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Herein, mixed matrix membranes including alumina particles whose surfaces have been differently
modified have been made and characterized. The polymeric matrix is a fluorinated polyimide, 6FDA-
6FpDA, whereas the inorganic constituent parts are neat, silanized or poly-vinyl-pirrolidone-coated
nanometric y-Al,03 particles of 40nm in diameter, which have been added in an approximated
percentage of a 12% w/w.

All the modified or unmodified added particles lead to similar improvements in the permselectivity
of the gas pairs studied. Only in the case of the O,/N; pair the increase in selectivity for the silanized
particles is not as effective as the observed permeability enhancement for the uncoated and PVP-coated
particles. In case of CO,/CH,4, the 1991 Robeson’s upper bond line is overpassed.

The characteristics of the permselectivity improvement for the different inorganic particles have

Permselectivity
Diffusion

been analyzed in terms of the properties of the particle-polymer interfacial properties.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Two of the main contaminants of the natural gas are the CO,
and N, which used to be naturally present in the rocks. In
addition, CO,/CH4 and N,/CH4 separation could be needed as a
consequence of using high pressure gases during extraction
procedures. Thus, pressurized N, is used to increase the recovery
of hydrocarbons in some oilfields. In this way, and according to
the high cost of oil nowadays the commented separations play a
relevant role not only for this secondary oil extraction procedure
but also have a relevant role in tertiary oil extraction when the oil
viscosity is reduced to increase its production by injecting hot
gases into the reservoir or when the carbon dioxide flooding
method is used Chilingar et al., 1989. This method consists of
injecting pressurized CO, when the natural gas reservoir pressure
is depleted through primary and secondary production to take
advantage of their very good solvent properties. CO, flooding is
the second most common tertiary recovery technique and it is
used in facilities around the world. CO,/CH4 gas separation also
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plays a very important role in the transport of natural gas through
pipelines where sour gases could be very problematic.

The conventional gas treatment plants have byproducts
consisting of both liquid and gas fraction. The gas streams contain
high proportions of natural gas with some percentages of other
non-condensable gases as CO,, N, or others depending on the
specific treatment and raw product used. These gases should be
eliminated in order to increase the calorific power of such a gas
stream. Other applications of the CO,/CH; and N,/CH, gas
separations can be found in many processes in refinery,
petrochemical processing, etc...Speight, 1999; Li et al., 2008.

In the scope of global warming, CO, flooding seems an
available method to curb CO, emissions, Chilingar et al., 1989.
An extensive use of such a procedure to eliminate CO, from the
emissions of power plants should need several gas separation
steps including the CO,/N; one.

Membranes can be used to recover methane from biogases
such as landfill, which composition of N, and CO, can be high.
These separations can also play a relevant role to control the
composition of several pyrolytic and cogeneration gaseous
streams, Van Loo and Koppejan, 2008. In direct conversion of
biomass to hydrocarbons, N, and CO, need to be separated from
light hydrocarbons.

On the other hand, there is a big market for the O,/N,
separation to obtain NEA (nitrogen enriched air) and/or (oxygen
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enriched air) OEA, mainly to improve the coal burning in thermal
power plants, Puri, 1996. These applications include the obvious
medical ones but also some applications in the industry where the
oxidizing or inert character of a gaseous stream has to be tuned, Li
et al, 2008; Stookey, 2006. An example of such kind of
applications is the control of the process of pyrolysis of biomass,
Van Loo and Koppejan, 2008.

At present, membranes for gas separations are an interesting
alternative by using polymeric materials. Nevertheless, there are a
number of possible itineraries addressed to improve the perme-
ability and selectivity of gas separation membranes. One of them
tries to optimize the structure of the polymer chains to give high
volume fractions with restrictive or selective channels commu-
nicating the voids in order to increase the diffusivity. Other
possible approach consists of attempting to increase the solubility
introducing a certain chemical affinity for a gas to make it to
adsorb on certain moieties of the polymer. An alternative and
promising line involves the addition of inorganic micro or
nanoparticles in a polymeric matrix whose permselective proper-
ties were already good in order to improve them yet more,
Marchese et al., 2006; Cecopieri-Gomez et al., 2007. These
resulting membranes are called mixed matrix membranes.

Apart from the contribution of both the bulk phases, inorganic
and polymeric materials, the interfaces between such phases play
a relevant role. Herein, we are obtaining mixed matrix mem-
branes that include several inorganic particles differently coated
in order to modify the resulting polymer-particle interfaces. Our
aim has been to compare these systems to separate N,/CHy, CO,/
CH,4, CO,/N, and O,/N, and also to figure out, how they improve
the characteristics of the neat polymeric matrix.

The incorporation of filling materials can increase or decrease
the transport of one or several gases through the mixed matrix
membrane when compared to that of the polymeric matrix alone.
Obviously, the shape, the size and the chemical nature of the
filling particles plays a key role on the transport properties.

The transport, i.e. the permeability and or the selectivity can
get better because:

e The particles inserted within the polymeric matrix present
better permeability or selectivity than the polymeric matrix in
such a way that the addition of their properties lead to better
overall transport properties, Marchese et al., 2006; Anson et al.,
2004; Vu et al., 2003a,b.

e The characteristics of the interface between the filling material
and the polymer could increase or decrease the path to be
traveled by one of the gases over the rest of them. This should
increase the selectivity, or it could decrease the length to be
covered by all the gases, which should increase the perme-
ability, Zimmerman and Koros, 1997.

e The particles could modify the properties of the neighbor
polymer phase, which should favor its permeability or its
selectivity (Tartekin-Ersolmaz et al., 2000; Jia et al., 1991). In
some cases, for particles very well distributed or spread within
the polymeric matrix, the modifications of fractional free
volume could affect the polymeric phase (Merkel et al., 2002,
2003; Chung et al., 2003).

When particles with very good permselective properties, as for
example zeolites, are used as fillers, better selectivities are
obtained while permeability does not necessarily increase Sen
et al., 2007. When there is a better compatibility of the particles
with the polymeric matrix, as for example when active carbon is
used, there exists a simultaneous improvement of selectivity and
permeability Marchese et al., 2006. For non-permeable particles
an increase in permeability leads to a decrease in selectivity,

Fig. 1. Chemical structure of the 6FDA-6FpDA.

especially when there is also a lack of adhesion of filler and matrix
Matteucci et al., 2008a. This effect is more remarkable when a pair
of lowly condensable gases is used. If both the gases are highly
condensable, as for example n-butane/methane both permeability
and selectivity increase by using silica particles in a PMP matrix
He et al., 2002.

Here the 6FDA-6FpDA polymer, Fig. 1, has been modified by the
incorporation of y-alumina particles with a nominal diameter in
the range from 45 to 50 nm. The particles were included without
any modification or with different moieties covalently bonded to
their surfaces. The grafted materials were a silane network and a
poly-vinyl-pyrrolidone attached to the surface through a silane
link, Fernandez et al., 2009. In our case the neat particles are
dense and cannot be penetrated by any of the gases studied. Thus
their effect could consist only in: (a) modification in the
permeability or selectivity of regions of the polymeric matrix
due to a distortion of its structure induced by the particles, (b)
increase or decrease in the path to be followed by the gas through
the membrane due to the specific solubility (the coating could
introduce some chemical affinity) or (c) changes in diffusivity
(modifications in the free volume) at the interface between the
polymer and the particle surface. We will see how, in our case, the
permeability increases without a simultaneous decrease and
sometimes with a moderated increment of selectivity. How
those mechanisms act for the different gases and particles used
will be analyzed below.

2. Experimental
2.1. Polymer matrix

The polymer chosen to constitute the polymeric matrix of our
mixed matrix membranes is the 6FDA-6FpDA, made from
4,4'-(hexafluoroisopropylidene)diphthalic Anhydride (6FDA) and
4,4'-(hexafluoroisopropylidene)dianiline (6FpDA), of which the
chemical structure is shown in Fig. 1. 6FDA-6FpDA is a fluorinated
polyimide presenting by itself good gas separation properties, Van
Krevelen and te Nijenhuis, 2009; Recio et al., 2006; Recio et al.,
2007, good mechanical, thermal and transport properties, Cole-
man and Koros, 1999. It also shows an appreciable resistance to
plasticization, Nagel et al., 2002.

This polyimide was synthesised by us following the classical
in situ silylation two steps method from the 6FpDA diamine and
the 6FDA dianhydride, Khulbe et al., 1997; Wang et al., 2005;
Muioz et al., 2007. The intrinsic viscosity of the so obtained
polymer is 0.62 dL/g.

2.2. Inorganic nanoparticles

The used y-alumina particles were: (a) untreated, (b) silanized
and (c) coated with poly-vinyl-pyrrolidone (PVP) attached
through a silane linker. The particles of y-alumina ((y-Al,03) are
non-porous ones with average diameters from 45 to 50nm
according to the specifications given by the manufacturer (Sigma,
CAS 1344-28-1).
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The particles have been silanized by the method described by
Yoshida et al., 2001. In a 500 mL reactor, a 80 g/L water solution of
the particles was added on a 10% (v/v) solution of vinyl-
trimethoxysilane (VTMS) (Fluka, 95095) in a mixture of isomers
of xylene (Fluka, 9560). The mixture was kept at 130°C and
stirred during 5h. The vapors produced are condensed at 75 °C
and the produced methanol was stripped off. A scheme of the
reaction is shown in Fig. 2A.

Once the nanoparticles were silanized, they were coated with
PVP by two consecutive steps. The process consists in a hydrolysis
of the methoxy groups followed by a polymerization of the vinyl
group. The hydrolysis is achieved by keeping the silanized
v-alumina particles during 3 days in a stirred NaOH aqueous
solution at pH 9.5 and ambient temperature. In Fig. 2B the
so-produced reaction of hydrolysis is shown. Afterwards, 1-vinyl-
2-pyrrolidone (Fluka, 95060) was free-radical-polymerized in an
aqueous medium with the silanized and hydrolyzed particles. The
reaction was started by a 30% water solution of oxygen peroxide
with a water solution of ammonia (24° Be) as a co-catalyst in a
reactor under a nitrogen atmosphere to reduce the latency period
and to increase the rate of polymerization. About 5g of
hydrolyzed particles were poured and dispersed in 200mL of
the co-catalysts solution and kept at 70 °C (due to the exothermic
behavior of the reaction, its refrigeration is required). Finally, the
reaction was stopped by adding Milli-Q treated water. The
reaction is shown in Fig. 2C.

The productivity of the reactions was evaluated by Thermo-
gravimetry (TGA) leading to 0.48 mg/m? for the sylilation and to
2.31mg/m? for the polymerization, Fernandez et al., 2009. The
silanized particles were washed with xylene solvent and then

recovered by rota-evaporation. The PVP covered particles were
separated from the unlinked PVP by centrifugation.

The size of the particles has been determined from the specific
surface area (BET area) and the density of all the materials
constituting the core and the deposited layers by assuming pure
spherical geometry. The BET area was evaluated by using the
Brunauer-Emmett-Teller theory and the nitrogen adsorption
isotherms at 77°C determined in an Omnisorp 100 CX by
Coulter®. The values for the surface area (Ss) and the diameter
of the particle (dp) are shown in Table 1. It is clearly seen that the
surface area decreases when more and more PVP layers are added.
On the other hand, the size of the alumina particles is very similar
to that given by the manufacturer, with a slight increment for the
silanized ones and a more substantial growth in diameter after
the PVP coating, Fernandez et al., 2009. Fig. 3 shows the three
types of particles obtained after the treatment.

2.3. Membrane manufacture

The membranes were manufactured by using tetrahydrofuran
(THF) as solvent, stabilized with 250 ppm of 2,6-Di-tert-butyl-4-
methylphenol (BHT). A 15%w/v solution of the polymer in THF
was mixed with the same volume of a 2% w/v suspension of the
particles in THF. The solution of polymer was prepared by
vigorous stirring and filtered with a 1 um (Titan, PTFE) membrane.
The suspension was made by treating the combined solution and
suspension with ultrasounds by means of a sonic horn.

The films were obtained by the method of casting on a levelled
glass plate kept at 25°C. Afterwards they were kept at 60°C
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Fig. 2. Silylation reaction (A), hydrolysis of metoxy groups (B) and polymerization reaction (C).
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during 12h and later at 80°C for 1h in order to completely
eliminate the solvent. The so-obtained films were separated from
the glass by immersion in distilled water and introduced in a
vacuum oven at 180 °C where they were maintained for 24 h. The
used proportion of particles obtained is shown in Table 2. After
these treatments the membranes were ready to measure their
permeabilities for different gases and to evaluate the
corresponding permselective properties. Images, obtained by
SEM, of cross-sections of the membranes with and without the
filling particles, are shown in Fig. 4. It is easily seen that there is a
worst adherence of the polymer and the particles when they are
uncovered.

2.4. Measurements of permeability

The permeability, P, for the N, CO, and CH,4 gases has been
determined by using a permeator with constant volume and
variable pressure which uses the “time-lag” operation method. The
measurements have been carried out at 3 bar and 30 °C, Marchese
et al.,, 2006. In Fig. 5 a drawing of the used device is shown.

Table 1
Specific surface areas and particle diameters.

JA—o—si—c.

The strategy known as “time-lag” method is attributed to
Daynes, 1920, and it is able to determine permeability, diffusivity
and solubility of a sample by a simple, rapid and smart method
working under transitory regime. The method was successfully
applied to polymer permeation by Paul and DiBenedetto, 1965,
Crank, 1975, and Barrer and Skirrow, 1984. It is nowadays a
classical method to assess the permeability and diffusion
coefficients of a gas through a polymer film for a given set of
operating conditions (temperature and pressure). To sum up, the
classical treatment postulates, among others, Fick’s law to hold
with a constant diffusion coefficient and constant membrane
thickness (i.e. negligible swelling effect exerted by the permeant).
When these conditions are prevailing, the transitory response at
the downstream part of a membrane to a pressure step at the
upstream part enables a characteristic time to be easily computed
from experimental data, the time-lag, ty, (shown in Fig. 6). This
parameter gives access to the permeant diffusion coefficient, D,
through the simple expression, Crank, 1975

Ax?

bo="6p

(1)
Ax being the thickness of the membrane.

The amount of gas transmitted at time t through the
membrane was calculated from the permeate pressure, po,
readings in the low-pressure side. The inherent leak rate in the
downstream side determined after evacuating the system was
measured for each experimental run. The permeability constant
can be obtained directly from the flow rate into the downstream
volume upon reaching the steady state. The theoretical

PVP chains

PVP coated
particles

H

“CH,

Fig. 3. Sketch of the particles used and their coating layer showing the chemical structure on their surfaces.

Treatment Ss (m?/g) dp (nm)
Unmodified particles of alumina 37.75 39.72
Silanized alumina 29.29 51.20
PVP coated particles 25.70 177.4
Silane networks
v-Alumina Silanized
particles particles
H3CO,
HyeG
Table 2

Manufactured membranes with similar w/w percentages of differently treated particles.

Membrane 6F6FpDA weight (g) Weight of particles (g) % (wfw)
Unmodified particles of alumina 0.5998 0.0805 11.83
Silanized alumina 0.6022 0.0800 11.72
PVP coated particles 0.6090 0.0795 11.54
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Fig. 4. SEM images of cross-sections of the membranes studied.
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Fig. 5. Diagram of the permeation device: (1) Gas supply, (2) Pressure regulator,
(3) Quick connection, (4) Gas reservoir, (5) Relief valve, (6) High pressure
transducer, (7) Permeation cell, (8) Expansion cylinder, (9) Relief valve, (10) Low
pressure transducer, (11) Turbo-molecular pump, (12) Rotary pump, (13) Power
source and (14) Data acquisition.
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Fig. 6. An example of the time lag plots obtained.

framework, as well as the practical possibilities and limits of the
time-lag technique have been abundantly documented, Ruther-
ford and Do, 1997; Yeom and Kim, 1999; Favre et al., 2002.

Finally, solubility, S, can be obtained from directly measured
diffusivities and permeabilities as

S== )

3. Results and discussion

In Fig. 7A-D the corresponding Robeson representations of
selectivity versus permeability are shown for the gas pairs studied
here. Note that, for the CO,/CH4 and N,/CHy4, the inclusion of the
silanized particles lead to an increase in selectivity with only a
moderate increase in permeability of the most permeable gas in
the pair while the unmodified y-alumina as well as the PVP
coated particles lead to high increments in permeability but with
a very low effect on selectivity. For the pairs not including
methane, i.e. for O/N; and CO,/N,, the permeability for the most
permeable gas in the pair is also moderated for the mixed matrix
membranes including silanized particles but the selectivity is
almost constant. For these pairs of gases, the other mixed matrix
membranes, including uncoated y-alumina or the PVP coated
particles, give bigger permeabilities for the most permeable
component of the analyzed pair, with the same low effect on
selectivity.

In all these figures, the corresponding Robeson’s bond lines are
shown both as predicted in 1991, Robeson, 1991, and in 2008,
Robeson, 2008. Note that for the pairs N,/CH4 and CO,/N; no
limits were proposed in the original 1991 work of Robeson. In any
case, it is clear that very good results are obtained for the CO5/CH,4
pair. Moreover, it is worth noting that very similar performances
are obtained for all the mixed matrix membranes studied, since
all of them surpass the old Robenson’s bond. For the other pairs of
gases, the results are good enough in all cases but especially for
the membranes including PVP coated or unmodified y-alumina
particles mainly due to the high permeabilities reached in these
cases. In all these cases (naked and PVP coated particles),
increments in permeability around 50% are obtained for CO,, N,
and O, and of a 30% for CH4 with moderate increments in
selectivity. Lower increments in permeability are found in
literature when non-porous fillers are used as for example TiO,,
MgO or ZnO as used by Matteucci et al. with similar percentages
to those used here, Matteucci et al., 2008a; Matteucci et al,
2008b; Matteucci et al., 2008c.

The changes in both the selectivity and the most permeable
gas permeability, when including inorganic porous charges (as
zeolites for example) into a polymeric matrix have been analyzed
by Moore and Koros, 2005. They attribute comparatively large
increases in permeability with no or low changes in selectivity
owing to a poor adhesion of the polymer to the surface of the
particles leaving voids or a high free volume phase forming a halo
around the particles acting as an interface that do not add any
selectivity. When the size of the voids in the halo are of the order
of the mean free paths of the permeant gases, the permeation
across the material of the halo follows a Knudsen regime that
favours the lighter gas and thus should slightly decrease the
selectivity. When the size of the voids is similar to the size of the
gas molecules both the diffusion and solubility across the voids
should be very low and the corresponding solubility should
pass through a minimum. On the other hand, when neither the
pores in the sieve particles nor the free volume of the polymer are
modified, the Maxwell model should predict a simultaneous
increase of selectivity and permeability given that the
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how the use of each particle improves the membrane results.

permeabilities are lower and the selectivity is higher across the
sieve particles. This behavior has been studied and probed by
Chung et al., 2007; Li et al., 2005 for particles of zeolite, which
surface was treated similarly to some of these used here. They
have also studied how the membrane morphology influence in
the mixed matrix membrane performances, Widjojo et al., 2008.

In our case we have the same two kinds of modifications but
our y-alumina particles cannot be considered as sieves but rather
as compact impenetrable phases. Moreover, in some cases we
have coating layers that can modify strongly the properties of
separation. Actually, what we think that is probably happening is

i. When we add uncoated y-alumina particles, the adherence
with the 6FDA-6FpDA is poor (see Fig. 4) and the voids left are
bigger than the sizes of the penetrant gases leading to an
increase in permeability because the path of all the gases
across the polymer is reduced.

ii. When the PVP coated membranes are used, the PVP shell act
as a high free volume interface and possibly disturbs the
6FDA-6FPDA matrix to increase its free volume. In this case
the effect should be also a decrease in the effective length of
selective membrane to be crossed.

iii. Finally when we use silanized y-alumina, the silane groups
interacting with 6FDA-6FpDA should give a selective shell,
according to the experimental results, when CH,4 is one of the
permeant gases. Thus leading, in this case, to a Maxwell type
mixture corresponding to the addition of a more permeable
and selective medium to the polymer matrix, Moore and
Koros, 2005. Here, this highly permeable and selective
material should be the halo formed by the silane and 6FDA-
6FpDA chains. It is worth noting that when methane is not one
of the penetrating gases, properties are totally different for the
silanized particles that behave like those coated with PVP but
corresponding to systems with smaller free volumes and
leading to not so high increases in permeability but without
significant changes in selectivity.

More information on the details of the processes appearing for
different gases can be obtained from their diffusivities
and solubilities through the mixed matrix membranes. These
parameters can be obtained according to Eqs. (1) and (2). It is
known that the diffusivity should decrease with the kinetic
diameter of the gas and the solubility with its critical tempera-
ture, Recio et al., 2008; Sadeghi et al., 2009. The different behavior
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of the gases used can be analyzed in terms of their kinetic
diameter and critical temperature, which are shown in Table 3,
Marchese et al., 2003; Breck, 1974. The so-obtained diffusivities
and solubilities follow these general trends with the exception of
CO, that has a much lower diffusivity should be expected
according to its kinetic diameter as it is widely known, Sadeghi
et al., 2009. These trends are shown in Fig. 8A and B.

In Fig. 9 the solubility selectivity is shown versus the
diffusivity selectivity for all the membranes and gas pairs
studied, defined as
P _DiSi_ o 3
fﬁ [%Si iiD%ijS ( )

It can be seen that, for all the membranes, N,/CH, is the gas
pair with the most diffusive selectivity followed by CO,/CH4 and
0,/N, while CO,/N, has a selectivity mostly determined by
differences in solubility.

In order to study the effect in diffusivity and solubility
selectivities of the different particles used it is better to analyze
the corresponding increments of both these selectivities over
those for the pure polymeric matrix, which are shown in Table 4.
Assuming that, although the absolute errors in these
determinations are high, the relative values of the magnitudes
between the different membranes should be low, since they have
been measured with the same device and under the same
measurement conditions. Taking that into account, these values
allow stating that

Ojj =

i. When unmodified y-alumina particles are added, the diffu-
sivity increases strongly while the changes in solubility are
much smaller.

ii. When PVP coated particles are used, the changes are similar to
those obtained when the neat y-alumina particles are used. In
this case, diffusivities also increase strongly with a slight
increase in solubilities.

Table 3
Kinetic diameters and critical temperature of the used gases.

Gas CO, 0, N> CH4
Kinetic diameter, d. (A) 3.30 3.46 3.64 3.80
Critical temperature, T, (K) 304.4 154.790 126.2 190.6
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iii. Finally in the case of the silanized y-alumina particles, the
changes are much stronger for the solubility that increases for
all the gases except methane. On the contrary, diffusivity
slightly decreases for all the gases except for methane. This
gas shows a relatively strong decrease of both diffusivity and
solubility.

The exceptional behavior of methane can be partly attributed to
its size. In effect, it is the biggest molecule among the studied
gases as seen in Table 3. This could justify the decrease of
diffusivity if the free volume of the silane shell consisted in
smaller voids than those appearing in the polymeric matrix. The
decrease in solubility, in spite of its relatively high critical
temperature, could also be explained in terms of a reduction in
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Fig. 9. Solubility selectivity versus the diffusivity selectivity for all the membranes
and gas pairs studied. Note that over the diagonal the membrane selectivity is
more determined by solubility than by diffusivity and the other way round below
the diagonal.
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Fig. 8. Diffusivity versus the kinetic diameter for the gases and membranes used (A) and Solubility versus the critical temperature for the gases and membranes used (B).
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Table 4
Change in diffusivity and selectivity of all the gases studied referred to that of the
6FDA-6FPDA when the different yy-alumina particles are included in the polymeric
matrix.

v-alumina particles CO, 0, N, CH4

Changes in diffusivity referred to that of the polymeric matrix (%)

Unmodified 48.7 61.3 31.9 29.3
Silanized -2.8 -0.8 -34 -7.0
PVP coated 55.9 30.7 35.2 36.6
Changes in solubility referred to that of the polymeric matrix (%)

Unmodified 2.7 -7.9 134 0.8
Silanized 16.9 12.8 14.9 -8.0
PVP coated -2.2 15.7 10.2 -3.2

the size of the voids in such a way that CH,4 could not enter, and
thus, it is not able to condense in a big proportion the overall free
volume. By the way, this reduction in the size of the voids could
also explain the increase in solubility for the other smaller gases
because they could enter in the voids easily.

On the other hand, a low chemical compatibility with the
silane chains could also explain the decrease of its solubility when
silane shells coat the particles. Nevertheless, as shown in Fig. 3,
the silanized particles, due to the way of their manufacture, have
a lower amount of OH groups than those present in both the
uncoated and the PVP coated particles. Then, these chains must
have more polar character than the silanized ones. Thus, given
that methane has the lower polarity among the studied gases, this
should in fact lead to an increase in solubility for methane in the
mixed matrix containing silanized particles rather than to a
decrease as experimentally observed.

4. Conclusions

The inclusion of nanoparticles of 7y-alumina (uncoated,
silanized- or PVP-coated) in the 6FDA-6FpDA polymeric matrix
allows an improvement of the permeability versus selectivity
trade-off, for all the coatings and pairs of gases used because the
resulting mixed-matrix membranes approach the upper bond in
the Robeson’s plot. Nevertheless, the extension and character of
such improvement is different both qualitative and quantitatively
for each kind of treatment of the particles and each pair of gases
studied.

For all the pairs of gases there are quite similar improvements
on gas separation properties but in different directions. In effect
increases in permeability are observed when unmodified particles
or PVP coated particles are used. While, in the case of mixed
matrix membranes incorporating silanized particles is the
selectivity which increases. Only for the O,/N, pair, the increase
in selectivity appearing for the silanized particles is not so
effective in advancing towards the Robeson’s upper bond when
compared with the permeability enhancement registered for the
unmodified and PVP coated particles.

It is worth noting that in the case of CO,/CH,4 the old Robeson’s
line is crossed because the 6FDA-6FpDA polymeric matrix gas
separation properties were good enough for this pair of gases.
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