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ABSTRACT: Nanocomposite membranes of modified Si
nanoparticles as inorganic filler in two different polymers
from two different categories were developed. Synthesized
6FDA-durene diamine as a glassy polymer and PEBAX-2533
as a block copolymer were used as the polymer matrix to
develop the nanocomposite membranes of modified Si
nanoparticles in polymer matrix. The scanning transmission
electron microscopy (STEM) results showed nice nano size
dispersion of inorganic nanofillers in the polymer matrix in
both cases. Pure gas permeation for the gases CO2, CH4, N2,
and O2 and mixed gas of CO2−N2 was carried out at 2 and 6
bar for single gas and 2.6 bar for mixed gas using the developed
nanocomposite membranes. The loading of inorganic fillers in the PEBAX-2533 polymer matrix resulted in a dramatic increase in
gas permeability for all tested gases, while a decrease was observed for CO2/N2 and CO2/CH4 selectivities with small amounts of
loading of filler. With higher loading of inorganic filler, the selectivity did not change, which is probably due to the formation of
nanogap around the nanoparticles in the polymer matrix. The dispersion of the nanoparticle inorganic fillers in 6FDA-durene
polymer matrix caused an increase on the fractional free volume of the polymer matrix due to the disruption of the polymer chain
in the presence of the inorganic fillers. Hence, this disruption resulted in an increase of gas permeability for both single and mixed
gases, also with an increase in CO2/N2 and CO2/CH4 selectivities.
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1. INTRODUCTION

Concern about climate change has led to much research and
development of new technologies to combat this global
challenge. Different options are being considered such as
improving energy efficiency, introducing more renewable
energy, and enhancing the removal or sequestration rate of
CO2 from the atmosphere, known as CO2 capture and storage
(CCS).1 A well-known technology for CO2 capture is based on
reversible absorption such as amine scrubbing. This process is
energy intensive and poses environmental concerns. Using a
membrane gas separation process for CO2 capture will,
however, benefit from advantages such as ease of operation,
low-energy consumption, and low environmental impact or
footprint.2

However, the permeance and selectivity of current
commercial polymeric membranes are still too low to be
applied for processing large volumes of gas.3 Polymeric
membranes have only the ability to compete with small-scale
amine plants operating at less than 30 million standard cubic
feet per day.4 Insufficient thermal and chemical stability and
susceptibility to plasticization are other limitations associated
with current polymeric membranes. Any improvement in the
efficiency of membrane systems could result in considerable

financial savings5 and therefore increase the role of membrane
systems in gas separation.
Inorganic membranes are usually made of metals, ceramics,

or pyrolyzed carbon.6 These membranes are increasingly being
investigated for gas separation in mixtures of gases due to their
well-known chemical and thermal stabilities and much higher
gas fluxes or selectivity as compared to those of polymeric
membranes. Compared to polymeric membrane, inorganic
molecular sieves, such as zeolites and carbon molecular sieves,
are excellent materials for gas separation with diffusivity
selectivity significantly higher than that of polymeric materials.
The accurate size and shape discrimination resulting from the
narrow pore distribution ensures superior selectivity.7

1.1. Background. Mixed matrix membranes (MMMs) or
composite organic−inorganic membranes comprise of inor-
ganic particles dispersed into a continuous polymer matrix.
MMMs, in which inorganic fillers (basically nanosized particles)
are dispersed in relatively small amounts in a polymer matrix,
have been introduced as alternative materials to combine both
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promising selectivity preference of the inorganic particles and
the economical processing potential of polymers.8

Permeation of the gases can occur through both the
polymeric and inorganic phases. Inorganic particles may
function as molecular sieves and disrupt the polymer structure,
therefore enhancing the permeance, or they may act as a
barrier, decreasing gas permeance.9 At low to intermediate
loading of the inorganic fillers, transport relies upon diffusion
through the polymer matrix and across the inorganic particles.
Molecular transport occurs primarily across the inorganic phase
at very high inorganic loading. However, in some mixed-matrix
membranes, selective sorption of different gases occurs by the
inorganic phase.4 At low loadings of the inorganic fillers in
organic−inorganic membranes, gas transport primarily occurs
through the polymeric matrix. The inorganic materials
dispersed into the polymer matrix, including silica par-
ticles,10−12 zeolites,13−19 carbon nanotubes,20−22 and metal
organic frameworks.23−25

One of the inorganic fillers that have received significant
attention throughout the development of MMMs is silica
nanoparticles that can be categorized into two groups,
nonporous silica and ordered mesoporous silica. These fillers
are introduced in the polymeric matrix through sol−gel
reaction, in which the silica precursors are hydrolyzed and
condensed and then dispersed as nanoparticles in the polymer
matrix. The dispersion is at the molecular or nano scale level,
therefore the interactions between the silica and the organic
part can be tailored in order to control the morphological
structure at the interface of the phases of inorganic filler and the
polymer.26,27

The preparation of MMM using impermeable inorganic
particles has been dominated by the use of fumed silica as the
dispersed phase. Although some grades of fumed silica contain
primary particles with diameters on the nano scale, these
particles are chemically fused together so that it is impossible to
disperse the primary particles individually or as nanoscale
aggregates. Because the primary particles are nano scale with
respect to their diameter and contain high specific area, these
silica particles show improvement in their distribution in the
matrix and prevent the formation of nonselective voids in the
interface between nanoparticles and polymer. The dispersion of
metal oxides normally demonstrates a similar effect as that of
impermeable silica particles. The gas transport behavior in such
MMMs is influenced by chain packing disruption and
agglomeration of nanoparticles on the nano scale in the
polymer matrix. Several researchers report using MgO and
TiO2 nanoparticles embedded in mixed matrix membrane.28−35

Because the nonporous silica particles are nonpermeable, the
dispersion of this inorganic filler into the polymer matrix does
not directly contribute to the change of gas separation
properties, but it influences the molecular packing of the
polymer chains, which results in an improvement of the
permeation and the selectivity properties.36 Particularly,
dispersion of nonporous silica in polymer matrix can influence
the separation performance in two ways,37 which can be
observed as (1) an increase in polymer free volume without
creating nonselective voids, which in turn results in the
improvement of gas permeation properties, or (2) the
formation of free volume elements large enough to permit
nonselective Knudsen transport, resulting in a decrease in
selectivity. The void formation in nanoparticles/polymer matrix
interface, as well as agglomeration of particles and weak
interaction between polymer and nanoparticles at interface,

particularly at high loadings, has led to greater permeability
compared to that predicted in some reported works.35 In the
present work, silica on the nano scale was used as inorganic
fillers in MMMs while it was modified by the organic linkage to
have better interaction with the polymer matrix, as shown in
Figure 1.38

Polymers, the most widely used materials in membrane gas
separation,39 can be generally categorized on the basis of their
glass transition temperature (Tg) as glassy polymers, which
operate below their Tg, or rubbery polymers, which operate
above their Tg. Glassy polymers are able to effectively
discriminate molecules with small differences in molecular
dimensions.40 They are inherently more size- and shape-
selective compared to rubbery polymers, and therefore, they
can be better candidate for CO2 separation.4 In this work,
6FDA-durene diamine was used as one of the polymer matrix
to develop mixed matrix membranes due to its proper gas
separation properties.
The poly(ether-b-amide) Pebax has been known as an

appropriate candidate for membrane with the application of
separation of H2 and CO2. Pebax has received much attention
as a CO2 selective membrane material following its first
introduction by researchers in 1990.41 Pebax is a thermoplastic
elastomer that contains a hard aliphatic polyamide (PA)
segment, which supplies the mechanical strength, and a soft
polyether segment, which provides the gas transport proper-
ties.42,43 Due to the strong affinity of polar ethylene oxide (EO)
units to quadrupolar CO2 molecules, Pebax shows relatively
high CO2 permeability and CO2/H2 selectivity.

44

Recently, much research has been conducted using Pebax or
blends of polymers with poly(ethylene oxide) (PEO) to
investigate gas permeation properties,45−49 but less work has
been done on MMMs with Pebax as polymer matrix. In the
present work, Pebax-2533 as polymer continuous phase was
chosen from this category to study permeation of pure CH4,
O2, N2, and CO2 gases. The extent of loading of modified Si on
two different cases of mixed matrix membranes was studied,
and morphological structure and separation performance of the
membranes were evaluated. The developed nanocomposite or
mixed matrix membranes are Case 1, mixed matrix membrane
of modified Si/6FDA-Duren Diamine, and Case 2, mixed
matrix membrane of modified Si/PEBAX-2533.

1.2. Mechanisms of Gas Transport in Nanocomposite
Membrane. The gas separation of nanocomposite membranes
can be affected in two ways by adding inorganic nanofillers: (1)
the interaction between inorganic nanofillers and polymer-
chain segments may disrupt or influence the polymer-chain
packing, and as a result the voids (free volumes) between the
polymer chains increase, hence there will be an increased gas
diffusion;50,51 and (2) some interactions may occur between
the hydroxyl and other functional groups on the surface of the
inorganic fillers and gases such as CO2 and SO2, thereby

Figure 1. Chemical structure of modified Si nanoparticle.38

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am500532a | ACS Appl. Mater. Interfaces 2014, 6, 15643−1565215644



increasing the solubility of the penetrant component.52,53

Different transport mechanisms were introduced in the current
work to interpret the gas transport through nanocomposite
membranes.54

Maxwell’s model is often used to model the permeability of
composite membranes filled with roughly spherical imperme-
able particles.55 The Maxwell’s model equation indicates both
the loss of membrane solubility due to the loss of polymer
volume available for sorption and a decrease in diffusivity due
to increment of the penetrant diffusion pathway length.56 Both
factors result in decreasing permeability with increasing particle
volume fraction.57

The other model is a free volume increase mechanism based
on the model introduced by Cohen and Turnbull.58 According
to the model, increments of polymer free volume are expected
to enhance penetrant diffusion. The free-volume increase
mechanism represents an understanding of the interaction
between nanofillers and the segments of polymer-chain. The
nanofillers may increase the free volume between the polymer
chains due to the disruption of the polymer-chain packing, and
as a result, gas diffusion enhances and gas permeability increase.
The solubility increase mechanism is based on the interaction

between the nanofillers and penetrants. The solubility of the
penetrants in the nanocomposite membranes and, in turn, the
gas permeability may increase due to interaction between
functional groups, such as hydroxyl, on the surface of the
inorganic nanofiller phase with polar gases, such as CO2 and
SO2;

54 however, this is not fully understood.
Nanogap hypothesis was introduced by Cong et al.54 for the

nanoparticles with better compatibility with the polymer matrix.
In their work, trimethylsilyl- or triphenylsilyl-modified silica,
was used in brominated poly(2,6-diphenyl-1,4-phenylene
oxide) (BPPOdp) to investigate the gas performance of the
nanocomposite membranes. The modified nano silica was
dispersed more homogeneously in the polymer matrix and
resulted in a more efficient disruption of the polymer-chain
packing and therefore an increase in the free volume for
molecular diffusion and thus gas permeability. Nevertheless,
these homogeneous nanocomposite membranes had a
substantially lower gas permeability compared to that of the
membranes with unmodified silica. Accordingly, they proposed
that because of the poor compatibility of the polymer and the
silica surface, the polymer chains could not tightly contact the
silica nanoparticles; therefore, a narrow gap formed, surround-
ing the silica particles, as illustrated in Figure 2. The gas
diffusivity and permeability were increased due to shortening of

the gas diffusion path. This also explained why the addition of
the nanoparticles enhanced gas permeability but did not affect
the gas selectivity.

1.3. Theory. For this study, the solution-diffusion
mechanism is applied to explain the gas transport properties.
The permeability (P) can be expressed as the product of
diffusivity (D) and solubility (S).

=P DS (1)

The ideal selectivity of membranes for pure gases A and B is
defined as follows:

α = =
P
P

D
D

S
SA,B

A

B

A

B

A

B (2)

Where DA/DB is diffusivity selectivity and SA/SB is solubility
selectivity. The permeance in mixed gas was calculated using a
complete mixing model from the total permeate flow, as shown
in eq 3. The details about the mixed gas permeation setup was
well described in previous works in the MEMFO group.59

=
−

Q
J
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A
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where QA represents the permeance (m
3(STP)/(m2 bar h)) of

component A (CO2 or N2), JA is the flux (m
3(STP)/m2h), XR,A

and Xp,A represent molar concentration (mol %) of the
component on feed and permeate side, respectively, and Ph and
Pl (bar) are absolute pressure on feed and permeate side,
respectively. Two selectivity parameters were reported in this
work for mixed gas experiments. Membrane selectivity (αA,B)
corresponds to the ratio of component A permeance to
component B permeance, while concentration selectivity is
represented by the ratio of A/B concentration on the permeate
side to A/B concentration on the feed side. Concentration
selectivity or the separation factor represents a limiting case of
the membrane selectivity when the pressure ratio, Pfeed/Pperm, is
higher than or equal to selectivity.60 Concentration selectivity is
related to the process conditions61−63 and is also called process
selectivity.

2. EXPERIMENTAL SECTION
2.1. Materials. PEBAX-2533, kindly supplied by Arkema (France),

is a block copolymer contain 80 wt % poly(ethylene oxide) (PEO) and
20 wt % polyamide (PA12, nylon-12) and will be further referred to as
PEBAX-2533. 6FDA-Durene diamine was synthesized by a two-step
poly condensation reaction. More details about the synthesis were
explained properly in previous works of the authors.64 Solvents like
chloroform, DMAc, dichloro methylene, and ethanol were purchased
from Aldrich. Modified Si nanoparticle was prepared in the
Department of Materials Science and Engineering, Norwegian
University of Science and Technology, and was received as a solution
in ethanol or chloroform.38

2.2. Membrane Preparation. PEBAX-2533 was prepared as a flat
film membrane by the solvent evaporation method. Ethanol of
certified technical grade was used as solvent to make a 3 wt % PEBAX-
2533 solution. A calculated amount of PEBAX-2533 was dissolved
under reflux condition and stirred at 70 °C for 3−4 h. After the
polymer was dissolved completely, the polymer solution was cooled to
ambient temperature; a homogeneous solution without gelation was
obtained. The dense membrane of pure PEBAX-2533 was obtained by
casting 3% polymer solution on a Teflon Petri dish. MMM solutions
were prepared by adding proper amounts of modified Si nanoparticle
solution to the polymer solution, and the inorganic particles were
dispersed in the solution for 20−30 min using ultrasonic mixing. The
solution was then poured into a Teflon Petri dish, which was covered
with a funnel to avoid any dust in the solution and to allow solvent

Figure 2. Illustration of nanogap formation in a nanocomposite
membrane.54
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evaporation. The casted membrane was dried at room temperature for
1 day and then placed in a vacuum oven at room temperature for 10 h,
after which the temperature was gradually increased to 70 °C. The
sample was kept at this temperature overnight to completely remove
residual solvent. Finally, the temperature was raised to 80 °C and was
kept there for 1 h before it was slowly cooled to room temperature.
The thickness of achieved membranes varied between 40 and 60 μm.
The mixed matrix modified Si nanoparticles/PEBAX-2533 flat sheet
membranes were prepared with a membrane area of 5 and 20 cm2 for
single gas and mixed gas permeation tests, respectively.
6FDA-Durene diamine flat sheet dense membranes were also

prepared by the solvent evaporation method. Chloroform was used to
make a 5 wt % 6FDA-durene diamine solution. After the polymer was
completely dissolved in the solvent, the polymer solution was
degassed, and the dense membrane of pure 6FDA-durene diamine
was obtained by casting the polymer solution on a Teflon Petri dish.
To prepare the MMM, a proper amount of modified Si nanoparticle
solution in chloroform was added to the polymer solution. The
inorganic particles were then ultrasonically dispersed in the polymer
solution. The casted membrane was dried at room temperature while it
was covered with a closed neck funnel to avoid fast evaporation and
prevent dust on the membranes. The dried membranes were placed in
a vacuum oven at room temperature for 15 h, and the temperature was
gradually increased to 200 °C; it was kept at this temperature
overnight to completely remove residual solvent. It was then slowly
cooled to room temperature. The thickness of the achieved
membranes varied between 40 and 60 μm. The obtained nano-
composite 6FDA-durene diamine/modified Si nanoparticles flat sheet
membrane with an area of 5 and 20 cm2 for single and mixed gas
permeation tests, respectively, were used for gas separation character-
ization.
2.3. Membrane Characterization. 2.3.1. Gas Permeability. Gas

separation performance for MMMs was measured using single gases
(N2, O2, CH4, and CO2) and a binary gas mixture (10% CO2 and 90%
N2). Single-gas permeation measurements were done with a standard
constant volume/variable pressure gas permeation using vacuum on
the permeate side. The gas permeance values were calculated from the
rate of increase in pressure over time on the permeate side. The single-
gas measurements were done at room temperature at 2 and 6 bar. The
gas permeability values were obtained by considering the thickness of
samples and the measured permeance.
The CO2 permeability and CO2/N2 mixed gas selectivity values of

modified Si nanoparticles/(PEBAX-2533 or 6FDA-durene) mixed
matrix membranes were determined by measuring the steady state flux
of two components in a mixed gas stream permeating through the
membrane, where all the process variables such as pressure, relative
humidity (RH%) of gases, gas flow rate, temperature, and gas
composition were continuously and simultaneously registered by a Lab
View program. The temperature and RH% were measured directly
inside the feed and sweep gas sides close to the permeation cell. A gas
permeation cell with 20 cm2 membrane active area was used for mixed
gas permeation tests.
A mixed gas with composition of 10% CO2/90% N2 was used as

feed gas, and He was used as a sweep gas. The composition of the
permeate gas was analyzed continuously by a 3000 Micro GC gas
analyzer (Agilent). The permeance of CO2 and N2 was calculated
using complete mixing model from the total permeate flow as shown
in eq 3. All mixed-gas permeation experiments were performed at 25
°C; relative humidity, 100%; feed pressure, 2.6 bar; and sweep
pressure, 1.1 bar, unless otherwise stated.
2.3.2. Wide-Angle X-ray Diffraction (WAXD). In this work, WAXD

was used to identify the phase composition of the film, the texture of
the film, presence of crystals, and amorphous regions in film. WAXD
of pure polymer and MMMs were recorded using Cu Kα radiation of
wavelength λ = 1.54060 Å with a graphite monochromator produced
by Bruker AXS D8 focus advanced X-ray diffraction meter (Rigaku,
Japan, Tokyo) with Ni-filtered. The X-ray scans were taken with a
scanning speed of 1°/mm and step size of 0.01°. The angle of
diffraction 2θ was varied from 5 to 70° to identify any change in the

crystal structure of intermolecular distance between inter segmental
chains.

2.3.3. Scanning Electron Microscopy (SEM). In this work, a Hitachi
S5500 STEM was used to investigate the cross sections and surfaces of
pure membranes and MMMs containing Si inorganic fillers. To avoid
charging of samples with electron beam, we covered all samples with a
conducting gold coating.

2.3.4. Differential Scanning Calorimetry (DSC). Thermal proper-
ties of the pure membranes and MMMs were investigated using a
differential scanning calorimeter (TA Q100). A 10 mg sample was put
in an aluminum pan covered with a proper lid together with the
standard empty pan into the DSC sample holder and heated at the rate
of 10 °C/min under N2 atmosphere.

2.3.5. Thermogravimetric Analysis (TGA). TGA conducted with a
thermogravimetric analyzer (Q500, TA Instruments; New Castle, DE)
was used to determine the amount or rate of weight changes as a
function of temperature over time in controlled atmosphere. About 10
mg of the sample , which was put in the sample holder, was also
analyzed by the TGA. He (Helium) was used as purge gas. The
heating rate was 10 °C/min.

2.3.6. Density. The density of 6FDA-durene and modified Si
nanoparticle/6FDA-durene nanocomposite membrane were measured
by using the method of density column containing ZnCl2 solution to
calculate the fractional free volume (FFV) of the membranes. The
polymer specific volume was then calculated to be 0.4408 cm3/gr.
There is no density data for the PEBAX-2533 membrane and the
mixed matrix membranes of this polymer due to practical problems
measuring the density of these samples.

3. RESULTS AND DISCUSSION
In this work, modified Si nanoparticles were nicely dispersed in
the solvent and polymer matrix. The SEM image in Figure 3

shows the morphology and the size of modified Si nano-
particles. Figures 4 and 5 show by scanning transmission
electron microscopy (STEM) the morphology of the nano-
composite membranes of modified Si in PEBAX-2533 polymer
matrix. As shown in Figures 4 and 5, the inorganic filler size is
around 10−50 nm, and it was well dispersed in polymer matrix.
The morphology of nanocomposite membranes of modified Si
in 6FDA-duren diamine was investigated by the transmitted
electron microscopy of the thin film, as shown in Figure 6.
Figure 7 also shows the distribution of nanoparticles in the
6FDA-durene polymer matrix. All of these images were
provided by dispersing small amounts of the solutions of
mixed matrix on TEM grid to prepare a thin film to be able to
have both TEM and SEM images. Due to the size of the
inorganic particles, which are almost hidden in the polymer
matrix, it was practically impossible to have a clear image of

Figure 3. STEM image of modified Si nanoparticle.
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particles in a cross section of a flat sheet of MMMs. However,
the preparation of the thin film on the TEM grid was
performed following the method for the preparation of the flat
sheet membranes described earlier. The other membrane
characterization methods are presented in two separate sections
below, and each case discussed separately.
4.1. Case 1: Nanocomposite Membrane of Modified

Si-PEBAX-2533. The single-gas separation properties of
nanocomposite membranes with different concentration of

modified Si particles were measured. The gas permeability of
single gases (CO2, CH4, N2, and O2 at 2 and 6 bar) and ideal
selectivity of the gas pairs CO2/N2 and CO2/CH4, are shown in
Table 1 for different loadings of nanoparticles. The
permeability of all gases increases with increasing modified Si
nanoparticle concentration. The permeability of CO2 of pure
PEBAX-2533 dense polymeric membrane at 2 bar is 300 Barrer
and reaches almost 400 Barrer for the nanocomposite
membrane PEBAX-2533/Si-7, while for feed pressure 6 bar,
the increment of CO2 permeability occurs with less slop and
changes from 258 Barrer (corresponding to the pure PEBAX-
2533) to 298 Barrer for the PEBAX-2533/Si-7. The same trend
is observed for N2 permeability, while for the permeability of
CH4 and O2, the increase with increasing concentration of
modified Si nanoparticles takes place at the same rate for both
feed pressures 2 and 6 bar.
The ideal selectivity of CO2/N2 drops from 29 for plain

polymer to 25, corresponding to PEBAX-2533/Si-4 as the
concentration of nanofiller increases, but after that, it remains
almost constant and does not change with the addition of more
inorganic nanofillers. The observed increment in permeability is
due to the increment in free volume as a result of polymer
chain interruption. However, the slight decrease in CO2/N2
selectivity can be due to the formation of nanogap surrounding
the silica particles due to less compatibility with polymer chain
segments.
Figure 8 shows the binary CO2/N2 mixed gas permeation

results as a function of the concentration of modified Si
nanoparticles. The permeability of CO2 in the mixed gas
increases dramatically from 189 Barrer for Pure PEBAX-2533
to 404 Barrer with adding 31.7 wt % nanofiller in the polymer
matrix. The same trend with respect to ideal gas selectivity was
observed for both membrane and concentration selectivity.
First, a decrease in CO2/N2 selectivity is observed, and then it
remains constant or even slightly increases with further
increment in the concentration of modifies Si nanoparticles.
The structural changes by the presence of modified silica

nanoparticles were characterized with WAXD. The WAXD
pattern of modified Si nanoparticle/PEBAX-2533 nanocompo-
site membrane was compared with those of pure PEBAX-2533
as shown in Figure 9. Generally, the peak from X-ray diffraction
of an amorphous polymer is rather broad, while that of a
polymer containing a large crystalline region is sharp, and the
intensity is strong. A crystalline region of polyamide block via
interchain hydrogen bonding results in a strong crystalline peak

Figure 4. STEM image of modified Si nanoparticle in PEBAX-2533
polymer matrix.

Figure 5. STEM image of modified Si nanoparticle in PEBAX-2533
polymer matrix.

Figure 6. STEM image of modified Si nanoparticle in 6FDA-durene
diamine polymer matrix (the white section is not part of the
membrane, but shows a broken film).

Figure 7. STEM image of modified Si nanoparticle in 6FDA-durene
diamine polymer matrix.
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at 2θ = 20° for pure PEBAX-2533.42,52 The intensity of
corresponding peaks in nanocomposite membranes decreases
as the modified Si nanoparticle content increases, although
there is no shift by the incorporation of silicate. The decrement
in the intensity of the corresponding peaks means that the
amorphous region in the hybrid has increased. However, a new
peak with relatively small intensity is observed in the pattern of
hybrid membranes. It is reasonable to suggest that the presence
of modified Si nanoparticles considerably disrupts the
interchain hydrogen bonding between amide blocks and
changes the structure.

The thermal properties of modified Si nanocomposite
membranes were investigated and compared to pure PEBAX-
2533. As shown in Figure 10, no significant change was

observed in the melting point of the PE block in the hybrid
membranes compared to the pure polymer membrane. This
means the disruption that occurred in the polymer chain
segment was not strong enough to change the melting point of
PE blocks.
The thermal stability and decomposition temperature of pure

PEBAX-2533 and nanocomposite membranes with different
loadings of modified Si particle were obtained using TGA. As
shown in Figure 11, the decomposition temperature of pure
PEBAX-2533 membranes starts at 360 °C (blue line), while
with increasing content of modified Si nanoparticles in the
polymer matrix decomposition starts at higher temperature and
changes to 390 °C for the nanocomposite membrane with the
highest concentration of inorganic nanofillers.

4.2. Case 2: Nanocomposite Membrane of Modified
Si/6FDA-Durene Diamine. The gas permeability of single
gases CO2, CH4, N2, and O2 at 2 and 6 bar and ideal selectivity
of gas pairs CO2/N2 and CO2/CH4 are shown in Table 2 for
different loading nanoparticles in 6FDA-durene diamine
polymer matrix. The permeability of all gases increases with
increasing the modified Si nanoparticle concentration. There is
a dramatic increase in CO2 permeability at 2 bar feed pressure
from 1468 to 3785 Barrer, going from pure 6FDA-durene
diamine to 6FDA-durene diamine/Si-5 nanocomposite mem-

Table 1. Summary of Single-Gas Performance of Nanocomposite Membrane of PEBAX-2533/Modified Si with Different
Loading of Nanoparticles

permeability (Barrer) selectivity at 2 bar

MMM
modified Si nanoparticle

wt %
CO2

(2 bar)
CO2

(6 bar)
CH4

(2 bar)
CH4

(6 bar)
N2

(2 bar)
N2

(6 bar)
O2

(2 bar)
O2

(6 bar) CO2/N2 CO2/CH4

pure pebax-2533 0 301 259 32 26 10 9 27 21 29.0 9.4
pebax-2533/Si-1 6.5 315 255 35 27 11 9 28 21 28.2 9.0
pebax-2533/Si-2 9.5 318 258 36 29 12 9 29 22 27.1 8.8
pebax-2533/Si-3 12.7 323 260 37 29 12 10 29 22 26.4 8.8
pebax-2533/Si-4 17.2 339 265 38 30 14 10 31 23 25.1 8.9
pebax-2533/Si-5 23.6 363 273 39 33 15 11 35 25 24.5 9.2
pebax-2533/Si-6 26.7 374 282 40 34 15 11 36 27 24.8 9.4
pebax-2533/Si-7 33.3 400 298 43 35 16 11 37 28 24.6 9.4

Figure 8. Mixed gas CO2/N2 concentration, CO2 permeability, and
membrane selectivity of PEBAX-2533/modified Si nanocomposite
membranes as a function of inorganic nanofiller loading.

Figure 9. WAXD patterns obtained for (black) PEBAX-2533 polymer
membrane and (red, pink, and blue) modified Si nanoparticle/
PEBAX-2533 nanocomposite membranes as the concentration of Si
particles increases, respectively.

Figure 10. DSC thermograms of the second run of PEBAX-2533 and
modified Si/PEBAX-2533 nanocomposites. The gray line is the first
run of each sample, and the pink, purple, green, blue, red, and teal lines
correspond to pure PEBAX-2533 and MMM of Si-1 to Si-6,
respectively.
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brane, respectively. The ideal selectivity of CO2/CH4 and CO2/
N2 increases as the loading of modified Si nanoparticles in
polymer matrix increases. The CO2/N2 ideal selectivity at 2 bar
feed pressure increases from 26 for pure 6FDA-durene diamine
to 31 for 6FDA-durene diamine/Si-7 nanocomposite mem-
brane, while the CO2/CH4 ideal selectivity increases with a
higher slope from 23 to 46 for the same samples.
A similar trend was observed for binary mixed gas of CO2

and N2, as shown in Figure 12. The permeability of CO2
increases from 1243 Barrer, corresponding to pure polymer, to
1672 Barrer for nanocomposite membrane with 19.4 wt %
nanoparticle loaded in the polymer matrix (Figure 12, blue
line). Although it shows a fairly large increase for the
permeability of CO2 in the mixed gas measurements as the
loading of nanoparticles increases, the increment of the
permeability slope as a function of loadings is less compared
to that of single gas; this is as expected for the mixed gas. Both
concentration and membrane CO2/N2 selectivity increase, as
expected and as documented for single-gas measurements.
The increment in permeability and selectivity is due to the

increase in free volume confirmed by the density results, as
shown in Table 3. The obtained density and fractional free
volume (FFV) of nanocomposite membranes with different
loadings of nanoparticles are shown in Table 3. As the loading
of nanoparticles in 6FDA-durene matrix increases, the density
of the flat sheet membrane decreases, and the FFV increases.
The density of the MMMs decrease due to interrupted chain
packing by the dispersed fillers. This confirms an increased
polymer interchain distance that leads to an increased FFV

which leads to an increment in gas separation performance, as
stated earlier in this section.
In addition to SEM imaging, other characterization

techniques such as X-ray diffraction were used to confirm the
existence of Si nanoparticles in the composite flat sheet
membranes, as shown in Figure 13. The backscatter line
corresponds to the 6FDA-durene membrane, which has a broad
peak in 2θ from 10° to 20°, and shows the amorphous structure
of the polymer membrane. Spectra of hybrid dense membranes
show the presence of major peaks compared to the spectra of
pure polymer, signifying the change in the structure of polymer
matrix, as shown in Figure 13, where the red and blue lines
correspond to nanocomposite membranes of modified Si
nanoparticles.
The thermal stability and decomposition temperature of pure

6FDA-durene and nanocomposite membranes with different
loading content of modified Si particle was obtained using a
TGA instrument. As shown in Figure 14, the decomposition of
pure 6FDA-durene membranes starts above 420 °C (black
line), while with the addition of the modified Si nanoparticles

Figure 11. TGA results of PEBAX-2533 and modified Si/PEBAX-
2533 nanocomposites membranes. The blue line corresponds to pure
PEBAX-2533, while the purple, dark blue, green, and pink lines
correspond to MMMs of PEBAX-2533/Si-1 to Si-4, respectively.

Table 2. Summary of Single Gas Performance of Nanocomposite Membrane of 6FDA-Durene/Modified Si in Different Loading
of Nanoparticle

permeability (Barrer) selectivity at 2 bar

MMM
modified Si

nanoparticle wt %
CO2

(2 bar)
CO2

(6 bar)
CH4

(2 bar)
CH4

(6 bar)
N2

(2 bar)
N2

(6 bar)
O2

(2 bar)
O2

(6 bar) CO2/N2 CO2/CH4

pure 6FDA-durene 0 1468 1366 65 68 57 56 207 261 26 23
6FDA-durene/Si-1 6.3 1783 1612 69 70 62 59 219 268 29 26
6FDA-durene/Si-2 8.7 1967 1861 71 72 69 63 228 280 29 28
6FDA-durene/Si-3 11.7 2439 2351 72 73 80 77 260 304 30 34
6FDA-durene/Si-4 21.0 3293 3173 76 75 105 96 329 383 31 43
6FDA-durene/Si-5 30.5 3785 3490 83 81 121 109 347 400 31 46

Figure 12. Mixed gas CO2/N2 concentration, CO2 permeability, and
membrane selectivity of 6FDA-durene/modified Si nanocomposite
membranes as a function of inorganic nanofiller loading.

Table 3. Density and Fraction Free Volume of 6FDA-Durene
Flat Sheet Membrane and Mixed Matrix Membrane of
Modified Si/6FDA-Durene in Different Nanoparticle
Loading in Polymer Matrix

MMM density g/cm3 FFV

pure 6FDA-durene 1.3375 0.2335
6FDA-durene/Si-6.3 wt % 1.3137 0.2471
6FDA-durene/Si-8.7 wt % 1.3093 0.2496
6FDA-durene/Si-11.7 wt % 1.2986 0.2557
6FDA-durene/Si-21.0 wt % 1.2661 0.2744
6FDA-durene/Si-30.5 wt % 1.2333 0.2932
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into the polymer matrix, decomposition starts at a higher
temperature and changes up to 495 °C for the nanocomposite
membrane (blue and red lines), corresponding to 6FDA-
durene/Si-2 and 6FDA-durene/Si-4 nanocomposite mem-
branes, respectively.
The thermal properties of modified Si nanocomposite

membranes were investigated and compared to those of pure
6FDA-durene. Figure 15 shows the second run of the DSC

thermograms of pure 6FDA-durene membrane (blue line) and
modified Si nanocomposite membrane in 6FDA-durene
polymer matrix (green line). No significant change was
observed in the Tg of the 6FDA-durene/modified Si hybrid
membranes compared to that of the pure polymer membrane.

■ CONCLUSIONS
The organic−inorganic hybrid membranes of modified Si
nanoparticles in two different polymer matrixes, PEBAX-2533
and 6FDA-durene diamine, respectively, were successfully
prepared and characterized. The hybrid membranes exhibited
much higher gas permeability for both single-gas and mixed-gas
permeation tests compared to that of the pure polymers in both
cases. In the PEBAX-2533/modified Si nanoparticle composite
membrane, the increase in permeability was not as dramatic as
that of the synthesized 6FDA-durene diamine with nano-
particles. This is because the PEBAX is a block copolymer
containing both soft and hard segments, while 6FDA-durene is
a glassy polymer, and the disruption of the chains by adding
nanoparticles creates a significantly larger FFV (∼18% for 21 wt
% added nanoparticles). For PEBAX-2533, there was a small
drop in selectivity with the addition of nanofillers, after which
the selectivity remained constant. This may be due to the
formation of nanogaps in contact between nanoparticles and
polymer chain segments; it may also be due to how the
nanoparticles are distributed within this block copolymer
containing both hard and soft segments. The disruption of
polymer chain segments caused by the presence of modified Si
nanoparticles in both polymers resulted in high permeability of
these hybrid membranes. This disruption was confirmed by
XRD results; however, it is not strong enough to be visible as a
change in melting point of PE blocks.
The CO2/N2 and CO2/CH4 ideal selectivity of 6FDA-durene

also increased significantly with the loading of inorganic
nanofiller. This increase in both permeability and selectivity is
clearly a result of the polymer chain disruption, which is also
confirmed by the density results showing an increase in the
FFV of the matrix. The change in the morphology was
confirmed by XRD results. However, the Tg of the polymer
matrix did not change with the presence of the inorganic filler,
but a change in decomposition temperature was observed.
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