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ABSTRACT
The pesformance of silica-polyimide hybrid membranes has been investigated for gas separation processes. The
dope solution consisted of polyimide resin dissolvedin NMP and silica sols at various weight percentages, The silica
sols were prepared using a sol-gel process and the flat-sheet silica-polyimide hybrid membranes were cast using an
immersion precipitation technique. The effects of silica sols loading on the gas transport properties of polyimide
hybrid membranes and the correlation of morphology changes in the membrane structure and molecular orientation
were studied. Polyimide hybrid membranes with silica sols loading ranging from 0 to 50 wi% were tested on gas
‘permeation performance with single gas of O;, N,, CH, and CO,. The gas permeation results showed that the
hybrid membranes with 20 wt% to 25 wt% silica loading exhibited higher selectivity than the pure polyimide
membrane. Morphological properties and molecular orlentations of the silica-polyimide hybrid membranes were
also studied using SEM and FTIR, respectively, The SEM and FTIR results confirmed that the 20 and 25 wt% of

silica loading was the ideal composition of polyimide-silica hybrid membrane for gas separation.
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1.0 INTRODUCTION

Organic-inorganic hybrid and nano-composite
membranes exhibit promising gas separation
transport performance. By utilizing two materials
with different gases fluxes, the separation
properties of membrane can be improved. The
hybrid materials have the potential to combine the
desired properties of inorganic and organic system
which can improve the mechanical and thermal
properties of inorganic materials with the
flexibility and ductility of organic polymers. These
membranes are a new class of polymeric materials
which possesses improved properties as compared
to their neat materials. The typical hybrid
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membranes consist of porous inorganic particles
dispersed into a polymer matrix. These membranes
exhibit strong molecular sieving properties of a
nano-filler such as zeolites, silica, alumina and
molecular sieving carbons [1].

The most common methods to fahricate hiybrid
organic-inorganic membranes are melt blending
and roller mixing. Solution blending is another
simple method to fabricate polymer-inorganic
nano-composite membranes. The polymer is
primarily dissolved in solvent to form a solution
before inorganic nanoparticles are added into the
solution and dispersed by stirring. Nanocomposite
membrane is formed upon removing of the
solvent. The other method of adding fillers to the
polymer matrix is in situ polymerization which
nanoparticles are completely mixed with organic
monomers followed by polymerization of the
TMONOIErS.
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There are often some functional groups such as
hydroxyl or carboxyl on the surface of inorganic
particles, which can generate initiating radicals,
cations or anions under high-energy radiation,
plasma, UV or other sources of energy and
subsequently initiate the polymerization of the
monomers on the surface. The main disadvantages
of incorporating fillers to polymers are
agglomeration of particles and formation of non-
selective voids at the interface of the particles and
the polymer matrix [2]. Due to huge differences
between polymer and inorganic materials in their
properties and strong aggregation of nanofillers,
polymer-inorganic nanocomposite membranes
cannot be readily prepared by the common
methods. The sol-gel method is the most widely
used technique for the preparation of nano-
composite membranes. In this method, organic
monomers, oligomers or polymers and inorganic
nanoparticle precursors are mixed together in a
solution whereas inorganic precursors hydrolyze
and condense in the polymer matrix [2]. The
advantage of this method is obvious; the reactions
will be carried out at moderate conditions-usually
at room temperature and ambient pressure, and
the concentrations of organic and inorganic
components in the solution can be easily controlled.
Additionally, the organic and inorganic ingredients
are dispersed in the polymer matrix at the
molecular or nanometer level, thus making the
membranes much more homogeneous. The sol-gel
formation of an inorganic particle within a polymer
matrix depends on several parameters, such as
temperature, solvent type, water-to-alkoxide ratio,
type and concentration of catalyst, alkoxide
precursor and pH [3].

The addition of inorganic nanofillers to a
polymer membrane may affect its gas separation
properties. Firstly, the interaction between
polymer-chain segments and nanofillers can disrupt
the polymer-chain packing and increase the voids
(free volumes) between the polymer chains, thus
promoting gas diffusion into the membrane.
Secondly, the hydroxyl and other functional groups
on the surface of the inorganic phase may interact
with polar gases such as CO, and SO,, improving
the penetrant solubility in the nanocomposite
membranes {2]. Finally, the presence of nanofillers
particles brings about some sort of physical

barriers in the polymer membrane which changes
the gas permeation pathway to an indirect path,
hence resulting in decreased polymer permeability
[4]. The gas separation properties of numerous
combinations of polymers and nanofillers have
been explored so far using membranes such as the
carbon molecular sieve-polysulfone membrane [5],
the polyethersulfone (PES)-zeolite 4A membrane
i6], silica filler to the PEBAX (poly Iamide-6-b-
ethylene oxide) membrane [7] and the hybrid
membrane of polyvinylidene fluoride (PVDE)-
Silica [8]. Among nanocomposite membranes,
polyimide-silica membrane has received most
attention for the gas permeation studies [2].
Polyimide membrane is found to possess high gas
permeahility as well as high intrinsic selectivity in
comparison to poly-carbonate, polysulfone and
other materials [9]. Therelore, polyimide
membranes have been widely used research to
produce organic-inorganic hybrid membrane
using alkoxide precursors to form microporous
silica network system [10]. Moaddeb and Koros
[11] studied the gas transport properties of thin
polyimide in the presence of stlica particles. The
presence of silica is found to improve the gas
separation properties of polyimide layers,
particularly for O, and N, gases. Polyimide-silica
composite membranes prepared by Joly ef af, [12]
introduced silica particle by sol-gel technique into
synthesized polyimide film. The result showed
higher permeability, selectivity and solubility
coefficients than the pure polyimide. However, the
imidization degree was around 75% =7%.
Another study conducted by Cornelius et al. [10]
was related to the effects of the alkoxysilanes
loading and the morphology of the polyimide-silica
composite membrane. The polyimide membranes
were prepared from hexafluoroisopropylidene
dipthalic anhydride (6FDA), hexafluoroiso-
propylidene dianiline (6FpDA) and diamino-
benzoic acid (DABA) with the addition of various
types of alkoxysilanes [10]. These membranes were
annealed at 400°C and the gas permeation was
increased up to 200-500% while the selectivity
dropped slightly.

The objective of study is to prepare polyimide-
silica hybrid membranes via a sol-gel process of
tetraethylorthosilicate {I'EOS) as this technique
provides much simpler procedures without
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annealing or imidization process. TEQS were
hydrolyzed and condensed to form a network of
microporous silica sols [13].The silica sols were
bonded with polyimide matrix in an attempt to
improve the interaction between the polymer and
the silica in order to enhance the separation
performance [14]. The silica at various weight
percentages were loaded into the polyimide
(Matrimid® 5128). The hybrid membrane was
coated to heal the imperfections and to produce a
practically useful membrane, since the coating is
essential to seal the defects at the selective dense
layer [15]. The fabricated polyimide-silica hybrid
membrane with corresponding structural changes
and permeation characteristics were investigated
and thoroughly discussed.

2.0 EXPERIMENTAL

2.1 Materials

Figure 1 shows the chemical structure of polyimide
Matrimid® 5128 used in this study. 1-methyl-2-
pyrrolidinone (NMP) as solvent for polyimide was
Hydrolysis:

SI(OR), + H,0 HH

Condensation:
=»5i--0H + HO--Si<

(RO),Si-OH +ROH
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Figure 1 Chemical structure of polyimide
Matrimid® 5128
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supplied by Merck Co. and used as received.
Ethanol and TEOS as alkoxide precursor with
hydrochloric acid as the catalyst were used for sol-
gelreaction.

2.2 Silica Synthesis

The silica sol was prepared using reaction of sol-
gel that uses TEOS as an alkoxide precursor or
alkoxysilane. Tetraethylorthosilicate (TEOS) is one
of the most common silicon alkoxides which is
commercially available. To perform the sol-gel
_process, stoichiometric amount of deionized water
was added drop wise to asolution of ethanol- TEOS
under vigorous stirring. The water and ethanol
hydrolyzed and condensed the TEOS to form a
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Figure 2 Sol-gel reaction of TEOS
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silica sol. The stoichiometric amounts used were
1.7 ml of 37% hydrochloric acid (HCI) and 12 ml
of deionzed water as well as 74 ml TEGS in
2.13 ml ethanol [16]. Then, the solution was fluxed
at 80°C for an hour and stir with vigorous stirring,
resulted a transparent silica sol.

The sol-gel reaction is generally divided into
two steps: hydrolysis of TEOS to produce hydroxyl
groups, followed by polycondensation of the
hydroxyl groups and residual alkoxyl groups to
form a three-dimensional network. The general
scheme can be represented in Figure 2. From these
three-dimensional networks, the microporous
silica were produced and shown in SEM image
(Figure 3).

Figure 3 shows the SEM image of microporous
silica from sol-gel process. The addition of
microporous silica network to the polyimide
contributed to the increase of selectivity through
molecular sieving mechanism, based on the
differences in molecular size to achieve separation.
Through the SEM image, the length of silica
particle diameter could be measured directly from
the photograph using the available scale on the
photograph. The silica particles have the diameter
of less than 50 nm. But, naturally, the microporous
silica produced from sol-gel reaction is predicted
to have microspores with radius less than 1 nm
[17]; however, the size of pores depends on the
variables such as pH, solvent, temperature,
pressure, stoichiometry and evaporation rate,

Figure 3 SEM image of microporous silica gel
produced from sol-gel reactions

2.3 Dope Solution and Membrane

Fabrication

In this study, the polyimide solution consists of 25
wt% polyimide, 75 wt% NMP and 10-50 wt% silica
sal on the total of solid. Several solutions were
obtained with different in silica sol loading. The
composition of the solutions showed in
Table 1.

Table 1 Composition of polyimide-silica hybrid
membranes solution

Silica loading

Membrane Polyimide NMP (wi%)

samples (wi%) (wi%) (composition
of total solid
weight)
M, 25 75 0
My 25 75 10
M5 25 75 15
Mo 25 75 20
Mg 25 75 25
Mo 25 75 30
Mas 25 75 35
Mg 25 - 7h 40
1 25 75 50

Under the moderate stirring force, polyimide
resing were added to NMP gradually until all of the
polymers were dissclved in the solvent at the
temperature of 50-60°C. This process took about
several hours to dissolve the entire polymer into
the solvent. When all the polylmide has already
dissolved in solvent, the silica sol added to this
solution. The temperature continues at 50-60°C
under vigorous stirring until all of the silica sol
was dissolved into the membrane solution. This
process took 5-7 hours to complete depend on the
percentage of silica sol added.

This mixture was then cast through the
immersion precipitation technique. The solution
was cast onto a clear, flat and smooth glass plate.
The glass plate with the membrane film was

"immersed into a water bath, where solvent

exchange occurs and solidifies the membrane film
to a complete membrane structure. To ensure all
the solvent in the membrane structure was
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removed, memhranes were immersed in an’

aqueous bath overnight. The membranes were
finally air-dried at room temperature for 24 hours.

The hybrid polyimide-silica membranes were
then coated with silicone rubber coating (Sylgard
184 Dow Corning). The membranes were
submerged in the 3% w/w solution of silicone in
n-hexane for a day and subsequently exposed to
open air for a day or two to allow curing before the
permeation testing.

2.4 Characterizations

The scanning electron microscope (SEM) was used
to observe the morphology of membrane and
distribution of the silica in the membrane. The
samples were prepared by fracturing the hybrid
mermbrane in liguid nitrogen. The membranes were
then mounted on an aluminium disk and coated
with platinum to prevent spatial resolution of the
membrane area [18].

The hybrid polyimide-silica membranes
containing various amounts of silica were analyzed
by fourier transform infrared (FTIR) spectroscopy
to determine the molecular orientation and
functional groups in the membrane. The IR-spectra
were obtained from a Spectra 5700 ATR-FTIR
spectroscopy from Thermo Nicolet Corporation
and Spectra Tech, USA. The TR-spectra showed
the distribution of functional groups in each
polyimide-silica membranes qualitatively.

2.5 Gas Permeation Testing

The gas permeability measurements of the hybrid
membranes were carried out using a gas
permeation cell; the membrane was placed on a
sintered metal plate and pressurized at the feed
side. The single-gas of oxygen (O,), nitrogen (Ny),
methane (CH,) and carbon dioxide (CO,) gases
were tested. The effective membrane area was
13.5 cm? and the permeation rates were measured
at a constant of 4-bar pressure difference with
soap bubble flow meter. The calculation of
permeability in pressure normalized gas
permeation flux or permeance for gas in GPU
(108 om® (STP).cm.s"* .cmHg ") unit, are shown
as follows: :

[BJ__Q_
1) AAp

where (Qis the volumetric flow rate of the gas, Apis
the pressure difference across membrane
(cm Hg), Ais the membrane affective surface area
(cmz) and Jis the memhrane skin thickness (cm).

The ideal separation factor ay; (the ratio of
pair gas permeabilities) can be calculated by the
following equation:

P/

o0 =

iy (p/ 1)}_
where @y, is the ratio of permeability of gas f
and gas j, (P/); is the permeability in pressure
normalized flux for gas i and (P/1);is the
permeability in pressure normalized flux for gas J.

3.0 RESULTS AND DiIiSCUSSION
3.1 Characterization of Polyimide-silica
Hybrid Membrane by FTIR

Figures 4 and 5 demonstrate the [R-spectra of
Mg, Myg, Myg, Mys and M,, membrane samples.
Figure 4 shows the spectra recorded in the region
of 4000 cm™! to 1600 cm™! and Figure 5 shows
spectra recorded in the region of 1800 em™ to
650 cm™,

Figure 4 demonstrates the peak at 3439cm™!
that was associated to vibration of hydrogen
bonding. The increasing intensity of O-H bond
indicates that there was considerable amount of
polyimide chains adhered on the silica where the
intensity of the peak was higher at membrane M.
M, and M5 than other membrane samples. The
hydrolysis reaction provides reactive silanol groups
whereas condensation leads to the formation of
bridging oxygen [19]. The silica produced by the
sol-gel process was in a form of microporous silica
network and was able to bond with the polyimide
domain when they were mixed together.

On the other hand, the adsorption peak at
2954.4cm ! was related to aliphatic C-H (CHgz and
CH,) molecule structure. The peak was
corresponded to symmetric stretch of aliphatic
C-H structure where the intensity of the peak for
M, membrane was lower than Mg, My, Mas and
M,o membranes. These indicate that the hybrid
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Figare 4 FTIR speciras in the region of 4000-1600 cm™ for My, M5, Mg, Mz and M,y membrane

samples

membranes (M5, Mgo, Mg; and Myg) have more
aliphatic C-H structure than the pure polyimide
(My).

Figure 5 shows the spectra of polyimide-silica
hybrid membranes in the regions of 650 to 1800
em™}, The peaks are interpreting some functional
group from the FTIR spectra in the hybrid
membrane samples such as carbonyl group, imides
group and other. Table 2 summarizes the
absorption peak of polyimide-silica membrane for
specific functional groups.

It was expected that the silica from sol-gel
reaction, the hybrid membrane sample should
portray by Si-O characteristic. However, the

Table 2 Infrared absorptions of polyimide-silica
hybrid membranes

Wavelength (cm™)  Functional groups

1720.3 C =0 symmetric stretch
(carbonyl group)

1207.8 -C-N-C (imide group)
‘primary

1372.2 C-N-C (imide group)
secondary

1675.4 Stretch band amide group

C = C'of benzene rings in
" polyimide

1510.8, 1488.7

characteristic peak of Si-O stretching vibrations
was not obvious; the trace was found for the band
of 5i-O bending vibration at 780-770 em™!,
Although the adsorption was weak, the band
showed an increase in adsorption intensity in
Mg, M35, Myg, M 5 and My which confirmed the
existence of silica in the polyimide matrix. The
Mg, M35 and My, samples show the existence of
Si-OHbond at 945 cm ™. The S1-OH bond in My,
M5 and My, samples were possible associated with
the inter-crossing between polyimide network and
silica. The excellent bonding between silica and
polyimide network in hybrid membrane will be
further proved by SEM images.

3.2 Morphological Studies of Silica and
Polyimide-silica Membrane

As shown in Figure 6(a), the cross section view of
polyimide-silica membrane My, membrane. The
membrane shows the asymmetric structures with
finger-like pore-and dense top layer. The membrane
with this structure can have a good gas separation.
According to Baker (2000}, asymmetric structures
of the membrane with dense top layer promoted
high separation ability. It appears that silica
dispersion was not ideally accurred. Some silica
agglomerated and scatter among the polymer
matrix. The bonding between silica and polyimide
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Figure 5 FTIR spectrain the region of 1800-650 cm™! for My, Mg, M5, My, Mgs and My, membrane

samples

arerather strong in M,y membrane as was proved
in FTIR result in Figure 5.

Through observation of Figure 6(b), the dense
top layer of My, membrane shows a smooth surface
and no pin holes. It can be seen that in Figure 6(b)
that silica particles were well embedded in the
dense layer. Additionally, the rupture of surface
active layers of the membrane was significantly
suppressed due to better adherence of silica sol
particles with the polymer matrix. The good
adhesion of microporous silica to the polymer
matrix was due to the formation of silica-polyimide
bond. The FTIR analysis also reported that there’s
a good honding between silica and polyimide for

Figure 6

M,y membrane sample. Moreover, the smooth
surface of hybrid membrane also indicates that
silica sol particles were successfully borided to the
polyimide matrix, The same smooth surface
structure of PI/PES-zeolite membrane from the
work of Kusworo et al, (2008) also indicates that
the zeolite particle adheres well to the polymer
matrix [14].

Figure 7 shows the SEM images of Mg, My
and Mg, membrane surface layer. From the image
of M5 membrane, it shows that silica did not
intrude into the pores of the support layer and
agglomeration of silica particles on the surface.
This is mainly due to the effect of poor polymer .

SEM images of My hybrid membrane (a) cross-section (x850) (b) surface layer (x1000)
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contact to the silica. Although no obvious voids
were seen from Figure 7(a), the nature of organic-
inorganic materials itself were realized to
demonstrate organic-inorganic interfaces that
will affect the performance of the membrane
[20].

On the other hand, with more than 30 wt% silica
loading, the polymer and silica interface become
worse. Figure 7(b) shows the surface of membrane
with 35 wit% of silica (Mj5). The silica particles
agglomerate on the surface of My; membrane and
appear to have wider organic-inorganic interfaces
that are called voids. But still, there are some silica
particles adhere to the surface and at a smaller size
than that at the M, ; membrane surface. This region
shows a finer bonding between silica and
polyimide as proved in I'TIR result showing the
present of Si-OH hond in M5 membrane (Figure
5).

SEM image of Mz, membrane, exhibit the clear
surface of membrane layer with almost no silica
particle at all. This possibly due to the high amount
of silica loading that cannot be contained by the
polymer matrix. Once the amount of silica sol
reached 40 to 50 wt% loading to the polyimide
matrix, the difficulties increased for silica to bond
with polyimide matrix. The silica particles tend to
bond together rather than to bond with the
polyimide. These can cause the lost of silica during
the fabrication of hybrid membrane thus leaving
only small amount of silica in the polyimide matrix.
Comparing 40 wt% of silica loading to 50 wt% of
silica loading, My, membrane are better than Mg
membrane at compatibility between organic and
Inorganic materials. This proved with the existence
of Si-OH hond in My, membrane through FTIR
analysis result in Figure 5. Even so, good
compatibility between organic and inorganic
materials does not indicate that the membranes
have good separation properties. Further
verification of the membrane separation
performance can be concluded in gas permeation
testing results.

3.3 The Permeability Study of Polyimide-
silica Membrane

In this study, permeation of Ny, OQ,, CH, and CO,
gases through polyimide-silica hybrid membranes

Figure 7 SEM image of hybrid polyimide-silica
membrane surface layer: (a) My; (b)
M35 and (C) M50

was carried out at room temperature and 4 bar
pressure. Figure 8 shows the permeability of
C0O;, Ny, Oy and CH, gases at 4 bar pressure as a

* function of various silica loadings.

Figure 8 shows the permeability of CO,, N, O,
and CH, gases as a function of various silica
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Figure 8 The permeability of CO,, O,, N, and CH, gases at 4 bar pressure with membrane of different

silica loading

loadings. As can be seen, for pure polyimide (M)
the permeability of test gases varies in the order
of: CO3>0,> N,>CH, due to molecular size
variations of the gases. Based on the well-known
solution-diffusion mechanism, the permeability of
gases through nonporous polymer membranes is
defined as a combination of diffusion and solution
processes. The differences in the gas permeabilities
measured for pure polyimide is due to molecular
size variations of the gases. Generally speaking,
the smaller size molecules can diffuse faster and as
aresult, have higher permeabilities [21]. In glassy
polymer such as polylmide, the mobility term is
usually dominant, permeability falls with increasing
permeate size, and small molecules permeate
preferentially [221. [n pure polyimide (M), the
polymer chains are essentially fixed and do not
rotate [22] and by adding silica fillers to the
polyimide matrix will restrain the diffusion of the
gases through the membrane matrix due to
increasing the tortuosity of the matrix [23]. This

resulted in the decreased of CQOs, N,, O, and CH,
gases permeability at 10 to 25 wt% of silica loading,
The lowest permeability shows in M, M,y and
M,; membrane where better bonding between
silica and polytinide matrix ware displayed and
significant reducticn in gas solubilities occur
because the alkoxides formed separate,
inaccessible, organo-silicate structures with little
cross-linking and interpenetration into the
polvimide matrix, decreasing the total amount of
free volume available for dissolution of gas [24].
The presence of interconnection of silica particles
to polyimide also brings about some sort of physical
barriers in the hybrid membrane which changes
the gas permeation pathway to an indirect path,
hence resulting in decreased polymer permeability
[71.

Figure 8 also shows that incorporation of silica
particles results in an increase of CH, permeability

‘higher than the N, permeability at 15 to 30 wt% of

silica loading. The addition inorganic particles into
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polyimide, disrupts polymer chain packing [25]
and demonstrates the gas transport in these
membranes were combined with the Knudsen
diffusion mechanism through the pores. The gas
‘separation via Knudsen diffusion mechanism
favors lower molecular weight penetrant; therefore
more CH, was allowed to permeate through the
membrane compared to N, [26]. As could he
inferred from Figure 8, incorporation of silica

particles at 15 to 30 wt% loading, results in a .

further increase in the permeability of CH, higher
than the N, permeability, Nevertheless, the solution
diffusion mechanism work to maintain the high
permeability for O, and CO, gases due to small
permeate size and even more for CO, gas for its
superior condensahility.

As the silica loading increasing to 30 and 35
wt%, permeability of test gases becomes even higher
than the permeabhility of intrinsic polymer M,
membrane. These indicate the dominance
of Knudsen diffusion mechanism. The M;, and
Mj; membranes morphological changes occurs
at the interface between the silica and the
polyimide matrix, resulting in the increased of free
volume of the membrane matrix and existence of
pinholes/voids on the surface of the hybrid
membranes samples, as confirmed by SEM images
{(Figure 7(b)). These hybrid membrane samples
demonstrated insufficlent adhesion between the
phases causing Knudsen diffusion mechanism took
place in microporous silica inorganic filler and
through pinholes int the hybrid membrane sampies
[27].

In contrast, M 4y and M, membranes show lower
permeability than they were in My and My
membranes. The lost of silica in the membranes
causing them to act as a pure polyimide membrane.
But, with small amount of silica particles left
bonded to the polyimide matrix, it promote slower
permeation of the test gases and silica act to further
reduce the amount of free volume available for gas
penetration by disrupting the polymer chain of
the hybrid materials in the membranes.

3.4 The Selectivity Study of Polyimide-
silica Membrane

The selectivity results are shown in Figure 9.
Despite the good bonding of silica and polyimide

matrix in the hybrid membrane, the selectivity of
03/N, and N, /CH, gases cannot suppress the
selectivity of pure polyimide membrane except for
M;, membrane with the value of 2.36 for O,/N,
separation which is more than pure polyimide (M)
selectivity at 1.88. As well as for Mgy membrane
that has higher selectivity for N, /CH, gases
selectivity with the value of 1.81 that higher than
1.61 selectivity values at My membrane. Even if
these two hybrid membranes (M, and M;,
membranes) have shown higher selectivity for
0,/N, and N, /CH,, the values are still not that far
from the pure polyimide separation performance.
The selectivity values for O,/N, and N, /CH, gases
did not show any significant trend with the silica
loading since the N, and O, are non-condensable
and non-polar gases [21]. The solubility of the
gases does not change with the variety of silica
content,

The lowest selectlvity for all test gases was shown
in Mgy and My, membranes where the silica content
was most incompatible. The weak interaction
between the silica and polymer leads to the
formation of some voids at the interface of the two
phases (polymer and silica) [28] which in turn
results in dominance of undesirable Knudsen
diffusion mechanism that do not help in separation
perforimance in gas transport for small size
permeates.

On the other hand, the selectivity of CO,/N,
was much higher in the hybrid membrane at 20
wt% and 25 wt% silica loading than in the pure
polyimide membrane (Mg membrane). The
solubility dominance at 20 wt% and 25 wt%
silica loading gives the advantages of high CO,/
CH, selectivity, The CO,/CH, separation
properties for ‘M,; and M,y membranes
demonstrate an increase in selectivity from 5.03
to 5.10 and an increased from 5.03 t05.99,
respectively, This can be explained by the
increasing of solubility for CH, as condensabie
gas as the silica particles in polyimide membrane
were well-bonded and the quantity was compatible
for the incorporation.

The good union between silica particles and
polyimide matrix at 20 wi% and 25 wt% silica
loading aiso demonstrate an increased in CO,/N,
selectivity value. At My; membrane CO,/N,
selectivity value increased from 3.12 (M,
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Figure 9 Selectivity of polyimide-silica hybrid membrane for O,/N,, CO,/N,, CO,/CH, and N, /CH,

gas pairs

membrane) to 5.50. While at M;; membrane
CO, /N, selectivity value increased from 3.12
(Mg membrane) to 6.84, about two time higher
than the pure polyimide CO,/N; selectivity value,
The Increasing selectivity attributed to the superior
solubility selectivity of polar CO, gas and solubility
selectivity which favors CO, gas as the most
condensable gas molecule. Overall, the 20 wt% and
25 wt% of silica loading was the optimum value to
create the good interaction between silica and
polyimide matrix and increased the gas separation
performance.

4.0 CONCLUSION

In this study, the hybrid membranes were:

fabricated with organic-inorganic materials from
polyimide and silica. The microporous silica was
produced through sol-gel process where TEQS
was used as an alkoxide precursor. The polyimide
and polyimide-silica hybrid membranes were
fabricated at different silica loading of 0-50 wt%,

The effects of silica loading on the polyimide
membrane were investigated. Based on the
experimental results hybrid organic-inorganic
membranes demonstrated that polyimide polymer
matrix and silica sol particles have been successfully
fabricated using the sol-gel method. FTIR
spectroscopy successfully uncovered the signature
peaks that are characteristic of silica sol structures
in the membrane regions, More specifically, signs
of 5i-0-Si molecular substructures were found in
the entire hybrid membrane samples, as well as Si-
OH was present at hybrid membranes with 20 wt%
to 40 wt% of silica loading. SEM results verified
the presence and the dispersion of silica particles
in polymer matrix that differ according to the silica
loading. The difference in morphology and silica
loading of hyhrid membrane samples set a trend in
gas separation properties that indicate a decrease
in permeability for high selectivity membrane and
an increase in permeability when the selectivity is
low. The trend applies well with the Robeson's
Upper Bound for gas separation properties. The
gas separation performance was influenced by the
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compatibility of silica amount to interact with
polyimide matrix. The sol-gel reaction itself is
sensitive to different variables, so the silica sol
loading should be at the optimum value to create
the interaction between silica and polyimide
matrix. The optimum amount of silica at 20 to
25 wt% loading for hybrid membranes increased
the separation CO,/N, and CO,/CH, gases higher
than the intrinsic polymer.
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