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MFI-type zeolite (ZSM5) membranes were prepared on alumina and stainless steel
tubular supports and tested for the separation of CO./N, mixtures. The effect of several
operating variables (temperature, feed and permeate pressures, feed composition, use of
sweep gas, presence of water in the feed, membrane module configuration) was investi-
gated. The separation between CO, and N, takes place because of the preferential
adsorption of CO,, which hinders the permeation of N, through the zeolite pore network.
The best results in this work were obtained with a Na-ZSM5 membrane, and using a large
pressure gradient. In this case, a permeation flux as large as 9.2 kg/(m® - h) [permeance
of 2.6 X 10~° mol/(m? + s - Pa)] with a CO/N, separation factor of 13.7 was obtained.
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Introduction

The report issued by the Intergovernmental Panel on Climate
Change (IPCC) (2001) indicates that the concentration of CO,
in the atmosphere increased from approximately 280 ppmv in
preindustrial times to an average of 367 ppmv in 1999, a 31%
increase. According to the IPCC, this concentration has not
been exceeded, at least during the last 420,000 years, and this
increase is mainly a consequence of the use of fossil fuels.
Several international efforts (most notably the Kyoto Protocol)
are aimed at curbing CO, emissions, although achieving this in
practice poses formidable technical and economic problems
(Armor, 1997), especially for the so-called end-of-pipe solu-
tions. Among the biggest challenges is the need to concentrate
and purify the CO, present in the exit streams of both fixed and
mobile sources before potential CO, removal alternatives such
as conversion into useful chemicals can be implemented.

Membrane separation has often been advocated as a suitable
method for CO, separation from gas-phase streams due to the
relatively low energy consumption involved. While polymeric
membranes show interesting selectivities in the separation of
CO, from air, many of the possible CO, removal applications
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would involve relatively high temperatures and/or pressures.
Thus, inorganic membranes such as zeolitic membranes are
being considered as alternative candidates, in view of their
higher thermal, mechanical, and chemical stability.

Zeolite membranes are a kind of microporous inorganic
membranes that have been used in a wide variety of applica-
tions such as the separation of isomers (Giroir-Fendler et al.,
1996; Funke et al., 1997; Nomura et al., 1997; Coronas et al.,
1997; Vroon et al., 1998; Xomeritakis et al., 2001), gas mix-
tures (Kusakabe et al., 1998a, b; Lovallo et al., 1998; van den
Broeke et al., 1999; Poshusta et al., 2000), pervaporation of
alcohol-water mixtures (Kita, et al., 1995; Kondo et al., 1997;
Sano et al., 1997). The affinity of the permeating molecules
toward the zeolite material, and the difference between the size
of these molecules and that of the membrane pores, are the
factors that play the key roles in these separations. Most of the
zeolitic membranes investigated to date belong to the MFI type
(silicalite and ZSMS5), although other membrane materials,
such as mordenite and zeolites A and Y, have also been
studied.

In the case of the separation of CO,/N, mixtures using
zeolite membranes, Kusakabe et al. (1997, 1998a, 1999) have
probably reported the best results using faujasite-type zeolite
(X and Y) membranes. For instance, at 303 K they reported a
CO, permeance of 1.5 - 1077 mol/(m? * s + Pa) and a CO,/N,
separation factor of 100 on a NaY membrane (Kusakabe et al.,
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1997). MFI membranes have yielded considerably lower
CO,/N, separation factors. Nevertheless, their use in the sep-
aration of CO,/N, mixtures is also being investigated (Lovallo
et al., 1998; Ando et al., 1998; Masuda et al., 1998; Mase et al.,
1998; van den Broeke et al., 1999; Bernal et al., 2002), due to
their low Al content, which gives these membranes a good
reproducibility and chemical stability. Probably, the best re-
sults with MFI membranes have been reported by Ando et al.
(1998), who found a separation factor of 25.5 at a CO, per-
meance of 6.6 - 10”7 mol/(m® - s - Pa). Also, membranes made
of pseudozeolites such as SAPO-34 (a chabazite analog) have
shown a good performance in this system (Poshusta et al.,
2000). A table is given at the end of the results and discussion
section comparing the values in the literature and those of this
work.

CO, has a stronger electrostatic quadrupole than N,, leading
to a more intense interaction of CO, with the zeolite material,
which translates into a preferential adsorption of CO, in
CO,/N, mixtures. Thus, it can be expected that surface diffu-
sion of CO, would make a significant contribution to its per-
meation, while at the same time adsorbed CO, would reduce
the N, permeation flux through the membrane; both factors
would lead to selective CO,/N, separations (Kusakabe et al.,
1997; Lovallo et al., 1998; van den Broeke et al., 1999;
Poshusta et al., 2000; Bernal et al., 2002). Dunne et al. (1996a,
b) reported that at 300 K, the CO, and N, isosteric heats of
adsorption at the limit of zero coverage increase in the order
silicalite < H-ZSM5 < Na-ZSMS5, and that for Na-ZSM5
(Si/Al = 30) these were as high as for NaX (Si/Al = 1.23). The
fact is that Na™ ions provide the strongest electric field within
the pore. However, at high loadings the effects are less pro-
nounced, and the adsorption heat is similar for silicalite, H-
ZSM5, and Na-ZSMS.

In this work we investigate the application of ZSM5 zeolite
membranes of different characteristics to the selective separa-
tion of CO, from its mixtures with N,. The aim of the study is
to assess the effect of different operation variables on the
separation performance of the membranes, and to relate the
results obtained to the adsorption-controlled separation mech-
anism just discussed. Molecular sieving (i.e., operation in the
size-exclusion regime) is not expected to play a role in the
system investigated, due to the close kinetic diameters of the
molecules involved (dy co, = 0.33 nm; d; , = 0.37 nm), and
the fact that they are both considerably smaller than the MFI
pore size (ca. 0.55 nm).

Experimental

The ZSM5 membranes were prepared on alumina (SCT) and
stainless steel (Mott) commercial supports, of 200-nm and
500-nm nominal pore diameters, respectively. The length of the
porous wall was between 4 and 5 cm, depending on the
membrane, and the inner and outer diameters of the tubes were
6.5 and 10 mm, respectively. Na-ZSMS5 membranes were pre-
pared using the gel described by Coronas et al. (1997), with the
following molar composition: 21 SiO,: 987 H,O: 3 NaOH: 1
TPAOH: 0.105 Na,Al,0,. ZSM5 membranes without Na in
their structure (H-ZSMS5) were synthesized using the following
gel: 19.46 SiO,: 438 H,0: 1 TPAOH: 0.0162 Al,O; (Tuan et
al., 1999). A third type of ZSMS membrane, boron-substituted
ZSMS5, (B-ZSMS5) was prepared with the following gel: 19.46
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SiO,: 438 H,O: 1.55 TPAOH: 0.195 B(OH); (Tuan et al.,
2000). TPAOH is tetrapropylammonium hydroxide.

Two different procedures were employed to prepare the
membranes. In procedure (a) the tubular support was wrapped
with Teflon tape on the outside and introduced into the auto-
clave, which was then filled with the respective gel. In proce-
dure (b) a first synthesis was carried out with procedure (a), in
order to deposit zeolite crystals in the support. Subsequent
synthesis were carried out as follows: the support was wet and
filled with the synthesis gel, then plugged with Teflon caps and
introduced in an autoclave containing 3 cm® of water. In both
procedures (a) and (b), the autoclave was placed in a convec-
tion oven at 443 K for periods between 8 and 72 h. The
synthesis cycle was repeated until a membrane impermeable to
N, under a pressure gradient of 200 kPa was obtained. The
template was then removed by heating up to 753 K at 1 K/min
and then maintaining the final temperature for 8 h. The syn-
thesized membranes have a thickness in the range of 5 um to
80 wm, depending on the synthesis conditions and type of
support, as shown in previous studies from our laboratory
(Bernal et al., 2000; Piera et al., 1998) and of other groups
using similar synthesis procedures (Coronas et al., 1997; Tuan
et al., 1999, 2000).

Permeation experiments were carried out by placing the
membrane in a stainless steel module, where it was sealed with
silicone O-rings. The module was heated by means of an
electrical oven, except in some experiments where a cryogenic
bath was employed to operate at subambient temperatures. A
CO,/N, mass-flow controlled stream was fed into the tube side
(retentate), while the permeate side was either kept at a lower
pressure or flushed with sweep gas to create the necessary
driving force. For the experiments with sweep gas, a He mass-
flow controlled stream was fed to the shell side (permeate). A
back-pressure regulator at each membrane side was used to
control the total pressure and the pressure difference across the
membrane (AP). When water vapor was also cofed, the
CO,/N, feed stream was first bubbled through a water saturator
kept at a constant temperature. Before setting them in the
permeation module, the membranes were heated to 623 K at a
rate of 1 K/min, and then kept at this temperature for 4—8 h in
order to remove any adsorbed species.

The exit streams from both retentate and permeate sides
were analyzed by on-line gas chromatography. The CO,/N,
separation factor (aco,n,) given below for mixtures after
reaching steady-state conditions was calculated as follows

B AL

AcoyN, =

Xcos/ X,

where y and x are, respectively, the molar fractions at the exit
of the permeate and retentate streams. The permeation flux
(PF) is usually given in cm*(STP)/min, and sometimes in
kg/(m® - h). Mass-balance closures for the different species
based on the composition and flow rate of the feed and the two
exit streams were better than 5% for the experiments reported
in this work. Finally, some temperature programmed perme-
ation experiments were also carried out, using the experimental
system described elsewhere (Bernal et al., 2002).

The stability of the membranes used in this work was re-
markable. Thus, for instance, membrane B-ZSMS5-1 was kept
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Table 1. Properties of the Membranes Used in this Work

Synthesis Synthesis N, Permeance N,/SF¢ Ideal
Membrane Support Time (h) Procedure [mol/(m? « s - Pa)] Selectivity
Na-ZSM5-1 Stainless steel 8/15/8 1.7 X 1077 33
Na-ZSM5-2 Stainless steel 15/8/15/8 b 3.1x 1077 8
H-ZSM5-1 Stainless steel 72 a 12 x 1078 52
H-ZSM5-2 a-Al,O4 72 a 6.1 X108 71
H-ZSM5-3 a-Al,O, 72 a 82X 107° 9.9
H-ZSM5-4 a-Al,O4 72 a 1.5x 1077 30
H-ZSM5-5 a-Al,O4 72 a 1.9 X 1077 10
H-ZSM5-6 a-Al,O4 72 a 1.9 x 1077 11
H-ZSM5-7 a-Al,O4 72 a 93 x 1078 14
H-ZSM5-8 a-Al,O4 72 a 44 %1078 26
H-ZSM5-9 Stainless steel 72 a 1.4 x 1078 3.5
B-ZSMS5-1 Stainless steel 20/20/20 b 52X 1078 45
B-ZSM5-2 Stainless steel 20/20/20 b 1.3 x 1077 25
B-ZSMS5-3 Stainless steel 20/20/20 b 6.4 X108 19
B-ZSM5-4 Stainless steel 20/20/20 b 48 x 1078 24

Note: Permeances at 300 K.

under operation for more than 700 h, including several 473—
623 K thermal treatments. After this period of time neither the
CO,/N, separation factor nor the CO, permeation flux changed
significantly.

Results and Discussion

Some key characteristics of the membranes tested in this
work are shown in Table 1. The N,/SF ideal selectivity (ratio
of single gas permeances) is sometimes used as a membrane
quality indicator. However, the relationship between ideal se-
lectivity and membrane performance is not univocal, even for
membranes of the same type, and this parameter must be used
with caution (Coronas et al., 1997) and often only in a quali-
tative way. This is especially true for adsorption-controlled
separations.

CO, adsorption is relatively weak on MFI zeolites [AH ,;, =
27.5, 50, and 38 kJ/mol for silicalite, Na-ZSM5 and H-ZSMS5,
respectively, at 300 K and zero load limit (Dunne et al.,
1996b)]. In spite of this, adsorbed CO, could still be expected
to block the pass of other gases with a weaker adsorption on
MFI membranes, giving rise to selective separations. Among
these gases are N,, H,, and He, whose heats of adsorption on
silicalite are, respectively, 13.8, 5.9, and nearly 0 kJ/mol at 300
K (Bakker et al., 1997).

Table 2 shows some of the CO,/N, separation results ob-
tained in this work using H-ZSMS5 membranes. Although all
the membranes show separation factors above the Knudsen
level (ax,CO,n, = 0.8), it can be seen that only moderate
values were obtained, except for membrane H-ZSM5-3, which
reached 4.70. This could be expected, in view of the low heat
of adsorption for CO, on H-ZSM5 zeolites, as seen earlier. It
also indicates that CO,/N, is a difficult separation, and high-
quality (i.e., nearly defect-free) membranes are necessary to
obtain a good separation selectivity.

Influence of temperature

Given the adsorption behavior of CO,, its permeance-tem-
perature curve is expected to show a trend similar to that of
light hydrocarbons, with a maximum at low temperatures fol-
lowed by a minimum at a higher temperature. Figure 1 shows
this expected behavior in the temperature-programmed perme-
ation curves obtained at different CO, pressures for membranes
Na-ZSMS5-2 and B-ZSMS5-1. Both membranes were prepared
by the same synthesis procedure on stainless steel supports.
However, the temperature of the minimum for membrane Na-
ZSMS5-2 is higher than for membrane B-ZSM5-1, at any feed
pressure. This difference can be explained in terms of the
concentration of defects in both membranes. The viscous and
Knudsen contributions to the permeation flux decrease with
temperature, while activated diffusion, typical of transport in
micropores, increases. In a membrane with a higher concen-
tration of defects (nonzeolitic pores), a higher temperature will
be needed to compensate the viscous and Knudsen contribu-
tions, and as a consequence, a displacement of the minimum to
higher temperatures would take place (Poshusta et al., 1999).
Thus, the results in Figure 1 would indicate a higher quality
(lower concentration of defects) for membrane B-ZSMS5-1.
This is in agreement with the N,/SF, ideal selectivity values
(Table 1), which were 45 for B-ZSM5-1 and 8 for Na-ZSM5-2.

On the other hand, after the minimum in the permeance,
activated diffusion is the dominant transport mechanism. An
Arrhenius-type plot gives a good fit for every set of data (R >
0.9997 in all cases), and apparent activation energies can thus
be calculated. The values are given in Table 3, and it can be
seen that they are higher for the B-ZSM5-1 membrane (18-22
kJ/mol) compared to membrane Na-ZSM5-2 (10-17 kJ/mol).
Since higher apparent activation energies indicate a lower
concentration of defects (Bernal et al., 2002), this result again
confirms the higher quality of the B-ZSMS5-1 membrane.

Table 2. aco N, and CO, PF for Several H-ZSM-5 Membranes

Membrane HZSM5-1  HZSM5-3  HZSM5-4  HZSM5-5  HZSM5-6  HZSM5-7  HZSM5-8  HZSMS5-9
Aoy, 230 4.70 1.84 1.96 1.87 1.71 2.00 1.85
CO, PF cm*(STP)/min 1.4 2.9 0.8 18.8 236 59 40 73

Note: Temperature = 300 K. Feed: CO,/N, = 50/50 kPa; 200 cm*(STP)/min. He sweep gas = 100 cm*(STP)/min; permeate pressure = 100 kPa.
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Figure 1. CO, single gas permeances for different reten-
tate pressures as a function of temperature for
membranes B-ZSM5-1 and Na-ZSM5-2.

Feed: CO, = 200 cm*(STP)/min. Permeate pressure = 100
kPa. Retentate pressures are indicated in the figure.

Figure 1 also shows a decrease in permeance for both mem-
branes when the CO, pressure at the retentate side increases.
This can be explained as the result of an adsorption-controlled
permeation mechanism. Since pure CO, is fed to the perme-
ation unit, at any of the pressures used the surface coverage of
CO, into the retentate side is already considerable and close to
saturation levels. Further increases in the partial pressure of
CO, increase the permeation flux, but the increase is not
enough to compensate for the higher pressure difference, and
the permeance (permeation flux normalized per unit of pressure
difference) decreases.

Figure 2 shows the CO, permeation flux and the CO,/N,
separation factor as a function of retentate pressure for one of
the boron-containing membranes (B-ZSMS5-1) at a constant
permeate pressure of 100 kPa and several temperatures (300,
373, and 473 K). As expected for an adsorption-controlled
process, when the temperature increased from 300 K to 473 K,
the amount of CO, adsorbed in the membrane pores decreased
and so did the CO,/N, separation factor (see Figure 2b). Also,
at any temperature tested, the separation factor increased with
the retentate pressure. The adsorption-controlled permeation
also accounts for this effect: as the retentate pressure increased,
both the average CO, partial pressure in the membrane and the
amount of CO, adsorbed in the membrane pores increased,
giving rise to a higher CO, coverage at the retentate side. This

Table 3. Apparent Activation Energies of Permeation for
Membranes Na-ZSM5-2 and B-ZSMS5-1 at Different
Retentate Pressures and Atmospheric Pressure
in the Permeate Side
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Figure 2. (a) CO,/N, separation factor (aco,n,) and (b)
CO,, permeation flux (PF) as a function of the
total pressure at the retentate for membrane
B-ZSM5-1 at several temperatures.

Feed: CO,/N, = 100/100 cm*(STP)/min. No sweep gas was
used; permeate pressure = 100 kPa.

increased both the separation factor (by blocking N, access to
the zeolite pores) and the CO, permeation flux.

Finally, with the aim of establishing the temperature where
the highest CO,/N, selectivity occurred, the permeation mod-
ule was placed in a subambient bath capable of lowering the
temperature to 238 K. As shown in Figure 3, the maximum
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P,., (kPa) E,., (kJ/mol) P,., (kPa) E,., (kJ/mol)
150 10.1 170 18.3
250 12.9 270 21.6
350 17.4 — —
440 16.2 — —
Note: Temperature range: 453—488 K (B-ZSM5-1) and 483-513 K (Na-ZSMS5-
2).
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Figure 3. (a) CO,/N, separation factor (aco,n,) and (b)
CO,, and N, permeances as a function of tem-
perature at the retentate for membrane Na-
ZSM5-2.

Feed: CO,/N, = 100/100 cm*(STP)/min; permeate pres-
sure = 100 kPa, retentate pressure = 200 kPa. No sweep gas
was used.
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Table 4. aco, N, and CO, PF of Membrane B-ZSMS5-1 at
Different Feed Flow Rates

14-

124

104

Na-Zsl\/[70

P 4

Feed Flow Rate CO, P, CO, PF
[cm*(STP)/min] P e (kPa) [cm3(STP)/min] OOy,
205 60 19.2 6.8
149 40.1 10.8
280 63 19.3 7.7
159 423 11.2
400 64 19.3 7.5
167 42.6 11.9

Note: Temperature = 300 K. Feed: CO,/N, = 85/85-210/210 kPa. He sweep
gas = 100 cm*(STP)/min; permeate pressure = 100 kPa.

CO,/N, separation factor for Na-ZSM5-2 membrane was ob-
served at 288 K. Note that 288 K is also the temperature found
for the CO, permeance maximum and for the N, permeance
minimum. That is, as observed in the separation of butanes
(Vroon et al., 1998; Coronas et al., 1997), the maximum
selectivity is obtained at a temperature where the combination
of adsorption and diffusion produces an efficient blockage of
the less strongly adsorbed species and at the same time allows
a sufficiently high permeance of the favored one.

Influence of feed flow rate

Table 4 shows the performance of membrane B-ZSM5-1 in
two different ranges of partial pressure gradient (60—64 and
149-167 kPa of CO,), at different values of the feed flow rate
[from 205 to 400 cm®(STP)/min]. The trend is similar in the
two cases, with an increase of the separation factor and the
permeation flux of CO, as the feed flow rate increased. This is
expected since for the lower flow rates employed the perme-
ation of CO, causes a significant decrease on the partial pres-
sure of CO, at the retentate [such as when the partial pressure
gradient is in the 149-167-kPa interval, the permeation flux of
CO, is in the 40—43-cm®(STP)/min range, representing be-
tween 10 and 20% of the total CO, feed]. This decreases both
the amount of CO, adsorbed on the membrane pores and the
driving force for the CO, transport, giving rise to the effects
observed.

An additional factor is the back-permeation of He from the
shell side (data not shown). This takes place mainly through
intercrystalline pores and is little affected by the retentate feed
flow rate. Since the measured back-permeation flux was rela-
tively constant [8.0 to 12 cm*(STP)/min of He throughout the
different conditions of Table 4], the dilution effect produced
was more important at the lowest end of the feed flow rates
employed.

Influence of retentate pressure and sweep-gas flow rate

The effect of the feed pressure was shown in Figure 2 for
membrane B-ZSM5-1 at different temperatures, and is shown
in Figure 4 for different membranes and operation modes.
Experiments without sweep gas are represented by closed
symbols and those where He sweep gas was used with open
symbols. Again, it can be seen that the separation factor in-
creases with the retentate pressure (up to a pressure of 420 kPa)
in experiments with and without sweep gas on the permeate
side. The same trend was observed by van den Broeke et al.
(1999) using a silicalite membrane and sweep gas at the per-
meate side, although the effects observed were of a smaller
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Figure 4. CO,/N, separation factor (aco,n,) as a func-
tion of retentate total pressure for several
membranes.

Temperature = 300 K. Feed: CO,/N, = 100/100 cm*(STP)/
min. Closed symbols for experiments without sweep gas;
open symbols for experiments with He sweep gas = 100
cm’(STP)/min); permeate pressure = 100 kPa.

magnitude. It is interesting to note that in our case, for the same
retentate pressure, the separation factor obtained with a good-
quality membrane such as B-ZSM5-1 was higher when a sweep
gas was used. Flowing a sweep gas at the permeate side could
in principle have several beneficial effects. On the one hand, it
would increase the driving force for permeation by lowering
the CO, concentration at the permeate side. Furthermore,
higher sweep-gas flow rates would also increase the turbulence
and the mass-transfer coefficient at the permeate side, acceler-
ating desorption of the permeated species. Finally, if viscous
flow exists in intercrystalline pores, the back-permeation of the
sweep gas would increase the separation factor by reducing the
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Figure 5. CO,/N, separation factor (aco,n,) and CO,
Permeation flux (PF) and as a function of He
sweep flow for membrane B-ZSM5-1.
Temperature = 300 K. Feed: CO,/N, = 100/100 cm*(STP)/
min. Permeate pressure = 100 kPa. Open symbols for CO,
fluxes and closed symbols for CO,/N, separation factors.

Squares for experiments with a retentate pressure of 420 kPa
and circles for 170 kPa.
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Figure 6. CO,/N, separation factor (aco,n,) as a func-
tion of retentate total pressure for membrane
B-ZSM5-1 for experiments run with either con-
stant permeate pressures or with constant to-
tal pressure gradients.

Temperature = 300 K. Feed: CO,/N, = 100/100 cm*(STP)/
min. He sweep gas was not employed.

permeation flux in these pores. However, Figure 5 shows that
there is an optimum value of the sweep-gas flow rate on both
the CO, permeation flux and the CO,/N, separation factor.
This optimum is around 100 cm*(STP)/min for the experiments
in Figure 5. At higher values of the sweep-gas flow rate, the
concentration of CO, in the zeolite pores decreases beyond the
value necessary to maintain an efficient pore blockage, and the
separation factor decreases.

When considering the effect of the retentate pressure, it is
interesting to compare the results obtained under different
operation modes. Figure 6 plots the CO,/N, separation factor
as a function of retentate pressure for membrane B-ZSM5-1 in
experiments without a sweep gas at the permeate side. Two
operating modes were used: a constant permeate pressure (50
or 100 kPa), and a constant pressure gradient across the mem-
brane (96 or 196 kPa). It can be seen that the separation factor
increased with the retentate pressure only for the experiments
with a constant permeate pressure. This is consistent with the
behavior just discussed, where a higher CO, pressure increases
the amount of adsorbed CO, and blocks N, permeation more
efficiently. The situation is completely different for the exper-
iments with a constant pressure gradient across the membrane,
where the separation factor decreases markedly with the reten-
tate pressure. In this case, as the retentate pressure increases,
the permeate pressure must also increase to maintain the total
pressure gradient. Since a sweep gas is not used, this leads to
a reduction in the driving force for CO, permeation. For
instance, in Figure 6 for a pressure gradient of 196 kPa, the
CO, partial-pressure gradients for the first and second experi-
mental points (at retentate total pressures of 318 and 366 kPa)
are 48.6 and 37.5 kPa, respectively. The decrease in the partial-
pressure gradient reduces the CO, permeation flux, giving a
lower separation factor.

Figure 7 plots the CO,/N, separation factor as a function of
the CO, permeation flux for the different B-containing mem-
branes used in this work. The data corresponding to the best
Na-ZSM5 membrane are also included for comparison. It is
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Figure 7. CO,/N, separation factor (aco,n,) as a func-
tion of CO, permeation flux (PF) for mem-
branes B-ZSM5-s and Na-ZSM5-1.

Same conditions as in Figure 6. Symbols for B-ZSMS5 mem-
branes: permeate pressure 100 kPa and variable retentate total
pressures for membrane B-ZSM5-1 (M), B-ZSM5-3 (*), and
B-ZSM5-4 (©); permeate pressure 50 kPa and variable reten-
tate total pressures for membrane B-ZSM5-1 (V); variable
permeate and retentate total pressures with a constant total
pressure gradient of 96 kPa (@) and 196 kPa (A).

interesting to note that a very good correlation is achieved, and
the data obtained with all the B-ZSMS5 membranes can be fitted
with a single curve. It can be seen that both B-ZSM5 mem-
branes and Na-ZSM5 membranes are capable of reaching val-
ues of the CO,/N, separation factor above 10, while giving

P =
< 29 -0 ® N, é’w
8 T T T T 1 7
. 0 50 100 150 200 EU]
: El
=)

F10

0 100 200 300 400
Feed CO, Partial Pressure [kPa]

Figure 8. CO, permeation flux (PF) and CO,/N, separa-
tion factor (aco,n,) a@s a function of the CO,
partial pressure in the feed for membrane
B-ZSM5-1.

Temperature: 300 K, feed flow rate: 200 cm3(STP)/min, He
sweep gas was not employed; permeate pressure: 100 kPa,
retentate pressure: 420 kPa. (a) Experiments run with the
same partial pressures of CO, and N, in the feed, with He as

balance (Pcg, + Py, + Py = 420 kPa); (b) experiments run
without He in the feed (Pco, + Py, = 420 kPa).
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Figure 9. (a) CO, permeation flux (PF) and (b) CO,/N,
separation factor (aco,n,) @s a function of
temperature for membrane B-ZSM5-1 at sev-
eral retentate pressure and sweep gas condi-
tions.

Feed: CO,/N, = 100/100 (cm*(STP)/min). He sweep gas (if
used) = 100 cm*(STP)/min; permeate pressure = I atm.
Open symbols: feed saturated in water, close symbols: dry
feed.

reasonable permeation fluxes. This was not possible with H-
ZSMS5 membranes, as shown earlier. For the case of Na-ZSM5
membranes, it has already been shown that their good perfor-
mance can be explained by the increased adsorption heat of

CO, on Na-ZSMS5 compared to H-ZSMS5 (Dunne et al., 1996b).
Regarding the B-ZSMS5 membranes, one possible contributing
factor could be the lower Bronsted acidity of the resulting MFI
membranes, compared to their Al-containing counterparts. Al-
though specific data are not available, it seems reasonable to
assume that the lower-acidity B-substituted membranes would
interact with CO, more strongly than H-ZSM5.

Influence of feed composition

It has been indirectly shown (especially in the experiments
with a variable retentate pressure) that the CO, partial pressure
at the retentate side has a strong influence on membrane per-
formance. In this section, two additional types of experiments
are reported for the same membrane (B-ZSM5-1). The results
plotted in Figure 8a were obtained with a constant total pres-
sure at the retentate side (420 kPa), and with the same CO, and
N, partial pressures in the feed, with He as a balance. Figure 8b
shows results obtained with the same total pressure at the
retentate, but in the absence of He (i.e., using binary CO,/N,
mixtures as feed). In both cases, the separation factor increases
continuously with the CO, partial pressure in the feed and there
is little difference in the separation factors obtained in Figures
8a and 8b at CO, partial pressures above 100 kPa. The CO,
permeation fluxes are also similar through most of the interval
explored. In agreement with previous works, this confirms that
the flux of the more strongly adsorbed component is little
affected by the partial pressure of weakly adsorbed species,
such as N,. Only at the lowest range of CO, partial pressures
tested is N, able to successfully compete with CO, for adsorp-
tion sites, and this only occurs when its own partial pressure is
high enough. Thus, even when the partial pressure of CO, is
below 30 kPa, the permeation flux of CO, is still higher for the
experiment with He present in the feed, that is, where the
partial pressures of N, and CO, are equal.

Effect of humidity

Since it seems likely that in most practical applications CO,
should be separated from a H,O-containing gas stream, some
experiments were also run to assess the effect of humidity on
membrane performance. To this end, an equimolar CO,/N,
mixture was bubbled at 300 K through a saturator filled with
water. The total pressure in the feed side was 170 kPa or 220
kPa, while the temperature of the membrane was increased
from 300 K to 473 K. Figure 9 shows the results obtained with
membrane B-ZSM5-1. At room temperature, capillary conden-
sation of water can have a significant influence by blocking
small defects and hindering part of the nonselective transport

Table 5. aco,n, and CO, Partial Pressure Gradient of Membrane B-ZSMS5-1 as a Function of the
Membrane Module Configuration

Feeding Through Zeolite Layer Side

Feeding Through Support Side

Retentate
Pressure CO, PF CO, Py = Ppoym CO, PF CO, P,y = Provm
(kPa) Aoy, [em*(STP)/min] (kPa) Aoy, [em*(STP)/min] (kPa)
170 6.37 16.7 62.8 1.67 14.3 65.3
220 8.13 21.2 79.7 1.42 17.2 103
270 9.23 26.7 95.1 1.27 19.2 124
350 10.5 323 121 1.18 23.0 162

Note: Temperature = 300 K. Feed: CO,/N, = 100/100 cm*(STP)/min. He sweep gas = 100 cm?(STP)/min; permeate pressure = 100 kPa.
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Table 6. Some Examples of the Best Results Reported on CO,/N, Separation Using Zeolite Membranes

Temp. CO,:N, in CO, PF CO, Permeance

Membrane (K) the Feed Aoy, [kg/(m? - h)] [mol/(m? - s - Pa)] Reference

SAPO-34 300 I:1 16 0.7 9.8-1078 Poshusta et al. (2000)

Na-Y 303 1:1 100 1.2 1.5-1077 Kusakabe et al. (1997)

Na-Y 303 4:1 5 9.1 — Clet et al. (2001)

K-Y 313 1:1 30.3 14.3 1.8-10°° Kusakabe et al. (1999)

Silicalite 303 1:9 25.5 2.1 6.6+ 1077 Ando et al. (1998)

Silicalite 453 7:3 20 0.2 1.7-1078 Lovallo et al. (1998)

Silicalite 303 1:9 10 1.6 50-107% Mase et al. (1998)
Van den Broeke et al.

Silicalite 303 9:1 5.5 5.5 7.0-1078 (1999)

K-ZSM-5 323 1:1 2 0.4 45-1078 Masuda et al. (1998)

B-ZSM-5 300 6:1 12.6 5.1 191077 This work

Na-ZSM-5 300 1:1 13.7 9.2 2.6-107°° This work

through the membrane, causing a decrease in the permeation
flux. On the other hand, water may also compete for adsorption
sites, and influence transport through the zeolite pores. In our
case, without sweep gas and at the lowest temperatures tested,
a 29 and 54% decrease in the CO, permeation flux was mea-
sured for retentate pressures of 220 and 170 kPa, respectively.
On the other hand, the existence of water in the feed did not
change the separation factor significantly, even at low temper-
atures (see Figure 9b). In summary, the effect of humidity was
small, due to the limited hydrophilicity of ZSM5 membranes.

Effect of the membrane-module configuration

Finally, the influence of the membrane-module feed config-
uration was also studied, that is, whether the CO,/N, mixture
was fed from the retentate side (where the zeolite layer is
located) or from the support side. The results are shown in
Table 5. In all the cases studied, the CO,/N, separation factor
was lower when the mixture was fed from the support side.
Van de Graaf et al. (1998) already noticed this fact when
studying the separation of ethane/methane mixtures through
silicalite membranes. In our case, it can be seen that the
decrease in both the CO,/N, separation factor and the CO,
permeation flux is larger at high retentate pressures, while, as
already shown, when the usual configuration was employed the
performance of the membrane increased with the retentate
pressure. This is due to the fact that the support on which the
zeolitic material is synthesized has a wide thickness (1500 wm)
compared to that of the zeolite layer (20—40 wm), involving a
significant restriction to the permeation flow. Thus, when the
CO,/N, mixture was fed from the support side, a lower average
CO, partial pressure was obtained over the zeolite layer. This
reduces the CO, concentration in the zeolite pores of the
membrane to the zeolite layer, resulting in a less efficient
blocking of N, permeation.

Conclusions

MFI-type zeolite (ZSMS5) membranes prepared using differ-
ent synthesis procedures on alumina and stainless steel sup-
ports were able to selectively separate CO, from N,. The
separation is controlled by the preferential adsorption of CO, in
the zeolite pores, hindering the permeation of N,. With this
description we have been able to explain the effect of the
operating variables studied in this work, such as the total
pressure of the temperature retentate, CO, partial pressure, and
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sweep-gas flow rate. On the other hand, these membranes can
operate in the presence of gas-phase water without loss of
separation selectivity, although the CO, permeation flux can be
reduced significantly.

Comparing the performance of the MFI zeolite membranes
used in this work to those reported in the literature with zeolite
membranes for this system (Table 6), it can be seen that the
MFI membranes show one of the highest permeation fluxes
(9.2 kg/(m*> - h)) and the highest permeance (2.6 X 10°°
mol/(m? - s - Pa)], with a respectable separation factor (ca. 14).
These interesting features are made possible by the inorganic
character of the membranes, enabling them to withstand high
pressure gradients.
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