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Abstract

A new aminosilicate, sol–gel derived microporous inorganic membrane has been developed for enhanced CO2 separation in applications
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uch as removal of metabolic CO2 from the breathing loop of the NASA extravehicular mobility unit (EMU), natural gas purification, or
O2 capture from coal-fired power plant emissions. This membrane consists of an inorganic, amorphous silica matrix of pore size 4–5 Å,
ontaining randomly dispersed amine ( NH2) functional groups in order to enhance its CO2 selectivity, due to preferential adsorption of
O2 in the membrane pore walls and simultaneous blocking of permeation of other gases (O2, N2 and CH4). It is found that the gas feed
ondition during permeation (partial pressure of CO2, relative humidity), post-synthetic treatments and aging, affect significantly the separation
erformance of the membranes. At this stage of development, with feeds of 1–20 vol.% CO2 and 0–40% relative humidity at 22 ◦C, the highest
O2:N2 separation factor was in the range 100–200, while the CO2 permeance was in the range 0.1–1.5 cm3 (STP)/(cm2 min atm). The results

uggest that controlling the membrane pore size and method of activation of amine groups are the most critical factors for improving the
O2-permselectivity of the membrane.
2004 Elsevier B.V. All rights reserved.

eywords:Silica membrane; Carbon dioxide separation; Sol–gel; Molecular sieving; Amine group

. Introduction

Membrane-based separation of CO2 from gas streams is
n important unit operation and can find application in nat-
ral gas purification, CO2 capture from emissions of coal-
red power plants, and in metabolic CO2 removal from space

ife-supporting systems (extravehicular mobility unit (EMU),
pace shuttle or space station). With respect to the latter ap-
lication, using space vacuum to remove metabolic CO2 and
2O vapor, membrane-based life-supporting systems have
otential to reduce weight/volume/power requirements and
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minimize consumables, and therefore enable long-mission
duration.

Separation of CO2 with common polymeric or inorganic
(e.g. zeolite, sol–gel silica or carbon molecular sieve) mem-
branes, is achieved by differences in diffusion rates and/or
adsorption strengths of mixture components in the polymer
matrix or the inorganic membrane pores, and selectivity is
usually rather low, e.g. 30–40 for CO2:N2 [1–5]. On the other
hand, a number of recently developed immobilized liquid
membranes (ILMs) exhibit high (>1000) CO2:N2 separation
factors due to facilitated CO2 transport mechanism [6–9], but
their CO2 permeation rate is rather low especially at moderate
levels of relative humidity (RH) (<40%).

In order to overcome the inherent disadvantages of
existing membranes, we have introduced the concept of
a novel microporous aminosilicate membrane with fixed
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Fig. 1. Concept of a sol–gel derived, microporous aminosilicate membrane
prepared using: (i) an amine salt, or (ii) an amine-containing alkoxysilane
derivative as source of amine groups.

amine ligands incorporated in the silica matrix, in order to
enhance membrane affinity for CO2 separation [10]. With
the combination of molecular sieving and selective ad-
sorption/pore blocking transport mechanisms, the proposed
membrane has potential to achieve high CO2 separation
performance, combined with enhanced structural stability.
A schematic representation of this membrane is depicted in
Fig. 1. The membrane consists of an inorganic microporous
silica matrix prepared by a standard polymeric sol–gel route
[5], which already exhibits high CO2-permselectivity, e.g.
CO2:CH4 ∼ 300 and CO2:N2 ∼ 50, due to the smaller kinetic
diameter of CO2 (3.3 Å) compared to that of N2 (3.64 Å) or
CH4 (3.8 Å). In order to further enhance the CO2 selectivity
of the membrane, e.g. towards O2, N2 or CH4, we have in-
corporated amine functional groups in the membrane matrix,
in order to take advantage of the strong adsorption affinity
of NH2 groups towards CO2 in the presence of humidity.

The separation mechanism of this novel aminosilicate
membrane is represented schematically in Fig. 2. For the case
of an inert silica membrane (Fig. 2a), separation of CO2 from
O2, N2 or CH4 is mainly based on differences in size of the
gas molecules, and hence the separation factor is a strong
function of the pore size of the membrane, which is difficult
to control accurately [11,12]. On the other hand, when amine
functional groups are randomly dispersed in the silica matrix
(

CO2 can adsorb strongly on the pore wall and reduce the ef-
fective pore diameter for permeation of non-adsorbing gases
such as O2, N2 or CH4.

A separation mechanism similar to that described in
Fig. 2 has been reported for certain zeolite membranes and
gas/vapor pairs, e.g. for n-butane:CH4 with a MFI-type zeo-
lite membrane [13], or for benzene:cyclohexane with a FAU-
type zeolite membrane [14]. However, in these cases, there is
no size selectivity of the particular membranes (e.g. ideal se-
lectivities ∼ 1), and the entire separation is based on stronger
adsorption of one component in the membrane micropores
and subsequent size exclusion of the weakly adsorbing
component. On the other hand, the aim of the aminosilicate
membrane depicted in Fig. 1 is to enhance the moderate
size-based selectivity offered by the inert silica network
itself (e.g. ∼30–50 for CO2:N2), to a higher level as a result
of additional adsorption effects in the membrane micropores.

It is pointed out here that other researchers proposed a
similar approach for preparation of CO2-permselective silica
membranes, based on functionalizing the pore walls of meso-
porous, surfactant-templated silica membranes with amine
groups, in order to introduce affinity for CO2 in the mem-
brane [15]. However, due to the initial large pore size of these
membranes (20–40 Å), we believe that it is quite difficult to
achieve very high selectivities with this approach. Therefore,
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Fig. 2b), enhancement of CO2 separation is possible, since
e have adopted a synthesis scheme based on incorporation
f amine groups inside inert microporous silica membranes,
repared by an acid-catalyzed polymeric sol–gel route [5].
he aim of the present study is to explore the separation be-
avior of these newly developed aminosilicate microporous
embranes using feed conditions that are relevant to EMU

pplications, although the membranes can be equally useful
or other applications such as natural gas purification [1,5] or
O2 capture/sequestration from coal-fired power plant emis-

ions [16].

. Experimental

.1. Silica sol preparation

Our group has established a standard experimental pro-
ocol for synthesis of inert microporous silica membranes
ased on the following two-step procedure [5]. Firstly a mix-
ure is prepared with molar composition (I), see Table 1. This

ixture is reacted for 90 min at 60 ◦C under stirring, and the
esulting ‘stock sol’ is stored in a −30 ◦C freezer for further
se. For membrane deposition, additional H2O and HCl are
dded to the stock sol, resulting in a ‘standard sol’ of compo-
ition (II), see Table 1. This mixture is aged for 24 h at 50 ◦C
ithout agitation. After aging, two volumes of ethanol are

dded to one volume of the standard sol, to form a ‘dipping
ol’ of final composition (III), see Table 1. After deposition
nd drying, the xerogel membrane is calcined for 3–6 h at
00 ◦C in vacuum, and can be further used for gas perme-
tion experiments.
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Fig. 2. Gas transport mechanism through: (i) a pure silica and (ii) an aminosilicate microporous molecular sieve membrane.

Incorporation of amine groups in our silica membranes
was carried out by two different procedures. In the first
procedure, which is based on an amine salt aqueous solu-
tion/silica sol mixing method, we employed sodium glycinate
salt, CH2NH2COONa (GlyNa), as source of amine groups,
since this water-soluble salt was used as active CO2 carrier in
an IML study reported recently [7]. In this case, the silica sol
was prepared by adding suitable amounts of GlyNa, H2O and
HCl in stock sol (I), resulting in a clear sol of composition
(IV), see Table 1. The molar ratio of NH2:Si was 0.1, 0.17,
0.25 and 0.33. It is noted that significant amounts of H2O
and HCl are necessary compared to sol (II), in order to avoid
amine salt precipitation and silica sol gelation, respectively,
due to the basic character of the amine groups. The clear
glycine silicate sol is aged for 12, 24 or 48 h at 22 ◦C and
is used for membrane deposition after dilution with proper
amount of ethanol (final composition (V) in Table 1).

The second procedure is based on co-condensation
of TEOS with an amine-containing alkoxysilane, here
3-aminopropyl triethoxysilane (APTES), with formula

Table 1
Molar compositions of silica sols employed in previous [5] and present study,
for microporous molecular sieve silica membrane preparation

Sol Molar composition

(
(
(
(
(
(

(CH3CH2O)3Si CH2CH2CH2NH2 [17,18]. In this case, the
silica sol was a clear mixture of composition (VI), see Table 1
(molar ratio of NH2:Si = 0.2), which was aged for 24 h at
22 ◦C before membrane deposition. As with sol (IV), large
amount of ethanol and HCl was necessary to avoid gelation
of this sol, due to the basic character of NH2 groups in the
APTES precursor. As seen in Fig. 1(b), the NH2 groups are
covalently bonded to the silica matrix with this procedure,
whereas the amine salt is physically trapped inside the sil-
ica matrix when the first preparation procedure is employed
(Fig. 1a).

2.2. Membrane deposition

The support used for membrane deposition is a commer-
cial asymmetric, multilayer ceramic alumina tube (Mem-
bralox, Pall Corp.), of length ∼250 mm, o.d. 10 mm, i.d.
7 mm, and a final inner layer of 50-Å pore �-Al2O3. This
support is selected because of its good mechanical, chemical
and thermal stability, smooth inner surface, and its convenient
geometry for membrane deposition by dip coating. Before
membrane deposition, the as-received support tube is cut in
55-mm long segments with a diamond wheel (Buehler), ultra-
sonicated in ethanol and calcined for 1 h at 400 ◦C in air. Sub-
sequently, an intermediate sub-layer of surfactant-templated
m
t
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Amine sourcea TEOS C2H5OH H2O HCl

I) – 1.0 3.8 1.1 5.0 × 10−5

II) – 1.0 3.8 5.0 4.0 × 10−3

III) – 1.0 22.0 5.0 4.0 × 10−3

IV) 0.1–0.33 1.0 3.8 14.7 3.8 × 10−1

V) 0.1–0.33 1.0 22.0 14.7 3.8 × 10−1

VI) 0.2 0.8 22.0 5.0 4.0 × 10−1

a Amine source is GlyNa for sols (IV) and (V), and APTES for sol (VI).
esoporous silica (pore size 10–15 Å) is deposited in order
o improve the finish of the �-Al2O3 top layer [5,12], fol-
owed by calcination for 3 h at 450 ◦C in air. Deposition of
he microporous aminosilicate membrane is carried out as de-
cribed in detail in [5,12], using sols of composition (V) and
VI) in Table 1, followed by calcination for 3 h at 300–350 ◦C
n vacuum (∼1 Torr). Finally, the ends of the ceramic mem-
rane tube are glazed with epoxy glue (Duraseal, Cotronics
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Corp.) in order to repair any defects resulting from the dia-
mond wheel-cutting step.

2.3. Membrane permeation

The permeation properties of the tubular aminosilicate
membranes prepared as described above have been measured
at 22 ◦C with the experimental set-up shown in Fig. 3. Seal-
ing of the tubular ceramic membranes is achieved by com-
pressing their glazed ends against elastomer gaskets, inside a
custom-made stainless steel membrane holder [5,12]. Single-
component permeation of a series of gases of increasing ki-
netic diameter is carried out by flowing a pressurized gas
stream (100 cc/min, 15 psig) through the tubular membrane,
and measuring the permeate flow rate exiting from the shell
side of the permeation cell at ambient pressure with the aid
of a calibrated soap-film flowmeter. The probe gases are He
(2.6 Å), CO2 (3.3 Å), Ar (3.4 Å), N2 (3.64 Å), CH4 (3.8 Å)
and SF6 (5.5 Å), in the order of increasing kinetic diameter.
These measurements are useful for a rough estimate of the
quality and pore size of the membranes, since gases with size
smaller than the pore diameter would permeate through the
membrane whereas larger molecules would be excluded.

The multicomponent gas separation properties of
the membranes are determined by operating in the
W
b
s

brane). The feed side is flushed by a ternary N2 CO2 H2O(v)
gas stream of variable composition (1–20 vol.% CO2-balance
N2, 0–40% relative humidity), while the permeate side is
flushed by a pure He stream, both at a total flow rate of
100 cc/min. Composition analysis of the permeate stream is
carried out online with the aid of a HP 5890 Series II Gas
Chromatograph equipped with a stainless steel packed col-
umn (Hayesep D, 100/120, Alltech) and thermal conductivity
detector. N2 is used to simulate air in the permeation experi-
ments because of its similar physical properties with air and
its chemical inertness, which allows for easier laboratory han-
dling.

3. Results and discussion

3.1. Membrane permeation

Fig. 4 shows representative single-component gas perme-
ation results at 22 ◦C through an aminosilicate membrane
sample prepared with APTES as amine source (ratio of

NH2:Si = 0.2), as a function of kinetic diameter of the feed
gases. Each feed gas was introduced at a pressure drop of
�P= 1 atm with respect to ambient, except for the case of
SF6 where a helium sweep was used to determine its very
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icke–Kallenbach counter-current flow configuration, with
oth the feed and permeate sides maintained at ambient pres-
ure (e.g. no net pressure drop was applied across the mem-
Fig. 3. Experimental set-up for single/multicomponent gas permeation.
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ow permeance (Wicke–Kallenbach mode, �P= 0 atm). The
ignificant dependence of single-gas permeation on kinetic
iameter of feed gas (e.g. ratio of He:SF6 = 10,000), suggests
hat the membrane is microporous with average pore size
5 Å. Very similar experimental trends were also observed
ith membranes prepared with GlyNa as amine source. The
ore size of the aminosilicate membranes prepared in this
tudy must be slightly larger than the pore size of inert silica
embranes reported recently (∼3.5 Å, [5]), since the latter

xhibited He:CH4 selectivity of ∼1500, as compared to only
80 of the membrane shown in Fig. 4. This suggests that

he NH2 groups incorporated in the silica matrix prevent
omplete interpenetration of the silica clusters contained in

ig. 4. Single-component gas permeation at 22 ◦C under a pressure drop of
P= 1 atm, across a APTES:TEOS-derived aminosilicate membrane (ratio

f NH2:Si = 0.2).
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Table 2
Separation properties at 22 ◦C of different aminosilicate membrane samples with feeds of 1–2 vol.% CO2-balance N2

a/a NH2 source NH2:Si ratio CO2 in feed (%) Relative humidity (%) CO2 permeance
(cm3 (STP)/cm2 min atm)

Separation factor
�(CO2:N2)

1 GlyNa 0.17 2 2 1.39 52.3
2 GlyNa 0.1 2 2 0.33 62.6
3 GlyNa 0.1 2 2 1.03 60.1
4 GlyNa 0.17 2 2 0.29 100.0
5 GlyNa 0.25 2 0 0.97 77.3
6 APTES 0.2 2 2 0.23 41.0
7 APTES 0.2 2 5 0.53 49.9
8 APTES 0.2 1 0 0.38 70.2
9 APTES 0.2 1 20 0.14 76.8

10 APTES 0.5 1 40 0.32 52.9

Operation in the Wicke–Kallenbach mode under �P= 0.

the silica sol during membrane deposition [19], and hence
the average pore size of these membranes is slightly larger
(e.g. 4–5 Å) compared to membranes prepared without amine
groups.

Table 2 summarizes binary separation results obtained
with humidified binary feeds of 1–2 vol.% CO2-balance N2 in
the Wicke–Kallenbach mode, for different membrane sam-
ples prepared with GlyNa or APTES as amine source. As
seen in Table 2, the binary CO2:N2 separation factors ob-
tained from feeds of low CO2 partial pressure lie in the range
40–100, and hence are significantly higher than respective
ideal CO2:N2 selectivities (∼10, see Fig. 4), obtained with
pressurized single-component feeds. This discrepancy sug-
gests that the feed conditions (CO2 partial pressure, relative
humidity) have a significant effect on the apparent separa-
tion properties of the membrane, e.g. CO2 permeance and/or
�(CO2:N2), and further experiments were carried out in order
to better understand the membrane permeation mechanism.

Fig. 5 shows the dependence of single-component
CO2 permeance on CO2 feed partial pressure, obtained
with dry feeds of 1–100 vol.% CO2-balance He in the
Wicke–Kallenbach operation mode, for an aminosilicate
membrane sample prepared with APTES as amine source

F
p
o
W

(ratio of NH2:Si = 0.2). As seen in the figure, the CO2
permeance increases drastically as the CO2 feed partial
pressure is reduced down to 1–2 kPa, which suggests that
adsorption effects may play important role during CO2
permeation through the membrane. Indeed, when the partial
pressure of CO2 in the feed is rather low (1–2 kPa), the
surface coverage of CO2 in the membrane pore wall is small,
and hence CO2 can diffuse very fast through the membrane.
However, when the CO2 partial pressure in the feed is higher
(≥0.5 atm), CO2 coverage on the surface of the pore reaches
a saturation level (Langmuir isotherm), resulting in slower
CO2 permeation due to effective reduction of the membrane
pore size by the adsorbed CO2 monolayer [20].

In order to further verify this hypothesis, we measured
the transient behavior of CO2 permeation through the same
membrane sample, using a single-component CO2 feed under
a pressure drop of �P= 1 atm across the membrane. As seen
in Fig. 6, at the early stages of the experiment the permeance
of CO2 is quite high but then falls rapidly within the first
60 min and gradually stabilizes down to ∼20% of its initial
level. In addition, the membrane could be regenerated, e.g. by
flushing with helium, and the same permeation behavior was
observed when CO2 was fed again through the membrane.
This result suggests that CO2 permeation is quite fast during

F
o

ig. 5. Effect of CO2 feed partial pressure on single-component CO2

ermeance for a APTES:TEOS-derived aminosilicate membrane (ratio
f NH2:Si = 0.2). Feed is a binary CO2:He mixture. Operation in the
icke–Kallenbach mode under �P= 0.
ig. 6. Transient single-component CO2 permeance under a pressure drop
f �P= 1 atm, for the same membrane sample shown in Fig. 5.
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Fig. 7. Effect of relative humidity on CO2 permeance and binary separation
factor �(CO2:N2) for a APTES:TEOS-derived aminosilicate membrane (ra-
tio of NH2:Si = 0.2). Feed is 1 vol.% CO2-balance N2. Operation in the
Wicke–Kallenbach mode under �P= 0.

the early states of permeation, since the surface coverage of
the pore surface is low, but then progressive adsorption of
CO2 hinders the permeation due to effective reduction of the
pore size of the membrane.

Other than CO2, the partial pressure of H2O vapor in the
feed was also found to have significant effect on both the CO2
permeance and �(CO2:N2) of the membrane. As seen in Fig. 7
for an APTES:TEOS-derived aminosilicate membrane (ratio
of NH2:Si = 0.2), the CO2 permeance from a 1 vol.% CO2
feed decreases by a factor of six when the RH increases from
2 to 20%, while the �(CO2:N2) increases from ∼40 to ∼95,
for the same increase in RH. Table 3 shows the effect of RH
on the membrane permeation properties from a 50:50 (v/v)
CO2:N2 feed, for the same membrane sample (#1). Again,
similar trends are observed as with the 1 vol.% CO2 feed
case, shown in Fig. 7.

Fig. 8 shows the effect of RH on the permeation prop-
erties of another APTES:TEOS-derived aminosilicate mem-
brane with higher amine loading (ratio of NH2:Si = 0.5).
Because of the higher content of NH2 in this membrane,
which may in turn affect its pore size and porosity [21], the
CO2 permeance at 20% RH was about six times higher than
the respective sample in Fig. 7, but the �(CO2:N2) was less
than 50. As seen in Table 3, an increase in RH from 0 to 50%
has less effect on both the CO2 permeance and �(CO2:N2),
c

w
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E OS-derived aminosilicate membranes

M O2 permeance (cm3 (STP)/cm2 min atm) Separation factor �(CO2:N2)

# .10 24.0
.09 88.8

# .72 27.2
.46 43.6

F bach mode under �P= 0.

Fig. 8. Effect of relative humidity on CO2 permeance and binary separation
factor �(CO2:N2) for a APTES:TEOS-derived aminosilicate membrane (ra-
tio of NH2:Si = 0.5). Feed is 1 vol.% CO2-balance N2. Operation in the
Wicke–Kallenbach mode under �P= 0.

Fig. 9. Effect of CO2 feed partial pressure on CO2 permeance and binary
separation factor �(CO2:N2) for a 2-month aged APTES:TEOS-derived
aminosilicate membrane (ratio of NH2:Si = 0.2). Feed is a binary CO2:N2

mixture (RH = 0%). Operation in the Wicke–Kallenbach mode under �P= 0.

months after its synthesis. With a CO2 feed partial pressure of
0.05–0.5 atm (0% RH), the �(CO2:N2) of this membrane is
∼100 (∼40 right after synthesis), while the CO2 permeance is
now lower by a factor of four to five. Operation with moderate
RH (5–10%) resulted in further decrease of the CO2 perme-
ance and increase of �(CO2:N2) to at least 150–200, which
suggests that the separation factor could further increase at
higher RH. However, operation at this condition was difficult
since the sensitivity limit of the permeation apparatus was
reached.

In order to explain the results in Fig. 9, we propose that
aging results in further consolidation of the silica matrix and
ompared with the sample with lower amine loading.
Apart from the feed conditions, we observed that aging

as another factor that influenced the permeation proper-
ies of our membranes. Fig. 9 shows the CO2:N2 separation
roperty of the same membrane studied in Fig. 7, measured 2

able 3
ffect of relative humidity on permeation properties at 22 ◦C of APTES:TE

embrane Ratio of NH2:Si RH (%) C

1 0.2 0 1
50 0

2 0.5 0 1
50 0

eed is 50:50 (v/v) binary N2:CO2 mixture. Operation in the Wicke–Kallen
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hence decrease of the pore size, resulting in better size ex-
clusion for N2, but at the expense of CO2 permeance. The
presence of CO2 in the feed results in an additional decrease
of the N2 permeance by a factor of 2.5, compared to its single-
component value, since the ideal CO2:N2 selectivity is only
40 (right-most point in Fig. 9). Note that �(CO2:N2) is fairly
independent for CO2 feed partial pressure of 0.05–0.5 atm,
which suggests that saturation of the membrane pores with
CO2 is achieved at lower CO2 feed partial pressures for this
aged membrane sample, as compared to a freshly-prepared
sample, see Fig. 5.

3.2. Post-synthetic membrane treatment

A review of the gas separation results obtained with the
new aminosilicate membranes developed in this study sug-
gests that the �(CO2:N2) values lie in the range 50–90, and
higher values, e.g. in the range of 100–200, can be obtained
with aged samples, or samples exposed to humid atmosphere
for prolonged time. The two most critical factors for obtain-
ing better separation performance with our membranes are:
(i) controlling the pore size of the membrane, and (ii) en-
suring strong NH2:CO2 interactions in the membrane pores
during gas permeation. Regarding the membrane pore size,
aging is one effective way to reduce it so that better size ex-
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tached on the amine groups after membrane calcination, we
examined the effect of various vapor treatments of the mem-
brane, on CO2 permeance and �(CO2:N2). As seen in Table 4,
exposure of membranes to vapors of 1.0 N aqueous NH4OH
solution for 8–20 h resulted in reduction of both the perme-
ance and selectivity of the membrane (membranes #1 and
#2). This may probably be the result of formation of NH4Cl
salt in the membrane pores, and hence suggests that this treat-
ment is not suitable for activation of the amine groups in the
membrane. Membrane #3 was exposed to the vapors of a 10%
ethanolamine, 10% H2O, and 80% ethanol solution for 7 h
(right after synthesis and before calcination), and showed re-
duced permeance but improved selectivity compared to sam-
ples #1 and #2.

Membrane #4 was flushed with a 100% RH N2 stream
while sealed in the permeation cell, while a dry N2 stream
was flushed through the permeate side in a counter-current
mode. In this way, H2O vapor permeated through the mem-
brane during a 20-h treatment. Interestingly, with this water
vapor stripping treatment, the membrane showed 50% im-
provement in selectivity with minor permeance loss after the
treatment. Therefore, it is suggested that this step might aid
in HCl desorption from the membrane microstructure, es-
pecially if it is carried out for longer times and at elevated
temperatures (80–100 ◦C).

3

a
n
c
F
b
m
∼
r
o
n
p
d
a
�
m
�
p

lusion of N2 is achieved but at the expense of membrane
orosity, and hence permeance.

The activity of the amine groups incorporated in the
ilica matrix is also very important for achieving strong
NH2:CO2 interactions and effective blocking of N2 perme-
tion through the membrane. However, during aminosilicate
ol preparation the amine groups have to be temporarily de-
ctivated with HCl in order to prevent gelation of the sol,
ue to the basic nature of these groups, which will result
n fast condensation of the silica clusters contained in the
ol. The reaction of APTES with HCl can be represented as
ollows:

(OC2H5)3Si CH2CH2CH2NH2 + HCl

→ (OC2H5)3Si CH2CH2CH2NH3
+Cl−

Desorption of bound HCl from the amine groups after
embrane deposition is essential for reactivation of the amine

roups, and can be partially achieved during the vacuum cal-
ination step (300–350 ◦C) following membrane deposition.
ssuming that considerable amount of HCl still remains at-

able 4
ffect of post-synthetic vapor treatments on permeation properties at 22 ◦C

embrane Treatment Feed condition CO

CO2 (%) RH (%) Bef

1 8 h NH3 vapor 5 5 0.48
2 20 h NH3 vapor 10 10 0.28
3 7 h EtNH2 vapor 10 10 –
4 20 h H2O vapor 10 10 0.33

peration in the Wicke–Kallenbach mode under �P= 0.
branes prepared with APTES as amine source (ratio of NH2:Si = 0.2)

ance (cm3 (STP)/cm2 min atm) Separation factor �(CO2:N2)

After Before After

0.12 44.2 21.4
0.016 64.5 30.6
0.085 – 71.2
0.25 56.3 75.6

.3. Comparison with pure silica membranes

Permeation measurements under the conditions described
bove were also carried out with pure silica membranes (with
o amine groups) prepared as described in [5], using sol of
omposition (III) in Table 1, and some results are shown in
ig. 10. As seen in the figure, with a feed of 2 vol.% CO2-
alance N2 and 0% RH, the membrane exhibits a CO2 per-
eance of ∼1.4 cm3 (STP)/cm2 min atm and �(CO2:N2) of
26, consistent with previous reports [4,5]. Increasing the

elative humidity in the feed up to 40% results in more than
ne order of magnitude decrease in the CO2 permeance, with
o substantial improvement for �(CO2:N2). Although the
articular sample considered in Fig. 10 may not be entirely
efect free as judged by its moderate �(CO2:N2), we still
nticipate that the observed trends for CO2 permeance and
(CO2:N2) are representative of the behavior of pure silica
embranes, and specifically as regards the insensitivity of
(CO2:N2) in feed RH. This is indirect evidence that the
resence of amine groups in the membranes prepared in this
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Fig. 10. Effect of relative humidity on CO2 permeance and binary separation
factor �(CO2:N2) for a TEOS-derived pure silica membrane. Feed is 2 vol.%
CO2-balance N2. Operation in the Wicke–Kallenbach mode under �P= 0.

study play important role in determining the separation prop-
erties of the membrane.

3.4. Comparison with other microporous inorganic
membranes

Morooka and coworkers have reported in a number of
publications [2,22-24] successful separation of equimolar
CO2:N2 mixtures using ion-exchanged Y-type zeolite mem-
branes grown on porous ceramic supports. Their most per-
meable membranes exhibit CO2 permeance in the range
10–15 cm3 (STP)/cm2 min atm with �(CO2:N2) of ∼40–50
(at 35 ◦C), while respective ideal selectivities are usually
<10. However, the separation performance of these large-
pore (∼7 Å) zeolite membranes has not been studied with
humidified feeds of lower CO2 partial pressure (1–2 kPa) of
interest here, where �(CO2:N2) might be much lower due
to less effective blocking of zeolitic pores by CO2 at this
condition.

Finally, pyrolytic carbon molecular sieve (CMS) mem-
branes comprise another important class of porous inorganic
membranes that can achieve gas separation based on differ-
ences in either size or adsorption strength of mixture compo-
nents in membrane micropores [25]. Recently, very high CO2
permeance (800–1000 Barrer) coupled with high (50–70)
�
C
e
a
p
(

4

o
e

ration property at 22 ◦C for gas feeds of 1–20 vol.% CO2-
balance N2, and RH of 0–40%. The new membranes ap-
pear to separate CO2 from N2 based on a combination of
molecular sieving (e.g. size effects) and preferential CO2 ad-
sorption/pore blocking mechanism, and the obtained CO2:N2
separation factors appear to be the highest among values re-
ported for other microporous inorganic membranes such as
zeolite, sol–gel silica or pyrolytic carbon. The major results
of this study can be summarized as follows:

• The synthesis of such membranes is rather challenging,
especially at relatively high amine loading, e.g. ratio of

NH2:Si ≥ 0.5, since the basic character of NH2 groups
raises compatibility issues with the standard polymeric
sol–gel route for synthesis of molecular sieving silica
membranes under acidic conditions.

• Pore size control is essential for improving the CO2 se-
lectivity of these membranes. The single-component gas
permeation results suggest that the pore size of the silica
membranes with incorporated amine is larger than stan-
dard, pure silica membranes, probably because of less effi-
cient interpenetration of the silica clusters contained in the
precursor silica sol used for membrane deposition. How-
ever, prolonged aging of the membranes results in consid-
erable increase of the �(CO2:N2), at the expense of CO2

•

A

u
T
s
S
p
D
i

R

(CO2:N2) was reported for aromatic polyimide-derived
MS membranes [26]. However, such membranes usually
xhibit poor size selectivity for CO2:O2 (<10), whereas the
minosilicate membranes developed in this study are ex-
ected to offer CO2:O2 selectivities close to those of CO2:N2
based on measurements with Ar).

. Conclusions

An extensive experimental investigation has been carried
ut in order to prepare novel aminosilicate membranes for
nhanced CO2/air separation, and characterize their sepa-
permeance, which suggests that the pore size and porosity
of the membrane is decreasing as a result of densification
of the inorganic silica framework.
Efficient removal of HCl bound on the NH2 groups is
essential for ensuring strong NH2:CO2 interactions dur-
ing gas permeation, and this can be achieved by a mild
but prolonged treatment involving permeation of H2O va-
por under an external partial pressure gradient imposed
across the membrane. On the other hand, treatments with
NH3 or ethanolamine vapors result in densification of the
membrane with simultaneous loss of both permeance and
selectivity.
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