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Abstract

Water was selectively separated from water/He, water/HC and water/HC/He mixtures (HC being methane, propane
or n-butane) using mordenite/ZSM-5/chabazite and ZSM-5 membranes. The membranes were prepared on both alumina
and stainless steel tubular porous supports by in situ liquid phase hydrothermal synthesis. Water permeated faster
because its preferential adsorption on the pores of the hydrophilic zeolite membranes; furthermore, capillary conden-
sation in microporous defects between zeolite crystals is also possible under the experimental conditions used. The
influence of the nature of the hydrocarbon in the mixtures and of the operating conditions (temperature and feed com-
position) on the separation performance of the zeolite membranes was analyzed. ©2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction lary condensation and shape selectivity—molecular
sieving), the majority of the separations reported
The separation stages downstream from a chemicalusing zeolite membranes can be explained in terms
reactor often determine the commercial viability of of surface diffusion and sometimes capillary con-
new processes. A renewed interest is being focuseddensation. Shape selectivity and molecular sieving
onto the use of microporous membranes, and amongare mainly invoked to justify the separation of per-
these, of zeolitic membranes for selective separation manent gas mixtures with significant differences in
of specific components from the product stream in in- their molecular size, or of mixtures at moderate-high
dustrial reactors. In general, zeolite membranes havetemperatures where the extent of adsorption is
been used for gas phase separations or for perva-reduced.
poration applications. Examples include separations In this work, mordenite/ZSM-5/chabazite and pure
of non-adsorbing compounds (e.g., [1,2]), organic/ ZSM-5 membranes were prepared by liquid phase hy-
organic (e.g., [3,4]), permanent gas/vapor (e.g., [5,6]) drothermal synthesis onto alumina and stainless steel
and water or polar molecules/organic (e.g., [7,8]) tubular supports, and separation experiments in the
mixtures. Although several mechanisms can operate gas phase were carried out using binary water/He and
in the separation of mixtures using porous mem- water/HC and ternary water/HC/He mixtures, HC
branes (Knudsen diffusion, surface diffusion, capil- being methane, propane oibutane. For comparison
purposes, the single gas permeance of He and the
* Corresponding author. Fax:34-976-762142. different hydrocarbons as a function of temperature
E-mail addressqtmiguel@posta.unizar.es (M. Mendez). was also measured.
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2. Experimental system A temperature programmed permeation (TPP) de-
vice using a TCD cell was employed to obtain single
Pure ZSM-5 and composite mordenite/ZSM-5/ gas permeances of He and hydrocarbons as a func-
chabazite (termed MOR in the remainder of this work) tion of temperature. Basically, the TPP unit (which is
membranes were prepared by in situ hydrothermal described with more detail elsewhere [10]) consists
synthesis onte-alumina (Inocermit™) and stainless  of a membrane module, similar to that just described,
steel (Motf™) supports, with 60 and 500nm pore inside an electrical furnace. A mass-flow controlled
diameters, respectively. In order to confine the perme- stream of the testing compound was fed at a pres-
ation zone, the tubular alumina supports (7 mm i.d. sure of 50 kPa g accurately maintained by means of a
and 10mm o.d.) were subject to enameling at both back pressure regulator at the exit of the retentate side,
ends, while non-porous stainless steel tubular sectionswhile the permeate pressure was close to atmospheric
were soldered at the end of the stainless steel porouspressure. The data generated by the TCD cell were
supports (6.4mm i.d. and 9.5mm o0.d.); in both cases acquired by a personal computer (also used to control
the permeation zone was approximately 5cm-long.  the temperature ramp), and the appropriate calibration
The ZSM-5 and MOR membranes were prepared as were used to calculate continuously the permeation
described in [3] and [9], respectively. Between 4 and flux as a function of temperature.
5 synthesis were needed in order to obtain an imper- In order to remove any adsorbed species, before
meable membrane. Then, the template was removedrunning temperature programmed permeation or sep-
by calcination at 753K for 8 h, with a heating rate of aration experiments, the membrane was heated up to
1 K/min. 753K at a rate of 1 K/min, and then calcined at this
To carry out the separation measurements, the temperature for at least 4 h. The separation selectivi-
membrane was placed in a stainless steel separatiorties given below were calculated as the ratios of per-
module, where it was sealed with silicone o-rings. meances, using the log-mean partial pressure differ-
The gaseous feed stream was obtained by bubbling aence in the calculations. The concentration of the feed
mass-flow controlled (Brooks 5850) gas stream with was accurately measured by sending a bypass stream
the desired gas phase components through a waterdirectly to the GC. Mass balance closures for each of
saturator. The partial pressure of water was around the species in the feed were in the 106% interval
4.0kPa, and in the case of the ternary mixture the hy- for the experiments reported in this work.
drocarbon/He molar ratio was 2. The gas mixture was
fed into the tube (retentate) side of the membrane,
and allowed to permeate through the membrane wall. 3. Results and discussion
The other side (permeate) was swept with an inert
carrier gas (N). Retentate and permeate sides were Table 1 lists some important characteristics of the
usually at atmospheric pressure (101kPa). When membranes used in this work. In general, the ideal se-
steady state was reached, which often meant keepinglectivity values reported for MFI tubular membranes
the membrane under continuous flow for around 2 prepared on stainless steel supports tend to be lower
or 3h, samples at the exit of both the tube and shell than those of membranes prepared on alumina sup-
(i.e., permeate and retentate) sides were analyzed byports [11,12], which agrees with the data in Table 1.

on-line gas chromatography (Shimadzu, GC-8A). In the case of membrane MOR, the/N-butane ideal

Table 1

Properties of MOR and ZSM5 membranes

Membrane Support Permeansd 07 [mol/(m? s Pa)] N/n-butane (Ideal selectivity)
He (304K) N (298K)

ZSM5 Stainless steel 2.0 2.0 3.7

MOR y-Alumina 1.8 1.8 ~1
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Fig. 1. He single gas permeances and He permeances in the wa-

ter/He binary mixture as a function of temperature for membranes Fig. 2. Water/He and water/propane selectitivies in the water/He
ZSMS5 and MOR; the water and He partial pressures in the feed and water/propane binary mixtures as a function of temperature
for membranes ZSM5 and MOR; the partial pressures of water

and the other component (propane or He) in the feed were 4 and
101 kPa, respectively.

were 4 and 101 kPa, respectively.

selectivity close to 1 does not give any indication of
its possible performance in the separation of mixtures.
However, because of its hydrophilic character a water/
propanol separation selectivity as high as 149 has been
reported for this membrane [8]. As will be shown
below, bOt/h ZSM(‘;’ and I\//IhO(I;Z ment;brane§ can sepa- - the experiments carried out with water/He mix-
rate V\//ater He Sn w;xlter )(; rolcar/ ons mllxtur(_as, €. tures the water and He partial pressures in the feed
vapor/non-condensable and polar/non-polar mixtures. were 4 and 101 kPa, respectively. Since membranes
ZSM5 and MOR are hydrophilic, water adsorbs pref-
erentially on the zeolite pores blocking the pass of He
through the membranes. This leads to a lower perme-
Fig. 1 shows the He permeance for membranes ance of He in the mixture, compared to the single gas
ZSM5 and MOR as single gas and in mixtures. It can permeance. On the other hand, as discussed elsewhere
be seen that there is little change in the single gas per-[8], the MOR membrane has a lower Si/Al ratio, and
meance of He up to 380 and 350K for membranes thus is more hydrophilic than the ZSM-5 membrane.
ZSM5 and MOR, respectively. Testing at lower tem- Fig. 2 shows that the water/He separation selectivi-
peratures would have probably increased the perme-ties are very close for both membranes ZSM5 and
ation, thereby producing a minimum in the permeation MOR; since the absolute value of He permeance was
curves, as reported by Bakker et al. [1] for He through higher in the MOR membrane during the separation
a flat silicalite membrane supported on stainless steel. of binary mixtures, this indicates that water permeated
The minimum stems from the fact that with increasing faster in the more hydrophilic membrane MOR. Actu-
temperature the amount adsorbed in the zeolite poresally, water permeances at 303K in the water/He mix-
decreases. After the low-temperature plateau, for both ture are 3.9 10~/ and 6.4x 10~/ mol/(m? s Pa) for
membranes, an activated diffusion mechanism gov- ZSM5 and MOR, respectively. Figs. 1 and 2 also in-
erne the permeation, and the permeance increases. Théicate that at the highest temperature tested, when the
existence of activated diffusion suggests that most of water adsorption in the zeolite pores becomes negligi-
the transport takes place through zeolitic pores. This ble, water permeated at almost the same rate through
is also in good agreement with previous reports on He both membranes.
permeation through silicalite [13] and mordenite [14] Fig. 3 shows the permeance of propane as a single
flat membranes. Note that for both membranes in the gas and in binary mixtures for both membranes. The
temperature range tested, the permeance values of Heshape of the curve for the permeance of propane as

(a non-adsorbable gas under these experimental con-
ditions) are very similar, i.e., a similar resistance to
permeation is obtained in spite of the evident differ-
ences between the MOR and ZSM5 membranes.

3.1. Comparison of membranes ZSM5 and MOR
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Z2.5x107 zeolite crystallites. Propane permeates largely through
}' ZSMs (CH,) ‘ zeolite pores, where it is blocked by adsorbed water
E2.0x1074 even at high temperatures; on the other hand, He
'g permeates significantly via microdefects, and a sub-
= 15x1071 ZSMS (Water/C,H,) stantial reduction of its permeance can only be
b2 T obtained at low temperature by the capillary conden-
g 1.0x10”"1 MOR (C,H,) — sation of water. Because adsorption decreases with
[~ o temperature, the water/propane selectivity for mem-
Ezs,oxw"‘— . MOR (Water/C/H,) - _brgne MOR shqws a steep decrease as tempergture
gm .- . ! ‘ ‘ is increased, while the value stays around 1.5-2 (i.e.,
300 350 400 450 500 close to the Knudsen value) for ZSM5.

TEMPERATURE [K] The comparison between the results obtained with
Fi ) ternary water/propane/He mixtures with those of bi-
ig. 3. Propane single gas permeances and propane permeances . .
in the water/propane binary mixture as a function of temperature Nary water/He and water/propane mixtures are given
for membranes ZSM5 and MOR; the water and propane partial in Table 2. For both membranes it seems clear that
pressures in the feed were 4 and 101kPa, respectively. propane competes with water for the same pores: the
_ _ water permeance through membrane ZSM5 was re-
a single gas is exactly what could be _expected fqr a quced by two thirds when He was replaced by propane
ZSM-5 membrane, and can be explained by taking j, the binary mixture; this reduction was of 50% for
into account equilibrium adsorption and activated the more hydrophilic MOR. Also, the water/He selec-
surface diffusion [1,13]. With increasing temperature, tivity was reduced from 4.3-4.5 in the binary mixture
the propane diffusivity through the micropores of the to 2.9-3.0 in the ternary, i.e., water permeance was
zeolite increases but the amount adsorbed decreasesolecreaseol by the presence of propane in the ternary
For membrane MOR, a less organophilic material, iy re while He transport was less affected. In con-
propane was only weakly adsorbed, and a minimum o “the addition of He to the binary water/propane
is observed. Again, a significant reduction of the iy e did not change significantly the water perme-
propane permeance can pe observed in mixiures with ance or the water/propane selectivity. All of these re-
water, and this reduction is greater for the more hy- sults are consistent with the assumption that water and

drophilic MOR membrane. It is interesting to note propane permeate mainly through zeolite pores, while
that even at the highest temperature tested (498 K), theHe does so through inter-crystalline defects

propane permeance did not reach its single gas value.

This is in contrast with the behavior for the water/He . )

mixture, i.e., at 498 K water was able to significantly 3-2. Permeation of water/light hydrocarbons

block the passage of propane but it was less efficient Mixtures through membrane ZSM5

at blocking He (see Fig. 1). This could be explained

as the interaction between two type of channels: Itis interesting to compare the behavior of the less
hydrophilic zeolitic pores, and microdefects between hydrophilic membrane tested (ZSM5) when water

Table 2
Separation of mixtures using ZSM5 and MOR membranes at temperature 304 K
Feed [kPa] Membrane
ZSM5 MOR
Water GHg He Water permeance 1077 Sw/He Sw/c3 Water permeance 1077 Sw/He Sw/c3
[mol/(m? s Pa)] [mol/(n? s Pa)]
4.0 - 101 3.9 4.5 4.5 6.4 4.3 -
4.0 101 - 1.3 - 1.7 2.7 - 6.6
2.7 67 36 12 2.9 11 - - -

4.0 65 36 - - - 3.5 3.0 6.9
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was observed. As temperature increased from 304 to

E 5.0x107
& . Water/He 498K, the hydrocarbon adsorption decreases faster
g ] / o than that of water, and, since water competes for the
240x1071 gL — ;
£ Water/CH, . same pores with propane anéutane, the water per-
= . meance increased. At an even higher temperature, the
$ 3.0x1071 \<: different water y d ; [
Z permeances converged to an unique
= A . . . .
= Water/C.H & value for all the mixtures studied in this work.

2.0x1071 T - .
& / / In Fig. 5, the permeances of methane, propane and
; ‘J‘ﬁ:ﬁ-/r " n-butane as single gases and in binary mixtures with
= 1.0x107] #T——n o water are plotted as a function of temperature for mem-
< . : : . . iti i
= 00 3% 200 250 00 brane ZSM5. Note that the conditions for the mixtures

TEMPERATURE [K] are the same as in Fig. 4, and that the single gas per-
meance of methane has been multiplied by a factor of
Fig. 4. Water permeances in binary mixtures of water with He, 0.5. The behavior observed for the Sing|e gas perme-
methane, propane amibuta_ne as a function of temperature for ances of methane, propane anbutane as a function
membrane ZSM5; the partial pressures for water and the other .
component (He or hydrocarbon) in the feed were 4 and 101 kPa, of temperature is the same found by Bakker et al. for
respectively. silicalite [1,13]: initially, the permeance goes through a
maximum with increasing temperature (which Bakker
et al. [1,13] found at 243, 358 and 418 K for methane,
and different hydrocarbons compete for the same zeo- propane andh-butane, respectively), and, if the tem-
lite pores. Fig. 4 shows the water permeance through perature is further increased, a minimum is observed
membrane ZSM5 as a function of temperature for dif- in the permeance. As said above, the combination
ferent binary mixtures. Since the adsorption of He on of activated diffusion and adsorption explains these
the ZSM-5 zeolite can be neglected under the condi- maxima and minima. The sequence in the maxima
tions employed, the water permeance in the water/He found in this work is methane (the lowest tempera-
mixture can be taken as a measurement of the singleture used was already above the maximsnpropane
component permeance for water. When methane is (418 K) < n-butane (454 K). For all the hydrocarbons
used, instead of He in the binary mixture, the water tested, the single gas permeance was higher than that
permeance is somewhat reduced. However, methanein binary mixtures with water, due to the preferential
is a small hydrocarbon that adsorbs weakly on the water adsorption in the zeolite pores.
ZSM-5 pores, which explains the small magnitude
of the water permeance reduction. As the length of

s-Pa)]

the hydrocarbon increases, its adsorption becomes #; gyo4
stronger, and the competition causes a stronger reduc- £ 1 %
tion in water permeance. £ 2:4x107 S
The water permeance in mixtures with He and gzoxm’-' Water/CH, y
methane decreased for increasing temperatures (Fig. < | /
4), which agrees well with a transport mechanism = 16x109 ° Water/n-CH,,
based on surface diffusion and capillary conden- 2 ] —
sation. On the other hand, the adsorption enthalpy ~ §'*'%] #_
(—AH) measured for silicalite (with the same MFI Z ¢ 0x100 #57” Water/CH,
structure that ZSM-5 but without aluminum) is S
considerably higher for propane (38.2kJ/mol) and & 300 350 400 450 500
o TEMPERATURE [K]

n-butane (45.9 kd/mol) that for methane (22.6 kJ/mol)
[13]' \N_hen propane and-butane were used IU bl_' Fig. 5. Hydrocarbon (methane, propane ardutane) permeances
nary mixtures with water, nqt only the reducnon N as single gases and in their binary mixtures with water as a function
the water permeance was higher than in the case ofof temperature for membrane ZSM5; the water and hydrocarbon
methane, but also the opposite trend with temperature partial pressures in the feed were 4 and 101 kPa, respectively.
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Fig. 6. Water, propane and He permeances through membraneFig. 7. He single gas permeance through the fresh and aged
MOR in a ternary mixture, as a function of the water partial membrane ZSM5 as a function of temperature.
pressure in the feed at temperature 304 K.

3.3. Influence of the water partial pressure 4. Conclusions

The data plotted in Fig. 6 were obtained at 304K ~ Water can be separated with some selectiv-
using membrane MOR and increasing the partial pres- ity from water/He, water/methane, water/propane
sure of water in the feed from 1.1 to 4.2kPa, with and watem-butane and water/propane/He mixtures
propane and He partial pressures in the feed werethrough ZSM-5 and mordenite/ZSM-5/chabazite
in the 60—66 and 33-36 kPa ranges, respectively. As membranes. This is due to preferential adsorption
shown in Fig. 6, as the partial pressure of water in the and capillary condensation of water both in the mem-
feed increased, so did the water flux, as a consequencedrane pores and in inter-crystalline voids. Water and
of the higher water concentration in the membrane the hydrocarbons compete for the same zeolite pores.
pores; at the same time, the He and propane mo|arThe fastest permeating Compound (and therefore the
fluxes decreased. The water/He or water/hydrocarbon Separation selectivity) is determined by the nature of
selectivities reported above have modest values, un-the membrane (hydrophilicity) and of the hydrocar-
der 10: the maximum water partial pressure used in bon (adsorption strength), as well as by the operating
this work is rather small (4.0 kPa), sufficient to obtain conditions (temperature and concentration of adsorb-
water/hydrocarbon selectivity, but not high enough to ing species). In general, with increasing temperature,
produce a total blockage, (of zeolite pores and of the preferential adsorption and capillary condensation

inter-crystalline microdefects) which requires the use Of water vanishes, and the selectivity decreases. The
of higher partial pressures of water [15]. maximum water/He and water/propane selectivities

reported in this work are 4.5 and 11 for ZSM-5 and

- mordenite/ZSM-5/chabazite membranes, respectively.
3.4. Stability of membrane ZSM5

Finally, Fig. 7 compares the He permeance (single Acknowledgements
gas) as a function of temperature for fresh and aged
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membrane, before running any experiments, while the

aged membrane was calcined four times at 753K for
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