ELSEVIER

Available onlline at www.sciencedirect.com
“.” ScienceDirect

Polymer 47 (2006) 7519—7534

polymer

www.elsevier.com/locate/polymer

Gas permeation in poly(ether imide) nanocomposite membranes based on
surface-treated silica. Part 1: Without chemical coupling to matrix

S. Takahashi *°, D.R. Paul *"*

& Department of Chemical Engineering, The University of Texas at Austin, Austin, TX 78712-1062, USA
® Texas Materials Institute, The University of Texas at Austin, Austin, TX 78712-1062, USA

Received 14 July 2006; received in revised form 15 August 2006; accepted 15 August 2006
Available online 11 September 2006

Abstract

The long range objective of this research is to understand to what extent the presence of nanosized particles may change the local properties,
and specifically permselectivity characteristics, of a glassy polymer matrix or whether conventional composite theory can be applied to such
composites, i.e., the matrix properties are not changed by the filler. In this work, nanocomposite membranes based on an amorphous, glassy
poly(ether imide) were formed by incorporating three kinds of hydrophobically treated fumed silica by solution casting and melt processing
techniques. However, there is considerable evidence that these nanocomposites contain voids or defects, probably at the polymer—particle in-
terface or within aggregates, that increase gas permeability and decrease selectivity. Thus, the primary focus of this paper is the relation between
the extent of voids formed in the nanocomposite and the permeation properties. In addition, this paper deals with techniques for dispersing nano-
sized particles, fumed silica, in the polymer matrix, characterization of morphology of this mixture using TEM and SEM, and evaluation of local

properties based on gas permeation.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer composite membranes and barrier films have at-
tracted much interest in recent years; some of the reasons can
be easily understood in terms of composite theory particularly
for cases where the filler has a high aspect ratio. Composite the-
ories assume that the properties of each phase are the same as if
the other phase were not there; however, very near the surface
of filler particles, the polymer chain packing and dynamics may
be altered. This makes very little impact on overall perfor-
mance when the particles are large. As the particles become
much smaller, on the other hand, the amount of surface area in-
creases and the distance between particles decreases. In this
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case, effects of the interface may become very important and
the matrix phase effectively may not behave as it does in the
bulk. The particles of interest may be in the form of spheres,
rods and platelets of which fumed silica, carbon nanotubes,
and clays are examples. Another interesting case is where the
particles are permeable but highly selective, like zeolites, and
may improve the selectivity of the composite, i.e., so-called
“mixed matrix membranes’’ [1—8]; however, performance of
such composite membranes often seems to be compromised
by the formation of voids or defects caused by dewetting of
the polymer at the surface of the zeolite particles [1—8]. These
problems have hindered the development of such membrane
materials. Polymers filled with nanosized particles often show
filler agglomeration and network formation in the polymer ma-
trix. Agglomeration may make performance worse than that of
the matrix polymer. To resolve nanoparticle agglomeration or
defects and improve the filler particle dispersion in the matrix,
a great deal of attention has been devoted to modify the inter-
face between the filler and the matrix polymer [1—13].
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Recently, Freeman, Merkel et al. have shown marked devi-
ation from expected permeation behavior for high free volume
polymers, e.g., poly(4-methyl-2-pentyne) (PMP) or poly
(2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole-co-tetrafluo-
roethylene), containing silica particles [14—19]. Pinnau et al.
have investigated organic-vapor—gas separation properties of
PMP membranes containing silica particles [20,21]. They
have shown that addition of fumed silica particles to a high
free volume polymer, i.e., rigid chain polyacetylene, increases
the absolute permeability to penetrant molecules and increases
the selectivity of n-butane relative to methane. Their work was
motivated by an interest in developing better membranes for
separation processes. These are very provocative results that
clearly indicate permeation in nanocomposites is a fertile
area for both fundamental research and possibly for useful
applications. Their work suggests that chain rigidity of the
matrix polymer may be a key parameter to explore. Thus,
the purpose here is to explore whether these effects exist in
more conventional polymers. In the present work, we report
on the properties and structure of composite membranes
formed from impermeable silica particles and an amorphous
engineering plastic, ULTEM®; see structure in Fig. 1. This
amorphous polymer has high heat resistance, strength, modu-
lus, inherent flame resistance with low smoke evolution plus
other attributes; in addition, it is amenable to conventional
melt processing [22]. This material and its nanocomposites
may have a variety of structural applications [22] in addition
to possible uses as a membrane [23]. Moreover, the imide
rings of ULTEM® are capable of linking nanosized filler par-
ticles via appropriate coupling agents. Thus, this material has
many advantages for the current investigation. The objective
of this research is to determine whether the presence of nano-
sized particles changes the permeability and selectivity char-
acteristics of a glassy polymer matrix or if conventional
composite theory can be applied to composites containing
nano-scale particles. This paper deals with techniques for dis-
persing fumed silica in the polymer matrix, characterization of
morphology of this mixture, and evaluation of local properties
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Fig. 1. Chemical structures of the materials used in this study. (a) Poly(ether
imide) (ULTEM®), (b) fumed silica with methyl group treatment (TS610),
(c) fumed silica with trimethylsilyl group treatment (TS530), and fumed silica
with PDMS treatment (TS720) (d).

based on gas permeation. However, a key issue in the current
work is that voids or defects at the polymer—particle interface
or within agglomerates became an overriding issue that must
be addressed. The bulk of this paper deals with approaches
to this issue. A subsequent paper will address the use of chem-
ical reactions at the interface as an approach for minimizing
interfacial voids or defects.

2. Background

The permeation process of interest here occurs by a solu-
tion-diffusion mechanism [24]; i.e., the penetrant sorbs into
the polymer at one surface, diffuses through the film, and
desorbs from the opposite surface. However, the presence of
voids and defects can lead to other mechanisms of transport.
The simple solution-diffusion description of the steady-state
transport of a penetrant in a homogeneous polymer matrix
without voids or defects indicates that the permeability
coefficient, P, is the product of the Henry’s law solubility
coefficient, S, and the diffusion coefficient, D, i.e.,

P=DS (1)

A similar form has been assumed to apply for composites
comprising particles, which do not sorb or conduct the pene-
trant, dispersed in a matrix whose local characteristics are as-
sumed to be unaffected by the presence of the particles. The
latter assertion is an assumption of ‘“‘composite theory” and
its validity should be tested when the particles are very small
or have a high surface to volume ratio as is the case for
so-called ‘“‘“nanocomposites’.

A simple composite theory for the type of systems
mentioned above, in the absence of any solubility in the filler,
adsorption on its surface or effects of the filler on the
surrounding polymer matrix, would predict the penetrant
solubility coefficient for the composite to be [25]

S=5S0(1—¢) (2)

where Sy is the penetrant solubility coefficient in the pure
polymer matrix and ¢ is the volume fraction of the particles
dispersed in the matrix. In this approximation, the solubility
does not depend on the morphological features of the phases.
However, the diffusion process is more complex. The particles
are assumed to act as impenetrable barriers so that the pene-
trant must follow an elongated, or tortuous, path in order to
diffuse through the composite [25]. This can be accounted
for by a tortuosity factor, f

D =D,f 3)

According to simple composite theory, this tortuosity factor
depends on the content of particles, ¢; the particle shape, e.g.,
an aspect ratio, «; and the location and orientation of the
particles in space; however, it should not depend on absolute
particle size or what the penetrant is. Combining the above
equations gives

P=DS=(1—-¢)SoDof = (1 — $)Pof (4)
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where P is the penetrant permeability coefficient in the pure
polymer matrix. In principle, this impedance or tortuosity
factor, f, can be calculated by an appropriate solution to Fick’s
law if a complete description of the two-phase morphology is
known. There is an extensive literature devoted to this problem
using varying approaches and levels of sophistication or
approximation [26—36]. One of the first examples was Max-
well’s theory which predicts f for spherical particles [26]

f= (1 +‘§) (5)

The predicted f for a composite containing periodically
arrayed infinite cylinders is [27]

f=(+e)" (6)

Nielsen assumed a specific regular array of platelets or
ribbons of aspect ratio o =//w (I =length and w = width of
platelets) [28] and obtained

f= <1+%a¢)1 @)

Other theories for arrayed platelets or ribbons have been
proposed based on various types of analysis [29—36].

It is useful to examine the literature on permeation in com-
posites and nanocomposites to see if there is evidence for or
against the validity of the local property assumption inherent
in composite theory. Some of the pioneering research by Bar-
rer et al. on permeation in polymers included measurements on
rubbery polymers containing inorganic fillers like zinc oxide
and silica [37,38]. These papers don’t give a complete charac-
terization of the filler particles used, but the information avail-
able indicates they are a few microns in dimension and are
much larger than the nano-scale particles of interest here. A
careful analysis of the available data suggests that the results
are in reasonable accord with the predictions of composite the-
ory [38] as might be expected for such large particles and the
corresponding low surface to volume ratio. However, the data
do show some evidence for voids at the particle interface be-
cause of either poor wetting by the polymer or processing
issues.

3. Experimental
3.1. Materials and film preparation

Three fumed silica materials commercially available from
Cabot Corp. were used as fillers in this study; they are de-
scribed in Fig. 1. Each of these products was chemically
treated by reacting surface hydroxyl groups on the hydrophili-
cally fumed silica to give the type of surface chemistries sug-
gested in Fig. 1 [39]. Such treatments make fumed silica
hydrophobic; these fillers have different surface area and par-
ticle diameters as shown in Table 1 [39]. The polymer used in
this study is poly(ether imide) resin ULTEM® 1000 from GE

Table 1
Typical properties of hydrophobically treated fumed silica used in this study

Fumed silica Treatment Density (g/cm®) B.E.T. surface Particle

area (mzlg) size (nm)
TS610 Methyl 2.2 105—145 18.8—26.0
TS530 Trimethylsilyl 2.2 205—245 11.1-13.3
TS720 PDMS? 1.8 105—130 25.6—31.7

 The molecular weight of PDMS is about 10°.

Plastics. Nanocomposite membranes with thicknesses in the
range of 50—70 um were obtained by solution casting tech-
niques. The ULTEM® was dissolved in dichloromethane,
MeCl,, with small amounts of chloroform added in some cases.
The polymer, solvent, and fumed silica were sheared for
10 min in a laboratory two-speed blender. The blended mix-
ture was poured into flat Petri-dishes and covered to allow
slow solvent evaporation. Thickness of the films was deter-
mined by a micrometer. Melt-processed nanocomposite mem-
branes were also made by mixing in a DSM micro-extruder
followed by compression molding. The polymer and fumed
silica were mixed at 100 rpm for 3 min in the micro-extruder.
The screw and barrel temperatures were set at 320 °C. The
melt strand was transferred to a compression molder preheated
to 320 °C to press the melt into films of about 200—300 um
thick. All samples were aged in a vacuum oven just below
the glass transition temperature over night. The actual amount
of fumed silica in each nanocomposite membrane was deter-
mined by burning the prepared membrane in a furnace at
900 °C for 45 min and measuring the residual fumed silica.
All the samples used in this study are described in Table 2.

3.2. Measurements

The density of composite films was measured using a gradi-
ent column based on aqueous mixtures of calcium nitrate.
Assuming volume additivity, the bulk density of the nanocom-
posite can be theoretically estimated from the composition and
the known density of the components, i.e.,

1
Paaa = w, N W (8)

pp Pt

Deviation from volume additivity can be expressed as an
excess specific volume, AV, as follows

1 1
AV=— 9)
Pm  Padd

or as a volume fraction ¢., = AVX py, i.e.,

)

where pp, is the measured density of the nanocomposite, p,
and pr denote the measured densities of the pure polymer
and the particles, respectively; w, and wy are the weight frac-
tions of polymer and silica particles. The excess volume may
reflect actual voids, particularly around particles or within
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Table 2

Nanocomposite samples based on treated fumed silica [39]

Sample name Fumed silica treatment ~ Preparation Fumed silica content (wt%)  Fumed silica content (vol%) T, (°C) d-Spacing

ULTEM Solution-cast 0.00 0.00 206.7+0.5 4.6
TS610-10 Methyl 10.1 6.33 2064 +05 4.4
TS610-20 18.0 11.7 207.5+03 4.4
TS610-30 274 18.5 2079+04 4.2
TS530-10 Trimethylsilyl 11.2 7.08 2062+03 4.4
TS530-20 20.8 13.6 207.3+0.6 4.3
TS530-30 29.4 20.0 2063 +0.1 4.2
TS720-10 PDMS 10.8 8.20 207.3+04 4.6
TS610-20 20.7 16.0 207.7+0.1 4.3
TS720-30 322 259 2052+0.1 4.2

ExULTEM Melt-processed (DSM) 0.00 0.00 2105+£02 4.8
ExTS610-3 Methyl 3.63 2.16 210.1+02 —
ExTS610-17 17.3 10.9 2103+02 4.2
ExTS530-2 Trimethylsilyl 2.07 1.22 209.5+02 —
ExTS530-11 11.8 7.26 209.0+03 —
ExTS530-14 14.6 9.13 209.0+02 4.5
ExTS720-2 PDMS 2.89 2.09 209.8+02 —
ExTS720-6 6.16 4.49 209.3+02 —
ExTS720-14 14.2 10.6 2094+03 42

agglomerates, a change in polymer free volume, or both. The
density of the silica particles may have some level of uncer-
tainty because the particles are small and have an organic coat-
ing on their surface. Differentiation of Eq. (10) leads to

_ PmWr

d¢ex - 2 dpt (1 l)
Pt

which provides a convenient way to assess the effect of errors
in p; on the calculated ¢.,. For example, at w; = 0.2, if the er-
ror in pg is +0.005 g/cm3 , then the error in ¢., would be
40.0027. If the excess volume or ¢,y is of the order of 1%,
then the error limits in this example would be nearly 30%
for the ¢, value. It will be useful to keep this in mind when
examining these calculations.

The glass transition temperature (T) of the nanocomposite
membranes was determined during heating in a Perkin—Elmer
DSC-7 under a N, atmosphere. Samples sealed in an alumi-
num pan and then were heated from 50 °C to 300 °C at a scan-
ning rate of 20 K/min two times. The T, was calculated from
the onset of the transition in the second scan.

Gas permeation through the nanocomposite assemblies was
measured at 35 °C for He, O,, N,, CH4 and CO, at an up-
stream pressure of about 28 psig (3 atm) by a constant volume/
variable pressure type permeation cell frequently used in this
laboratory and described in detail elsewhere [40,41]. The
data can be represented as the amount of gas that has per-
meated, Q,, as a function of time, ¢. Eventually, the plot of
O, versus t becomes linear from which a steady-state perme-
ability can be calculated as follows

_do,/dr

AxAp/l (12)

where A and [ represent the permeation area and membrane
thickness, respectively, and Ap is the pressure driving force.

When the downstream pressure is negligible relative to the up-
stream pressure, the separation factor or selectivity, «, can be
written as a ratio of permeabilities:

o P2 (= 0)(P0)f

P (1=0)(Po)pf

- (13)

where P, and Py are pure component permeabilities of A and B,
respectively, and azp is the ideal permselectivity. According to
composite theory, see Eq. (4), aap should not depend on the
presence of particles or even voids around the particles so
long as the voids do not traverse the entire membrane thickness.

Gas sorption measurements were carried out using a pres-
sure decay method as a function of temperature in a dual
volume apparatus described previously [42]. The effect of
non-ideal gas behavior was accounted for by using compress-
ibility factors [43].

Thin sections for transmission electron microscopy (TEM)
ranging from 20 to 30 nm in thickness were cut with a diamond
knife at a temperature of —40 °C using a Reichert-Jung Ultra-
cut E microtome. In this process, the nanocomposite mem-
branes were supported by epoxy resin to facilitate cutting.
The sections were collected on 300 mesh square copper grids
and subsequently dried with filter paper. The sections were ex-
amined by TEM using a JEOL 2010F TEM at an accelerating
voltage of 120 kV.

A Hitachi S-4500 field emission scanning electron micro-
scope (SEM) operated at a voltage of 15kV was used to
view cross-sections formed by cleaving the nanocomposite
with tweezers after immersion in liquid nitrogen, subsequently
coated with gold.

Wide angle X-ray diffraction scans were performed using a
PHILIPS PW1720 X-ray generator at a scan rate of 1 °C/min
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with Cu Ko X-ray radiation (4 =1.54 A) for pure polymer,
fumed silica powder and nanocomposite membranes.
Uniformity of nanocomposite membranes obtained by solu-
tion casting was documented by photographs taken by a 4
megapixel digital camera, SONY Cyber-shot DSC-F77.

4. Results and discussion
4.1. Effects of solvent composition

To pursue the objectives of this research, it is necessary to
be able to fabricate nanocomposite membranes in which the
particles are well dispersed. Some reports suggest that applica-
tion of ultrasonic energy to the casting solution facilitates
good dispersion of the nanoparticles in the matrix [44]; how-
ever, this did not seem to improve film uniformity in this
case. At the outset of this study, formulations containing
fumed silica on hydrophobic treatments, TS530 and TS720,
could not be formed into acceptable membranes by a single
solvent such as methylene chloride (MeCl,) because the
fumed silica particles formed agglomerates and produced
cracks [44,45]. However, we found that adding a slight amount
of chloroform into MeCl, greatly assists in achieving compos-
ite membranes with good visual homogeneity. Fig. 2 docu-
ments that greatly improved nanocomposite membranes
containing 30 wt% TS530 dispersed within ULTEM® could
be formed by solution casting by adding just 2 vol% chloro-
form into the MeCl, solvent. The mechanism for this strongly

beneficial effect of a small amount of chloroform in the cast-
ing solution most likely has to do with promoting wetting of
the filler by the polymer. Clearly the chloroform restrains ag-
glomeration of fumed silica within the ULTEM® matrix. For
composite membranes containing TS530, especially, addition
of 2—20 vol% chloroform to MeCl, enables the formation of
homogeneous membranes. Interestingly, ULTEM®-based
composite membranes containing any of the fumed silica
(TS530, TS610 or TS720) cast from pure chloroform solvent
were inhomogeneous. Composite membranes prepared by
adding 2 vol% chloroform into MeCl, solvent were more
transparent, had higher density and showed a more smooth
surface than the composite membranes cast from pure
MeCl, solvent. Thus, a mixed solvent of MeCl, plus 2 vol%
chloroform was used for solution casting nanocomposite
membranes in this study.

4.2. Physical properties

Table 2 shows the composition, glass transition tempera-
ture, T,, and X-ray d-spacing of the various nanocomposites
studied here as well as corresponding data for pure ULTEM®.
There are slight variations in the Tgs observed. Solution-cast
membranes tend to have a slightly higher 7, than pure
ULTEM® while those made by melt processing tend to be
even higher. The extensive drying protocol would seem to
rule out the residual solvent as a significant source for reduc-
ing T,. The WAXD patterns are essentially unchanged by the

Fig. 2. Effect of addition of chloroform to the main casting solvent, methylene chloride (MeCl,), on visual appearance and homogeneity of membranes containing
fumed silica; photos show examples containing 30% of TS530. (a) MeCl, cast without any chloroform, (b) addition of 1 vol% chloroform to MeCl,, (c) addition of

1.5 vol% chloroform to MeCl,, and (d) addition of 2 vol% chloroform to MeCl,.
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presence of fumed silica in the composite. The slight varia-
tions in the d-spacings listed in Table 2 are probably not out-
side the experimental error limits.

4.3. Electron microscopy observation

Characterization by SEM and TEM provides some under-
standing of the morphology achieved. SEM micrographs of
nanocomposite membranes made by solution casting are
shown in Fig. 3 (images of free surface) and Fig. 4 (images
of a cryofractured cross-section). Fumed silica with the
TS610 treatment shows comparatively good dispersion at
20% loading as seen by the surface views in Fig. 3. However,
the particles with surface treatments TS530 and TS720 exhibit

15.0kV

X38.0

Fig. 3. SEM surface images of nanocomposite membranes containing fumed
silica (20 wt% loading) with the following surface treatments (a) TS610, (b)
TS530, and (c) TS720 prepared by solution casting.

considerable particle aggregation. The fumed silica with the
long chain treatment (TS720) seems to be severely aggregated
especially at higher fumed silica contents. The SEM images of
cryofractured cross-sections shown in Fig. 4 make clear that
fumed silica particles are not isolated filler particles but
“chains” of particles fused together. These pictures demon-
strate that adding fumed silica can lead to very heterogeneous
morphologies. The nanocomposite membranes made by melt
processing also showed similar morphologies by SEM
observation.

TEM images of solution-cast membranes classified by
fumed silica surface treatment and content are shown in
Fig. 5. These images confirm the tendency of fumed silica par-
ticles to form agglomerates in the polymer matrix. Even the
hydrophobic treatment based on methyl groups on the surface
(TS610) leads to filler agglomeration. However, nanocompo-
sites made by melt processing have relatively well-dispersed
fumed silica in the matrix (see Fig. 6). At low fumed silica
content, even TS720 with longer surface treatment chains
seems well dispersed in the matrix.

4.4. Density characterization

The original objective of this research was to test the fun-
damental assumption of composite theory, that is, whether
each phase in the composite has the same properties as if
the other phase were not there. Ideally, the density of a com-
posite should be predictable from the composition and the
known density of the components as shown by Eq. (8). How-
ever, in real cases there may be non-additivity of volume such
that the measured density deviates from that predicted by Eq.
(8). In principle, the presence of the filler could alter the den-
sity of the polymer matrix and, hence, change its free volume
[14]. On the other hand, such composites may form voids or
defects around the filler particles especially when the filler
forms agglomerates and wetting at the interface between ma-
trix and filler is poor. We believe this is the dominant issue in
the current systems. Density measurements are a convenient
way to evaluate the extent of voids or gaps in the internal
structure; TEM and SEM are not very useful for revealing
such structural defects. In Fig. 7, the theoretical density calcu-
lated by Eq. (8) is shown by the dotted lines while the points
show the measured density of the various nanocomposite
membranes. The ULTEM®/TS720 theoretical line is lower
than that of ULTEM®/TS610 or TS530 due to the lower den-
sity of TS720. The densities of nanocomposites formed from
TS610 (methyl treatment) made by either solution casting or
melt processing are closest to the theoretical line. However,
the measured densities of composites containing TS530 or
TS720 which have longer hydrophobic treatments on the
fumed silica surface are lower than the theoretical line. The
differences become larger with higher fumed silica loadings.
Thus, the density observed depends on the kind or size of
treatment on the fumed silica surface.

If the difference between the measured density and that
computed by volume additivity is dominated by voids, as we
believe, then the volume fraction calculated by Eq. (10) is
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Fig. 4. SEM images of cryofractured cross-sections of pure ULTEM® and nanocomposite membranes containing 30% fumed silica with the following surface

treatments (a) TS610, (b) TS530, and (c) TS720 prepared by solution casting.

a void volume fraction; see the current results in Fig. 8. The
calculated void vol% increases with increasing fumed silica
loading in all cases. The void content is strongly affected by
the surface treatment on the fumed silica. However, for the
nanocomposites made by melt processing, the void volume
of the nanocomposite containing TS720 was less than that
with TS530. In the case of solution casting, the addition of
a small amount of chloroform to the casting formulation pro-
motes wetting of the filler but apparently did not eliminate
void formation on drying. It is important to recognize that
the very large volume change associated with evaporation of
the solvent apparently is a prime mechanism for void forma-
tion in such composites. Melt processing should remove this
mechanism of void formation; however, thermal shrinkage,
entrapped air, etc. represent other causes of void formation
in this process.

According to the density measurements, the void content is
small, 3% at most and as little as 0.2%, and varies depending
on the surface treatment and processing methods. However,
the effect of voids on gas permeability will depend on how
the voids are distributed throughout the system; see Fig. 9
for several possible morphologies. In the present system, mor-
phologies (c) and (d) in Fig. 9 seem more likely owing to the
tendency of fumed silica particles to be fused together into
“chains™ [44,45]. The interconnectivity of voids could have
a profound effect on gas permeability. However, so long as
the voids do not form channels from one face of the membrane
to the other, they should have no effect on selectivity.

4.5. Steady-state permeation properties

Fig. 10 shows example plots of gas permeability versus up-
stream driving pressure for large, CH,4 in Fig. 10(a), and small,
He in Fig. 10(b), penetrant molecules as a function of up-
stream driving pressure for the pure polymer, ULTEM®, and
composites, formed by solution casting, containing 30 wt%
of fumed silica with the surface treatments described (see
Fig. 1). For the pure polymer, the permeability is essentially
independent of pressure for He and decreases slightly in the
case of CH, as expected by the dual sorption model [41].
The composites show more or less similar pressure depen-
dence as the neat ULTEM®; however, the absolute permeabil-
ities are larger than for the neat polymer with the increase in
permeability depending on the surface treatment on the fumed
silica; the order of the increase is somewhat different for CH,
than He.

Fig. 11 shows the oxygen permeability relative to that of
pure ULTEM® (measured at 2 atm) of the various composites
made by solution casting and melt processing techniques as
a function of the volume fraction of fumed silica, ¢. The pre-
diction by Maxwell’s theory is shown for reference by the dot-
ted line. Clearly, the relative permeabilities are much higher
for solution-cast than melt-processed membranes consistent
with the void content shown in Fig. 8. Indeed, the void content
is a broad predictor of the increase in permeability as shown
later. The permeation behavior of the composites strongly de-
pends on the nature of the surface treatment of the fumed
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Fig. 5. A series of TEM images of nanocomposite membranes containing fumed silica made by solution casting: (a) TS610, (b) TS530, and (c) TS720. The
numbers after the letters indicate the weight fraction of fumed silica. These images were taken at 15,000x.

silica. In all cases, the methyl treatment, TS610, causes the
least increase in permeability regardless of the method of
preparation.

The larger and more hydrophobic trimethylsilyl, TS530,
and poly(dimethyl siloxane), TS720, surface treatments lead
to considerably larger increases in oxygen permeability. The
method of preparation seems to affect both the magnitude of
the relative permeability and the influence of the surface treat-
ment, see Fig. 11. Apparently, the wetting of particles is di-
minished as the surface becomes more hydrophobic.

As shown in Table 1, there are other differences in the
fumed silica particle themselves in addition to their surface
treatment. However, there seems to be no trend in particle
size or B.E.T. surface area that would explain the trends for
O, in Fig. 11 or for other gases, see Table 3. The surface treat-
ment is believed to be the dominant factor.

For ideal composites without voids, the presence of the par-
ticles should have the same effect on the relative permeability
for all gases as suggested by Eq. (4). Of course, if the particles
affect the local properties of the matrix such that the assump-
tions behind this equation no longer apply, the gas type may
affect the relative permeability, or selectivity, see Eq. (12), ob-
served. Likewise, it can be argued that voids around particles
as suggested by Fig. 9(b) and (c) should also lead to the same
relative permeability regardless of gas type assuming that
there is no effect of the particle on the local matrix properties.
Thus, it is useful to compare the relative permeability for dif-
ferent gases in the various composites. This is done in Fig. 12
for the various solution-cast composites and in Fig. 13 for
those made by melt processing. As discussed above, the rela-
tionship of the relative permeability versus volume fraction of
filler is strongly affected by both the surface treatment and the
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e

Fig. 6. A series of TEM images of nanocomposite membrane containing fumed silica made by melt processing at 320 °C: (a) TS610, (b) TS530, and (c) TS720.
The numbers after the letters indicate the weight fraction of fumed silica. These images were taken at 15,000x.
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Fig. 7. Density of ULTEM®/fumed silica nanocomposites made by solution casting at 23 °C (a) and by melt processing (b) as a function of fumed silica content.
The broken lines show theoretical predictions based on the pure ULTEM® density of 1.303 g/cm3 and the density of each fumed silica, i.e., density of TS530 and

TS610 is 2.2 g/em® and that of TS720 is 1.8 g/cm®.
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method of composite formation. However, the relative perme-
ability also depends significantly on the gas type. In broad
terms, the increase in relative permeability caused by addition
of fumed silica particles increases as the permeability of the
gas molecule in pure ULTEM® decreases, i.c., relative perme-
ability generally ranks in the order CHy > N, > O, > CO, >
He; however, there are clearly exceptions for the composites
with low void volume, especially those made from TS610
and those made by melt processing. A strict ordering of the
relative permeability according to the ranking of permeability
in pure ULTEM®, i.e., CH4 > N, > O, > CO, > He, suggests
that permeation through the polymer matrix remains a domi-
nant mode of transport; however, the decreased selectivity
shown later suggests that there are interconnecting voids that
traverse the entire membrane thickness, e.g., see Fig. 9(d).
However, based on the results shown here, we cannot fully
rule out the effects of the particle on the matrix local proper-
ties particularly for the cases where the void content is low.

Good dispersion + Void

00 &

Filler agglomeration + Void channel

(d)

Fig. 9. Schematic illustrations of possible morphologies of composite membranes containing spherical filler particles including those that are partially fused

together.
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Fig. 11. Experimental relative permeability of oxygen in nanocomposites made by solution casting (a) and melt processing (b) as a function of fumed silica volume

fraction. The prediction by the Maxwell’s theory is shown for comparison.

In addition, the relative O, permeability is shown in Fig. 14
as a function of void volume fraction. There is a similar trend
for all the gases used in this study. The relative permeability
roughly correlates with the void volume. At the highest void
fractions, around 3% or more, the relation becomes more scat-
tered as might be anticipated as the tendency for interconnec-
tion of voids increases.

4.6. Time lag results

In addition to steady-state permeability, time lag measure-
ments were made for some of the gases in the various fumed
silica composites made by solution casting described earlier;

the helium time lags were too short to be measured
accurately. From the observed time lag, ¢, and the membrane
thickness, /, an apparent diffusion coefficient can be calculated
as follows:
12

D= (14)

Fig. 15 shows the apparent diffusivity coefficients normal-
ized by the diffusion coefficient for that gas in ULTEM®, ie.,
D, determined also from time lag data, as a function of fumed
silica content. According to composite theory, Eq. (4), the rel-
ative diffusion coefficient should be independent of gas type
and would be expected to decrease with the content of fumed
silica owing to the tortuous path such impermeable particles

Table 3

Gas permeability coefficients and selectivities of composite samples used in this study

Sample name Fumed silica treatment ~ Preparation Permeability (Barrer) P(0O,)/P(N,) P(He)/P(CH;) P(CO,)/P(CHy)

He 02 N, CH4 C02

ULTEM Solution-cast 6.95 034 0.05 0.04 132 6.75 158. 30.
TS610-10 Methyl 7.02 037 0.06 0.05 141 6.44 146. 29.
TS610-20 10.0 0.58 0.10 0.07 2.18 5.73 142. 30.
TS610-30 829 0.60 0.10 0.10 236 5.83 86. 25.
TS530-10 Trimethylsilyl 14.4 1.00 0.17 0.17 449 578 83. 26.
TS530-20 16.0 194 037 041 8.58 5.26 39. 21.
TS530-30 23.1 3.00 056 078 12.7 5.38 30. 16.
TS720-10 PDMS 11.6 092 0.19 024 542 479 49. 23.
TS610-20 23.0 335 079 137 135 4.21 17. 9.
TS720-30 24.7 555 150 3.09 216 3.71 8. 7.

ExULTEM Melt-processed (DSM) 9.06 043 0.08 0.04 136 572 249. 37.
ExTS610-3 Methyl 898 046 0.08 0.03 143 573 270. 43,
ExTS610-17 874 048 0.09 0.04 1.39 533 236. 37.
ExTS530-2 Trimethylsilyl 10.7 0.55 0.10 0.06 1.82 573 190. 33.
ExTS530-11 12.3 0.84 0.16 0.11 2.88 5.20 114. 27.
ExTS530-14 13.16 0.87 0.15 0.11 3.19 6.03 124. 30.
ExTS720-2 PDMS 10.1 049 0.12 0.04 1.72  4.23 230. 39.
ExTS720-6 12.4 0.69 0.13 0.08 2.51 514 164. 33.
ExTS720-14 10.6 0.73 0.17 0.08 228 424 137. 30.
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Fig. 12. Relative permeability of various gases in nanocomposites containing
each kind of fumed silica made by solution casting as a function of fumed
silica content. Measurements were carried out at 35 °C and at 3 atm: (a)
ULTEM®/TS610, (b) ULTEM®/TS530, and (c) ULTEM®/TS720.

create. Instead, D,/D, depends strongly on the gas type and
always increases with the addition of silica particles. The ex-
tent of increase in D,/D depends strongly on the surface treat-
ment on the silica particle, and, for the most part, the trends

LS T e e ) B I
| (@) Melt processed |
ULTEM/TS610
12 |OHe —
00,
L [ON,

e CH,
m CO,

Relative Permeability P/P,
o 2
T

ool v v v v v b b b L
0.00 0.02 0.04 0.06 0.08 0.10 0.12

TS610 content (¢)

L I I
(b) Melt processed
~ ULTEM/TS530 N
<
a 30 |
2> O He
= 00,
| L |oN, -
g ® CH,
e 2 m CO, |
o
2
E -
7]
4
1 -
I T T T T T T T T N O A A B |
0.00 0.02 0.04 0.06 0.08 0.10 0.12
TS530 content (@)
EC O o o e e I e
L (€) Melt processed i
ULTEM/TS720
§2.5— —
o . O He -
E‘ 00,
3 20 |ON, _
3 e CH,
E [ |mco n
)
.15 —
o
2
-t —
o}
)
X 1.0 —
o ) T Y
0.00 0.02 0.04 0.06 0.08 0.10 0.12

TS720 content (@)

Fig. 13. Relative permeability of various gases in nanocomposites containing
each kind of fumed silica made by melt processing at 320 °C as a function of
fumed silica content. Measurements were carried out at 35 °C and at 3 atm: (a)
ULTEM®/TS610, (b) ULTEM®/TS530, and (c) ULTEM®/TS720.

are quite similar as that of the relative permeability, P/Py,
shown in Fig. 12. Clearly, voids play a significant role in these
results in creating a parallel pathway through the composite
along with significant permeation through the matrix polymer.
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Again, some level of alteration of the properties of the matrix
by the presence of the particles cannot be ruled out.

To the extent that Eqs. (1) and (14) apply for such compli-
cated structures, one can calculate an apparent solubility coef-
ficient as follows:

Sa=— (15)

According to simple composite theory for non-sorbing par-
ticles, one expects the solubility of gases to decrease with the
addition of filler as specified by Eq. (2). Fig. 16 shows the cal-
culated solubility coefficients relative to that of pure ULTEM®
for that gas. Complex trends are shown that depend on gas
type, filler content, and surface treatment. Except in a few
cases, the relative values, S,/S,, are greater than unity, contrary
to simple expectations. Given the complexity of the results, it
would be pointless to attempt a detailed interpretation of these
trends. Clearly, the results reflect the presence of voids in ad-
dition to sorption in the matrix polymer plus possibly some
contribution of adsorption by the filler or the filler/matrix in-
terface [37,38].

To better understand this behavior, independent gas sorp-
tion experiments were carried out for CO, in pure ULTEM®
and a solution-cast composite containing 30 wt% of each of
the types of fumed silica, see Table 1 and Fig. 1, with the re-
sults shown in Fig. 17. The neat ULTEM® shows dual-mode
type sorption behavior as expected for a glassy polymer
[46]; the composites show similar type isotherms. However,
each composite shows greater sorption than the matrix con-
trary to Eq. (2). The extent of sorption increase relative to
the matrix depends somewhat on the surface treatment. While
these trends are difficult to interpret, the excess sorption does
not correlate with the relative permeability data in Fig. 12 or
the relative apparent solubility data in Fig. 15. The excess
sorption in Fig. 17 may be due to adsorption on the filler
or at the filler—polymer interface, or may reflect an effect of
the filler on the sorption characteristics of the ULTEM®.
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Fig. 15. Relative diffusivity of various gases in nanocomposites containing
each kind of fumed silica made by solution casting as a function of fumed sil-
ica content. The diffusivity coefficients were computed from the observed time
lags: (a) ULTEM®/TS610, (b) ULTEM®/TS530, and (c) ULTEM®/TS720.

Unfortunately, with the available equipment it was not possi-
ble to measure the CO, adsorption isotherm for the filler in
the absence of ULTEM®.
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Fig. 16. Relative solubility of various gases in nanocomposites containing each
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Fig. 17. Representative CO, sorption isotherms for pure ULTEM®, TS610-30,
TS530-30 and TS720-30 made by solution casting at 25 °C.

4.7. Pure gas selectivity

Pure gas selectivities for various gas pairs, e.g., O,/N,, He/
CH4 and CO,/CHy4, can be calculated from the steady-state
permeability coefficients discussed above, see Table 3 and
Fig. 18. In the absence of voids and any effect of the filler
on the matrix, we expect these ratios to be independent of filler
content and reflect the characteristics of the pure matrix, see
Eq. (13), i.e., (Pg)a/(Po)p. A similar result would also be ex-
pected if voids are present so long as the morphology is like
that suggested in Fig. 9(b) or (c). In general, the trends in Ta-
ble 3 and Fig. 18 indicate a reduction in selectivity, regardless
of gas pair, as any one of the fumed silica materials is added to
ULTEM®. This strongly suggests that a morphology like that
in Fig. 9(d) probably exists to a certain extent. In general, the
reduction in selectivity is greater for surface treatments that
show greater void content (see Fig. 8) and greater increase
in relative permeability (see Fig. 11). Interestingly, some finite
level of selectivity is preserved indicating that permeation
through the polymer is still a significant part of the permea-
tion process, i.e., the voids do not totally dominate the perme-
ation rate. Any effect of the filler on the matrix cannot be
isolated because of the effect of the voids.

5. Conclusions

Previous papers have reported very interesting modifica-
tions to the gas permselectivity characteristics of several
high free volume polymers by addition of high loadings of
nanosized fumed silica particles that suggest modification of
the physical state of the matrix polymer [14—21]. The objec-
tive of this work was to explore whether any analogous
changes to gas permeability occur when the matrix is
a more conventional (flexible chain) polymer. The amorphous,
glassy poly(ether imide) sold commercially as ULTEM® was
selected for this work. For the nanocomposites formed in
this work, voids or defects at the polymer—particle interface
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became an overriding issue that had to be addressed. Three
kinds of fumed silica with hydrophobic surface treatments
were used but all led to severe particle agglomeration which
combined with voids made the membrane have worse selectiv-
ity characteristics than the matrix polymer. Nanocomposite
membranes were made by solution casting and melt process-
ing techniques. Both TEM and SEM images showed the ten-
dency of fumed silica particles to form agglomerates in the
polymer matrix. In addition, the void volume as suggested
from density measurements increased with fumed silica con-
tent in all cases. The void content is strongly affected by the
surface treatment on the fumed silica; to some extent, there
may be permeation through the thin layer of the surface treat-
ment surrounding each particle but there seems to be no way
to quantify this potential effect. Void content did not exceed
3% at most and was as low as 0.2% depending on the surface
treatment and processing methods; however, these voids had
significant effects on gas permeation behavior. The effect
of voids on gas permeability depends on how the voids are
distributed throughout the system. In all cases, the methyl
treatment, TS610, causes the least increase in permeability
regardless of the method of preparation. In most cases it ap-
pears that the voids create a parallel pathway through the com-
posite along with permeation through the matrix polymer, see
Fig. 9(d). The relative diffusivity obtained from time lag mea-
surements also depends strongly on the surface treatment on
the silica particle, and, for the most part, the trends are quite
similar as that of the relative permeability. The apparent solu-
bility coefficients calculated from the steady-state permeabil-
ity and the apparent diffusivity from time lag measurements
increase with filler content contrary to the expected result.
However, measured sorption isotherms show excess sorption
beyond that expected for the matrix polymer indicating possi-
bly some contribution of adsorption by the filler or the filler/
matrix interface. Also, a reduction in selectivity regardless
of gas pair strongly suggests that the voids create small chan-
nels from one face of the membrane to the other. However,
permeation through the polymer always makes a significant

contribution to the selectivity of transport. Clearly, significant
issues relating to the formation of nanocomposites from a con-
ventional glassy polymer and hydrophobically treated fumed
silica without concomitant formation of voids or defects
must be solved before the original objectives of this work
can be effectively explored. It was shown that some fumed
silica treatments do minimize void formation and particle
agglomeration. The second paper in this session seeks to
eliminate interfacial voids or defects by the use of chemical
reactions at the interface between matrix polymer and filler
particles.
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