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Abstract: Sodium type faujasite (FAU) zeolite membranes with a thickness of 5 um and a Si/Al molar ratio of 1.5
were prepared by the secondary growth process. The CO,/N; separation in the vacuum mode was investigated at 30°C for
an equimolar CO,-N; mixed gas before and after embedding 13X zeolite beads in the permeate side. The embedded 13X
zeolite beads improved both CO: permeance and CO./N; separation factor, simultaneously. The phenomenon was explained
by an increment in the CO, desorption rate at the FAU zeolite/ @ -Al:Os phase boundary due to an enhanced CO; escaping
through the pore channels of the @ -AlLOs; support layer. In the present paper, it will be emphasized that a hybridization of
a membrane with an adsorbent can provide a key to break through the trade-off between permeance and separation factor,
generally shown in a membrane separation.
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1. Introduction teristics. One is permeance (/1) or flux (J), and the
other is selectivity. Permeance means how fast a spe-

In recent years, a membrane separation process has cies permeates through it, and selectivity indicates how
attracted much attention due to the equipment and much faster one species permeates than others. In a
processing simplicities, the scale-up feasibility, and the view-point of an engineer, permeance and selectivity
energy efficiency [1]. Separation capacity of a mem- are related to the amount and purity of recovered spe-
brane is generally described with two materials charac- cies, respectively, even though those are affected by

membrane operation conditions and modes. Therefore,

"2 2} (e-mail : chcho@kier.re.kr) a good membrane means one simultaneously showing
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both large permeance and high selectivity. Unfortunate-
ly, a membrane with a larger permeance shows a low-
er selectivity and vice versa. L. Robeson et al. have
teported the clear trade-off for polymeric membranes
[2]. Therefore, it is meaningful to design a membrane
to break through the trade-off.

Nowadays, a sodium-type FAU zeolite membrane
with a mean micropore diameter of 7.4 A becomes one
of the most noticed inorganic membranes, since it has
high potentials in recovering carbon dioxide [3], dew-
atering liquid organics [4], and separating organic mix-
tures [5). As the authors feared, it isn’t free from the
trade-off. The trade-off between CO, permeance and
CO»/N; separation factor was reported by others [6,7].

In another paper submitted to this journal [8], the
authors prepared sodium type FAU zeolite membranes
with diverse materials characteristics such as the Si/Al
ratio, the thickness, and the intercrystalline void, and
then the CO./N; separations obtained in the He sweep-
ing mode were reported. The overall CO, permeation
is a series reaction, which is composed of the CO; ad-
sorption in feed side, the CO, surface diffusion along
the micropore channels, and the CO, desorption in per-
meate side. In the previous paper [8], one of remark-
able things was that the CO, desorption in permeate
side might be the rate-determining (slowest) step of the
overall CO, permeation. This means that if the CO;
desorption is enhanced, CO; permeance and CO,/N;
separation factor might be improved simultaneously. In
other words, the trade-off between CO, permeance and
COy/N; separation factor could be overwhelmed.

In the present paper, the authors suggest that an ad-
sorbent embedding in the permeate side might be a
key to improve CO, desorption in permeate side or to
increase CO, permeance and CO»/N; separation factor

simultaneously.

2. Experimental

Sodium type FAU zeolite membranes A, B, C, and
D were prepared by the secondary growth process. In
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the secondary growth process, sodium type FAU zeo-
lite layers were heterogeneously grown in a hydro-
thermal condition on the outer surface of an «-AlOs
support tube (Ceracomb, Korea). The hydrothermal
temperature and time were 80°C and 24 hr, respective-
ly. The hydrothermal solution was 0.75A1,03-7.58i0;-
14Na,0-840H,0O in a molar basis. The porous o-
AbLO; support tube has a porosity of 35 vol% and a
mean pore diameter of 120 nm. The outer and inner
diameters were 10.5 and 7.5 mm, respectively, and the
length was 80 mm. Before the secondary growth proc-
ess, a lab.-made nanometer-sized (230 nm) seed, which
was composed of NaY zeolite and @ -AlQ; partic-
ulates, was introduced to the outer surface via a vac-
uum-assisted filtration process. The detailed synthesis
procedure has been described elsewhere [8].

The crystalline phase and morphology were analyzed
by X-ray diffractometer (D/max2000-UltimaPlus Riga-
ku, Japan) and scanning electron microscopy (XL30,
Philips, Holland), respectively. In the SEM morphology
observation, the molar ratio of Si to Al in the formed
zeolite layer was evaluated by EDS analysis.

Carbon dioxide adsorption and desorption isotherms
at 30°C for a commercial NaY zeolite particle (Cat.
No. 334448, Aldrich Chemical Co., USA) and a 13X
zeolite bead (10 x 20, UOP, USA), will be embedded
in the permeate side, were obtained with using a mag-
netic suspension balance (Rubotherm Prézisionsmebf3
technik, De).

The interior (permeate side) of the prepared sodium
type FAU zeolite membrane was fully packed with the
commercial 13X zeolite beads with a diameter of 1 to
2 mm. The embedding amount was 4.65 g. The amount
of the formed FAU zeolite layer was simply calculated
to be 0.017 g with using the theoretical density (1.27
g/em’), the thickness (5 um), and the outer diameter of
the porous support (10.5 mm). The embedded 13X
zeolite beads has around 274 times weight of the
formed FAU zeolite layer!

COy/N; separations in vacuum mode were evaluated
at 30°C for an equimolar mixture of CO; and N,
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Fig. 1. Schematic diagrams for the permeation experi-
ments in the (a) vacuum and (b) He sweeping modes.

before and after embedding the 13X zeolite beads (Fig.
1(a)). The feeding rate of the equimolar mixed gas was
350 mL/min and the feed pressure was 2 bars. The
vacuum in the permeate side was made by an oil-less
vacuum pump (DTC-21, Ulvac Kiko Inc., Japan) and
the degree of vacuum in the permeate side was meas-
ured with a wide range diaphragm manometer (P/N
902074, BESTECH Ind., USA). For comparison, CO,/
N separations were also evaluated at 30°C in He
sweeping mode (Fig. 1(b)). The feeding rate was 350
mL/min, the feed pressure was 2 bars, and the He
sweeping rate was [46 ml/min. The detailed per-
meation experiment in the He sweeping mode has been

described elsewhere [8].

3. Results and Discussion

Representative SEM images for the top surface and
fractured section of a prepared zeolite membrane were
shown in Fig. 2(a) and (b), respectively.

The thickness of the formed zeolite layer was
around 5 pm and the molar ratio of Si to Al was 1.5.
XRD analysis showed that the formed zeolite phase is
FAU typed. Therefore, the formed zeolite membrane
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Fig. 2. SEM images for the (a) top surface and (b) frac-
tured section of the prepared sodium-type FAU zeolite
membrane.

was a FAU zeolite membrane, being at the boundary
between NaX and NaY phases.

COy/N; separations through the membranes A, B, C,
and D were evaluated in the He sweeping mode and
the results were summarized in Table 1. All the mem-
branes show an excellent CO2/N, separation: the aver-
age fluxes of CO, and N, were 3.5 x 107 and 6.9 x
10" mol/m’sec, respectively. The average CO, per-
meance (/7coz) was 6.0 x 107 mol/m’secPa and the
average COo/N, separation factor (@) was 33.5. The
separation factor is the selectivity obtained in mixed
gas mode [8]. Considering that the CO» partial pres-
sure in the feed side is 760 torr, the difference in the
CO; partial pressure between the feed and permeate
sides was around 440 torr. It was so interesting that
the small driving force (440 torr) made such a high
CO; flux (3.5 x 107 mol/m’sec). The CO»/N, separa-
tion obtained in the He sweeping mode informs us an
upper limit of separation through it. Nonetheless, it has
little engineering meaning, because the He sweeping
mode can’t be applied to a real membrane system due

to the low effectiveness in cost and processing.

Membrane J. Vol. 17, No. 3, 2007
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Table 1. CO,/N> Separation Evaluated in the He Sweeping Mode for the Membranes A, B, C, and D

T (mol/m’sec) *p (torr) 2
Membrane o N a ) < Il co; (mol/m“secPa)
2 2 2 2
A 3.7 x 107 83 x 10* 28.1 315 11 6.3 x 107
B 4.0 x 107 63 x 10 39.1 315 8 6.8 x 107
C 4.1 % 107 7.1 x 107 345 322 9 7.1 x 107
D 22 % 107 6.0 x 10* 32.0 326 12 3.9 x 107
Average 3.5 x 107 6.9 x 10 335 320 10 6.0 x 107

* partial pressure in the permeate side

Table 2. CO,/N; Separation Evaluated in the Vacuum Mode for the Membranes A, B, C, and D without the

Beads Embedding

13X Zeolite

J (mol/m’sec)

Membrane

*p (torr)

I coz (mol/mzsecPa)

COz Nz COZ NZ
A 1.6 x 107 22 % 107 7.0 42 6 3.6 x 107
B 13 x 107 1.4 % 107 9.0 38 29 x 107
C 22 x 107 38 % 107 54 35 48 x 107
D 1.8 x 107 4.1 % 107 6.4 41 10 40 x 107
Average 1.7 x 107 2.9 x 10° 6.9 39 6.5 3.8 x 107

* partial pressure in the permeate side

In the present study, CO»/N, separations through the
membranes A, B, C, and D were evaluated in the vac-
uum mode and the results were summarized in Table
2. As the authors know, this is the first report an-
nouncing the CO./N; separation data in the vacuum
mode. The average fluxes of CO; and N; were 1.7 x
10° and 29 x 107 mol/mzsec, respectively, and the
average CO,/N, separation factor was 6.9. The differ-
ence in the CO, partial pressure between the feed and
permeate sides was 721 torr. Compared with the re-
sults obtained in the He sweeping mode (Table 1), the
CO; flux decreased to be a half and the N flux in-
creased to be four-fold, so that the CO./N» separation
factor decreased to be a fifth. In the permeation ex-
periment in the vacuum mode, it was consistently
shown that the CO./N; separation factor increases and
then approaches up to that obtained in the He sweep-
ing mode, as the degree of vacuum in the permeate
side increases. This is another evidence announcing
that the CO desorption in the permeate side is the

rate-limiting step in the overall CO; permeation.
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Also, it is interesting that the CO, flux obtained in
the vacuum mode was a half of that obtained in the
He sweeping mode, even though the driving force (721
torr) was much larger than that (440 torr) in the He
sweeping mode. This means that the He sweeping not
only makes a gradient in the chemical potential by re-
ducing the partial pressure in the permeate side but al-
so makes a positive effect on the CO, permeation. One
reasonable explanation is that the He sweeping in-
creases the CO, desorption at the FAU =zeolite/ @ -
AL O3 phase boundary due to an enhanced CO, escap-
ing from the pore channel of the @-Al,Os support lay-
er with a thickness of 1,500 pum. The thickness of the
a -AlO; support layer is 300 times larger than that of
the formed FAU zeolite layer!

Table 3 represents CO,/N, separations evaluated in
the vacuum mode for the membranes A, B, C, and D
after embedding the 13X zeolite beads in the permeate
side.

The average fluxes of CO, and N, were 3.5 x 107

and 2.8 x 10” mol/m’sec, respectively, and the average



BX Al &efolE F3A F31o o8 Na¥ Faujasite Al&elo]E £2]2te] COY/N,

MU 2 QO FIHT FA 37 @4 27

Table 3. CO»/N; Separation Evaluated in the Vacuum Mode for the Membranes A, B, C, and D with the 13X Zeolite

Beads Embedding

J (mol/mzsec) *p (torr) )
Membrane a Il coz (mol/m’secPa)
CO; N, CcO, N;
A 29 x 107 22 x 10° 12.0 61 5 6.9 x 107
B 35 x 107 19 x 10° 17.0 68 4 8.5 x 107
C 4.4 x 10* 3.6 x 107 10.8 53 5 1.0 x 107
D 3.1 x 107 3.3 x 107 9.9 64 6 7.5 x 107
Average 3.5 x 107 2.8 x 10° 124 61.5 5 6.0 x 107
* partial pressure in the permeate side
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Fig. 3. CO, adsorption-desorption isotherms of NaY zeolite particle and 13X zeolite bead.

COu/Ny separation factor was 12.4. The difference in
the CO: partial pressure between the feed and per-
meate sides was 699 torr. Compared with the results
obtained before embedding the 13X zeolite beads
(Table 2), the CO, flux increased to be two-fold, while
the Ny flux didn’t change. As a consequence, the
COy/N; separation factor increased to be two-fold by
embedding the 13X zeolite beads in the permeate side.

In another paper submitted in the present conference
[8], the authors reported that the CO, desorption in the
permeate side is the rate-limiting step in the overall
CO: permeation. It is certain that the embedded 13X
zeolite beads made a positive effect on the CO, de-
sorption in the permeate side. Generally, it is known
that 13X zeolite phase shows larger CO, adsorption

than FAU zeolite phase [9]. To confirm this, CO, ad-
sorption-desorption isotherms at 30°C for a commercial
NaY zeolite powder and the 13X zeolite beads were
obtained and then represented in Fig. 3.

At the CO; pressure of 62 torr (0.08 bar), the 13X
zeolite bead has two-fold CO; adsorption of FAU zeo-
lite phase. Considering that the amount of 13X zeolite
beads embedded in the permeate side (4.65 g) is 274
times larger than the formed FAU zeolite layer (0.017
g), the embedded 13X zeolite beads showed 547-fold
larger CO; adsorption capacity than the formed FAU
zeolite layer. Evidently, the embedded 13X zeolite
beads will strongly drag the CO, molecules entrapped
in the pore channels of the «-ALO; support, so that
those will improve the CO, desorption rate at the FAU

Membrane J. Vol. 17, No. 3, 2007
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Fig. 4. Supposed CO; partial pressure profiles across a sodium-type FAU zeolite membrane (a) before and (b) after embed-

ding the 13X zeolite beads.

zeolite/ @ -Al,O; phase boundary. As a result, the em-
bedded 13X zeolite beads increases the CO, flux be-
cause it increases a gradient in the CO, partial pressure
between the feed and permeate sides. On the other
hand, the embedded 13X zeolite beads makes little ef-
fect on a gradient in the N; partial pressure, because
FAU and 13X zeolite phases show little N, adsorption.

Also, it is interesting that the CO; partial pressure in
the permeate side (62 torr) was larger than that before
embedding the 13X zeolite beads (39 torr). The larger
CO; partial pressure after embedding the 13X zeolite
beads was due to the larger CO, flux.

Fig. 4 represents supposed CO, partial pressure pro-
files across the membrane before and after embedding
the 13X zeolite beads. Considering that the same vac-
uum pump was used at the similar time, the area A
should be consistent with a sum of the areas B, and
B,, since the vacuum pump was operated with the
same power. Therefore, only one reasonable explana-
tion for the simultaneous improvement of CQO, per-
meance and CO»/N; separation factor is an increment
in the CO, desorption rate at the FAU zeolite/ @ -ALO;
phase boundary due to an enhanced CO, escaping
through the pore channels of the «-Al,O; support
layer.

Also, the anomaly induced by embedding the 13X
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zeolite beads in the permeate side is an indirect evi-
dence showing that the CO, desorption in permeate
side is the rate-determining step in the overall CO,
permeation through a sodium-type FAU zeolite mem-

brane, reported elsewhere [8].

4. Conclusions

The 13X zeolite beads embedding in the permeate
side of the FAU zeolite membranes simultaneously im-
proved the CO, flux and COy/N, separation factor,
since it made the gradient in the CO, partial pressure
across the membrane become more steep. The larger
gradient in the CO; partial pressure was formed by im-
proving the CO, desorption rate at the FAU zeolite/ @ -
alumina phase boundary. Therefore, it was concluded
that a hybridization of a membrane and an adsorbent
might give an important key to break through the
trade-off between flux and separation factor, generally

shown in a membrane separation.
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