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Recently, high-free volume, glassy ladder-type polymers, referred to as polymers of intrinsic microp-
orosity (PIM), have been developed and their reported gas transport performance exceeded the Robeson
upper bound trade-off for O,/N, and CO,/CH4. The present work reports the gas transport behavior of
PIM-1/silica nanocomposite membranes. The changes in free volume, as well as the presence and volume
of the void cavities, were investigated by analyzing the density, thermal stability, and nano-structural

morphology. The enhancement in gas permeability (e.g., He, Hy, O, N3, and CO;) with increasing filler
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content shows that the trend is related to the true silica volume and void volume fraction.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

1. Introduction

As a means of modifying gas transport properties in glassy
polymer membranes, Pinnau and He first reported an unexpected
increase of gas permeability in a series of high-free-volume glassy
polymers whereby inorganic non-porous nanoparticles, such as
fumed silica or carbon black, were incorporated into the poly-
meric matrix to change the inherent polymer chain packing [1].
Subsequent studies [2-4] have shown that the gas permeabil-
ity of non-porous inorganic (e.g., fumed silica, MgO, TiO;)-filled
glassy polymeric mixed-matrix membranes do not behave accord-
ing to the Maxwell [5] and other proposed models [6,7], which
predict lower gas permeabilities than in unfilled polymers. Espe-
cially, nanosized non-porous fumed silica particles embedded in
glassy polymer matrices have a tendency to form aggregates,
which result in disruption of polymer packing and the creation
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of void spaces. Because of the resulting increase in free vol-
ume, the gas permeabilities generally increase with silica content,
whereas the selectivities for permanent gases, such as oxy-
gen/nitrogen, are concurrently compromised. This phenomenon
has been investigated and confirmed in our previous study [8]
through the addition of silica nanoparticles in conventional low-
free-volume polysulfone. It has been observed [9,10] that the
relative permeability (i.e., the ratio of permeability of silica-filled
polymer to that of unfilled polymer) increased with the pen-
etrants’ molecular size, leading to a considerable decrease in
the selectivity of gas pairs such as O,/N; and CO,/CH4. More
importantly, the trend of an increase in relative permeability is
substantially influenced by the silica nanoparticle loadings that
may have arisen from the nonlinearly expanded free volume due
to the enhanced aggregates size as silica content increases. The
addition of fumed silica to increase the gas permeability of the
resulting nanocomposites was initially applied using high-free-
volume glassy polymers such as poly(4-methyl-2-pentyne) (PMP),
poly(1-trimethylsilyl-1-propyne) (PTMSP), and the perfluoropoly-
mer Teflon AF2400 [11-13]. In these polymers, the incorporation
of nanoparticles led to increases in gas and vapor permeability
and, also enhanced reverse selectivity behavior for condensable Cs.
hydrocarbons over smaller non-condensable gases, such as hydro-
gen or methane.

0376-7388/$ - see front matter. Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.
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Tailoring free-volume cavities by controlling the size and shape
of microporous polymers is directly related to the gas permeation
properties [14]. In particular, PIM ladder polymers are good poten-
tial candidates with the capability to optimize the gas permeability
and selectivity by changing the polymer chain packing [15]. Budd
et al. and McKeown et al. were the first to report this new class of
rigid ladder-type polydioxanes containing highly contorted chains
and defined them as polymers of intrinsic microporosity (PIM)
[16,17]. Among these novel materials, PIM-1, containing the con-
torted spirobisindane unit, has attracted the most attention due
to its relative ease of synthesizing high molecular weight polymer
and the combination of outstanding permeability with moderate
selectivity, especially for O,/N, and CO,/CH,4 pairs, which over-
come the upper bound trade-off proposed by Robeson [18,19].
Since the initial reports of Budd et al. and McKeown et al., struc-
turally new PIMs and additional data on PIM-1 have appeared
[20-25].

In the present study, fumed silica nanoparticles were incorpo-
rated into PIM-1, and the resulting gas permeation properties of
the mixed-matrix nanocomposite membranes were investigated.
Pure-gas permeability data are reported for He, Hy, 05, Ny, and
CO, of the PIM-1 nanocomposite membranes and compared with
unfilled PIM-1. The effects on the changes in thermal properties as
well as the morphology including particle distribution and aggre-
gation by the addition of fumed silica are discussed. In addition,
the trend of the resulting permeability-selectivity trade-off rela-
tionship of PIM-1/silica nanocomposites is evaluated.

2. Background

2.1. The effect of impermeable inorganic filler on density and void
volume

The filler volume fraction of a polymeric membrane containing
non-porous inorganic particles is determined by Eq. (1):

_ WE/ OF
Or = wp/pp +WE/ pp (1)

where wr and wp refer to the weight of filler and polymer,
respectively, and pr and pp are the density of filler and polymer,
respectively. The density of the nanocomposites can be predicted
using Eq. (2):

Ppred = pp(1 - ¢F) + pF¢F (2)

However, the density obtained by experimental measurements
is typically somewhat lower than the predicted values. The differ-
ence between experimental (pexp) and predicted density (Opreq)
might be considered as the void space (¢y) that exists at the inter-
face of the polymer and silica nanoparticle aggregates or between
the aggregates. The void volume fraction is determined by Eq. (3):

dy =1- Lexv. (3)
Ppred

2.2. Gas transport properties of mixed-matrix nanocomposite
membranes

Gas permeation in heterogeneous materials that contain imper-
meable spherical particles is commonly predicted by the Maxwell
model [5] using Eq. (4):

1-¢r )
1+ (¢r/2)

where P¢ is the permeability of the composite medium and Pp is
the permeability of the pure polymer.

Pe=re (4)

3. Materials and methods
3.1. Materials

PIM-1 polymer was synthesized by polycondensation reaction
of 5,5,6,6'-tetrahydroxy-3,3,3,3'-tetramethyl-1,1’-spirobisindane
(TTSBI) with 2,3,5,6-tetrafluoro-terephthalonitrile (TFTPN) in
dimethylacetamide (DMACc) [23,24]. The molecular weight (M)
and molecular dispersity (M /M), determined by gel permeation
chromatography (GPC) in THF against polystyrene standards, were
approximately 100,000 Da and 2.9, respectively. Measured BET sur-
face area for unfilled PIM-1 was 730 m?/g. Hydrophobic fumed
silica (Cabosil TS 530) containing trimethylsilyl groups was kindly
supplied by Cabot Corporation (Tuscola, IL). The density and the
BET surface area for Cabosil TS 530 are 2.2 g/cm? and 205-245 m?/g,
respectively [26]. The average equivalent spherical particle diam-
eter (d) is approximately 11.1-13.3 nm, which was estimated by:
d=6/(surface area x density) for spherical particles.

3.2. PIM-1 and silica nanoparticles filled-PIM-1 membranes
preparation

Initially, polymer and fumed silica were thoroughly dried in a
vacuum oven at 100 °C. 2 wt.% of PIM-1 was completely dissolved in
chloroform (EMD Chemical Inc. Gibbstown, NJ). After filtering the
polymer solution with a 0.45 wm pore size polypropylene syringe
filter, the desired amount of silica nanoparticles, ¢f (i.e., 7, 13,
19, and 24 vol.%) based on Eq. (1) was added in the solution. The
solution-suspension was stirred with a magnetic bar for aminimum
of 15 h, and up to 60 h for higher ¢r. The solution-suspension was
poured into a leveled glass casting dish, which was then covered
to reduce evaporation rate. After solvent evaporation, the resulting
films were delaminated and conditioned by soaking in methanol
for approximately 50 min. Immersing the membranes in methanol
reverses prior film formation history, in a manner similar to pro-
tocols previously developed for microporous polyacetylenes and
PIM-1 [27,28]. After leaving the films under ambient atmospheric
conditions for 1 h, the films were dried in a vacuum oven at 100°C
for 2 days. The thickness of the membranes was measured with a
micrometer, and was in the range of 35-55 pm.

3.3. Thermal gravimetric analysis

Thermal degradation was conducted by thermal gravimetric
analysis (TGA) (TA instrument 2950, TA Instruments, New Castle,
DE). Samples of approximately 3-6 mg were loaded into platinum
pans and tested under a 50 mL/min purge of nitrogen gas. Ini-
tially, the samples were heated up to 350°C at a rate of 10 °C/min.
After cooling to room temperature, the sample was reheated up to
1000°C at a rate of 10°C/min.

3.4. Differential scanning calorimetry

Glass transition temperatures (Tg) were determined by dif-
ferential scanning calorimetry (DSC) (TA Instruments 2920, TA
Instruments, New Castle, DE) calibrated by tin (231.93 °C) and zinc
(419.53°C). The samples were tested under a 50 mL/min purge of
nitrogen gas. Samples of approximately 10 mg were encapsulated
in the non-hermetically sealed aluminum pans and lids. Samples
were initially heated from room temperature up to 400 °C at a rate
of 10°C/min. After quenching in liquid nitrogen, the samples were
reheated up to 450°C at a rate of 10°C/min.

3.5. Scanning electron microscopy

The cross-section and surface morphology of mixed-matrix
nanocomposite membranes were observed by scanning electron
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Table 1

Thermal properties.
or (%) wr (%) wlL (%) T, (°C) T5 (°C) Ty (°C)
0.0 0 37.7 492 513 No
6.7 13 33.2 492 516 -
13.0 24 30.0 495 518 -
19.1 33 27.0 497 520 -
23.5 39 254 498 521 No
Fumed silica* - 5.6 336 787 -

wL: weight loss up to 1000°C.

T,: temperature at 1% weight loss.
Ts: temperature at 5% weight loss.
Ty: glass transition temperature.
No: none observed.

microscopy (SEM). Rather unexpectedly, the silica-filled PIM-1
membrane samples were more readily fractured under ambient
conditions, whereas they were more flexible in liquid N,. The
fractured membrane samples were sputter-coated with gold. The
samples were then examined using a JEOL 840A scanning elec-
tron microscope equipped with an Oxford instruments 6560 INCA
x-sight light element energy dispersive X-ray (EDX) spectrome-
ter and image capturing software. All photos were taken using an
accelerating voltage of 30 kV.

3.6. Gas permeation measurements

The pure-gas permeability was measured using a constant pres-
sure/variable volume apparatus [29]. The feed gas pressure was
maintained at 50 psig while the permeation side was kept at atmo-
spheric pressure (0 psig). The gas permeation measurements were
performed at 23 +0.2 °C in the following order: 05, N5, He, H;, and
CO,. The permeate gas flow rate was measured by a soapfilm bub-
ble flowmeter (Grace, IL). The gas permeability (P) was calculated
by the following equation (Eq. (5)):

273adv I
=T dtApA (3)
where dV/dt is the volumetric flow rate, T is the operational tem-
perature (K), A is the active permeation membrane area (9.6 cm?),

lis the thickness of the membrane, and Ap is the pressure differ-
ence between feed side and permeation side. The permeability is
reported in Barrer [10~10 cm3 (STP) cm/cm?2 s cmHg].

4. Results and discussion
4.1. DSC and TGA

The amorphous PIM-1 and PIM-1/silica nanocomposites remain
in the glassy state until the polymer decomposition point; hence,
no thermal transition was observed up to 420 °C by the DSC anal-
ysis. Because of the lack of rotational mobility in the backbone of
the rigid ladder polymer, it is difficult to observe a glass transi-
tion before degradation [20]. Although PIM-1 has been reported
as having a Ty, 436 °C [21], we believe this appears to be a proba-
ble misinterpretation of the data. Table 1 presents the weight loss
of various wt.% of fumed silica mixed-matrix membranes at tem-
peratures up to 1000 °C. During TGA analysis, the initial weight of
the samples was affected by buoyancy; that is, the sample and plat-
inum pan appeared to gain weight before significant decomposition
occurred due to the differences in thermal conductivity, density,
and heat capacity for the purging gas and the sample [30]. How-
ever, the buoyancy effect was less apparent at higher temperature.
Thus, the initial wt.% for all the samples was set at 350 °C. The sil-
ica concentration in the polymer (¢r) is considered as the volume
fraction, which appears significantly lower than the weight frac-
tion term because of the high density of fumed silica. PIM-1 and all
nanocomposites began weight loss at approximately 492 °C. The
weight loss temperature at 1% (T;) and 5% (Ts) slightly increased
with ¢p, indicating a higher thermal stability by the addition of sil-
icananoparticles [31].Itis believed that initial decomposition is the
result of the loss of trimethylsilyl groups present in the modified
fumed silica.

4.2. Microporous morphology

The silica-nanoparticle-filled PIM-1 membranes were observed
by SEM. Fig. 1 presents the cross-sectional morphological images

Fig. 1. SEM images of the cross-section of silica-filled PIM-1 mixed-matrix membranes with various amounts of silica nanoparticle loadings (magnification 50,000x ).



J. Ahn et al. / Journal of Membrane Science 346 (2010) 280-287 283

Fig. 2. SEM images of the surface of silica-filled PIM-1 mixed-matrix membranes with various amounts of silica nanoparticle loadings (magnification 50,000x ).

of silica embedded PIM-1 mixed-matrix membranes, showing that
the non-porous silica nanoparticles are aggregated rather than dis-
persed individually [32]. Fig. 2 clearly shows that the size (e.g.,
diameter) of nanoparticle aggregates increases as ¢r increases,
whereas the number of aggregate clusters decreases. In prin-
ciple, the interparticle spacing should decrease with increasing
particle loading, if the particle size is constant [33]. However, inter-
aggregate spacing is created between nanoparticle aggregates,
which become bigger at higher particle concentration. Therefore,
additional void volume besides fractional free volume exists in the
microporous PIM-1 polymer matrices. Consequently, the size of the
aggregates plays a key role in the gas permeation properties due to
the formation of void space in the nanocomposites [34].

The aggregates formed within the 24 vol.% of silica-filled mem-
branes are somewhat different from those containing lesser
amounts. Moreover, the diameter of aggregates is obviously large,
approximately over 200 nm. The aggregate shape is clearly non-
uniform compared with the others that appear better dispersed
and have a more uniform aggregate size. It is noteworthy that
the relative permeability is almost identical for the nanocomposite
membranes containing less than 20 vol.% silica, indicating that the
local flow pattern around a filler particle is not disturbed by the
presence of other particles [6].

4.3. Density and void volume

The presence of void volume can be demonstrated by the dif-
ference between the theoretical and measured density. In theory,
when two different materials are dispersed and blended together,
the density of the resulting composite material is ideally calculated
by Eq. (2). However, in practice, the density of nanocomposites
composed of embedded inorganic non-porous fillers in glassy poly-
mers tends to be lower than the calculated density as shown
in Table 2. The density was measured by gravimetric analysis
(i.e., samples of known area and thickness were weighed on an
analytical balance). This is because significant void space can be
created at the interface between polymer and silica aggregates or

within nanosized aggregates [9,35]. Therefore, the packing density
of silica-filled PIM-1 membranes is lower than the theoretically
expected value.

Fig. 3 presents the differences in experimentally measured den-
sity (pexp) and predicted results (ppreq) as a function of ¢r. For the
nanocomposite membrane containing the low silica loading ¢r of
7 VOL%, pexp appears to follow ppeq. On the other hand, pexp shows a
significant drop at high silica loadings and the differences between
Pexp and ppreq become significant as ¢ increases. Previously, this
phenomenon has been observed for nanocomposites of embedded
TiO, nanoparticles within PTMSP [3].

Fig. 4 presents the relationship of the void volume with added
silica amounts as calculated by Eq. (3). The void volume increases
linearly with increasing silica content, but above 7vol.% of sil-
ica, a marked nonlinear behavior is observed. This is significant
in explaining the changes in gas permeability, which will be dis-
cussed later. In polymer/inorganic mixed-matrix membranes, the
total volume fraction (¢r7) is the sum of ¢, ¢p, and ¢y. Considering
the occurrence of ¢y, the true silica volume (d);) in nanocomposites

Table 2
Physical properties of PIM-1 and PIM-1/silica mixed-matrix membranes.
¢F (%) pexp (g/cm3) ppred (g/cmB) ¢V (%) ;’:‘ (%)
0.02 1.056 - - -
0.0 0.991 0.991 - -
6.7 1.070 1.064 —0.6" 6.8
13.0 1.092 1.131 3.4 12,5
19.1 1.084 1.197 9.4 17.3
235 1.069 1.244 14.0 20.0

Pexp: €Xperimental density.
Pprea: theoretical density.
¢r: silica volume fraction.
¢v: void volume fraction.
¢;: true silica volume fraction.
2 Without methanol treatment.
b Negative value is attributed to the range of experimental error.
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Fig. 4. Void volume (O) and true silica volume fraction (M) filled in matrix derived
by Eq. (3) and Eq. (6), respectively; the dotted line is the theoretically estimated
silica volume fraction.

can be calculated by Eq. (6):
OF = ¢r(1 - oy) (6)

The differences between qﬁ; and ¢f increased with silica load-
ing, and became larger due to the presence of high void volume
resulting from aggregation at higher ¢, as presented in Fig. 5. This
nonlinear increase in void volume with increasing ¢r is probably
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related to the formation of larger irregular aggregates in the matrix
filled with the maximum concentration of fumed silica.

4.4. Gas permeation properties of PIM-1

In highly rigid glassy polymers, the transport properties can vary
with the film formation procedures [36]. Accordingly, the gas trans-
port properties of PIM-1 are considerably influenced by various film
formation and treatment protocols including casting solvent type
and drying conditions [22]. Table 3 presents the gas permeabilities
and selectivities of PIM-1 membranes, which were prepared by var-
ious solvents (e.g., tetrahydrofuran (THF), dichloromethane (DCM),
and chloroform) and treated by immersion in water or methanol.
Treatment of PIM-1 membranes with methanol was used to remove
prior membrane formation history. The gas permeability of PIM-1
post-treated with methanol increased approximately 2-fold. The
gas permeability of PIM-1 decreases in following order:

CO;>» Hy>» O;> He » Ny

This behavior is similar to that of other high-free-volume glassy
polymers, such as substituted polyacetylenes. Compared to low-
free-volume polymers, such as polysulfone, PIM-1 and substituted
polyacetylenes have a large fraction of interconnected free volume
elements, which allow for high diffusion coefficients as well as high
gas solubility [37,38].

4.5. Gas permeation properties of PIM-1/silica mixed-matrix
membranes

The gas permeation properties of the nanocomposites as a func-
tion of silica loading are shown in Table 4. Composite membranes

Table 3

Gas permeability properties of PIM-1 films prepared by different methods.
Casting solventtreatment Gas permeability, P (Barrer) Selectivity Temp. (°C) Ap (psig) Reference

He H, 0, N> CHa4 CO, 02/N3 CO2 /Ny

Tetrahydrofuran - 1300 370 92 125 2,300 4.0 25 30 29 Budd [20]
Dichloromethane 1060 2330 790 240 360 3,500 33 15 35 58.8 Staiger [21]
Chloroform 760 1630 580 180 310 4,390 3.2 24 25 14.7 Budd [22]
ChloroformWwater - - 150 45 114 1,550 33 34 25 14.7 Budd [22]
ChloroformMeCH - - 1610 500 740 12,600 3.2 25 23 14.7 Budd [22]
ChloroformMeCH 1500 3600 1300 340 430 6,500 3.8 19 25 50.0 Thomas [23]
ChloroformMeCH - 1900 990 270 350 4,030 3.7 15 25 50.0 Song [24]
ChloroformMeCH 1380 3320 1340 405 - 6,000 33 15 25 50.0 This study
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Fig. 6. Images of PIM-1/24 vol.% silica mixed-matrix membrane; note the absence of apparent defects, with particles well dispersed in the polymeric matrix.

Table 4
Gas permeability properties of PIM-1 and fumed silica-filled nanocomposites as a
function of silica loadings.

& (%) Gas permeability (Barrer) Selectivity
He H2 02 Nz C02 02 /Nz COz/Nz
0.0 1380 3320 1340 405 6,000 33 15.0
6.7 1540 3670 1480 460 6,200 3.2 15.0
13.0 2000 5060 2330 880 10,100 2.7 12.0
19.1 2518 6362 3221 1573 12,182 2.1 7.8
235 2940 7190 3730 1800 13,400 2.1 7.5

having more than 30 vol.% silica nanoparticles were brittle. For this
reason, the amount of dispersed silica nanoparticles was limited
to a maximum of 24 vol.%, which resulted in flexible nanocompos-
ite membranes as shown in Fig. 6. The gas permeabilities generally
increased with ¢, which is in contrast with the prediction of the
Maxwell model.

Fig. 7 presents the enhanced relative permeability of each sin-
gle gas measured at 25°C and Ap of 50 psig as a function of qb;.
Matteucci et al. [39,40] described that the existence of void volume
(i.e., macrovoids) at the nanoparticle-polymer interface, between

Permeability enhancement

P S T W [N VT VRN WY N N SN N SN SO NN WY U SN N T S S S

0 0.05 0.10 0.15 0.20

True silica volume fraction

Fig. 7. Gas permeability of N, (W), O, (®), and CO, (O) influenced by the incorpora-
tion of silica nanoparticles relative to that in unfilled PIM-1 membrane as a function
of true silica volume fraction; properties were measured at 25°C and Ap of 50 psig
after being soaked in methanol and dried at 100°C in a vacuum oven; the dotted
line represents highly permeable dispersed phase by the Bruggeman’s model [6].

nanoparticle aggregates, or as a result of nanoparticle-induced
disruption of polymer chain packing is barely distinguishable. How-
ever, it leads to the enhancement of gas permeability. In addition, it
is observed that the mode of the enhanced permeability with ¢; sig-
nificantly follows the trend of ¢y with increasing ¢r. As discussed
above, the ¢y increases nonlinearly with ¢, and presumably the
relative permeability is consistent with ¢y.

Fig. 8 presents the increasing relative permeability as a
function of ¢y. The permeability enhancement behaves non-
linear with increasing ¢y, which could be attributed to the
increase in particle loadings in the membrane. However, the
enhancement in permeability tends to stabilize with increased
loadings.

The trade-off relationship between O, permeability and O, /N,
selectivity of several polymers is presented in Fig. 9. It is
evident that incorporating silica nanoparticles into glassy poly-
mer matrices leads to increases in gas permeabilities in both
low-free-volume polysulfone and high-free-volume PIM-1. How-
ever, the selectivity decreases with increased silica nanoparticle
loadings and the general trend of the PIM-1/silica nanocom-
posites follow approximately the profile of the upper bound
limit.

Permeability enhancement
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0 0.03 0.06 0.09 0.12 0.15

Void volume fraction

Fig. 8. Gas permeability of H, (v), He (+), N, (), O, (@), and CO, (Q) influenced by
the incorporation of silica nanoparticles relative to that in unfilled PIM-1 membrane
as a function of void volume fraction; properties were measured at 25°C and Ap of
50 psig after being soaked in methanol and dried at 100°C in a vacuum oven.
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Fig. 9. The trade-off performance for gas permeability and selectivity through
conventional, low-free-volume glassy polysulfone (PSf), polyimide (PI), high-
free-volume glassy poly(4-methyl-2-pentyne) (PMP), poly(1-trimethylsilyl-1-
propyne) (PTMSP), poly(2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole-co-
tetrafluoroethylene) (Teflon AF2400), rubbery polydimethylsiloxane (PDMS), and
PIM-1 (PIM-1* refers to a literature value [20]). Open circles and stars show the
results of nanocomposites with fumed silica at various loadings.

5. Conclusions

PIM-1/fumed silica mixed-matrix membranes were successfully
prepared with various levels of silica nanoparticle loadings to inves-
tigate the gas transport performance. The specific relationship of
void space with silica nanoparticle content was investigated by
determining the true silica volume fraction as well as void volume
fraction. The incorporation of silica nanoparticles in PIM-1 signif-
icantly increased overall gas permeability. This is likely because
significant increases in the newly created void cavities upon the
addition of impermeable nanoparticles was greater than the per-
meable space of the unfilled polymer chain packing. In addition,
the trend of increased permeability increases nonlinearly with
the amount of silica content. The trade-off relationship between
0, permeability and 0,/N, selectivity followed a similar trend
previously observed for polysulfone mixed-matrix membranes
with incorporated silica nanoparticles, whereby permeability was
gained at the expense of selectivity.
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