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Continuous SAPO-34 membranes were prepared on porous alumina tubular sup-
ports, and shown to be useful for light gas separations at low and high temperatures.
Single-gas permeances of CO,, N, and CH, decreased with increasing kinetic diame-
ter. For the best membrane at 300 K, the He and H, permeances were less than that of
CO,, because He, H,, and CO, were small compared to the SAPO-34 pore, and
differences in the heat of adsorption determined the permeance order. The smaller com-
ponent permeated the fastest in CO,/CH,, CO,/N,, N,/CH,, H,/CH, and H,/N,
mixtures between 300 and 470 K. For H,/CO, mixtures, which were separated by com-
petitive adsorption at room temperature, the larger component permeated faster below
400 K. The CO,/CH, selectivity at room temperature was 36 and decreased with tem-
perature. The H,/CH, mixture selectivity was 8 and constant with temperature up to
480 K. Calcination, slow temperature cycles, and exposure to water vapor had no per-
manent effect on membrane performance, but temperature changes of approximately 30
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K/min decreased the membrane’s effectiveness.

Introduction

Zeolite and other inorganic molecular sieve membranes
have shown potential for separations based on molecular size
and shape because of their small pore sizes, typically less than
1 nm, and their narrow pore-size distribution. The high ther-
mal and chemical stability of these inorganic crystals make
them ideal materials for use in high-temperature applications
such as catalytic membrane reactors. Most of the progress
with zeolite membranes has been with MFI zeolite prepared
on porous disks (Geus et al., 1993; 1992; Jansen et al., 1994;
Lovallo et al., 1998; Matsukata and Kikuchi, 1997; Vroon,
1995; Yan et al., 1995) and tubes (Bai et al., 1995; Coronas et
al., 1997; Giroir-Fendler et al., 1996; Jia et al., 1994; Kusak-
abe et al., 1996; Oh et al., 1997). The MFI zeolite is a medium
pore-size structure having nearly circular pores with diame-
ters between 0.53 and 0.56 nm. Separation experiments
through MFI membranes indicate that competitive adsorp-
tion separates light gas mixtures (Bakker et al., 1996, 1993;
Jia, et al., 1994; Kapteijn et al., 1995; Lovallo et al., 1998;
Poshusta et al., 1999; van den Broeke et al., 1999; Vroon,
1995). Light gas selectivities are typically small, however, ow-
ing to small differences in adsorption strengths and their small
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sizes relative to the MFI pore opening. Furthermore, com-
petitive adsorption does not work well at high temperature
where zeolite membranes are stable and have potential appli-
cation.

Separation by differences in size has a greater potential to
work at high temperature than competitive adsorption, but
pores smaller than those in MFI zeolites are required. There-
fore, some studies focused on the synthesis of small, 8-mem-
bered-pore structures such as zeolite A (0.41-nm pore diame-
ter) (Aoki et al.,, 1998; Masuda et al., 1995) and SAPO-34
(Lixiong et al., 1997; Poshusta et al., 1998), a chabazite (about
0.4-nm pore diameter with ~1.4 nm cages) analog. The
SAPO-34 structure is a silicoaluminophosphate having the
composition (Si,Al,P,)O, where x = 0.01-098, y =
0.01-0.60, z = 0.01-0.52, and x + z = y (Szostak, 1989).
The crystal structure of SAPO-34 crystals has not been ana-
lyzed to determine the pore size, but adsorption experiments
using n-C,H,, (0.43 nm) and i-C,H,, (0.50 nm) have shown
that the SAPO-34 pore diameter is between 0.43 and 0.50 nm
(Lok et al., 1984).

The smaller pore size of the zeolite A and SAPO-34 struc-
tures made the separation of smaller molecules by differ-
ences in size possible. Aoki et al. (1998) reported H,/N, se-
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lectivities through NaA zeolite membranes between 4.5 and
4.8, but the light gas permeances did not decrease with ki-
netic diameter, following the order H, > O, > CH, > CO,
= N, = C;Hj instead. Lixiong et al. (1997) demonstrated
that SAPO-34 membranes hold promise for separating light
gas mixtures because ideal selectivities favored the smaller
molecule, unlike MFI zeolite membranes. Previously, we also
reported (Poshusta et al., 1998) that ideal selectivities corre-
lated with molecule size and that SAPO-34 membranes were
effective at separating CO,/CH, mixtures with a selectivity
of 30 at room temperature.

X-Ray diffraction (XRD) studies have shown that SAPO-34
crystals are stable up to 1,273 K, but further heating to 1,373
K breaks down the SAPO-34 structure (Watanabe, et al.,
1993). The crystal structure, as measured by XRD, is affected
by water adsorption, but calcination at 573 K in a dry envi-
ronment recovers the SAPO-34 XRD pattern (Vomscheid et
al., 1993; Watanabe et al., 1993). Vomscheid et al., (1993)
showed that, when hydrated, Si—-O-Al bonds open to form
Si—OH and Al-OH bonds. Briend and coworkers (1995) found
that prolonged exposure to water vapor permanently de-
grades SAPO-34 crystals, and the severity depends on the time
and temperature of exposure to water vapor and the type of
template used in the synthesis procedure. Above 373 K,
SAPO-34 was highly stable in humid atmospheres, but below
this temperature, the crystallinity and porosity were reduced.
The crystallinity and porosity were completely recoverable af-
ter 2 days of hydration below 373 K by calcination, but long-
term hydration (up to 2 years) had a permanent effect. They
found that crystals made with tetraethylammonium hydroxide
(TEAOH) template were more stable than those made with
morpholine template, and retained 80% of their starting crys-
tallinity and 70% of their porosity after a 2-year hydration. A
measurable decrease in porosity of SAPO-34 crystals synthe-
sized with the TEAOH template required at least a 10-day
hydration.

The current study uses membranes that were prepared un-
der slightly different conditions from our earlier study
(Poshusta et al., 1998) so that their permeances are signifi-
cantly higher. We demonstrate the ability of SAPO-34 mem-
branes to separate light gas mixtures and describe the mecha-
nisms governing these separations. Six membranes were pre-
pared to investigate their morphology, separation ability, re-
producibility, and stability. Single-gas and binary-gas mixture
permeances were measured at various temperatures and
pressures, and the membrane resistance to water vapor, tem-
perature cycles, and calcination was investigated.

Experimental Methods

The SAPO-34 membranes were prepared by hydrothermal
synthesis on the inside surface of asymmetric, porous «-
alumina tubes (U.S. Filter) having 0.2-um pores on the inside
surface. To avoid bypass, the ends of the tubes were sealed
with a glazing compound (GL 611A, Duncan), which was ap-
plied by dip coating about 1 cm of each end, and then heated
at a rate of 1.2 K/min to 1193 K in air and held there for 30
min. The glazed supports were cleaned twice in an ultrasonic
water bath at 313 K for 10 min, boiled in distilled water at
368 K for 1 h, and dried under vacuum at 373 K for 30 min.

The synthesis gel had the molar composition: Al,O;: P,O4
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: 0.6 SiO, : 1.07 TEAOH : 56 H,0O, and was prepared by
stirring H,PO,, Al(i-C;H,0),, and H,O at room tempera-
ture for 5 h. Then the template molecule, TEAOH, was added
and the mixture stirred for 30 min before the silica sol (Ludox
AS40) was added to the mixture. This solution was stirred for
2 h at room temperature to obtain a homogeneous solution,
and the finished gel was stored in a covered glass beaker un-
til used.

The membranes were synthesized using a procedure simi-
lar to that of Bai et al. (1995) for MFI zeolites, and was the
same procedure previously used for SAPO-34 membranes
(Poshusta et al., 1998). In the previous study (Poshusta et al.,
1998), SAPO-34 was synthesized by filling the support tube
with synthesis gel, sealing the tube in an autoclave, and im-
mediately placing the autoclave in an oven for synthesis at
468 K for 20 h. In the current study, the support tube was
filled with the synthesis gel, which soaked into the pores of
the support for 2-24 h. The tube was refilled with gel, the
tube ends were wrapped with Teflon tape, and the tube was
placed in the autoclave for hydrothermal synthesis. In the
current study, the synthesis temperature was lowered to 458
K and synthesis was carried out for 24 h. This change re-
duced the SAPO-34 crystallization rate. After synthesis, the
membranes were washed and dried as described previously
(Poshusta et al., 1998), and additional layers were applied
until the membranes were impermeable to N, at 300 K. To
remove the template molecules, impermeable membranes
were then calcined at 753 K for 8 h with a 0.6-K /min heating
rate. After calcination, the n-C,H,, flux was measured for
some membranes, and membranes were considered good if
the n-C,H,, permeance was below the minimum detectable
limit [7 X 10~ mol Am?-s-Pa)]. Before further permeation
experiments, these membranes were calcined at 573 K for 10
h to remove adsorbed n-C,H,,. The 10-h duration is proba-
bly longer than necessary, but it was convenient because the
calcination program ran overnight and the exposure to room
temperature air was minimized.

Single-gas and mixture permeation was measured on a sys-
tem similar to that used by Funke et al. (1996), but modified
for the study of light gases at higher pressures, as described
elsewhere (Poshusta et al., 1998). The membranes were
mounted in a stainless-steel module, and sealed at each end
with silicone O-rings. The pressure on each side of the mem-
brane could be independently controlled between 84 and 770
kPa, and the module temperature was controlled between 300
and 530 K with an electrically heated oven. Feed gases could
be humidified by bubbling them through water, and the com-
position of water vapor was measured using a gas chromato-
graph. Fluxes were measured using a soap-film bubble
flowmeter and a stopwatch. The estimated permeance mea-
surement error was 2%, and the lowest measurable perme-
ance was estimated to be 7x 10~ mol/m?-s-Pa).

All single-gas and mixture permeances were measured as a
function of temperature and pressure without a sweep gas
under a constant pressure drop of 138 kPa. Constant pres-
sure-drop operation reveals more information about nonzeo-
lite pore behavior than experiments where the pressure drop
varies, because surface diffusion through zeolite pores and
viscous and Knudsen flow through nonzeolite pores increase
with increasing pressure drop (Poshusta et al., 1999). As pres-
sure is increased at constant pressure drop, however, surface
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diffusion (for Langmuir adsorption) through zeolite pores de-
creases, viscous flow increases, and Knudsen flow is constant.
The pressure-drop method also eliminates back permeation
of the sweep gas used in the Wicke-Kallenbach method. In-
deed, van de Graaf et al. (1998) showed that a permeate
sweep gas affects permeation because of competitive adsorp-
tion and counterdiffusion.

Before the single-gas permeances were measured, the feed
and permeate sides of the membrane were evacuated and
then swept with the gas to be studied while the membrane
was heated to 473 K to desorb gases that may interfere with
the measurement. Single-gas permeances were measured in
dead-end mode (retentate stream blocked) for He, H,, CO,,
N,, and CH,. The ideal selectivity is the ratio of the single-
gas permeances. Binary mixtures of CO,/CH,, CO,/N,,
N,/CH,, H,/CH,, H,/CO,, and H,/N, were separated at
various temperatures and pressures. Mass flow controllers
were used to mix pure gases in equimolar ratios, and the
compositions of the feed, retentate, and permeate streams
were measured using a gas chromatograph equipped with a
thermal conductivity detector. Selectivity is defined as the ra-
tio of the permeances of each gas in the mixture (also called
permselectivity). Although selectivity defined this way is inad-
equate when comparing at different pressures (Poshusta et
al., 1999), the permselectivity is useful to compare with ideal
selectivities.

The thermal stability and resistance to water vapor of
SAPO-34 membranes were investigated by several ap-
proaches. High-temperature stability was measured by con-
tinuously measuring the H,/CH, selectivity at 523 K for sev-
eral days. Cycling the temperature between 300 and 473 K,
while separating a CO,/CH, mixture, provided a check of
the SAPO-34 membrane stability with temperature cycles.
The membranes’ resistance to calcination was checked by
comparing the CO,/CH, selectivity before and after 12-h
calcinations at 573 K. Likewise, the CO,/CH , selectivity de-
termined the effect of thermal shock after heating the mem-
brane to 458 K and quickly cooling it to room temperature in
about 5 min by flowing dry CO, over the membrane. The
effect of humidity on membrane performance was measured
by exposing membranes to humidified CO,/CH, mixtures
and then heating the membrane to 473 K with a dry CO,/CH,
feed to drive off adsorbed water. The CO,/CH, selectivity
was measured after the water exposure and drying to discern
any membrane degradation due to water.

Results
Membrane preparation and morphology

The SAPO-34 membranes used in this study are listed in
Table 1. Every membrane required four synthesis layers to be
impermeable to N, at 300 K before template removal. After
calcination, the permeance of n-C,H,, was measured for
membranes M1 and M2 as an initial indication of membrane
quality. After the single-gas and mixture permeances of the
light gases were measured, the n-C,H,, permeance was
measured through membranes M3 and M6. The n-C,H,,
permeance through membrane M3 was less than our mini-
mum detectable permeance of 7x 107! mol Am?-s-Pa). The
n-C,H,, permeance through a previous SAPO-34 mem-
brane, M1* (Poshusta et al., 1998), was also below the mini-
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Table 1. Room-Temperature Membrane Permeation

Properties
Memb. Init. n-C,Hy, CO,/CH, Mixture CcO,/CH,
Permeance Selectivity Mixture Flux
x10° x 103
[mol/ (m2-s-Pa)] [mol/ (m?2-s)]
M1 70 10 1.7
M2 1.2 18 1.2
M3 <0.07* 36 34
M4 Not measured 16 19
M5 Not measured 14 2.3
M6 4.8 26 4.8
MZL¥* <0.07 30 0.48

*The n-C,H,, permeance was measured after single gas and mixture
experiments.

«xMembrane M1* was reported in a previous study as membrane M1
(Poshusta et al., 1998).

mum detection limit and had a CO,/CH, selectivity of 30 at
room temperature. The results in Table 1 show that the
membranes with the highest n-C,H,, permeances had the
lowest CO,/CH, selectivities. Membrane M1 had the lowest
CO,/CH, selectivity and was therefore broken for scanning
electron microscopy (SEM) analysis. Membrane M2 was cal-
cined to remove adsorbed n-C,H,, before further perme-
ation measurements. The n-C,H,, permeance was not mea-
sured through membranes M4 and M5 to avoid a second cal-
cination before further permeation experiments.

The X-ray diffraction pattern of the uncalcined powder
formed in the synthesis gel after hydrothermal synthesis is
shown in Figure 1. A calcined sample would have an open
porous structure to water vapor, which is known to change
the SAPO-34 structure and XRD pattern (Briend, et al.,
1995). The main peaks of the XRD pattern in Figure 1 match
those of uncalcined SAPO-34 crystals reported by Xu et al.
(1990), and they are also consistent with the d-spacings of
SAPO-34 reported by Lok et al. (1984) and Meier and Olson
(1992). The high intensity of the XRD lines and the low
background intensity indicate a high degree of crystallinity.

SEM images of membrane M1 are shown in Figures 2 and
3. The SEM photograph of the surface of the membrane
(Figure 2) shows a continuous layer of intergrown cubic crys-
tals 3—4um in diameter. Smaller crystals (less than 1um) were
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Figure 1. XRD spectrum of uncalcined SAPO-34 pow-
der.
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Figure 2. SEM image of the surface of SAPO-34 mem-
brane M1.

also on the surface and many were in the boundaries be-
tween the larger crystals. The SEM image of the membrane
cross section (Figure 3) shows that the SAPO-34 layer was
5-10um thick. The SEM measurements could not distin-
guish if SAPO-34 crystals are in the pores of the support.
Electron microprobe analysis of the cross section showed
that the thickness of the SAPO-34 layer was about 10 um
[Figure 4, region (a)]. Silicon and phosphorous penetrated the
support, indicating that SAPO-34 crystals or amorphous ma-
terial may have formed inside the porous support structure.
Region (b) in Figure 4 corresponds to the 0.2-um pore-size
surface layer of the asymmetric support, and region (c) is
within the coarse layer of the support. The Si and P concen-
trations decreased within the 0.2-um pore support structure
due to the lower porosity of this layer. The Si and P concen-
trations were higher in the coarse support layer, because of
its larger void volume. The surface crystals had an average
atomic ratio of 0.18 Si : 0.47 Al : 0.36 P, as determined by
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Figure 3. SEM image of the cross section of SAPO-34
membrane M1.
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Figure 4. EMPA analysis of the cross section of
SAPO-34 membrane M1 showing the concen-
trations of Si, Al, and P as a function of depth
from the membrane surface.

Region (a) is the SAPO-34 layer, region (b) is the 40 um
thick, 0.2-um pore-size support layer, and region (c) is the
course alumina support layer.

electron microprobe analysis of the SAPO-34 layer [Figure 4,
region (a)]. Elemental analysis of the surface layer by energy
dispersive spectroscopy (EDS) gave an atomic ratio or 0.11 Si
: 0.48 Al : 0.41 P. These ratios are consistent with those re-
quired for the SAPO-34 structure (Szostak, 1989).

Single-gas permeation

Single-gas permeances of He, H,, CO,, N,, CH,, and n-
C,H,,, measured at room temperature and 270 kPa feed
pressure, are shown as a function of kinetic diameter in Fig-
ure 5. Membrane M1* [from a previous study (Poshusta et
al., 1998)] is also included, and the permeances through this
membrane were less than those through membranes M2 and
M3. These permeances were measured after a series of other
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& pore diameter —|
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Figure 5. Room-temperature permeances at a feed
pressure of 270 kPa and pressure drop of 138
kPa through membranes M2, M3, and M1*
(Poshusta, et al., 1998) as a function of the
gas kinetic diameter.

The n-C,H,, permeance through membrane M3 was less
than 7x 10~ mol/Am?2-s-Pa).
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Figure 6. Single gas permeances through SAPO-34
membrane M2 as a function of temperature
with a feed pressure of 270 kPa and a pres-
sure drop of 138 kPa.

Note that the CH, permeance was multiplied by 10 to make
it easier to see.

experiments and two 10-h calcinations at 573 K. Note that
the permeance for n-C,H,, in membrane M1* is higher than
the minimum detectable limit reported in Table 1, because
the properties of this membrane changed. Also note that the
permeance of n-C,H,, through membrane M3 measured af-
ter single-gas and mixture permeance experiments was less
than the minimum detectable limit of 7x 10~ mol/Am?-s-
Pa). For membranes M2 and M1*, the single-gas permeances
decreased with kinetic diameter. Through membrane M3,
however, the permeances of molecules larger than CO, (0.33
nm) decrease with kinetic diameter, but the He (0.26 nm)
and H, (0.29 nm) permeances are less than that of CO,.
The effect of temperature on the single-gas permeances of
He, H, CO,, N,, and CH, is shown in Figures 6 and 7 for
membranes M2 and M3, respectively. Although the order of
the permeances of He, H,, and CO, are different for mem-
branes M2 and M3, their temperature dependencies are simi-
lar. The temperature dependence of the CO, permeance
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Figure 7. Single gas permeances through SAPO-34
membrane M3 as a function of temperature
with a feed pressure of 270 kPa and a pres-
sure drop of 138 kPa.
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Figure 8. Single gas permeances through SAPO-34
membrane M2 as a function of pressure at
room temperature with a 138-kPa pressure
drop.

Note that the CH, permeance was multiplied by 5 to make
it easier to see.

through these membranes is similar to that observed previ-
ously (Poshusta et al., 1998). We (Poshusta et al., 1998) found
previously that the single-gas permeances of H, and N, dis-
played minima, and CH, increased with temperature, unlike
the results in Figures 6 and 7. Note that membranes M2 and
M3 were synthesized at 458 K for 24 h, but membrane M1*
was synthesized at 468 K for 20 h.

In our previous study (Poshusta et al., 1998), the perme-
ances of H,, CO,, N,, and CH, decreased with increasing
feed pressure at constant pressure drop. Except for CO, the
permeances of the light gases increased slightly with pressure
through membrane M2, however, as shown in Figure 8. The
permeances of He, H,, N,, and CH, are unaffected by pres-
sure in membrane M3 (Figure 9). Differences in the pressure
dependence of different membranes has been attributed to
the presence of nonzeolite pores allowing Knudsen and vis-
cous flow (Poshusta et al., 1999).

16
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Figure 9. Single-gas permeances through SAPO-34
membrane M3 as a function of pressure at
room temperature with a 138-kPa pressure
drop.
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Table 2. ldeal Selectivities at 270 kPa with 138 kPa Pressure

Drop
ldeal Selectivity
300 K 473 K
Mixture M3 M2 M1* M3 M2 M1*
CO,/CH, 20 16 19 4.5 4.2 2.3
CO,/N, 7.1 49 57 2.8 25 2.0
N,/CH, 2.8 3.3 3.4 1.6 1.7 1.2
H,/CH, 11 18 25 11 14 7.4
H,/N, 4.0 55 75 6.8 8.5 6.4
H,/CO, 0.56 11 1.3 2.4 35 3.2

*Membrane M1* was reported in a previous study as membrane M1
(Poshusta, et al., 1998).

The ideal selectivities of the light gases at a feed pressure
of 270 kPa and a pressure drop of 138 kPa through mem-
branes M2 and M3 are compared with those of membrane
M1* at 300 and 473 K in Table 2. At 300 and 473 K, the ideal
selectivities of CO,/CH,, CO,/N,, and N,/CH, do not vary
much between the three membranes. The H,/CH , ideal se-
lectivity decreases with temperature more for membrane M1*
than the other two membranes. For H,/N,, the ideal selec-
tivity increases for membranes M2 and M3, but decreases for
membrane M1*. Again, note that membrane M1* was syn-
thesized at 468 K for 20 h, but membranes M2 and M3 were
synthesized at 458 K for 24 h.

Mixture permeation

Equimolar binary mixtures of H,, CO,, N,, and CH, were
separated with membranes M3 and M4, and a CO,/CH,
mixture was separated with membranes M1, M2, and M5.
Table 1 compares the room-temperature CO,/CH, separa-
tion selectivity and total mixture flux for each membrane.
Compared with membrane M1*, the CO,/CH, selectivities
are about the same or smaller, but the fluxes are significantly
higher, especially for membrane M4. Table 3 shows that the
mixture selectivities of membranes M3, M4, and M5 are
higher than the Knudsen selectivity for most of the mixtures
(though not for H,/N, and H,/CO,). Thus, light gases are
not separated by Knudsen diffusion in these SAPO-34 mem-
branes.

Membrane M3 has the highest selectivities, and the tem-
perature dependence of each light gas binary mixture was
measured. Figure 10 shows the fluxes of CO, and CH, and
the selectivity through membrane M3 between 300 and 470
K. Both ideal and mixture selectivities are greater than one

Table 3 Mixture Selectivities

Mixture Selectivity
M3 M4 M5

Knudsen  Separation
Mixture 300K 473 K 300 K 300 K Selectivity Regime
H,CH, 84 79 71 41 2.8 1
H,/N, 33 51 27 — 3.7 1
N,/CH, 2.9 1.7 2.9 — 0.76 1
CO,/N, 16 32 6.4 — 0.80 3
CO,/CH, 36 52 16 14 0.60 3 (enhanced)
H,/CO, 025 21 042 — 4.7 3 (competing)
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Figure 10. Fluxes and selectivity of a 50/50 CO,/CH,
mixture as a function of temperature for
membrane M3 with a feed pressure of 270
kPa and a pressure drop of 138 kPa.

over the temperature ranges shown, and they follow roughly
the same trend; the selectivity decreases as temperature in-
creases. Note that at 300 K, the flux ratio is 5.1 and the mix-
ture selectivity (permeance ratio) is about 36. This difference
in ratios is due to the small partial pressure difference of
CO, across the membrane in the mixture that gives a high
CO, permeance and consequently a high CO,/CH, selectiv-
ity. The separation of CO, and N, is shown in Figure 11,
where the temperature dependencies of the ideal and mix-
ture selectivities are similar to those of the CO,/CH, mix-
ture. The fluxes of CO, and N, also behave similarly to the
CO, and CH, fluxes in Figure 10. The selectivity of the
N,/CH, mixture also decreases with temperature, as shown
in Figure 12, and the ideal and mixture selectivities are nearly
identical.

The H,/CH,, selectivity (Figure 13) is relatively constant at
about 8 between room temperature and 486 K, whereas the
H,/N, selectivity (Figure 14) increases with temperature. For
the H,/CH, and H,/N, mixtures, the smaller molecule H,

“ 20
= 40 - Mixture Selectivity P10 =
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§ 30 | Ideal Selectivity L1273
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= 20 [ ZN
§ N .................... ON
= 104° S Tt -4

0 . ' ' ’

280 330 380 430 480

Temperature (K)

Figure 11. Fluxes and selectivity of a 50/50 CO,/N,
mixture as a function of temperature for
membrane M3 with a feed pressure of 270
kPa and a pressure drop of 138 kPa.
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Figure 12. Fluxes and selectivity of a 50/50 N,/CH,
mixture as a function of temperature for
membrane M3 with a feed pressure of 270
kPa and a pressure drop of 138 kPa.

permeates faster than the larger molecule. In contrast, the
H,/CO, selectivity at room temperature is 0.56; the larger
molecule (CO,) permeates faster. As temperature increases,
the H,/CO, selectivity increases, and at about 370 K the
H,/CO, selectivity is greater than one, as shown in Figure
15. The ideal and mixture selectivities of H,/CO, have simi-
lar temperature trends.

For each mixture, the fluxes of the individual components
change with temperature like their corresponding single-gas
permeances (Figure 7), except for H, in the H,/CO, mix-
ture. In CH ,-containing mixtures, the CH, flux is weakly de-
pendent on temperature, and changes in the selectivity with
temperature are primarily due to changes in the flux of the
smaller molecule (such as H,, CO,, or N,).

Membrane stability

For membrane M1*, the CO,/CH, selectivity decreased
irreversibly during the 8 months that permeation measure-
ments were run. Since temperature cycles, calcination, or ex-

15
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Figure 13. Fluxes and selectivity of a 50/50 H,/CH,
mixture as a function of temperature for

membrane M3 with a feed pressure of 270
kPa and a pressure drop of 138 kPa.
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Figure 14. Fluxes and selectivity of a 50/50 H,/N, mix-
ture as a function of temperature for mem-
brane M3 with a feed pressure of 270 kPa
and a pressure drop of 138 kPa.

posure to water vapor could be responsible, the effects of
these treatments were studied for membranes M3, M5, and
M6.

Membrane M3 was exposed to a humidified CO,/CH,
mixture a total of 6 h in 1-h increments. The total flux of the
humidified mixture decreased from the dry value of 3.4x 1072
mol/(m?-s) to about 4.1x10~% mol/Am?-s). After each 1-h
exposure, the system was flushed with the dry CO,/CH,
mixture, and the membrane was heated to 473 K overnight to
remove adsorbed water. After the membrane cooled to room
temperature, the selectivity and mixture flux returned to the
membrane’s original values of 36 and 3.4x 102 mol/m?-s).
A seventh exposure to water vapor for 20 h decreased the
mixture flux to 3.0x 10~* mol/Am?-s), and the CO,/CH, se-
lectivity decreased to 0.74. The system was then flushed with
the dry CO,/CH, mixture at 473 K for 47 h and at 300 K for
72 h. The room temperature selectivity and flux returned to
the original dry-membrane values. Similarly, humidification
of the CO,/CH, feed mixture decreased the selectivity of
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membrane M5 to one, and the dry CO,/CH, selectivity re-
covered to 15 after sweeping the membrane with dry CO, for
4 days at room temperature.

The thermal stability of the SAPO-34 membranes was also
investigated. The H,/CH, separation selectivity of mem-
brane M5 was measured for 120 h at 473 K, and the selectiv-
ity (5.6) and mixture flux did not change. Membranes were
calcined in an electrically heated furnace with a 0.6 K/min
heating rate and a 1.2 K/min cooling rate. The CO,/CH,
selectivity and mixture flux of membrane M5 were unaffected
after each of four 12-h calcinations at 573 K. The single-gas
permeation of CO, as a function of pressure was also un-
changed after each calcination. For membrane M6, the origi-
nal CO,/CH, selectivity at room temperature was 26 with a
mixture flux of 4.8x10° mol/Am?2-s). The membrane was
calcined twice, once for 12 h at 573 K and a second time for
10 h at 573 K. After the calcinations, the CO,/CH , selectiv-
ity was 25 and 28, respectively, and each time the flux was
4.4%x10~2 mol/A(m?-s).

For membrane M5, the room temperature CO,/CH, sepa-
ration selectivity was about 14 and was unaffected by four
temperature cycles between room temperature and 473 K.
Throughout the course of experiments on membrane M3, the
CO,/CH, selectivity did not decrease, and the mixture flux
remained about the same after 14 temperature cycles be-
tween 300 and 473 K. Each of the temperature cycles was
conducted within the gas permeation module at heating and
cooling rates of about 3 K/min. Faster temperature changes
degraded membrane M6, however. This membrane was
heated outside the module to 458 K in an electrically heated
oven and then quickly cooled while flowing dry CO,, at 300 K
over the membrane. The membrane cooled at a rate of about
30 K/min. The CO,/CH, selectivity decreased to 19 (from
an original value of 26) and the total mixture flux increased
t0 5.9 10™* mol/Am?-s) (from an original value of 4.8 x10~*
mol /Am?-s). Before the effects of thermal shock on the mem-
branes was known, some membranes were removed from the
calcination oven at about 370 to 420 K and immediately placed
in the module under flowing CO, or N, to reduce the amount
of water adsorption from the laboratory atmosphere. This may
be the cause of the degradation of membrane M1*.

Discussion
Membrane stability

On the basis of CO,/CH, selectivity, membranes M3 and
MZ1* represent the best SAPO-34 membranes, but the
CO,/CH, selectivity of membrane M1* decreased to 10 dur-
ing the course of permeation experiments. Temperature cy-
cles with heating and cooling rates less than 1.2 K/min and
exposure to water vapor were shown to have no permanent
effect on the performance of membranes M3 and M5. Calci-
nation also had no effect on the performance of membranes
M5 and M6. Temperature changes of about 30 K/min de-
graded membrane performance by formation of non-SAPO-34
pores, because the membrane flux increased and the
CO,/CH, selectivity decreased. Nonzeolite pores that allow
viscous and Knudsen flow have been shown to decrease the
selectivity of zeolite membranes (Poshusta et al., 1999). Ther-
mal shock probably introduced non-SAPO-34 pores into
membrane MZI*. Thus, if rapid temperature changes are
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avoided, the SAPO-34 membranes appear to be quite stable
to conditions they might encounter during usage.

Single-gas permeation

The single-gas permeation dependence on the kinetic di-
ameter in Figure 5 agrees with the SAPO-34 membrane re-
sults reported previously, except for H,, which has a lower
permeance than CO, for membrane M3 (Lixiong et al., 1997;
Poshusta et al., 1998). The single-gas permeation of He, not
measured in the other SAPO-34 studies, was less than that of
H,, although the kinetic diameter of He is smaller than that
of H,. Helium also permeates slower than H, in MFI mem-
branes (Bakker et al., 1996). Because He and H, are small,
their permeation is not hindered much by size restriction in
SAPO-34 and MFI pores, and the size difference between
He and H, has a small effect on determining the order of
their permeances. Therefore, differences in adsorption are
more important in determining permeance. This is analogous
to single-gas permeances through MFI zeolite membranes,
where CH, permeates faster than CO, at room temperature
even though CO, is smaller (Bakker et al., 1997; Poshusta et
al., 1999).

Single-gas permeation through zeolite and molecular sieve
membranes is described as activated diffusion of an adsorbed
phase using the surface diffusion model. This model de-
scribes the diffusion behavior well at low temperatures where
the flux is proportional to an activated diffusivity and the gra-
dient in chemical potential of the adsorbed gas (Vroon, 1995).
The diffusivity and its activation energy depend on the type
of gas and zeolite, and in general, diffusivity decreases with
increasing kinetic diameter (Karger and Ruthven, 1992). For
light gases, the heat of adsorption does not correlate with
molecular size, and it strongly affects the chemical potential
gradient. Thus, CO, can permeate faster than He and H,
even though CO, is the larger molecule.

The temperature variation of flux predicted by the surface
diffusion model depends on the temperature dependencies
of diffusivity and concentration within the zeolite pores. Dif-
fusion through zeolite pores is activated, and therefore the
diffusivity increases with temperature. The effect of tempera-
ture on changes in adsorbed concentration is more compli-
cated, however. At a given pressure drop, the concentration
gradient predicted by the Langmuir isotherm is small at low
temperature where the coverage is nearly saturated. As the
temperature increases, the coverage decreases, but the con-
centration gradient increases, because the slope of the
isotherm is greater at lower coverages (for a given pressure)
than when the surface is saturated. At high temperature,
however, the adsorption approaches the Henry’s regime,
where increasing temperature decreases the slope of the
isotherm. Therefore, the concentration gradient has a maxi-
mum with temperature, and because the chemical potential
gradient is closely related to the concentration gradient, the
gradient of chemical potential also has a maximum with tem-
perature. In the surface diffusion model, the combination of
the chemical potential gradient and the diffusivity can only
describe permeances that increase, decrease, or exhibit a
maximum with temperature. Some gases have minima in per-
meance for MFI zeolites, however (Coronas et al., 1997;
Vroon, 1995). Likewise, the single-gas permeation of CH , ex-
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hibits a minimum for membrane M2. Bakker et al. (1997)
proposed that the minimum is due to a transition from sur-
face diffusion to activated diffusion of a gaslike phase called
gas translation diffusion.

Although this model can fit the temperature behavior of
the single-gas permeances in the SAPO-34 membranes, it
cannot explain why the permeance trends for some gases are
different between membranes of the same molecular sieve.
Permeation through nonzeolite pores may be responsible for
these differences, and the presence of nonzeolitic pores was
previously used to explain differences between
membranes.(Coronas et al., 1997; Lin et al., 1998; Poshusta
et al., 1999; van de Graaf, et al., 1999). These nonzeolite pores
were viewed as intercrystalline pores, and permeation mea-
surements made during calcination suggest non-zeolite pores
open before the template is removed from the pores of the
molecular sieve crystals (Lin et al., 1998; van de Graaf et al.,
1999). Since membranes M1-M6 were made by the same
procedure and they were impermeable to N, before calcina-
tion, the differences in their performance (Table 1) are prob-
ably due to the opening of nonzeolite pores during calcina-
tion. Different defect concentrations may be the result of im-
purities in the synthesis gel, differences in the starting sup-
port, or some small differences in preparation procedure.

Van de Graaf et al. (1999) characterized nonzeolite pores
by measuring the temperature and pressure behavior of He
and Ne single-gas permeances through a silicalite-1 mem-
brane. The measurements indicated flow in both the Knud-
sen and viscous flow regimes. Poshusta et al. (1999) also
demonstrated Knudsen and viscous flow behavior through
MFI membranes by modeling the pressure dependence of
CO, permeation and showed that membranes with more
non-zeolite pores had lower CO,/CH, selectivities. Mem-
branes that exhibited viscous flow were not selective. Al-
though viscous and Knudsen flow behaviors suggest pores
larger than 1 nm, high mixture selectivities are observed
through these membranes. Coronas et al. (1997), Lin et al.
(1998), and Gump et al. (1999) suggested that most nonzeo-
lite pores in high-quality membranes are near in size to the
zeolite pores and selective, thus maintaining high selectivities
while allowing for differences between membranes due to the
varying concentrations of nonzeolite pores.

Flow associated with non-SAPO-34 pores can be identified
by examining the effects of temperature and pressure on sin-
gle-gas permeation. Quantifying the amount of nonzeolite
pores by analyzing permeance vs. temperature data is diffi-
cult, because modeling surface diffusion requires heats of ad-
sorption and activation energies for diffusion. This informa-
tion is not available for SAPO-34, and the surface-diffusion
model does not predict high-temperature behavior well.
Poshusta et al. (1999), however, showed that nonzeolite pores
can be characterized with fewer parameters by analyzing the
flux vs. pressure at constant pressure drop. As pressure in-
creases on both sides of the membrane, the surface-diffusion
contribution through molecular sieve pores decreases, the
viscous flow contribution increases linearly, and flow by
Knudsen flow is constant.

A numerical application of this analysis to the data col-
lected on membranes M2, M3, and M1* requires the Lang-
muir adsorption parameter, K, at room temperature, but ad-
sorption studies of light gases on SAPO-34 are not published.
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We can qualitatively apply this analysis, however. The perme-
ances of H,, N,, and CH, through membrane M2 increase
with feed pressure at constant pressure drop, and viscous flow
through nonzeolite pores must be present according to the
model by Poshusta et al. (1999). An increase in the number
of non-SAPO-34 pores lowers the selectivity, since the
CO,/CH, Knudsen selectivity is 0.6 and viscous flow is not
selective. Indeed, membranes M3 and M1* (before it de-
graded) did not exhibit viscous flow behavior, because the
light gas permeances did not increase with pressure at con-
stant pressure drop, as shown in Figure 9 and the previous
paper (Poshusta et al., 1998), and these membranes have
higher CO,/CH, selectivities than membrane M2.

The increase in non-SAPO-34 pores with membrane
degradation also correlates with changes in the mixture selec-
tivity; the original CO,/CH, selectivity at room temperature
for membrane M1* of 30 was reduced after degradation to
10, and the mixture flux increased by a factor of 10. Although
the SAPO-34 molecular sieve structure and adsorption prop-
erties are stable up to 1273 K (Watanabe et al., 1993), ther-
mal shock after calcination of the membrane is probably re-
sponsible for an increase in non-SAPO-34 pores and the
degradation of the membrane.

Mixture permeation

The ideal selectivity was shown to be a poor indicator of
the selectivity for light gas mixtures through MFI zeolite
membranes, because for some mixtures the faster permeating
component in the mixture was the slower permeating single
gas (Bakker et al., 1996, 1993; Jia et al., 1994; Kapteijn et al.,
1995; Poshusta et al., 1999; Vroon, 1995). The difference be-
tween ideal and mixture selectivities was attributed to sepa-
ration by competitive adsorption, where the interactions of
adsorbed gases cannot be accounted for by single-gas experi-
ments. For SAPO-34 membranes, however, the ideal selectiv-
ity predicted the faster permeating component in the mixture
for CO,/CH,, which lead to the conclusion that differences
in diffusivity were important in the separation (Poshusta, et
al., 1998). As previously seen for a CO,/CH , mixture through
SAPO-34 membranes (Poshusta et al., 1998), the mixture and
ideal selectivities also correlate for the other light gas mix-
tures, but the CO,/N, and CO,/CH, mixture selectivities
deviated the most from their ideal selectivities at low temper-
ature. The differences between the Knudsen and the mea-
sured selectivities for the light gas mixtures shown in Table 3
indicate that separation was not by Knudsen diffusion through
non-SAPO-34 pores.

The light gas separation results of the SAPO-34 mem-
branes agrees with the model proposed by Keizer et al. (1998).
This model, which was used to explain separation phenom-
ena of light gas and hydrocarbon mixtures through MFI zeo-
lite, states that both molecular sizes relative to the zeolite
pore and the relative adsorption strengths determine the
faster permeating species in a binary mixture. This gives rise
to three separation regimes where both components are able
to diffuse through the molecular sieve pores:

1. Differences in diffusivity: Both molecules have similar
adsorption strengths, but one is larger and its diffusion is re-
stricted due to pore walls. The membrane is selective for the
smaller molecule.
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2. Competitive adsorption: Both molecules have similar ki-
netic diameters, but one adsorbs more strongly. The mem-
brane is selective for the strongly adsorbing molecule.

3. Combined differences in diffusivity and competitive ad-
sorption: The molecules have significantly different diame-
ters and adsorption strengths. The effects of each mechanism
may combine to enhance separation or compete to reduce
the selectivity. Regime 1 may be limited by single-file diffu-
sion if molecules cannot pass one another inside the molecu-
lar sieve. This restricts the permeation of the component with
the higher diffusivity, because it is blocked by the slower-
moving component. Zeolites and molecular sieves that have
interconnected pores and large cages may not be limited by
single-file diffusion, because smaller molecules can pass one
another within the cages or by diffusing around the cages
through other pores. The SAPO-34 cage is ~ 1.4 nm in diam-
eter, which is more than the sum of the diameters of N, and
CH,, the largest pair of light gas molecules, and each cage
has six pores. Thus, the light gas mixtures are not limited by
single-file diffusion through SAPO-34 membranes, and light
gases can be separated by differences in diffusivity.

Separation by competitive adsorption, regime 2, relies on
the differences between the adsorption strengths of each
molecule in the mixture. In this regime, the different
molecules are competing for the same adsorption sites within
the molecular sieve. The more strongly adsorbing molecule
will be able to block the adsorption of the more weakly ad-
sorbing one, and thus the membrane will be more selective
for the strongly adsorbing molecule. At higher temperatures,
the amount of adsorption decreases along with a molecule’s
ability to block adsorption sites. Therefore, the selectivity in-
duced by competitive adsorption decreases with temperature.

Adsorption strengths are not available for light gases on
SAPO-34, but we can infer the order of the adsorption
strengths based on comparison with other zeolites. The heats
of adsorption of light gases on NaA, CaA, NaX, NaY, CaY,
H-chabazite, Na-mordenite, and H-mordenite increase in the
order H,, CH,, N,, and CO,, except for a few cases where
CH, has a higher heat of adsorption than N, (Breck 1974).
This order is consistent with the electrostatic properties of
each molecule. Carbon dioxide adsorbs the strongest because
it has the strongest electrostatic quadrupole moment of the
four gases, which contributes significantly to its attraction to
polar surfaces, like those found in zeolites containing cations.

Table 3 shows which mechanism predominantly separates
the light gas mixtures in this study. The H,/CH, mixture is
separated by regime 1, because neither molecule adsorbs
strongly, and the CH,, kinetic diameter (0.38 nm) is similar to
the SAPO-34 pore diameter ( ~ 0.4 nm), but H, (0.29 nm) is
much smaller, so H, diffuses faster. The H,/N, mixture is
also separated primarily by regime 1, but because N, is
smaller than CH,, the H,/N, selectivities are smaller than
the H,/CH, selectivities. Nitrogen is slightly smaller than
CH,, so N, preferentially permeates in the N,/CH, mixture,
but the selectivity is low because of the small difference in
size.

Because CO, adsorbs more strongly than the other gases,
CO, preferentially permeates in CO,/CH,, CO,/N,, and
H,/CO, mixtures at low temperature. For the CO,/CH, and
CO,/N, mixtures, CO, is also the smaller component and
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thus still permeates faster at high temperature. Also, the ideal
and mixture selectivities are almost identical above 380 K for
the CO,/CH, and CO,/N, mixtures (Figures 10 and 11).
Thus, the CO,/CH, mixture is separated by regime 3, where
competitive adsorption (at low temperature) and differences
in diffusivity combine to enhance selectivity. For the H,/CO,
mixture, however, separation is by regime 3, where competi-
tive adsorption and differences in diffusivity compete, be-
cause CO, is the larger and more strongly adsorbing compo-
nent. The H,/CO, selectivity inversion is the transition be-
tween separation governed by competitive adsorption at low
temperature and one governed by differences in diffusivity at
high temperature.

Conclusions

Microporous SAPO-34 membranes were synthesized as
5-10 wm layers on the inside surface of porous a-alumina
tubes. The membranes in this study had permeances 2.5-40
times higher than previous SAPO-34 membranes (Poshusta
et al., 1998), but had similar CO,/CH, selectivities. Freshly
synthesized membranes have a low concentration of non-
SAPO-34 pores, but their numbers increase with thermal
shock, but do not increase with slow temperature cycles be-
tween 300 and 473 K, calcination at 573 K, and exposure to
water vapor. Permeation of light gases through SAPO-34
membranes is a strong function of molecular size, but com-
petitive adsorption is important in mixtures containing CO,.
The separation of CO,/CH,, CO,/N,, N,/CH,, H,/CH,,
H,/CO,, and H,/N, mixtures follow differences in diffusivi-
ties, but H,/CO, separations are governed more by competi-
tive adsorption below about 323 K. Competitive adsorption
and differences in diffusivity combined to yield a CO,/CH,
selectivity of 36, but because competitive adsorption de-
creases with temperature, the CO,/CH, selectivity was de-
creased at high temperature. The mixtures separated by dif-
ferences in diffusivity had high selectivities at high tempera-
ture.
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