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Abstract

Nanocomposite membranes based on nano-sized SiO, particles with chemical coupling to the polymer matrix are described with special
emphasis on gas permeation properties. In this paper, poly(ether imide) with reactive imide rings in the backbone was used as the matrix to
which the SiO, particles were chemically bonded via an amine-containing silane coupling agent. Four types of nanocomposite membranes
were prepared by solution casting and melt processing and characterized in terms of morphology and void volume formed due to adding
SiO, particles. The relative gas permeability of the nanocomposite with chemical coupling to matrix was decreased by the presence of SiO,
particles. Diffusion coefficients computed from time lag data also decreased with SiO, content. However, solubility coefficients computed
by dividing the experimental permeability by the diffusivity obtained from the observed time lag increased with SiO, content contrary to simple
composite theory. These permeation properties are discussed in terms of the void volume fraction estimated by density observations. In addition,

TEM and SEM were used to explore the morphology of these nanocomposite membranes.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

There has been considerable interest in the addition of
nano-sized particles to polymer matrices to alter properties
[1—21]. Much of the research in this area has involved high
aspect ratio nanoparticles like the aluminosilicate platelets
that comprise natural minerals like montmorillonite, vermicu-
lite, etc. [1—8]; however, in the membrane area there has been
interest in using low aspect ratio nano-sized particles, like ze-
olites and silica, for altering the balance between permeability
and selectivity for membrane separations [9—21]. A central
question is whether the usual rules of composite theory apply
or whether the presence of small, high surface area particles,

* Corresponding author. Department of Chemical Engineering, The Univer-
sity of Texas at Austin, Austin, TX 78712-1062, USA. Tel.: +1 512 471 5392;
fax: +1 512 471 0542.

E-mail address: drp@che.utexas.edu (D.R. Paul).

0032-3861/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymer.2006.08.036

where the interparticle distances are small, alter the local prop-
erties of the polymer matrix, e.g., by interfering with local seg-
mental packing or alteration of the force field in which the
segments move [16—20]. There are intriguing reports on
beneficial separation characteristics of adding fumed silica
particles to high free volume polymers like poly(4-methyl-2-
pentyne) (PMP) or poly(2,2-bis(trifluoromethyl)-4,5-difluoro-
1,3-dioxole-co-tetrafluoroethylene) [15—21]. These reports
suggest that the nanoparticles in these cases do alter the
properties of the matrix polymer.

In Part 1 of this series, we sought to determine whether ad-
dition of fumed silica to a conventional polymer with a more
flexible backbone would lead to analogous changes that imply
alteration of the matrix polymer; the commercial poly(ether
imide) ULTEM® was chosen for this purpose [9]. It was found
that formation of a homogeneous distribution of the fumed
silica in ULTEM® is very challenging, and density and gas
transport measurement strongly suggested that a small but
very influential fraction of voids exist in these composites


mailto:drp@che.utexas.edu
http://www.elsevier.com/locate/polymer

7536 S. Takahashi, D.R. Paul | Polymer 47 (2006) 7535—7547

regardless of the method of preparation. In that work, silica
particles with various surface treatments on the surface, to
make them more hydrophobic and to be better wetted by or-
ganic polymers, were used. However, the particles were not
chemically bonded to the polymer matrix. In this paper, we
use schemes to chemically bond the particles to the polymer
matrix, using silane coupling agents, with the hope of elimi-
nating any voids at the polymer—particle interface and, thus,
to explore whether small, high surface area particles alter
the properties of the ULTEM® matrix.

2. Experimental
2.1. Materials and chemical reaction strategy

This work used the same commercial poly(ether imide)
ULTEM® 1000 from GE Plastics as in the first paper in this
series [9]. Silicon dioxide, or SiO, (Silica), particles were
obtained from Sigma—Aldrich which are claimed to be 10 nm
in size and spherical in form with a BET surface area of 590—
690 m*/g and a density of 2.2 g/ml. The organofunctional
silane, 3-aminopropyltriethoxysilane from Sigma—Aldrich,
was used as a coupling agent. Silane coupling agents are fre-
quently used in composites to bond glass particles or fibers to
organic polymer matrices [22—25]. The silane units chemically
react with the SiO, surface while the amine groups can react
with the amide or imide units in the polymer backbone [22—25].

The chemical structure of this amine silane coupling agent
and the expected reaction pathway are shown in Fig. 1. The
amine silane coupling agent was added with stirring to deion-
ized water to form a 2 wt% (2 g) mixture. At least 10 min was
allowed for hydrolysis to form silanol. The solution was son-
icated for a minute after 1.5 g of SiO, particles was added. The
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Fig. 2. FT-IR spectra of untreated and treated SiO, and ULTEM® poly-
etherimide.

Si0, particles were dried under vacuum above 120 °C prior to
use because the surface generally contains absorbed water
which might interfere with this process [26]. The resulting dis-
persion was stirred for a few days. The suspension was left qui-
escent to allow the silylated SiO, particles to settle which were
subsequently removed from the mixture by decantation. The
recovered silylated SiO, particles were rinsed by water a few
times to remove excess amine silane coupling agent. Finally,
the silylated SiO, particles were dried for a day under vacuum
at 150 °C. The success of the above reaction was confirmed by
detection of nitrogen atoms from the attached amine using XPS
and by FT-IR spectroscopy (see Fig. 2).

After the above procedure, ULTEM® polymer chains were
attached to the silylated SiO, particles via the reaction scheme
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Fig. 1. Schematic of amine silane coupling agent reactions for bonding SiO, particles to polyetherimide.
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Fig. 3. Schemes used to prepare nanocomposite membranes for this study.

shown in Fig. 1. Polymer attachment to the silylated SiO,
particles was carried out by adding the particles to a 10 wt%
polymer solution in NMP solvent which was heated to
150 °C for 2 h. The mixture was cooled to room temperature
where the polymer-treated SiO, particles, i.e., SiO,-g-PEI,
were removed from the mixture by decantation as previously
described and then rinsed with methylene chloride to remove
any unreacted polymer. SiO,-g-PEI was dried under vacuum
for 2 days at 160 °C and analyzed by FT-IR to confirm the
success of the reaction (see Fig. 2).

In addition, the amount of coupling agent and polymer
attached to the SiO, was determined by mass measurement
before and after burning off the organics in a furnace at
900 °C for 45 min. According to this analysis the process
described above led to the attachment of about 12 wt%
silane coupling agent and about 18 wt% of polymer on
the SiO,.

Composite membranes were made by four different
methods involving solution casting and melt processing as
suggested in Fig. 3 for comparison. Thicknesses in the range
of 30—50 um were obtained by solution casting techniques;
for reasons explained in the prior paper [9], the casting solvent
was methylene chloride containing a small amount of chloro-
form. The ULTEM® polymer, solvent, and untreated SiO,
(Scheme A in Fig. 3) or SiO,-g-PEI (Scheme B in Fig. 3)
were stirred for 10 min in a laboratory two-speed blender.
The blended mixture was poured into flat Petri dishes and cov-
ered to allow slow solvent evaporation. Thickness of the films
was determined by a micrometer. All of the nanocomposite
membranes made by solution casting were annealed at
180 °C (just below the matrix polymer’s T;,) for 2 h to remove
residual solvent. Melt processed nanocomposite membranes
made using a DSM micro-extruder followed by compression

molding were prepared and compared with solution-cast films.
The polymer and SiO,-g-PEI were mixed at 100 rpm for
8 min, including sample loading time, in the micro-extruder,
i.e., Scheme C in Fig. 3. In addition, reactively processed
samples were also made by melt processing using the DSM
micro-extruder. In this case, the polymer and silylated SiO,,
i.e., only the amine silane coupling agent was attached to
the particle but no polymer, were mixed at 100 rpm for
8 min as for the former samples, i.e., Scheme D in Fig. 3.
The screw and barrel temperature were set at 320 °C. In
both cases, the melt strand was transferred to a compression
molder preheated to 320 °C to press the melt into films about
200 pm thick. All samples were annealed overnight in a
vacuum oven just below the glass transition temperature.

The amount of SiO, in each nanocomposite membrane was
determined by burning the prepared membrane in a furnace at
900 °C for 45 min and measuring the residual SiO,. All of
samples used in this study are described in Table 1.

2.2. Measurements

The densities of neat ULTEM® and the various composite
membranes were measured using a gradient column based
on aqueous mixtures of calcium nitrate as described in the pre-
vious paper [9]. The theoretical bulk density of the nanocom-
posite was estimated from the composition and the density of
the components assuming volume additivity. The excess vol-
ume was computed from the measured density of the compos-
ite and the theoretical density based on volume additivity; this
may reflect actual voids, particularly around particles, a change
in polymer free volume, or both. Errors associated with uncer-
tainty in the effective particle density were described in the
previous paper [9].
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Table 1
Composition of nanocomposite samples used in this study
Preparation Sample SiO, type SiO, SiO,
content  content
(Wt%) (vol%)
Solution cast ULTEM® 0.0 0.0
(solution cast)
Untreat-5 Untreated SiO, 6.1 3.7
Untreat-10 9.6 5.9
Untreat-15 13.8 8.6
Untreat-20 16.2 10.3
g-PEL-5 Si0,-g-PEI 4.0 24
g-PEI-10 7.2 4.4
g-PEI-15 11.5 7.1
g-PEI-20 18.6 11.9
Melt processed ~ ULTEM® 0.0 0.0
(melt processed)
Reactive-1.3 Silylated SiO, 1.3 0.8
Reactive-3.9 (reactive 3.9 2.3
Reactive-6.2 processed) 6.2 3.7
Reactive-13.1 13.1 8.1
g-PEI-21 (melt) Si0,-g-PEI 2.1 1.2
g-PEI-4.4 (melt) 4.4 2.6
g-PEI-8.8 (melt) 8.8 53
A JASCO Fourier transform infrared spectrometer

FT/IR-4100 was utilized to characterize changes in the SiO,
particle surface and follow the attachment of polymer and
amine silane coupling agent in the range of 500—4000 cm ™.

The glass transition temperature (T;) of nanocomposite

membranes was determined during heating in a Perkin—Elmer

(a) 5% &

b)10% ﬁ{’

£

System A: ULTEM/Untreated SiO,; Solution cast

DSC-7 under a N, atmosphere. Samples sealed in an alumi-
num pan were heated from 50 °C to 300 °C at a scanning
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,, CH; and CO, at an
upstream pressure of about 28 psig (3 atm) using a constant
volume/variable pressure type permeation cell used in this
laboratory and described in detail elsewhere [27—28]. The
traditional equations regarding the permeation and separation
factor, «, were described in the previous paper [9].

Gas sorption isotherm measurements were carried out using
a pressure decay method as a function of temperature in a dual
volume apparatus described previously [29]. The effect of
non-ideal gas behavior was accounted for by using compress-
ibility factors [30].

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 and subse-
quently coated with gold.

Fig. 4. SEM images of cryofractured cross-sections of ULTEM®/untreated SiO, composites, (a) 5 wt%, (b) 10 wt%, (c) 20 wt%, and of ULTEM®/Si02—g—PEI

composites, (d) 5 wt%, (e) 10 wt%, (f) 20 wt%, prepared by solution casting.
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3. Results and discussion
3.1. Chemical reaction

To confirm the attachment of the amine silane coupling
agent to the surface of SiO, particles, both XPS and FT-IR
measurements were made. The IR absorption by the
amine group on the coupling agent, ie., —NH;; 3300—
3500 cm ™!, may be overlapped with that of hydroxyl groups
on the surface of the SiO, particles in the region of 3200—
3570 cm™' (see Fig. 2) so the spectra obtained are not
completely conclusive. However, the XPS analysis revealed
that the silylated SiO, particles contained 4.83% nitrogen.
Burning off the organic components in a furnace indicated
that the silylated SiO, particles contained 12 wt% amine
silane coupling agent on the surface (see Section 2). Taken
together, these tests provide strong evidence of the success
of attachment of amine silane coupling agent to the SiO,
particles.

Si0,-g-PEI has the characteristic CN stretching absorp-
tion peaks of poly(ether imide) at 1720 and 1780 cm™'
and others along with the characteristic spectrum of native
and silylated SiO,. Also, the loss of organics during burn
off in the furnace indicated that the SiO,-g-PEI contains
about 18 wt% poly(ether imide) coupled to the surface (see
Section 2).

3.2. Electron microscopy observation

Figs. 4 and 5 show SEM images of fractured surfaces of
composite membranes made by solution casting and melt pro-
cessing, respectively. For the composite membrane made by
solution casting, the effect of polymer grafting via the cou-
pling agent, see Fig. 4(d)—(f), was clarified by comparing
with SEM images of composites including untreated SiO,,
see Fig. 4(a)—(c). It is clearly recognized from Fig. 4(a) and
(b) that composite membranes made from untreated SiO,
form particle agglomerates in the polymer matrix even at
very low contents of filler. The composite membranes based
on SiO,-g-PEI also show particle agglomeration in the matrix
but the particles seem to be well covered by the polymer.
Composite membranes made by melt processing, see Fig. 5,
also show agglomerated particles covered by polymer matrix
on the fracture surface as well as composite membranes based
on SiO,-g-PEI

TEM images provide additional understanding of the mor-
phology achieved. Solution-cast membranes containing un-
treated SiO, and SiO,-g-PEI in varying amounts are shown
in Fig. 6. Samples containing 10 and 20 wt% of SiO, from
Si0,-g-PEI and untreated SiO, prepared by solution casting
are compared. In all cases, the samples contain agglomerated
SiO, particles, sizes >200 nm, which become larger with
increased SiO, content. However, at high SiO, contents, the
agglomerates formed from SiO,-g-PEI appear to be smaller
than those from untreated SiO,. Images for melt processed
composite membranes are shown in Fig. 7; in all cases, there
is better SiO, particle dispersion than seen in the solution-cast

System C: ULTEM/SiO,-g-PEIl; Melt processed
(a) g-PEI-8.8 4

Fig. 5. SEM images of cryofractured cross-sections of (a) ULTEM®/SiO,-g-
PEI 8.8 wt% and (b) ULTEM®/silylated SiO, 13.1 wt%.

samples. The high shear mixing by melt processing along with
chemical coupling to the polymer matrix results in better
dispersion of the filler. Nanocomposite membranes formed
from SiO, particles where the PEI was attached in a prior
step showed relatively larger agglomerates of SiO, particles,
see Fig. 7(b). Samples formed by reactive processing using
sylilated SiO, particles (without previous reaction with PEI)
showed the best filler dispersion. In the routes involving silica
particles with grafted ULTEM®, i.e., SiO,-g-PEI, it is possible
that particle agglomerates were formed in the reaction step and
could not be separated into individual particles thereafter. On
the other hand, during reactive melt processing, the chemical
reaction occurs only during the high shear, dispersive mixing
step which may discourage particle agglomeration.

3.3. Density and thermal characterization

Fig. 8 shows the glass transition temperature, Ty, of the
pure ULTEM® and various nanocomposites studied here as



7540 S. Takahashi, D.R. Paul | Polymer 47 (2006) 7535—7547

(a) 10% A

System A: ULTEM/Untreated SiO5; Solution cast

(b) 20%
L™

20%

Fig. 6. A series of TEM images of nanocomposite membranes prepared by solution casting. ULTEM®/untreated SiO,: (a) 10 wt%, (b) 20 wt%, and ULTEM®/

Si0,-g-PEI: (c) 10 wt%, (d) 20 wt%.

a function of SiO, content. The nanocomposite membranes
made by solution casting tend to have a slightly higher T,
than pure ULTEM® while those made by melt processing
tend to be even higher. The same tendency was shown in the
previous paper [9]. The extensive drying protocol would
seem to rule out residual solvent as a significant source for
reducing T,. However, all of nanocomposite membranes
made by solution casting have effectively been annealed just
below T, prior to use since this was the protocol for solvent
removal.

Density measurements provide a convenient way to evalu-
ate the extent of voids in the internal structure of composites.
TEM and SEM are useful for visualizing the composite
morphology but do not readily reveal some of the structural
defects that affect gas permeation properties. Theoretically,
if we know the composition and densities of pure matrix and
filler, the density of the composite should be predictable
from volume additivity. However, as shown in the previous
paper [9], in many cases voids or defects are formed and
the actual density is consistently lower than the theoretical
value because the filler forms agglomerates and wetting at

the interface between matrix and filler is poor. Overcoming
this is a key issue of this paper.

The measured densities of the various nanocomposite mem-
branes described above were lower than that of the theoretical
density calculated by volume additivity. The density of
solution-cast nanocomposites showed prominent deviations
from additivity even at low SiO, content. This deviation was
expressed as a percent void volume as described previously
[9] and is shown in Fig. 9. The calculated void volume percent
increases with increasing fumed silica loading in all cases. The
void content is strongly affected by the processing method. In-
terestingly, for nanocomposites made by solution casting, the
void volume increases rapidly with SiO, particle content and
then levels off. On the other hand, the void volume of nano-
composite membranes made by melt processing increased
gradually with increased SiO, content. The chemical coupling
to the matrix reduced the void volume but apparently did not
completely eliminate void formation. It is important to
recognize that the very large volume change associated with
evaporation of the solvent apparently is a prime mechanism
for void formation in such composites. Melt processing should
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System C: ULTEM/SiO2-g-PEI; Melt processed
(a) 4.4% Si0,-g-PEI

y

Fig. 7. A series of TEM images of nanocomposite membranes prepared by melt processing. ULTEM®/SiO,-g-PEL: (a) 4.4 wt%, (b) 8.8 wt%, and ULTEM®/
silylated SiO;: (c) 3.9 wt%, (d) 13.5 wt%.

remove this mechanism of void formation; however, thermal larger void volume than that of ULTEM®/untreated Si0,.
shrinkage, entrapped air, etc., represent other causes of void  This is an intriguing result and possible explanations will be
formation in this process. In addition, ULTEM®/SiO,-g-PEI described later. Among the melt processed nanocomposite
composite membranes made by solution casting had membranes, the reactively processed samples had lower void
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Fig. 10. Relative permeability of various gases in nanocomposites made by solution casting, (a) ULTEM®/untreated SiO,, (b) ULTEM®/SiO,-g-PEI, and by melt
processing, (c) ULTEM®/Si02—g—PEI, (d) ULTEM®/syli1ated SiO, (reactive processing), as a function of SiO, content. Measurements were carried out at 35 °C

and 3 atm.

volume. This result is consistent with the better dispersion of
Si0, particles seen in the TEM pictures (see Fig. 7(c) and (d)).

The nanocomposite membranes based on surface-treated
fumed silica, but without chemical reaction between the ma-
trix and filler, had 3% void volume at most and as little
as 0.2%; whereas, the nanocomposite membranes including
SiO, with chemical coupling to the matrix had 2% void
volume at most. Thus, the chemical coupling strategies
seemed to reduce, but did not completely eliminate, void
formation.

If the voids form channels that extend from one face of the
membrane to the other, there can be a profound effect on gas
permeation behavior like that shown in the prior paper [9].
Permeation behavior for the current composites is described
in Section 3.4.

3.4. Steady-state permeation properties

Fig. 10 shows the permeability of several gases for the
various composites made by solution casting and melt pro-
cessing as a function of the volume fraction of fumed silica,
¢. The prediction from the Maxwell theory for an imperme-
able spherical filler is shown as the dotted line for reference
[31]. The permeability of the composite for a given gas is

expressed relative to the permeability of that gas in pure
ULTEM®, P,. Values of P, are given in Part 1 of this series
[9]. For composites made by relative processing, the films
were too thick, ~200 um, to measure CH, permeability. Ac-
cording to the theory described in the previous paper [9], the
relative permeability for an ideal composite membrane should
be the same for all penetrant gases if the particles do not
affect the local properties of the matrix polymer. Voids around
particles will increase the permeability of each gas but the
relative permeability should be the same regardless of gas
type assuming that there is no effect of the particle on the
local matrix properties. The relative permeability of the var-
ious gases for the solution-cast nanocomposites formed from
the untreated SiO, increases as the content of particles in-
crease (see Fig. 10(a) and (b)) which is qualitatively similar
to the observations for the various composites without chem-
ical coupling described in the prior paper [9]. However, when
the SiO, particles are chemically attached to the ULTEM
matrix, the relative permeability tends to decrease with parti-
cle loading but the extent of decrease depends somewhat on
the method of preparation, see Fig. 10. The magnitude of the
decrease is comparable to that predicted by Maxwell’s
theory, but the extent of decrease may be more or less than
this prediction, as seen in Fig. 10, depending on processing
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details. In some cases, the relative permeability seems to
show some trend with gas type but there are counter exam-
ples which make it difficult to discuss any specific trend.
Broadly speaking, it appears that the experimental relative
permeability versus particle content relation is essentially
the same for all gases. We will examine this point in other
ways later.

As noted earlier, these composites have somewhat lower
densities than additive which may be interpreted as evidence
for voids (see Fig. 9). However, it is difficult to see a clear
trend between the permeability results and the density obser-
vations. Actually, a detailed understanding of the permeation
results would require consideration of the state of agglomera-
tion of the particles since the effective particle from the point
of view of gas permeation is not the ultimate SiO, particles,
see schematic illustrations in Fig. 11. The effective volume
fraction of the agglomerates varies depending on how much
matrix polymer is occluded in them. At some level, voids de-
tected by density measurements may be inside the agglomer-
ated particles and, therefore, contribute little to the transport
behavior.

3.5. Time lag results

Time lag, 6, measurements were made for nanocomposite
membranes as described above for all of the gases except
helium, which was too short to be measured, and methane in
some cases when the samples were too thick. Apparent diffu-
sion coefficients were calculated from D, = 12160 where [ is the
film thickness.

Fig. 12 shows the apparent diffusivity coefficients normal-
ized by the diffusion coefficient for that gas in ULTEM®, ie.,
Dy, which were also determined from time lag data, as a func-
tion of SiO, content. Theoretically, the relative diffusion coef-
ficient, like the relative permeability, should be independent of
gas type and decrease with the SiO, content. However, the
relative diffusivity of nanocomposite membranes without
chemical coupling to the matrix, i.e., nanocomposites contain-
ing untreated SiO,, increases with the addition of silica
particles. This may indicate that voids exist in these
nanocomposites. Nanocomposite membranes with chemical
coupling to polymer matrix show a decrease in the relative
diffusivity with an increase of SiO, volume fraction (see
Fig. 12(b)—(d)). The reactive processed nanocomposite
membranes (Fig. 12(d)) showed a greater reduction than any
others. It is more likely due to a limited void volume fraction
and the condition of filler dispersion. Also, ULTEM/SiO,-
g-PEI nanocomposite membranes (Fig. 12(b)) made by solu-
tion casting had larger agglomerated filler particles but showed
lower relative diffusivity than the theoretical dotted line.
We believe voids were formed just around particles (like
Fig. 11(b)) in spite of filler agglomerates and penetrant gases
mainly permeate the polymer matrix with a somewhat tortuous
path.

Fig. 13 shows relative solubility for several gases in various
nanocomposites; this was calculated by dividing the relative
permeability by the relative diffusivity as suggested by simple

Fig. 11. Schematic illustrations of possible morphologies of composite mem-
branes containing spherical filler particles that are partially fused together. (a)
Dispersed filler and voids, (b) agglomerated filler and voids.

composite theory for non-sorbing particles. This theory
predicts that the relative solubility, S,/Sg, should be 1—¢,
i.e., a decrease with increase in SiO, content. However, the
relative solubility of nanocomposite containing untreated
SiO, increases with the addition of silica particles (see
Fig. 13(a)). Nanocomposite membranes with chemical cou-
pling to polymer matrix have also shown an increase in rela-
tive solubility with an increase of SiO, content contrary to
the theory. These results may reflect the presence of voids in
addition to sorption in the matrix polymer plus possibly
some contribution of adsorption by the filler or at the filler—
matrix interface [32—33]. In nanocomposite membranes
containing untreated SiO,, CO, solubility characteristically
increased with SiO, loading.

In addition, independent gas sorption experiments were
made for CO, in pure ULTEM® and several nanocomposite
membranes containing higher amounts of SiO, for better
understanding; the results are shown in Fig. 14. The neat
ULTEM® and other nanocomposite membranes show dual
mode type sorption behavior as expected for a glassy
polymer [34]. Nanocomposite samples, except for the com-
posite containing untreated SiO,, showed a slightly greater
or almost the same sorption isotherm as the matrix polymer.
This sorption behavior may be due to adsorption on the
filler or at the filler—polymer interface. Nanocomposite
membranes containing untreated SiO, showed a distinctly
greater CO, sorption. As described in the previous paper
[9], the extent of sorption increase relative to the matrix
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Fig. 12. Relative diffusivity of various gases in nanocomposites made by solution casting, (a) ULTEM ®/untreated SiO, and (b) ULTEM®/Si0O,-g-PEI, as a function
of SiO, content, and by melt processing, (c) ULTEM®/SiO,-g-PEI, (d) ULTEM®/sylilated SiO, (reactive processing). Diffusivity was calculated from time lag

measurements. The dotted line is Maxwell’s prediction.

depends on the surface treatment. This may reflect the
effect of sorption on the untreated SiO, filler with
hydroxyl groups plus some effect of the filler—polymer
interface.

3.6. Pure gas selectivity

Pure gas selectivities for O,/N, and He/CO, can be calcu-
lated from the steady state permeability coefficients and are
shown in Fig. 15. We can expect these ratios to be independent
of filler content and reflect the characteristics of the pure ma-
trix in the absence of voids and any effect of the filler on the
matrix. A similar result would also be expected if voids are
present so long as the morphology is like that suggested in
Fig. 11(a) or (b). P(O,)/P(N,) selectivity of nanocomposite
membranes was almost maintained with an increase of SiO,
content. The permeation of the smallest possible penetrant,
He, ought to be least sensitive to any particle-induced changes
in the local matrix properties. It is well known that changes in
polymer chain packing and dynamics have a much greater ef-
fect on the transport of large penetrants than small ones like
helium [35]. Thus, if the presence of the nanoparticles alters
the packing, dynamics, or conformation of the polymer chain
near its surface, then the ratio of the transport properties of

larger penetrants like CO, to helium will be sensitive to this.
Fig. 15 compares the effect of penetrant size on the permeabil-
ity of the penetrant in the composite versus that dependence
in the pure matrix. Nanocomposites containing SiO, not
chemically coupled to the matrix show a gradual decrease
in selectivity with increased SiO, content [9]. However,
nanocomposite membranes with chemical coupling to the
polymer matrix generally maintain the selectivity with an
increase of SiO, volume fraction. This suggests that the
presence of these particles has only a minor, if any, effect
on permeation properties of the matrix. Note that the method
of preparation has a noticeable effect on selectivity in most
cases.

4. Conclusions

The objective of this work was to eliminate the voids
formed by adding SiO, particles to a glassy polymer matrix
with the hope of minimizing their obscuring effect on perme-
ation properties of the composite. The approach used was
chemical coupling of the SiO, particles to the polymer matrix
via a silane coupling agent using various solution casting and
melt processing methods. SEM and TEM techniques were
used to show the state of filler particle dispersion for the
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Fig. 13. Relative solubility of various gases in nanocomposites made by solution casting, (a) ULTEM®/untreated SiO,, (b) ULTEM®/SiO,-g-PEI, and by melt
processing, (c) ULTEM®/SiO,-g-PEI, (d) ULTEM®/sylilated SiO, (reactive processed), as a function of SiO, content. Solubility coefficients were calculated
by dividing the permeability by diffusivity. The dotted line is the theoretical prediction.

different preparation methods. Nanocomposite membranes
made by solution casting show larger agglomerated filler par-
ticles and greater void volume fraction than melt processed
samples. In addition, reactive processed samples used sylilated
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Fig. 14. Representative experimental CO, sorption isotherms for (a) pure UL-
TEM® prepared by solution casting, (b) g-PEI-20 made by solution casting
and (c) reactive-13.1 made by reactive melt processing.

SiO, had lower void volume. The chemical coupling strategy
reduced the void volume but did not entirely eliminate void
formation. The relative gas permeability and diffusivity of
the nanocomposite with chemical coupling to matrix was de-
creased by the presence of SiO, particles. However, solubility
coefficients computed by dividing the experimental permeabil-
ity by the diffusivity from time lag measurements increased
with SiO, content contrary to simple composite theory. These
results are consistent with voids around and within agglomer-
ated SiO, particles. For some preparation methods, the selec-
tivity of gas transport was decreased by addition of particles,
in spite of the chemical coupling to polymer matrix, presum-
ably due to void formation. Other preparation methods with
chemical coupling to the polymer matrix maintained selectiv-
ity equivalent to the matrix polymer as the SiO, volume
fraction increased. For certain processing procedures, this
chemical coupling strategy did reduce the void content in
SiO,/polyetherimide composites; however, even the best
methods did not entirely eliminate all voids. The nano-sized
SiO, particles formed agglomerates and were not individually
dispersed. The results do not suggest any significant effect
of the particles on the local properties of matrix particles;
however, better dispersion will be needed to fully test this
possibility.
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Fig. 15. Selectivity in ULTEM®/SiO, nanocomposite membranes made by solution casting and melt processing as a function of SiO, weight fraction: (a) O»/N,

selectivity and (b) He/CO, selectivity.
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