 is removed because it causes pipeline
orrosion, reduces the heating value and increases transport cost.
he replacement of the more-common separation operations
chemical absorption and physical adsorption) by membrane sep-
ration could save energy and cost in the CO2 capture process
1]. Membrane materials including polymers [2–4] and inorganic

olecular sieves [5–7] with high selectivity for CO2 over O2, N2 or
H4 have been developed.

Zeolite membranes are microporous inorganic membranes that
ave been reported in a wide variety of applications such as in sep-
ration of isomers [8], gas mixtures [9] and pervaporation [10].
heir seemingly high thermal, mechanical and chemical stability,
nd the adsorption capacity of zeolitic pores of molecular dimen-
ion with specific permeating compounds enable this broad use. In

he case of e.g. CO2/N2, CO2/CH4, and CO2/H2 mixtures, CO2 adsorbs

ore strongly and permeate preferentially through the membrane.
or the CO2/N2 and CO2/CH4 mixtures, CO2 is smaller in size and
hus permeates faster also at elevated temperature but the selec-
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ation factors between 7–10 in the 6–22 bar pressure range.
© 2009 Elsevier B.V. All rights reserved.

tivities are very low due to the absence of effective adsorption.
FAU-type zeolite membranes have been used to separate CO2 from
N2 [5,11,12], achieving a CO2/N2 separation factor of 100 at 303 K
[11]. Permeation properties of the ion-exchanged FAU-type zeolite
membranes for single-component and binary mixture systems of
CO2 and N2 have also been investigated [13].

MFI-type membranes have shown considerably lower CO2/N2
separation factors [14–16]. Recently, the properties of MFI-type zeo-
lite membranes (ion exchange Na-ZSM-5 and boron-substituted
ZSM-5 membranes) working at high pressure (up to 30 bar) have
been studied [17]. The best results from this work were obtained
with a boron-substituted ZSM-5 membrane prepared over a tubu-
lar porous stainless steel support: a combined CO2 permeance of
2.66 × 10−7 mol/m2 s Pa and CO2/N2 separation factor of 13. ZSM-
5 zeolite membranes were also surface-modified by dip-coating
with polymeric silica sol which filled up the intercrystalline voids
in order to improve the CO2 separation efficiency [18]. Membranes
made of pseudozeolites such as SAPO-34 (a chabazite analog) have
shown a promising performance in this system [19–21].

The synthesis and application of microporous titanosilicates,
related materials possessing framework structures and mixed
octahedral–pentahedral–tetrahedral microporous (OPT) siliceous
frameworks have been extensively studied since the discovery of
ETS-10 and ETS-4 in late 1980s [22,23]. As typical zeolites, these
materials can act as heterogeneous catalysts in a number of impor-
tant chemical processes, where the strong basic character combined
with the spatial constraints plays an important role [24,25]. Also,

due to the adsorption [26] and ion exchange [27] properties, ETS-10
membranes have been used for the dehydration by pervapora-
tion of water/alcohol [28,29] and water/acid acetic [29] mixtures,
and for the gas phase separation of propylene/propane mixtures
[30,31].

http://www.sciencedirect.com/science/journal/13835866
http://www.elsevier.com/locate/seppur
mailto:ctellez@unizar.es
dx.doi.org/10.1016/j.seppur.2009.07.008
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Table 1
Characteristics, weight gain (mg of zeolite/g of support), N2 single gas per-
meance at ambient temperature, CO2/N2 and CO2/H2 separation properties at
ambient temperature of the ETS-10 membranes tested in this work. Separation:
feed: 100 mL(STP)/min of a 50/50 CO2/N2 or CO2/H2 mixture, Ar sweep gas:
60 mL(STP)/min, permeate at atmospheric pressure and �P = 0.08 bar between
retentate and permeate.

Membrane ETS10-8 ETS10-24 ETS10-48

Synthesis time (h) 8 24 48
Weight gain (mg/g) 13 35 68
N2 permeance × 108 (mol/m2 s Pa)

single gas
5.5 1.8 0.25

CO2/N2 separation factor in mixture 6.0 10 –a

CO2 permeance × 108 (mol/m2 s Pa) in
CO2/N2 mixture

4.7 2.8 –a

CO2/H2 separation factor in mixture –a 9.0 –a

C3H6/C3H8 separation factor in
mixtureb

5.0 4.6 3.2

C3H6 permeance × 108 (mol/m2 s Pa) in 4.5 3.9 0.32

s
d
c
t
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p
s

2

s
u
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r

F
m

mixtureb

a Not measured.
b From Ref. [31] of a 30/70 propylene/propane mixture at 30 ◦C and �P = 100 1 bar.

In this work, ETS-10 membranes are synthesized on the external
urface of porous alumina tubes by a recently published proce-
ure [31]. The CO2 separation performance of the membranes is
haracterized in CO2/N2 and CO2/H2 mixtures at high pressure (up
o 22 bar). Defects in the membranes were localized and visual-
zed by a novel, non-destructive technique recently developed [32].
he technique is based on measuring the local He permeation sup-
lied by a microscopic needle to a limited area of the membrane
urface.

. Experimental
The ETS-10 membranes were prepared on the outside part of
ymmetric �-alumina supports (Inocermic, 1900 nm pore size)
sing the method previously described [31]. Before the hydrother-
al synthesis, the outside surface of the support was seeded by

ubbing with ETS-10 seeds (ETS-10 seeds with a particle size of

ig. 1. SEM images of membranes prepared with different synthesis times. Top view (a)
embrane ETS10-24.
ation Technology 73 (2010) 8–12 9

approximately 500 nm [26]). The internal and external diameters
of the tubes were 7 and 10 mm, respectively, with 8 cm length of
which 5 cm were permeable (remaining parts were closed by enam-
elling). The ETS-10 gel had the following molar composition: 10
NaOH:4 KF:1 TiO2:10 SiO2:675 H2O. Hydrofluoric acid (48 wt.% in
water, Merck) was added to adjust the pH to 10.4 (as measured
in a 1/100 diluted portion of the gel) to avoid impurities such as
ETS-4 or quartz in the ETS-10 membrane. Hydrothermal synthesis
was carried out at 230 ◦C for different times (8–48 h) in teflon-lined
autoclaves with a volume of 160 mL. Membranes have been labelled
ETS10-x, where x indicates the synthesis time.

Separation experiments were carried out by placing the mem-
brane in a stainless steel cylindrical membrane module where it
was sealed with silicone o-rings. A 100 mL(STP)/min mass-flow
controlled stream of equimolar mixture (CO2/N2 or CO2/H2) was
fed to the ETS-10 membrane. The permeate side (the inside of the
tube) could be flushed with Ar sweep gas to create the necessary
driving force. A back pressure regulator at the retentate side was
used to control the pressure difference across the membrane (�P),
while keeping the pressure in the permeate side at atmospheric
pressure. The exit stream from the permeate side was analyzed by
on-line micro-GC. The CO2/N2 or CO2/H2 separation factor (˛CO2/N2
or ˛CO2/H2

) was calculated as follows:

˛CO2/N2,H2
= yCO2 · xN2,H2

xCO2 · yN2,H2

where x and y are, respectively, the molar fractions in the feed
stream and the permeate exit stream.

Membranes were characterized by a novel defect detection tech-
nique recently introduced [32]. Local He permeation values were
obtained by supplying small amounts of this gas to a limited area
of the membrane surface using a microscopic needle. A mass spec-
trometer (MS) was used as He detector enabling close to real time

analysis. The permeate side of the membrane was swept with N2
to flush out permeated He from the module. The sampling tube
for the MS was located at the permeate side just under the sup-
plying needle at the feed side, and sample gas was injected to the
MS by vacuum. The amount of He detected at various positions

and cross-section (c) of membrane ETS10-8. Top view (b) and cross-section (d) of
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ives information about the local He permeation. If we assume
imilar inherent membrane permeability going from one local area
o the next, an abrupt change in the permeation thus indicates a
igher local concentration of defects. By changing the position of
he needle, a distribution in defect concentration over the mem-
rane surface can be obtained. At the test station, both the needle
nd sampling tube were fixed while the membrane was moved.
he membrane position, in terms of both length and rotating angle,
as precisely controlled by a moving stage that has accuracy of few
icrometers. The samples were also examined by scanning elec-

ron microscopy (SEM) in a JEOL JSM-6400 instrument operating at
–20 kV.

. Results and discussion

.1. Membrane characterization

Table 1 shows the weight gain of the membrane during synthe-
is (mg of zeolite/g of support), and the corresponding permeances
nd separation properties. As the weight gain increases with syn-
hesis time, the N2 single gas permeance, CO2 permeance in the
O2/N2 mixture and the C3H6 permeance in the C3H6/C3H8 mix-
ure decrease. These trends of permeances can be related to the
eight gain augmentation (higher resistance to gas transport).

The top section views of membranes ETS10-8 and ETS10-24
Fig. 1a, b) show an uniform crystal morphology with a trun-
ated bi-pyramid growth typical of ETS-10 material, which size
ncreases with synthesis time from 3–5 �m (8 h) to 6–7 �m (24 h).
he cross-section views (Fig. 2c, d) show well intergrown layers of
pproximately 4–6 �m thicknesses. XRD analysis (not shown, see
ef. [31]) demonstrated that ETS-10 was the main crystalline phase,
ut contained small quartz impurities after 24 h that noticeably

ncreased after 48 h of hydrothermal treatment.
Fig. 2 shows the signal from the He permeation mapping carried

ut over ETS10-8, ETS10-24 and ETS10-48 membrane surfaces after
onverting to colour contrast. Red colour (light grey in printed ver-
ion) means high He permeation (6–9 times higher than average),
lue or black means background intensity. The left and right ends of
he figure correspond to the membrane edge, and x-axis is the direc-
ion along the membrane length, while y-axis corresponds to the
istance along the circumference. From this it can be seen in Fig. 2
hat the ETS10-8 membrane has an important quantity of defects
red colour), whereas ETS10-48 has defects but in lower amount.
inally, ETS10-24 membrane appears “defect-free”, i.e. He perme-
tion is too low to be detected. These results suggest that when
ynthesis time increases defects are removed through intergrowth
ut with longer synthesis time defects appear again probably due
o some dissolution-crystallization processes as already observed
or long-term synthesis of other microporous titanosilicate mate-
ials [33]. This is in agreement with previous work related to these

embranes [31] where synthesis for 48 h gave lower reproducibil-
ty and selectivity (see Table 1) in the separation of propylene from a
0/70 C3H6/C3H8 mixture than membranes with shorter synthesis
ime. In conclusion, membranes that are synthesized for a too long
eriod seem to have an important amount of permeation defects
nd did not show important separation selectivity.

.2. Separation properties

Table 1 and Figs. 3 and 4 show that ETS10-24 membrane can sep-

rate CO2 from N2 in a binary mixture of CO2/N2. This is probably
ecause CO2 has a stronger electrostatic quadrupole than N2 that
ranslates into a preferential adsorption of CO2. It has been previ-
usly suggested in the literature that ETS-10 is a basic material and
an adsorb CO2 at low temperature [34]. Thus, it can be expected
Fig. 2. From top to bottom, leak mapping of ETS10-48, ETS10-24 and ETS10-8 mem-
branes. Red colour indicates high He permeation. Line scan rate was 0.2 cm/min. The
membrane was rotated 20◦ after each line scan. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of the article.)

that surface diffusion of CO2 could make a significant contribution
to its permeation. Furthermore, adsorbed CO2 is expected to reduce
the N2 permeation by hindrance resulting in overall CO2 selectivity
in CO2/N2 mixtures [11,14–16].

In Fig. 3, CO2 and N2 fluxes increase with increase pressure dif-
ferential. At low pressure, the CO2 flux increases more than the
N2 flux due to the higher adsorption capacity of ETS-10 for the CO2
molecule. At higher pressure the flux seems to approach asymptoti-
cally to a line of constant slope with N2 flux having the steeper slope.
In this pressure region, the ETS-10 surface is probably saturated

with CO2. As a consequence, the hindrance efficiency of CO2 to N2
transport is reaching a maximum and further increase in pressure
differential favours Knudsen diffusion through defects. Knudsen
diffusion is governed by the pressure difference across the mem-
brane, and lighter molecules are faster, thus N2 diffusion is favoured.
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Fig. 3. N2 (�) and CO2 (�) permeation fluxes and separation factor (�) for a CO2/N2
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ixture (50% molar each) as a function of pressure difference across membrane
TS10-24. Room temperature and permeate at atmospheric pressure. Ar sweep gas
ow rate: 60 mL(STP)/min. Hollow symbols correspond to the flow value after high-
ressure testing.

ccording to the above described behavior, a broad maximum of
0.8 appears in the CO2/N2 separation factor at pressure about 6 bar
Fig. 3). It should be noted that in spite of the decrease in selectivity,
ts value is still 7.0 at 22 bar. As an additional check, experiments
t lower pressures (hollow points in Fig. 3) were repeated after the
ighest pressure points in Fig. 3. Similar values were found, assur-

ng the stability and mechanical resistance to high pressure of the
embrane.

The influence of sweep gas in CO2/N2 separation with ETS10-24
embrane can be observed in Fig. 4. CO2 flux increases slightly

nd less than N2 flux. In principle, the sweep gas increases the
riving force for permeation by lowering the CO2 and N2 concentra-
ion at the permeate side. In addition, higher sweep gas flow rates
re expected to increase the mass transfer coefficient at the per-
eate side, accelerating desorption of the permeated species and

ecreasing the CO2 concentration to values beyond those neces-
ary to maintain an efficient pore blockage, and consequently the
eparation factor decreases.

Fig. 5 shows the variation of N2 and CO2 fluxes in pure gas
xperiments with the ETS10-24 membrane compared to those of
2 and CO2 in the corresponding mixture (closed points) at low

ressure. Single N2 and CO2 permeation fluxes are quite similar
robably due to the similarity of molecular size between CO2 and
2 (0.33 and 0.37 nm for CO2 and N2, respectively). The shape of
oth permeation curves agrees with an adsorption–diffusion mech-

ig. 4. N2 (�) and CO2 (�) permeation fluxes and separation factors (�) for a CO2/N2

ixture (50% molar each), at variable Ar sweep gas flow rate of membrane ETS10-24.
oom temperature, permeate at atmospheric pressure and �P = 0.08 bar.
Fig. 5. N2 (♦) and CO2 (�) single permeation fluxes at variable pressure in the reten-
tate of membrane ETS10-24. N2 and CO2 permeation in equimolar mixture (� and
�, respectively) with �P = 0.29 bar from Fig. 3. Room temperature and Ar sweep gas
flow rate: 60 mL(STP)/min.

anism determined by a Langmuir isotherm. In the pressure range
studied, CO2 has almost arrived at saturation values, while N2 per-
meation increases yet slightly indicating a weak adsorption of N2.
It may be seen that in the mixture the CO2 flux was not signifi-
cantly affected by the presence of N2. On the contrary, the N2 flux
abruptly decreases (when compared to that of pure component)
demonstrating that preferential strong adsorption of CO2 blocks or
reduces the membrane pores diminishing N2 flux.

Membrane ETS10-24 was also tested in the CO2/H2 separation
(see Table 1). At �P close to 0, a CO2/H2 separation factor of 9.0
was obtained with an equimolecular mixture corroborating that
CO2 sorption hinders H2 flux through the ETS-10 membrane. CO2
permeance in this mixture is 1.9 × 10−8 mol/m2 s Pa in agreement
with the value found in the mixture CO2/N2 (see Table 1).

CO2/N2 separation was also performed with membrane ETS10-8
(Fig. 6), i.e. the membrane synthesized in only 8 h. Separation fac-
tor is 6 with �P close to 0 but when pressure increases separation
factor decreases to values below 1. This small value for the separa-
tion factor means that CO2 and N2 transport takes place through
defects that could be controlled by Knudsen flow. These results

are in accordance with the leak mapping (Fig. 2) where ETS10-8
membrane has shown as significant quantity of defects. After the
high pressure measurements, the lowest pressure measurement
was repeated giving again a high separation factor. This confirmed
again the mechanical stability of the membrane.

Fig. 6. N2 (�) and CO2 (�) permeation fluxes and separation factors (�) for a CO2/N2

mixture (50% molar each), at variable pressure in the retentate of membrane ETS10-
8. Room temperature, Ar sweep gas flow rate: 60 mL(STP)/min and �P = 0.08 bar.
Hollow symbols correspond to the flow value after high-pressure tests.
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. Conclusions

In this work, the following conclusions can be drawn:

1. ETS-10 membranes without visible defects as mapped by local
He permeation can separate CO2 from binary mixtures of CO2/N2
and CO2/H2 by preferential adsorption and diffusion of CO2. For
CO2/N2 mixtures, maximum separation factors between 7 and
10 were obtained in the 6–22 bar pressure range.

. There is an optimum synthesis time for ETS-10 membranes.
When synthesis time becomes too long, new defects are
formed. Under the experimental conditions of this work, 24 h of
hydrothermal treatment is the optimum synthesis time to obtain
selective membranes.

. Leak mapping is a characterization technique to visualize defects
in microporous zeolite membranes by simple, non-destructive
analysis. There exists a clear correlation between the leak map-
ping results and the selectivity of the investigated membranes.
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