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The effect of the mtroductlon of specific adsorbents on the gas separation properties of polymenc
membranes has been studied For this purpose both carbon molecular sieves and zeolites are considered

The results show that zeohtes such as slhcate-1,13X and KY improve to a large extent the separation
properties of poorly selective rubbery polymers towards a mixture of carbon dioxide/methane Some of
the filled rubbery polymers achieve mtrmslc separation properties comparable to cellulose acetate, polysulfone or polyethersulfone However, zeohte 5A leads to a decrease m permeability and an unchanged
selectlvlty. This 18 due to the impermeable character of these particles, 1 e carbon dioxide molecules
cannot d~ffise through the porous structure under the conditions applied Using silicate-1 also resulta m
an improvement of the oxygen/nitrogen separation properties which 1s mainly due to a kinetic effect
Carbon molecular sieves do not nnprove the separation performances or only to a very small extent This
1s caused by a mainly dead-end (not mterconnected) porous structure which 1s inherent to their manufacturmg process
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Introduction
Adsorbents such as zeolites and molecular
sieving carbons are well known for the separation of gaseous mixtures by pressure-swing ad*Paper presented at the Int Conf on ‘Engmeermg of
Membrane Processes’, Garnusch-Partenklrchen, Germany, May 13-15,1992
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sorption. This process involves the use of the
specific microporous adsorbents in a semi-continuous way with sorption-desorption cycles. In
the present study, the adsorbents have been incorporated into a polymeric matrix to form a
heterogeneous membrane. In filled membranes
the selective properties of the specific adsorbents are used in a continuous way.
Such a concept has already been shown to
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improve the separationpropertiesof polymers
for pervaporation [ 1,2] and gas separation [ 31.
In the case of pervaporationof ethanol/water
mixturesusingsiliconerubbermembranes,both
the ethanol selectivity and the permeability
were enhanced by the incorporation of silicalite-1 particlesinto the polymermatrix [ 11. The
same type of membranesshowed improvedgas
separationproperties [ 21. Howeverthese studies were limited to one type of zeolite or one
polymeric phase. The present paper aims at
givinga largeroverviewof the influenceof various zeolitesand molecularsievecarbons on the
gas separationpropertiesof polymer materials.
Therefore four zeolites with different hydrophilic/hydrophobicpropertiesand variouspore
sizes were incorporated into five different
polymers.
Basic properties of zeolites and carbon
molecular sieves
Zeohtes

It is beyond the scope of this paper to givean
extendedand detaileddescriptionof the microporous adsorbents considered (see review articles [P71). However some basic characteristics which are of importance for the present
study will be summarizedbriefly. Zeolites are
crystallinealumino-silicatescomposed of AlO
and SiO, tetrahedra,which build up a network
of channels and cavities. The microcrystalline
voids and channels which are interconnected
are responsiblefor the very specific properties
of these adsorbents. The aperturesize is typically in the rangeof moleculardimensions,i.e.
3 to 10 A. Because the aluminiumatom is trivalent, an excess of negative charge is introduced in the networkwhen Si is replacedby Al
in the tetrahedra.This charge is compensated
by non-framework cations, located near the
negative charges; the most common ones are
Na+, K+, Ca’+. The numberof cations is thus
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determinedby the numberof aluminiumatoms
in the framework.Because of the presence of
cations, these zeolites are polar adsorbents.
This means that molecules such as water, ammonia (strong dipoles), carbon dioxide, nitrogen (quadrupolar ) and aromatichydrocarbons
(I( layer interaction) are adsorbed more
stronglythan non polar species of comparable
molecularweight.Zeoliteswith a highSi/Al ratio are hydrophobic and the adsorption is
mainly governedby Van der Waals forces.
Therefore four main factors influence the
propertiesof a zeolite:
- pore size which acts on the ability of a molecule to enter and diffuse through the zeolite
framework.
- Si/Al ratio wluch determinesthe number of
cations and thus the hydrophilicity of the
zeolite framework.
- type of cation (valence and size)
- direction of the pores (1, 2 or 3D porous
network).
Some applicationsof zeolitesin the separation
of gaseousmixturesare the dehydrationof industrial gases using hydrophilic zeolites, the
separation of air by preferential equilibrium
sorptionof nitrogenor the removalof H&lfrom
sour gas [ 41.
Carbon molecular sieves

Carbonmolecularsievesare characterizedby
a pore size distribution, which is much narrower than in the case of common active carbons [ 7,8]. It means that, contraryto zeolites,
carbon molecularsieves cannot be given a definite pore size but only a mean pore size which
is in the range of molecular dimensions. Furthermore,their internalsurfaceis basicallyhydrophobic,withpossiblevariationsdueto acidic
surfacegroups [91. Carbonmolecularsievesare
industriallyused to separateair by adsorption
of oxygen and also to remove carbon dioxide
from landfill gas [lo].
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Experimental

Adsorbents
The adsorbentsconsideredarethe xeolites5A
(Ceca S.A., France, crystal densitypc= 1.46 g/
cm3), Silicalite-l (Union Carbide, USA,
p,=1.76 g/cm3), KY (Ceca S.A., p,=1.52 g/
cm3), 13X (Ceca S.A., pc= 1.54 g/cm3) and the
carbon molecular sieves Cecalite (Ceca S.A),
Carbosieve (Supelco SeparationTechnologies,
USA) and W20 (Norit N.V., The Netherlands). Furthermore,non poroussilica (Sigma)
was used as inert filler (N, BET surface area:
5.8 m"/g ) . The xeoliteswere activatedin air at
350” C for two hours except for silicalitewhere
an activation temperature of 500°C was applied (calcination of the template used during
synthesis). The crystallinityof the zeoliteswas
examinedby X-ray powderdiffraction.The size
of the xeoliteparticleswastypicallyin the range
l-5 ,um.
The carbonswereactivatedin a vacuumoven
at 150°C for 24 hr. The adsorbents were then
kept in a vacuum oven at room temperature.
Table 1 (and Table A-l in the Appendix) gives
some basic properties of these microporous
adsorbents.
Polymers
Polydimethylsiloxane (PDMS, RTV 615A
and B, General Electric), ethylene-propylene

rubber (EPDM, Keltan 578, DSM), polychloroprene (PCP, Aldrich), and nitrilebutadiene
rubbers (Polysar) with two different amounts
of acrylonitrile segments: 45%, Krynac 45.50
(NBR 45) and 50%, Krynac 50.75 (NBR 50)
were used as polymers.
Membrane

preparation

Membranes were prepared by dispersion of
the adsorbentphase in the polymeric solution,
followed by a casting-evaporation process.
Hexane and chloroform were used as solvents.
The evaporationstep was carriedout first overnight under a nitrogen stream, then in a vacuum oven at 30” C for at least 24 hr. The membranes thus obtained were 50 to 200 pm thick.
The homogenousdispersionof the particleswas
observedby scanningelectronmicroscopy (Fig.
1).
Equipment and methoo?s
The gas separation properties were determined by means of an automised setup with a
mixtureof carbon dioxide and methane (25/75
vol.% ) , pure oxygen and pure nitrogenat room
temperature(24 ’ C ) . The low pressureside was
kept under vacuum ( 10-2-10-1 mbar) while
the feed pressurewas set at 5.3 bars. The permeate flux was determined by measuring a
pressure increase in a calibrated volume, the
permeate pressure remaining negligible com-

TABLE 1
hIam_characten$cs
346A,Np364A

5A
SlllCallte-1
KY
13x

of the zeolitlc adeorbenta Kmetlc dmmeters of the gas molecules used are: CO2 3 3 A, CH,, 3.8 A, OS

Pore Size (A,

Sl/Al

Cation

Directions

Pore vol (ems/g)

45
53-56-z->51-5.5
1.4
1.4

1
to
26
12

Na+/Ca’+

3D
2D
3D
3D

0.28
0 19

K+
Na+

036
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Fig 1 Cross section of a PDMS membrane filled wth 60 wt % of zeobte 5A

pared to the feed pressure.The permeabilities
are expressed in barrer with 1 barrer= 10V1’
cm3 (STP)-cm-cm-2-sec-‘-cmHg-1. The selectivity was calculatedfrom the gas chromatographic analyses of the feed mixture and of
the permeatein the case of C02/CH4, and from
the ratio of the pure gas permeabilitiesin the
case of 02/N2. For more details about the experimental setup, see Ref. [ 111. The permeation experimentswere carried out until steady
statewas reached,whichmeansfrom 1 to 5 days
depending on the zeolite considered. The gas
sorption experiments were carried out with a
pressure-decay setup, as described elsewhere
[ 12,131. The membrane samples were evacuated at 30°C and 10m3mbar for at least 15 hr
before measurement,in addition to the normal
treatment.The experimentswerecarriedout at
30°C.
Results and discussion

The resultsobtained with carbon molecular
sievesare given in the Appendix.

Gaspermeation wing zeolitefilled membranes
Carbon dioxide/methane

The open porous structureof the xeolitesresults in an increase both in selectivity and
permeabilityfor carbon dioxide over methane
in the case of silicalite-1,KY and 13X, as can
be seen from Figs. 2 (a) and (b ). Here EPDM
was used as polymeric phase. The improvement of the separation properties increases
when the volumefraction of zeolitein the polymer matrix increases,until the amount of adsorbent in the membrane surpasses’an optimum. This results in the formation of nonselectivevoids as can be seen from the largeincreasein permeabilityand decreasein selectivity. It occurs when the volume fraction of zeolite is in the rangeof 45 to 55 percent (Fig. 2).
The largest improvement in selectivity and
permeabilityfor carbon dioxide was obtained
using zeolite KY (Fig. 2), for which the pore
size is about twice the kinetic diameterof carbon dioxide and methane (which are 3.3 and
3.8 A respectively).Zeolite 13X, whichhasbasicallythe samepore sizebut a lowerSi/Al ratio,
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Fig 2 Effect of fiimg for the zeohtes sihcalite-1,13X and
KY on the C02/CH, separation properties of EPDM
(a) qermeabihtiee,
(b) aelectlvrty. 1 barrer= lo-” cm3
(STP)-cm-cm-*-set-‘-cmHg_’

gave results comparable to silicalite-1 whose
pore size is 5.5 A.
Contrary to the first three zeolites considered, zeolite 5A does not enhance the membrane performance (Table 2), despite the fact
that the pore size (4.5 A) is largeenoughto fit
the kinetic diametersof the gas molecules.The
properties are similar to those of non-porous
silica with respect to the effect on the gas permeationproperties (Table 2). It meansthat the
porous structureof zeolite 5A is not open for
the permeation of gas molecules in the particular conditions encountered in the polymer
matrix. Possible reasons for this phenomenon
will be given later.

From the results obtained it can be concludedthat molecularsievingby size exclusion
is not the only mechanism involved and that
the affinity of the gas moleculesfor the zeolite
internalsurfaceplays also a major role.
Screeningthe resultsof a series of polymers
shows that the zeolites silica&e-l and KY are
able to increase significantlytheir separation
properties.Especiallyin the case of a polymer
the selectivityof which is about 15 for carbon
dioxide/methane the resultsof the filled membranes are comparable to industrially used
polymer membrane materials (cellulose acetate, polysulfone) as can be seen in Figs. 3 (a)
and (b ) and Fig. 4. In thesefiguresthe diagonal
lines show the resultsif the zeolites had no effect on the separationpropertiesof the different polymers. All polymers showed improved
selectivityand permeabilityfor carbon dioxide
when filled with silicalite-1or KY, despite the
fact that for the polymers studiedthe permeabilities rangedfrom about 3 (NBR 50) to 3000
barrers(PDMS ) and theirselectivitiesfrom 2.7
(PDMS) to 17.5 (NBR 50). For example, the
addition of 50 vol.% of silicalite-1 to NBR 50
gives a materialwith a selectivity of 29 and a
permeabilityof 7 barrers. NBR 45 filled with
46 vol.% of zeoliteKY resultsin a materialwith
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a selectivity of 35 and a permeability of 14 barrers for carbon dioxide.
Figures 3 and 4 also show that filling with
zeolite KY always results in a larger improvement of the CO, selectivity and permeability
compared to silicalite-1 for a given volume
fraction in a given polymer. This is in agreement with the observations for the single polymer EPDM when using different volume fractions. Silicalite-1 and type Y zeolite both show
a sorption selectivity towards CO, [ 7,141, but
the selectivity obtained with Y (Nay in Ref.
[ 141) is much larger, due to its hydrophilic surface. It may be assumed that the same is ob-

served when the sodium cations are exchanged
for potassium, which would explain the beneficial influence of KY on the permeation
properties.
This concept may also be applied to improve
the separation performance of very selective
(glassy) polymers. This was also investigated
but the results obtained were not that positive
due to a very poor adhesion of the polymer matrix to the external surface of the zeolite, resulting in large voids between the polymer and
the zeolite crystals. The incorporation of zeolites in glassy polymers is described elsewhere
[ 151 and will not be considered here.
Oxygen/nitrogen
A very surprising effect was observed in the
oxygen/nitrogen separation. Incorporation of
silicalite-1 resulted in an increase in the ideal
selectivity for oxygen in the case of poorly selective rubbery polymers (Table 3). This was
already observed for PDMS and our results are
similar to those found in literature [ 21. The selectivity values obtained with EPDM as polymeric phase are comparable to the intrinsic
values of polymethylpentene or polydimethylphenylene oxide which are industrially used
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TABLE 3
Effect of sihcalite-1 on 0,/N,

PDMS
PDMS + 28 ~01% slhcallte-1
PDMS + 37 ~01% ahcahte-1
PDMS + 47 ~01% shcallte-1
EPDM
EPDM+32 ~01% slhcallt.e-1
EPDM + 53 ~01% s&zllte-1

separation properties of PDMS and EPDM
PO, (barrer)

hz

606
892
998
1370

289
355
373
521

16
29
40

membranematerialsfor air separation.
Silicaliteshows a sorption selectivityfor carbon dioxide over methane (separation factor:
2.7 at 25°C [8,14] ) but no significantequilibrium sorption selectivityfor oxygen over nitrogen is reported for this xeolite [ 161. The improvementin selectivityobtained for the filled
membranesis mainly determinedby a kinetic
effect, i.e. the oxygen molecules can diffuse
through the porous structure of silicalite-1
faster than the nitrogen molecules. This is
comparable to what is observed with carbon
molecularsieveswhich have almost no equilibriumsorptionselectivityfor oxygenbut areused
in pressure swing adsorption. Here the separation of air is based on a faster sorption rate
of oxygen over nitrogen [ 171. Such a kinetic
selectivitytowardsoxygenis also observedwith
zeolite 4A (pore size: 3.8 A), which is even
sorption selectivetowards nitrogen at equilibrium [ 181. It should be noticed that silicalite-1
also enhances the nitrogen permeabilitywith
the polymersinvestigated,but this was not observed for methane.
Gassorption isotherms
Carbondioxidesorption isothermsshow that
the presence of zeolite particles in the membrane matrix enhances the carbon dioxide
sorptioncapacitydrastically(see Fig. 5). How-
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5 Carbon dioxide sorption laotherms of pure and zeo11t.efilled EPDM, T= 30 ‘C
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ever,when consideringtransportpropertiesthe
sorbent should not only sorb the gas molecules
but also allowthese to diffuseunderthe driving
force applied. This is indeed what is observed
for silicalite-1,KY and 13X. On the other hand
zeolite 5A also enhancesthe sorption capacity
of EPDM, but not the gas permeationproperties (Table 2). This means that the sorbed gas
molecules cannot diffuse through the zeolite
porous structurebut are trapped into the matrix and exhibit a very low mobility.There may
be two reasonsfor this behaviour.The first one
is that under permeation conditions, the gas
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moleculesare very stronglybound to the sorption sites and cannot desorb (the heat of sorption of carbon dioxidein type A zeoliteis greater
than in type Y or in silicalite-1 [ 141); therefore
they block the way for other molecules. The
second reason is that water of hydration remainsin the zeolite structureand cannot be removed by vacuum activation at room temperature (a high temperaturewould degrade the
polymeric phase). The latter explanation is
more likely to be correct because 5A is a very
hydrophilicxeolitewith a highaffinityfor water
resultingin a lower CO, sorption capacitythan
expected from pure xeolite sorption data [ 191.
Moreover, Paul and Kemp [ 191 showed that
activation of a 5A filled silicone rubber membrane at 200’ C prior to use does not make xeolite 5A beneficial for gas permeation, i.e. the
permeability of the membrane is lowered and
the diffusion time-lag drastically enhanced.
Thereforeeven in-situ activationdoes not make
much differencewith respectto the permeation
results.
In addition, it can be seen from the sorption
isothermsthat the xeoliteresultingin the largest improvementof carbon dioxide sorption capacity (KY) also leads to the largestimprovement of the carbon dioxide permeability and
selectivity.Zeolite 13X givesa surprisinglylow
increaseof the sorption capacity when consideringits microporousvolume and low Si/Al ratio. These two factors shouldfavor the sorption
of carbon dioxide to a much largerextent than
in the case of the hydrophobic silica&-l (Si/
Al = co ) . Here again,the presenceof hydration
watermightplay a decisiverole. After the thermal activationand storagein the vacuumoven,
it maybe assumedthat essentiallyall the water
has been removed from the crystal structure.
However,the preparationof the membraneand
the gas separationexperimentsthemselvesinvolve water traces which will adsorb into the
zeolite structuremore preferentiallythan carbon dioxide. This effect can decreasethe sorp-
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tion capacityto a substantialextent (like in the
case of 5A) which then reduces the ability to
improvethe gas permeationproperties.Nevertheless some improvementwas observed with
respect to CO&H4 permeation which can be
attributed to the large pores present in 13X
which are able to accomodate both carbon
dioxide and water traces without blocking the
diffusionpath completely.
Conclusions
The carbon dioxide/methane separation
performancesof rubberypolymers are significantly enhanced when zeolites are incorporated which are carbon dioxide sorption selective,providedthat the gasmoleculescan diffuse
through the particles. This is the case when
zeolites like silica&e-l, KY and 13X are considered, leading to separationproperties comparable to commonly used glassy polymer
membrane materials. The effect is observed
even when non-selective or poorly permeable
polymers are considered. However, zeolite 5A
which seems suitable because of its pore size
and hydrophilic character does not show the
same positive enhancement.
Furthermore, silicalite-1 was found to be
beneficial to the oxygen/nitrogen separation
propertiesof silicone rubber (PDMS) and ethylene-propylene rubber (EPDM ) despite its
non-selectiveequilibriumsorption properties.
Finally, carbon molecularsieves do not lead
to any significantimprovementof the gas separation properties of rubbery polymers (Appendix) due to a dead-endporous structure.
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Appendix

Investgatwn of carbon molecular sieves as
fdling material

As indicated above, carbon molecular sieves
were also investigated with respect to their effect on the gas separation properties of rubbery
polymers. Table A-l gives some properties of
the carbon molecular sieves used. It can be seed
that a significant part of the porous volume
consists of micropores (diameter < 20 A).
Table A-2 gives some gas permeation results
obtained with filled membranes using carbon
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TABLE A- 1

Mam charactenstms of the carbon molecular sieves (data from manufacturers)

Cecahte
w20
Carbosleve

Mean mlcropore size (A)

Micropore vol (cm3/g)

Total pore vol (cm3/g)

6-7

0 18
0 22

052
055

5-7

TABLE A-2
Gas separation properties of membranes filled Hrlthcarbon molecular sieves
PCO?

PDMS
PDMS+40

wt % W20

EPDM
EPDM+30 wt % W20
EPDM + 45 wt % Cecalite
EPDM + 50 wt. % Carbosleve

bum)

2920
3170
81
93
55
120

molecular sieves. It can be seen that in the case
of CO&H, separation no improvement is observed with respect to the properties of PDMS
and EPDM, except for Carbosieve. This lack of
transport improvement is mainly due to a deadend porous structure, i.e. pores going from the
outside to the inside of the particles without
being interconnected. Therefore the gas molecules cannot diffuse through the carbon particles, or to a very small extent. To understand
better the origin of such a porous structure, one
must think of the way carbon molecular sieves
are manufactured [ 7,8]. Though the manufacturing processes are carefully kept secret, it is
conjectured that the preparation is based on
hard-coal gasification in air followed by a treatment to control the pore structure. This is
achieved either by cracking hydrocarbons
within the micropore system, resulting in a
partial blocking of the pore mouths [ 21,221, or

ffcodcti

PO, (barrer)

%2/N2

27
3 35

606

21

43
48
52
8

16

3

13
23

43
43

by mild steam activation which results in an
enlargement of the pores.
Both ways result in a macroporous structure
from which micropores are developed without
interconnection. The selective pores are thus
mostly dead-end pores which are effective for
use in a pressure swing adsorption process, but
not when included into a membrane matrix for
a continuous application. Therefore, the applicability of carbon molecular sieves as filling
material in a polymer matrix for separation
purposes requires an open structure which
seems strongly dependent on the method of
preparation.
It can be concluded that carbon molecular
sieves cannot compete with zeolites as filling
material m polymeric membranes for gas separation. The use of a genumely molecular sieve
carbon membrane seems more promising, as
described in Refs. [ 22,231.

