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Abstract

discussed.

The trade-off relationship between gas permeability and selectivity is well-known as the primary barrier to developing
polymeric membranes for the gas separation process. Mixed matrix membranes (MMMs) can be promoted as a solution
to produce the desired membrane for gas separation processes. The general idea for synthesizing MMMs is to induce
the thermal, electrical, mechanical, and molecular sieve properties of these nano materials into the base membrane. The
incorporation of silica particles with molecular sieving properties in the polymer matrix is expected to lead to higher
permeability and/or higher selectivity, compared to polymeric membranes. This paper reviews various types of silica
incorporated into a polymer matrix and their gas transport mechanisms, MMM preparation methods and effect of silica
on MMM characteristics and gas separation performance. MMM gas transport models after silica incorporation are also
reviewed. In addition, the challenges and future works in developing MMMs with silica particles as inorganic filler are
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Introduction
Membrane separation is promising to become an efficient
and economical technique for gas separation applications.
Membrane-based separation involves using a thin barrier
between miscible fluids to separate a mixture. This interface
may be molecularly homogeneous in which it is completely
uniform in composition and structure, or it may be chemi-
cally or physically heterogeneous, in which pores or layered
structures are formed. Polymeric membranes become a
common practical material for many gas separation appli-
cations such as natural gas sweetening [1], petroleum refin-
ery (2], landfill gas recovery [3], hydrogen recovery and
purification, and flue gas separation [4]. This might due to
their processability, mechanical strength, economic compe-
titiveness and the scalability [5, 6]. However, polymeric
membranes still suffer a trade-off relationship between gas
permeability and selectivity based on the Robeson’s upper-
bound. Inorganic materials can be incorporated into
polymeric membranes to overcome that limitation.

MMMs have experienced rapid growth over the past
decade, overcoming the trade-off relationship among
polymeric membranes. Other advantageous properties of
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MMMs include enhanced mechanical and thermal stabi-
lity, reduced plasticization, lower energy requirement, and
enhanced separation performance over native polymer
membranes [7]. However, MMMs also still require some
improvements before they can be commercialized, such as
application of novel inorganic filler, development of per-
meation model with respect to intrinsic properties of filler,
and employment of long-term stability test [8].

Generally, MMMs can be fabricated using two typical
materials; polymer as the continuous phase and inorganic
material as the dispersed phase. These two materials should
be properly determined to achieve optimum performance
from the resultant membranes. A polymer should be able
to provide high chemical resistance, mechanical strength,
and gas transport properties. Glassy polymers are preferable
because they can provide better transport performance for
typical gas mixtures compared to rubbery polymers [9]. On
the other hand, inorganic materials create a preferential
permeation pathway for selective permeability by posing as
a barrier for unexpected permeation occasions. Several
kinds of conventional inorganic materials have been used
to develop MMM such as zeolite, carbon molecular sieve,
silica, and metal oxide.

Silica is an inorganic filler that has received promi-
nent attention throughout MMM development. Silica
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particles can be classified into several types with regard
to its pore and particle size. Each type of silica provides
a distinct effect for the physical, chemical, and gas
transport mechanism of a typical polymeric membrane.
In general, the porous inorganic filler presents a mole-
cular sieve, separating gases by their size or shape, with
the result that high gas permeability and desired com-
ponent selectivity are achieved. A non-porous inorganic
filler diminishes the diffusion of larger molecules and
enhances the matrix tortuous pattern [10]. Mesoporous
materials exhibit large pores that have the ability to pene-
trate the polymer chain, producing better wetting and dis-
persion [11]. The presence of nano-sized inorganic
materials may alter the polymer packing chain by increas-
ing the void volume.

Silica incorporation into a glassy polymer is often
applied to disrupt the trade-off relationship between gas
permeability and selectivity. A glassy polymer poses dis-
tinct textural characteristics, creating synergetic perfor-
mance with the inorganic filler to separate certain gas
mixtures by tailoring free volume cavities. Many studies
have been carried out to combine different glassy polymer
properties with several types of silica particles such as the
combination between high chain packing density glassy
polymer with nano-sized silica particles [12—17], high den-
sity glassy polymers with fumed silica particles [5, 18-25],
hyperbranched glassy polymer with nano-sized silica parti-
cles [26-28], crosslinked glassy polymer with fumed silica
particles [29], high density glassy polymers with mesopor-
ous silica particles [9, 11, 30-36], hyperbranched glassy
polymer with hollow silica microspheres [37], sulfonated
glassy polymer with silica microspheres [38], glassy poly-
mer with siloxane-type silica particles [39-42], and hyper-
branched glassy polymer with mesoporous silica [43].
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In gas mixture separation case, both the silica and
polymer should be selected properly to adjust the
morphology, textural characteristics, and gas transport
properties. Silica can naturally change the polymer
chain packing by rearranging the chain packing order.
When the pore distance is controlled, the gas perme-
ability and selectivity will be compromised.

This study aims to describe the recent developments
in silica as inorganic filler in MMMs; differentiate the
distinct silica particle mechanism that changes the mor-
phology, textural characteristics, and polymer gas trans-
port properties; and specify the ability of each type of
silica particle to disrupt the trade-off relationship
between gas permeability and selectivity.

Various types of silica incorporated in polymer
matrix and their gas transport mechanisms
Non-porous, microporous, and mesoporous silica for
MMMs preparation

Fumed silica should be considered as the major non-
porous silica applied for MMM fabrication. Some global
producers provide various types of fumed silica with differ-
ent commercial names such as Cabosil (Cabot Corporation,
Boson, USA) and Aerosil (Evonik, Essen, Germany). They
are produced using chlorosilane hydrolysis in an oxygen—
hydrogen gas flame, resulting in a three-dimensional struc-
ture with low bulk density and high surface area. Typically,
fumed silica provides 5 nm-60 pm of particle size, 45—-430
m?>g ! of specific surface area, and 2.20-2.81gcm > of
density (Table 1). Due to their large surface area and the
presence of numerous silanol groups on their surfaces,
fumed silica exhibits higher hydrophilicity and higher sur-
face energy. Therefore, it can be incorporated into various
polymers such as glassy polymers, rubbery polymers, and

Table 1 Non-porous silica for mixed matrix membranes (MMMs) fabrication

Commercial name Surface area (m? g D) Particle size (nm) Density (gcm™ 3) Incorporated polymer Ref
Cabosil TS 530” 205-245 11.1-133 22 PIM-1 19l
Aerosil R106 - 7 - pSf [25]
Aerosil R202° 80-120 5-50 - PDMS [23]
Aerosil - 6,17 - PEBAX [18]
Aerosil 45-55 40 - PEBAX [20]
Fumed silica 200 20 - PDMS [21]
Fumed silica 390 7 - PVDF, P84 co-polyimide [5, 24]
Fumed silica 340-430 7 - PVA [29]
Fumed silica 200 - 22 PU [44]
Fumed silica - 7 281 PEBAX [14, 45]
Fumed silica 200 8 22 PU [46]
Fumed silica 412 40-60 (10%) - PVDF [47]

PIM-1 soluble type of polymers of intrinsic microporosity, PSf polysulfone, PDMS polydimethylsiloxane, PEI polyethyleneimine, PVA polyvinyl alcohol, PU
polyurethane, PEBAX polyether block amide, PVDF polyvinylidene fluoride, P84 co-polyimide BTDA-TDI/MDI co-polyimide, () not mentioned
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block copolymers with two segments. Higher free volume
of MMMs would be expected when the fumed silica is
applied into glassy polymer such as soluble type of poly-
mers of intrinsic microporosity [19], polysulfone [25],
polyvinylidene fluoride [5, 47], P84 co-polyimide [24], and
polyvinyl alcohol [29]. Similarly, this filler is also desired
to enhance free volume and matrix tortuous pattern in
block copolymers such as polyether block amide [14, 18,
20], and polyurethane [44, 46]. In addition, good matrix-
filler interactions and uniform filler dispersion can be
achieved by applying fumed silica into rubbery polymers
with compatible functional groups as well as siloxane
groups in polydimethylsiloxane [23].

Mesoporous silica is identified by the presence of pores
and pore size in the 2-50 nm range. SBA-15 (Santa Bar-
bara Amorphous No. 15) is one mesoporous silica applied
as inorganic filler in MMMs. SBA-15 can be synthesized
using the hydrolysis-condensation hydrothermal reaction
[48]. MCM-41 (Mobil Composition of Matter No. 41) is a
commonly ordered mesoporous silica for MMM applica-
tions. Its hierarchical structure is made from silicate or
aluminosilicate groups, using cylindrical mesopores that
form a one-dimensional pore system. MCM-41 provides
pore size in the 2—6 nm range, sharp pore distribution,
and larger surface area compared to zeolites [45]. As can
be seen in Table 2, MCM-41 is synthesized using hydro-
thermal [5, 11] or hydrolysis via a silica precursor sol-gel
process such as sodium metasilicate [9], tetraethyl orthosi-
licate [5, 30-32, 36, 43], rice straw [13], and rice husk ash
[35]. Surfactant molecules such as cetyltrimethylammo-
nium bromide used as a template while ethyl acetate
(CH3COOC,H;) serves as an initiator for particle forma-
tion. The ordered mesoporous silica is frequently incorpo-
rated into glassy polymers such as polyphenylene oxide
[48], polyvinylidene fluoride [5], polyimide [9, 31], hyper-
branched hexafluoroisopropylidene [30], and polysulfone
[32, 35]. The results from those combinations are the
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significant improvement in gas selectivity due to mesopore
structure and high surface area of MCM-41 or SBA-15.
Mesoporous silica is also applied into polyethyleneimine
[36] or polyether block amide [13] to fabricate MMMs due
to their compatibility with silica hydrophobicity.

Microporous silica for MMM fabrication is found in the
silica sol form using the Stober method. This method is
facilitated by hydrolysis and condensation of silica precur-
sors in absolute methanol or ethanol with a base or acid
catalyst. The common silica precursors are tetraethyl
orthosilicate and tetramethyl orthosilicate. The base cata-
lyst is ammonium hydroxide, while hydrochloric acid is
used as the acid catalyst. Silica precursors should be
hydrolysed using continuous stirring to form a clear and
transparent silica sol. As shown in Table 3, the synthesized
microporous silica is frequently applied into glassy poly-
mers such as polyamide [27], polybenzimidazole [17],
polysulfone/polyimide [16], and polyphenylene oxide [49]
offering an approach similar to that of non-porous and
mesoporous silica. The eminence of this filler should be
good interconnectivity between the two-phase materials of
the resultant MMMs. Moreover, microporous silica can
also arrange the proportion between amorphous phase
and crystalline phase into two polymer segments such as
polyurethane [50, 51]. This arrangement is expected to
balance the permeability and selectivity of gas permeates.
Polymers with an additional functional group branch such
as fluorinated polyimide [52], 6FpDA-DABA hyper-
branched hexafluoroisopropylidene [26], and sulfonated
polyether ether ketone [38] provide high compatibility
with the micro porous silica hydrophilic site.

Interfacial interaction of silica and polymer matrix

Silica particles provide interfacial interaction or reaction as
inorganic filler when applied to a polymer matrix. Recent
investigations denoted that two interaction mechanisms
occur with hydrogen bonding [49] and interfacial linking

Table 2 Mesoporous silica for mixed matrix membranes (MMMs) fabrication

Mesoporous silica  Silica precursor Synthesis method  Surface area (m*g™") Pore size (nm) Particle size (nm) Incorporated polymer Ref
SBA-15 Tetraethyl orthosilicate  Hydrothermal 411 46 - PPO [48]
MCM-41 Sodium metasilicate Sol gel 851 2.7 - PI [9]
Tetraethyl orthosilicate  Hydrothermal 870 33 - PE [11]
817 2.7 56 PVDF [5]
Sol gel 721 28 440 6FDA-4AMPD-DABA [30]
889 25 100-150 PSf [32]
889 25 100-150 PI [31]
915 27 100-150 PEI [36]
Rice straw Sol gel 404 50 2-22 PEBAX [13]
Rice husk ash Sol gel 295 15.35 - pSf [35]

PPO polyphenylene oxide, Pl polyimide, PE polyethylene, PVDF polyvinylidene fluoride, 6FDA-4MPD-DABA (4,4-hexafluoroisopropylidene diphthalic anhydride) -
(2,3,5,6-tetramethyl1,4-phenylene diamine) - (3,5-diaminobenzoic acid), PSf polysulfone, PEI polyethyleneimine, PEBAX polyether block amide, () not mentioned
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Table 3 Synthesized microporous silica for mixed matrix membranes (MMMs)

Silica precursor Chemical reagent Surface area (m? g Y Pore size (nm) Particle size (nm) Incorporated polymer Ref
Tetramethyl orthosilicate  Dimethylacetamide - - - PA [27]
Tetraethyl orthosilicate Hydrochloric acid, ethanol - - - PBI [17]
- - - PSf/PI [16l

577.29 22 2 PPO [49]

PU [50, 51]

2,24-Trimethyl pentane - - 94 FPI [52]

Ammonium hydroxide, ethanol - - 45 6FDA-6FpDA-DABA [26]

1182 180 SPEEK [38]

PA polyamide, PBI polybenzimidazole, PSf polysulfone, PI polyimide, PPO polyphenylene oxide, PU polyurethane, 6FDA-6FpDA-DABA (4,4-hexafluoroisopropylidene
diphthalic anhydride) - (4,4-hexafluoroisopropylidene dianiline) - (3,5-diaminobenzoic acid), SPEEK sulfonated polyether ether ketone, (-) not mentioned

network resulting in additional silica functional groups [53].
Hydrogen bonding between silica particles and the polymer
matrix occurs through the interaction between hydroxyl
groups existing in the silica molecule with major polymer
functional group. Figure 1 shows the hydrogen bonding
between -OH and polyphenylene oxide polymer functional
group, illustrated by Zhuang et al. [49]. Silica with hydroxyl
group is known as hydrophilic silica, which easily reacts
with the polymer matrix through hydrogen bonding.

Interfacial interaction and particle distribution are cru-
cial to determining the textural properties of MMMs.
These two factors are capable of adjusting the silica parti-
cle arrangement on the polymer surface and ensure the
presence of voids or cracks. The formation of interfacial
voids indicates incompatibility between the inorganic filler
particle with the polymer matrices (Fig. 2a). The selectivity
of the MMMs is significantly reduced due to bypassing
gases through the surface. In order to rigidify and block
those cavities, a strong interfacial linking network and
good dispersion should be considered (Fig. 2b). In this
case, a bridging or coupling agent is preferable to create a
strong interconnection between those phases (Fig. 2c).

A strong interfacial interaction can be created using addi-
tional chemicals or coupling agents such as tri(isobutyl)
aluminium, undecenoic acid [11], 3-glycidyloxypropyltrim
ethoxysilane [17, 49, 51, 55], 3-aminopropyltrimethoxys

ilane [5, 16, 20, 27, 31-33, 56|, cis-9-octadecenoic acid [14],
octamethylcyclotetrasiloxane [25], sulfonic acid [31, 38],
polyethyleneimine [36], 4-aminophenazone [35], nitric acid
[42], and polydimethylsiloxane [53] which provide a linking
network between the silica and polymer matrices. Gener-
ally, the coupling agents are capable of altering the silica
particle characteristics from hydrophilic into hydrophobic
by replacing the hydroxyl group with typical functional
groups. Figure 3 illustrates the replacement of -OH group
using octyl silane (Fig. 3b) and polydimethylsiloxane
(Fig. 3c) as reported by Hassanajili et al. [53].
Well-dispersed particles without aggregation should be
expected to arrange composite membrane chain packing.
Many studies showed that silica particles are generally
well distributed with a suitable concentration less than
30%. High silica content tends to create aggregates,
increasing cavities and voids between silica particles and
polymer matrices. The dispersity of silica particles is
affected by the particle size, solvent compatibility, and
casting method. Smaller sized particles exhibit high
tendency to create agglomeration or aggregation at high
concentrations. On the other hand, the solvent used in
fabricating membranes should be compatible with the
silica particle, so that the desired membrane chain packing
arrangement is obtained. Moreover, the selected casting
method should be able to guarantee the particle

Hydrogen bond

Fig. 1 Schematic hydrogen bonding (dotted line) between silica and polyphenylene oxide matrix [49]
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polymer matrix

upon surface modification, adapted from Goh et al. [54]

polymer matrix

rigidified voids

Fig. 2 Interphase properties of MMMs containing silica: (a) void formation, (b) rigidification of void, (c) bridging of the filler and polymer matrix

polymer matrix

bridging
agent

bridging
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distribution uniformity on the membrane interfacial sur-
face. In case of silica aggregation clusters, Zhuang et al.
[49] investigated the preparation method effect on
polymer-silica membranes for silica dispersion character-
istics. Two types of catalysts were used: acid catalyst
(hydrochloric acid) and base catalyst (ammonium hydro-
xide). Acid catalysed-silica provided smaller microporous
silica cluster in polyphenylene oxide matrix while the base
catalysed-silica exhibited denser and larger silica clusters.

Gas transport mechanism of MMMs containing silica

Different silica types provide distinct gas transport paths
through MMMs. Two main diffusional paths exist in the
gas separation process; namely the Knudsen-diffusion
mechanism and solution-diffusion mechanism. Figure 4

illustrates the diffusional pattern of MMMs containing
silica with different molecular pore sizes. The Knudsen-
diffusion mechanism exists typically in a gas transport pro-
cess through molecular pores inside filler particles. It can
also be found when interfacial voids exist between filler par-
ticles and polymer matrices. The molecular space or pore
size is crucial to determine the type and amount of gases
that would be separated. Gas transport through polymer
matrices is regularly carried out using the solution-diffusion
mechanism, related to the gas molecular ability to penetrate
through a polymer surface layer. Solution-diffusion
mechanism can also be present by facilitating transport of
penetrant gases with respect to high affinity of attached
functional groups on silica particle as shown in Fig. 5. The
attached functional group acts as a mobile carrier to
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diffusional path controlled by Solution—diffusion mechanism

Fig. 4 Diffusional path of mixed matrix membranes containing (a, b) non-porous silica, (¢, d) microporous silica, (e, f) mesoporous silica, adapted
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transport expected penetrant gas through polymer matrix
of membrane [57].

Those two diffusion mechanisms could be applied to
adjust the permeability and selectivity of composite mem-
branes. The key factors applied are the type of silica and its
concentration. Penetrant gases pass through into MMMs
containing nonporous silica via non-selective voids between
polymer matrix and silica particle as shown in Fig. 6. At
low non-porous silica concentration, the solution-diffusion
mechanism will be dominant causing increases in mem-
brane selectivity (Fig. 4a) because not enough diffusional
path provided by non-selective voids between silica and
polymer matrix. As silica content increases, the amount of
non-selective void also increases (Fig. 4b), then Knudsen-
diffusion mechanism will be dominant.

MMMs containing microporous silica exhibit similar
diffusional paths compared to the former membrane as
shown in Fig. 4c-d. However, Knudsen-diffusion could
also occur when the kinetic diameter of gases is compa-
tible with the silica particle pore size (Fig. 7). Only pene-
trant gases with kinetic diameter less than 2 nm can pass
though pore channel of this microporous silica. Con-
sequently, the solution-diffusion mechanism will be
dominant in MMMs containing microporous silica.

Knudsen-diffusion mechanism domination is also
available for MMMs with mesoporous silica as the inor-
ganic filler (Fig. 4e-f). The existence of pores with 2—-50

nm of diameter inside silica particles reveals a
diffusional-path for gases that elevates the membrane
permeability (Fig. 8). The gas permeability in these
MMMs is frequently higher than others due to excessive
diffusional path provided by mesopores structure of
silica and non-selective voids between silica and polymer
particle. In some cases, modifying mesoporous silica
with suitable functional groups was applied to balance
gas permeability and selectivity.

Preferable method for fabricating MMMs
containing silica

Solution blending is the most common method for MMM
preparation with silica particle incorporation. In principle,
it is a typical solid phase (silica particle and polymer) and
liquid phase (solvent) blending process to obtain a homo-
genous mixture. Silica particles are separately dissolved in
solvent, then blended with a polymer solution or concur-
rently dissolved in solvent with the polymer. An ultrasonic
stage is generally carried out to ensure the homogeneity of
silica particles onto the polymer matrices. The solution
blending method is generally suitable for non-porous silica
(fumed silica) and mesoporous silica (MCM-41). The
selected solvent should be able to completely dissolve two
kinds of solid phases into a liquid phase and achieve good
particle dispersity. Various kinds of solvents have been
applied for fabricating polymer-silica membranes such as



Setiawan and Chiang Sustainable Environment Research (2019) 29:32

Page 7 of 21

Penetrant gases
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Fig. 5 Solution-diffusion mechanism by facilitated transport MMMs, adapted from Salim and Ho [57]
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chloroform [9, 19, 21, 31, 32, 34, 35, 54, 58], dimethylfor-
mamide [12, 33, 38, 48], acetic acid [13], N-methyl-2-pyr-
rolidinone [5, 22, 24, 39, 43], tetrahydrofuran [25, 30, 34,
42, 52], toluene [23], dimethylacetamide [6, 18, 47, 53, 55],
ethanol/water [14, 36], acetone [47], propanol [59], and 1,
10-diiododecane [60].

The in-situ sol gel method is suitable for fabricating
MMMs that uses a liquid silica precursor. Silica particles
could be synthesized by hydrolysing a chemical precur-
sor such as tetraethyl orthosilicate, aminopropyltriethox-
ysilane, and sodium metasilicate to produce silica sol.
Figure 9 clearly describes the in-situ sol gel method for
fabricating polyphenylene oxide-silica composite mem-
brane [49]. First, the polymer solution is prepared by
dissolving in solvent. Tetraethyl orthosilicate is hydro-
lysed by adding ethanol and acid or base as the catalyst,
followed with stirring for several hours at a certain
temperature. These two solutions are then mixed with
continuous stirring under the same conditions.

In the polymerization method, a monomer is polymer-
ized around and between silica particles in a liquid phase as
shown in Fig. 9. The silica particles are generally modified
with a co-monomer before the polymerization reaction to
improve compatibility with the polymer matrix through
chain entanglement and interaction on the interface. Modi-
fied silica is expected to connect with the polymer matrix,
showing better compatibility compared to the solution
blending method. The polymerization reaction could be
initiated by thermal activation, ultraviolet radiation, enzy-
matic activation, or initiator and curing agent incorporation
[56]. Polymerization by initiator incorporation can be
considered as a simple way to prepare polymer-silica mem-
branes. A study prepared polyethylene/MCM-41 mem-
branes via in-situ polymerization by incorporating an
initiator and curing agent. In this study, undecenoic acid
and tri(isobutyl) aluminium as the co-monomeric unit or
coupling agent were used to enhance interface adhesion in
polyethylene/MCM-41 membranes using ethylene in-situ

Nonporous silica ...

Non-selective void <.

Penetrant gases

Fig. 6 Gas transport mechanism of penetrant gases through MMMs containing nonporous silica with non-selective voids

|
-
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Nonporous silica ...

Non-selective void <.

Penetrant gases

Fig. 7 Gas transport mechanism of penetrant gases through MMMs containing microporous silica with non-selective voids

Permeate gases

polymerization [11]. There are three polymerization
method used in this study, denoted as method A, method
B, and method C. In method A, the process is started with
co-polymerization of ethylene with undecenoic acid and
tri(isobutyl) aluminium catalysed by Cp,ZrCly/methyl alu-
minoxane under homogeneous conditions in the presence
of unmodified MCM-41. Methods B and C were initiated
by MCM-41 modification with undecenoic acid and tri(iso-
butyl) aluminium, followed by ethylene polymerization with
zircon catalyst as the initiator under homogeneous
conditions.

A preferable method for fabricating MMMs containing
silica could be determined by the type of silica, ease and
processability, particle dispersity, and prominent para-
meters. Table 4 illustrates all considerations among
three MMM fabrication methods. As mentioned in
previous section regarding interfacial interaction of silica
and polymer matrix, membrane surface properties

should be considered to achieve high gas separation
performance. Therefore, the MMM fabrication method
is chosen based on its ability to ensure good silica parti-
cle dispersity in the polymer matrix. Table 4 indicates
that in-situ sol gel and in-situ polymerization are prefer-
able due to their abilities to create high interconnectivity
between the silica particles and polymer matrix. How-
ever, the coupling agent such as undecenoic acid and
tri(isobutyl) aluminium might be required to improve
these interactions.

Silica load effect on MMM characteristics and
performance

Thermal stability of MMMs containing silica

Thermal stability is related to the temperature range that
a membrane still retains its useful properties in a given
application. Thermogravimetric analysis is usually used
to determine the decomposition temperature in terms of

Nonporous silica ...

Non-selective void <.

Penetrant gases

Fig. 8 Gas transport mechanism of penetrant gases through MMMs containing mesoporous silica with non-selective voids

Permeate gases
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membrane thermal stability. Many studies have reported
the influence of silica content on MMM thermal stability.
The decomposition temperatures of MMMs containing
silica in the 400-650 °C range are shown in Fig. 10. Ther-
mal stability enhancement occurs when silica particles are
applied into polysulfone/polyimide [16], polyphenylene
oxide [49], polyethylene [58], and hyperbranched polyben-
zoxazole (both of 6FAHP-BTC hyperbranched polybenzox-
azole and 6FAHP-OBC hyperbranched polybenzoxazole)
[61]. Significant improvement occurs when silica particles
are incorporated into a thermoplastic polymer such as poly-
ethylene [58]. The thermal stability improvement is related

to the strong interaction among the organic materials and
inorganic fillers, forming a chemical bonded network struc-
ture in hybrids. This interaction is able to hinder the mobi-
lity of polymer chains so that the decomposition
temperature is increased after silica addition [49]. Other
studies reported that a decreasing trend was observed in
MMMs containing silica particles. Two types of silica
(fumed silica and mesoporous silica) decreased the thermal
stability of polyvinylidene fluoride membranes [5]. This is
probably caused by the interaction between the silica
particles with polymer substance product degradation,
which could elevate the decomposition process.

Table 4 Comparison between three MMM fabrication methods containing silica

Parameter Solution blending

In-situ sol gel

In-situ polymerization

Type of silica Solid/powder of silica (fumed
silica

and mesoporous silica)

Type of treatment/
reaction

Mechanical stirring

Dispersity of silica Low dispersity, need additional

treatment (ultrasonication)

Prominent factor Solvent selection

Silica sol (microporous silica)

Chemical reaction (sol formation)
- Mechanical stirring

Good dispersity of particle

Compatibility of polymer with silica functional
group, sometimes need a coupling agent

Solid/powder of silica (fumed
silica and
mesoporous silica)

Mechanical stirring — Chemical
reaction
(polymerization)

High interconnectivity between
silica particle and polymer matrix

Compatibilizing agent e.g., undecenoic
acid, triisobutyl) aluminium
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Fig. 10 The enhancement of decomposition temperature of MMMs comprising silica particle (PSf/PI: polysulfone/polyimide; PPO: polyphenylene
oxide; PBO-6FAH-OBC: (polybenzoxazole) - (2,2-bis 3-amino-4-hydro-xyphenyl hexafluoropropane) — (4,4"-oxybis benzoic acid chloride); PBO-6FAH-
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Mechanical properties of MMMs containing silica
Mechanical properties are related to the membrane ability
to withstand physical defects, including tensile stress, tensile
modulus, elongation at break, and decomposition tempera-
ture. Tensile stress is the maximum stress that a membrane
can handle. Tensile modulus is related to the stress state
leading to expansion. The elongation at break means the
elongation that a material can withstand before breaking.
All mechanical property parameters are generally related to
silica particle compatibility with the polymer matrix.
Significant effect on tensile stress and tensile modulus
can be observed in polymeric membranes with increasing
silica content, as shown in Figs. 11 and 12. Lua and Shen
[6] have investigated the mechanical properties of polyi-
mide membranes with silica incorporation. The polyimide
concentration was fixed at 12wt% while silica particle
loading was varied from 1.5 to 13.7 wt%. The tensile stress
and tensile modulus of polyimide membranes are signifi-
cantly increased with increasing silica content. This was
also observed when silica particles (5-20 wt%) are incor-
porated into polyethylene (15wt%) and polyether block
amide (4wt%) matrices, even though with a slightly
increasing trend. This enhancement was due to the trans-
fer of external force on the composite materials from the
polymer matrix (continuous phase) to the inorganic phase
(discontinued phase), determining the degree of compat-
ibility between those two materials [6]. The contradictive
effect of silica particles on tensile stress and tensile modu-
lus was observed on polyvinylidene fluoride (2 wt%)

membranes. Poor compatibility between a high amount of
silica particles and polyvinylidene fluoride polymer was
believed to be the primary factor in polymer chain tenacity
deterioration by inorganic fillers [5]. Therefore, the inter-
facial interaction between inorganic fillers and polymer
matrix should be considered as a key factor affecting the
tensile stress and tensile modulus values.

MMM elongation at break depends highly on the inor-
ganic filler ability to restrict polymer chain movement and
avoid the occurrence of large macroscale extension [6].
Lower MMM elongation at break implies the silica con-
tent in the polymer matrix is enough to limit chain pack-
ing movement, supported by strong interfacial interaction.
Polyimide membranes provide higher tensile stress and
tensile modulus as the silica content is increased (Figs. 11
and 12), which implies good compatibility between the
two phases materials. Thus, the elongation at break of
membranes would decrease with increasing silica content
(Fig. 13). Conversely, an increasing elongation at break
trend is observed with polyvinylidene fluoride with a high
silica load [5]. This indicates that the polymer chain could
still be flexible to extend or move due to weak interfacial
interaction among the polymer and fillers.

Silica particles provide significant MMM mechanical
property effects based on the original polymer. If the
polymer properties exhibit a rigid structure with high
crystallinity, it would be easier to adjust the tensile
stress, modulus, and elongation at break by incorporat-
ing silica particles. However, silica particles fail to alter
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Fig. 11 Tensile stress of MMMs containing silica (PVDF: polyvinylidene fluoride; PI: polyimide; PEBAX: polyether block amide)

the mechanical properties of semi-crystalline polymers
at the maximum load of 15-20 wt% [5, 36].

Silica load effect on MMM gas permeability and
selectivity

It is believed that silica particles provide a significant
effect on MMM gas permeability. Several studies have
investigated the gas separation performance of MMMs

with various amounts of silica content. In principle, the
silica load should be maintained at maximum 30 wt% to
avoid a brittle structure in the fabricated membranes
[19], even though several studies applied a little higher
30 wt% silica load. Optimum gas permeability is also
commonly achieved at the highest silica load. In addi-
tion, silica particle affinities should be considered in
creating hydrogen bonding between the functional group
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Fig. 12 Tensile modulus of MMMs containing silica (PVDF: polyvinylidene fluoride; Pl: polyimide; PE: polyethylene; PEBAX: polyether block amide)
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Fig. 13 Elongation at break of MMMs containing silica (PVDF: polyvinylidene fluoride; PI: polyimide; PE: polyethylene)

on silica particle as active sites with penetrant molecules
(polar gases), affecting increased permeability. Conse-
quently, MMMs exhibit higher permeability for CO, and
H, compared to other gases, as shown in Table 5.

In the non-porous silica case, the permeability for all
tested gases with several polymeric membranes could be
improved by silica particle incorporation, as shown in
Table 5. The optimum gas permeability was achieved at
the highest silica load. This result was obviously contra-
dictive with the Maxwell theory, which predicted that
the gas permeability of a MMM containing non-porous
filler should be lower than that of the pure polymer and
still decreased with higher filler content due to higher
polymer matrix tortuosity [8]. Ahn et al. [19] explained
that the presence of void volume at the nano particle—
polymer interface became the primary factor in gas per-
meability enhancement in polymers of intrinsic micro-
porosity MMMs. Shen and Lua [24] considered other
reasons to explain this phenomenon, related to free
volume theory. This theory explained that non-porous
silica was able to disrupt the polymer chain packing and
increase the polymer free volume. The nano sized non-
porous silica provided appropriate sites on the interface
with the polymer chains for gas adsorption, hence
resulting in increasing gas permeability [62].

MMM gas permeability was also enhanced by increasing
the microporous silica load. Sadeghi et al. [17] and
Zhuang et al. [49] considered crystallinity and active site
to describe the microporous silica effect on MMM gas
permeability. The crystallinity of polyphenylene oxide
matrix decreased upon the addition of microporous silica,

creating more amorphous regions that could improve gas
diffusion. Chemical bonding between the silica and poly-
mer chains was able to enhance d-spacing, which could
increase gas solubility. Therefore, the gas permeability of
MMMs was enhanced at high microporous silica load.
Meanwhile, Kwon et al. [26], Xin et al. [38], Suzuki and
Yamada [61] tended to consider fraction free volume for
describing the enhancement of 6FpDA-DABA hyper-
branched hexafluoroisopropylidene, sulfonated polyether
ether ketone, and 6FAHP-BTC hyperbranched polyben-
zoxazole gas permeability, respectively. Microporous silica
particles might disrupt the polymer chain packing and
increase the free volume between polymer chains, increas-
ing gas diffusion, thus improving gas permeability.
Mesoporous silica also provided enhancement in gas per-
meability for several other polymeric membranes, as shown
in Table 5. Larger mesoporous silica pore size provided
easy passage for all gas penetrants, thus the increasing diffu-
sion coefficient could be obtained at high mesoporous silica
load [36, 58]. Similar with the previous silica types, Laghaei
et al. [33] considered phenomena such as polymer chain
packing disruption and crystal phase nucleation to explain
the mesoporous silica effect on polyethersulfone membrane
gas permeability. Polymer chain packing disruption is
related to fraction free volume enhancement while crystal
phase nucleation corresponds to the formation of an amor-
phous region in the membrane structure. On the other
hand, Zornoza et al. [9] offered two factors that explain the
increase in permeability with mesoporous silica load: the
difference in permeability between the filler and polymer
and changes induced by the filler in the polymer structure.
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Table 5 Optimum gas permeability of several mixed matrix membranes containing silica particles

Type of silica Polymer matrix Range of Optimum silica  Optimum permeability Measurement Ref
silica loading (%)  loading (%) x 107 "%molm™"s "MPa™ ") condition
CO, O, CHy Hy
Non-porous silica PIM-1 6.7-23.5 235 44,890 124955 - 24,0865  23°C 0.345MPa [19]
PVDF 4-32 32 8.88 1.20 - - - [5]
P84 co-polyimide 4-25 25 10.02 6.77 - - - [24]
ETPU 5-15 15 16.21 - 127 - 25°C 0.6 MPa [44]
ESPU 5-15 15 2860 - 1.74 -
PU 1-10 1 150.75 17.09 2245 - 25°C0.1-04MPa  [59]
pSf 5-20 20 66.00 16.75 369 - - [62]
Microporous silica  PBI 2.8-20 20 0.04 - 0.03 - 25°C 2 MPa [17]
6FDA-6FpDA-DABA  0.5-3.0 1 93.80 20.10 - - 35°C 0.1 MPa [26]
SPEEK 5-20 20 87.44 - 503 - 25°C 0.2 MPa [38]
PPO 1-20 20 446555 - - 13,085.1  25°C 0.2 MPa [49]
PU 2.5-30 2.5 22345 12.70 1213 - 20°C 1 MPa [50]
PBO-6FAHP-BTC 10-20 20 238855  375.20 92125 - 25°C 0.1 MPa [61]
Mesoporous silica Pl 4-16 8 50.25 - 81.07 46.57 35°C 0.175 MPa [9]
1.5-137 13.7 492 1.94 - - 25°C [6]
PE 79-103 86 64.99 21.51 - - 30°C [11]
PVDF 4-32 32 9.55 137 - - - [5]
PES 5-20 20 1293 2.18 044 - 25°C 0.8 MPa [33]
pSf 10-20 20 9548 - 492 - 35MPa [34]
6FDA-DAM-DABA 10-20 20 122242 - 3719 -
PEBAX 5-20 20 2519.2 - 13266 - 25°C 0.2 MPa [36]
PEBAX/PEI 5-20 20 509535 - 12429 -

PIM-1 soluble type of polymers of intrinsic micro porosity, PVDF polyvinylidene fluoride, P84 co-polyimide BTDA-TDI/MDI co-polyimide, ETPU polyetherurethane,
ESPU polyesterurethane, PU polyurethane, PSf polysulfone, PBI polybenzimidazole, 6FDA-6FpDA-DABA (4,4-hexafluoroisopropylidene diphthalic anhydride) - (4,4-
hexafluoroisopropylidene dianiline) - (3,5-diaminobenzoic acid), SPEEK sulfonated polyether ether ketone, PBO-6FAHP-BTC (polybenzoxazole) - (2,2-bis 3-amino-4-
hydro-xyphenyl hexafluoropropane) - (1,3,5-benzenetricarbonyltrichloride), Pl polyimide, PE polyethylene, PVDF polyvinylidene fluoride, PES polyestersulfone,
6FDA-DAM-DABA (4,4'hexafluoroisopropylidene diphthalic anhydride) - (2,4,6-trimethyl-1,3-diaminobenzene) - (3,5-diaminobenzoic acid), PE/ polyethyleneimine,

PEBAX polyether block amide. () not mentioned

Gas selectivity is related to the MMM ability to hinder a
gas molecule from passing through the membrane surface.
This could be calculated by dividing two gas permeability
values. We focused only on three categories of gas selectiv-
ity: CO,/CHy, Hy/CO,, and H,/CHy. The other gas pairs
such as CO,/N,, N,/CH,; O,/N, were not discussed
because the trade-off relationship still occurred among
MMM for those gas pairs. The use of CO,/CH,4 and H,/
CO, is generally to determine the ability to purify methane
or syngas from carbon dioxide gas in HHMs, whereas H,/
CHy, selectivity is suitable to consider the MMM ability to
separate hydrogen and methane as two biofuel precursors.
Those three MMM selectivity categories are compared to
the Robeson’s upper bound [63] to evaluate the trade-off
relationship between gas permeability and selectivity.

In terms of CO,/CH, selectivity, nearly all MMMs con-
taining silica particles still exhibit the trade-off relationship
in gas separation performance, which was not able to
exceed the Robeson’s upper bound line as shown in Fig. 14.

Only DAM-DABA hyperbranched hexafluoroisopropy
lidene membrane [34] and 6FAHP-OBC hyperbranched
polybenzoxazole membrane [61] showed higher selectivity
beyond the Robeson’s upper bound. The optimum selectiv-
ities of those membranes were 36.2 and 48.7, respectively.
In DAM-DABA hyperbranched hexafluoroisopropylidene
containing 10 wt% disordered mesoporous silica (DMS),
the lower concentration of mesoporous particles could
maintain the solution-diffusion mechanism, supported by
low resistance to gas flow through mesoporous channels
[34]. On the other hand, Suzuki and Yamada [61] explained
that superior CO,/CH, selectivity could be achieved using
high free volume holes provided by the hyperbranched
structure. This was created around 6FAHP-OBC hyper-
branched polybenzoxazole polymer and silica interfacial
area, supported with typical interconnectivity advantageous
for CO,/CH, separation process.

For H,/CO,, there are two MMMs that could be com-
pared, soluble form of polymers of intrinsic microporosity
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membrane [19] and polyphenylene oxide membrane [49].
As shown in Fig. 15, polyphenylene oxide membrane with
10 wt% micro porous silica was able to achieve high
MMM performance exceeding the Robeson’s upper
bound with 3.56 of H,/CO, selectivity. Zhuang et al. [49]
correlated the fabrication method of this MMMs with its
gas separation performance. In-situ sol gel method was
believed to fabricate the non-defect polyphenylene oxide-
silica. MMMs, thus the trade-off relationship could be
defeated. Meanwhile, two MMMs could also be compared
for H,/CH, selectivity, polysulfone-mesoporous silica
membrane [9] and hyperbranched hexafluoroisopropyli-
dene/MCM-41 membrane [30]. However, neither of them
could achieve high gas separation performance that
exceeded the Robeson’s upper bound [63], implying the
existence of a trade-off relationship.

Permeation model of MMMs containing silica

In general, there are two permeation models that predict
the permeability of MMMSs containing silica particles.
The first model is applied to predict the permeation of
MMMs comprising permeable particles, whereas the
other focuses on the prediction of MMMs using
impermeable particles. In the case of MMMs incorpo-
rated silica, permeable particles refer to porous silica
and mesoporous silica such as MCM-41, MCM-48,
SBA-15 while impermeable materials refer to non-
porous silica like fumed silica. Those models could be

applied and modified differently to obtain precise per-
meation prediction of typical MMMs.

Non-porous silica particles provide the ability to
increase the matrix tortuous pattern and decrease the
diffusion of larger molecules. Moreover, it could inter-
fere with polymer chain packing, increase the free
volume, and finally increase the gas diffusivity. The addi-
tional functional group on the particle surface would
react with polar gases, thus producing enhanced gas
solubility. Using the gas transport mechanism, several
models have been applied to predict MMM permeation
containing non-porous silica such as the Chiew and
Glant model [44], Bruggeman model [6, 44], Higuchi
model [59], among others (Table 6).

The Maxwell model is a common prediction tool for
MMMs containing non-porous materials dispersed into
a polymer matrix as the following Eq. [8]:

1-3q
Py =Pc— o
MTe <1 + o.sgd)

where P, is the composite permeability, Pc is the poly-
mer matrix permeability (continuous phase) and @, is
the impermeable fillers volume fraction (dispersed
phase). Based on this equation, De Angelis and Sarti [64]
observed that the permeability of the MMMs formed
using fumed silica and several glassy polymers should

(1)
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decrease with the fumed silica load and should remain
independent of the particle size. This would contradict
the permeability experimental data. This phenomenon
certainly occurred because the interactions between the
inorganic filler and polymer matrix, and the inorganic
filler with penetrant gases were ignored in the Max-
well model. De Angelis and Sarti [64] proposed a free
volume model to estimate the variation in the MMM
gas transport properties. In this model, the infinite
MMM dilution diffusivity, DR,I could be estimated
using the free volume theory:

1 B
DY == exp| A-—p— 2
M T P( FFV?),MM> ( )

where 1 is the tortuosity, A and B are adjustable
parameters, and FFV?’,MM is the fractional free
volume of the polymer phase in the membrane state.
Moreover, the improvement in diffusivity on MMMs
using fumed silica addition only followed one

parameter:

Dy 1 1 1
—o = ep|B 0~ 0 (3)
Dy T FFVY FFV3 ym

The f value was estimated by considering different
MMMs with increasing fumed silica content and free
volume.

B = Eexp(—FFFngM) = FFFV9,, +E (4

where E and F are adjustable parameters. By correlating
those equations, the free volume model can be obtained as
shown in Table 6. In the free volume model, Q) is denoted
as a unit mass of penetrant or polymer that exists in the
MMM. Since a refers to a large penetrant such as n-
butane, and b is attributed to a small one such as methane,
the B value would be increased with the penetrant size.
When a value is larger than the b value, the diffusivity
selectivity would be increased and vice versa. However, De
Angelis and Sarti [64] emphasized that parameter B is
considered a weak function of the penetrant size when the
MMMs used very high free volume glassy polymers such
as poly(1-trimethylsilyl-1-propyne).

The Maxwell model ignores the presence of interfacial
defects between the inorganic filler and polymer matrix
and is only available for predicting gas permeation under
ideal MMM condition. Hassanajili et al. [44] proposed a
model that considered poor organic—inorganic contact
as well as the interaction between particles. In this
model, four typical phases that exist in MMMs were
described including polymer matrix (phase C), dispersed
silica particle (phase D), void region (phase I), dispersed
silica particle plus void region as pseudo-dispersed phase
(phase PS). The Bruggeman model was used to calculate
the gas permeability between the MMM polymer and
void space that assumed the void region as a continuous
phase and the silica particles as the dispersed phase. In
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Table 6 Applied models for predicting permeability of mixed matrix membranes containing non-porous silica

Type of polymer  Applied model

Goal Ref

Polyurethane Bruggeman model

" = 0-0)

Modified Knudsen model
P=DxS§=9.7x107 x4, [Tx

Modified Maxwell model
PP 2AZR) (PePa)
P = Pl s @ioern

]

Modified Maxwell model
P =05 =5(1+%) " [5a(1-01) +Sr]

Polyurethane

Higuchi model

6
P =Pa(\- o)

Polyetherurethane, Bruggeman model
olyesterurethane  p,.\2/3
Py 37 =0-9)

Modified Knudsen model

P=DxS=97x10" x4, [Tx

Chiew and Glant model
=1+ 360, + Kop
Maxwell model

P = Pip(ris2s)

Glassy polymers

Free volume model
Am
app

Poly ether block Van Amerongen and Van Krevelen relations

amide _ DS 1Xen\2 (1
Py = Y (52 (1-BDh) exp

= exp[(By—Bp) (ﬁg - #)— Fa(FFV yyu Qappai—FEV3:Qap) + Ea(Qapp—Qap)]

Evaluate the permeability of the gas [53]
between the polymer and the void
space of the nanocomposite.

Calculate permeability of gas within
the void region

Evaluate the total gas permeability

Calculate gas permeability of [59]
composite membrane

Predict the gas permeability of hybrid
membranes in the presence of
impermeable and spherical fillers like
silica particles.

Evaluate the permeability of the gas [44]
between the polymer and the void
space of the nanocomposite.

Calculate permeability of gas within
the void region

Evaluate the total gas permeability

Estimate the permeability of a [64]
permeable medium filled with a low
content of spherical, impermeable

particles.

Estimate the variation
in diffusivity selectivity due to
the addition of fumed silica

Estimate permeability of the penetrants  [65]
through mixed matrix membranes

the Bruggeman model, P,; and P; were denoted as
gas permeability in the pseudo-dispersed phase and
void volume region, respectively, while ¢, was the
volume fractions of nano particles in pseudo-
dispersed phase. ¢, could be estimated using the fol-
lowing equation:

0=t (e ) (5)
2 gyt ra+1

where ¢4, ¢; r, [; are the volume fractions of silica par-
ticles, volume fraction of the interfacial void region,
nano particle radius and the void volume layer thickness
surrounding the silica particle, respectively. The modi-
fied Knudsen model (Table 6) was then used to evaluate
gas permeability within the void region. In this model, d,
is the molecular gas diameter, 7, absolute temperature,
My, gas molecular weight and R, gas constant. Finally,
the Chiew and Glant model could be used to evaluate
the total gas permeability. The second term in this

model (Table 6) implied the interaction between parti-
cles and continuous media whereas the third term is
attributed to the interaction between particles [44]. In
another study, Hassanajili et al. [53] replaced the Chiew
and Glant model with a modified Maxwell model to
evaluate the total gas permeability.

Semsarzadeh and Ghalei [59] modified Maxwell model
to propose a new model (Table 6) according to three
main equations. The first equation was arranged based
on the correlation between the gas solubility and particle
concentration using the following equation:

S =Sa(1-9;) +5s0; (6)

where S, is attributed to solubility in the polymer
matrix, ¢y is the particle volume fraction, and S refers to
solubility in the particles. The tortuosity factor should
then be involved to explain the complete diffusion
process:
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D =Dy/ty (7)

The tortuosity factor, 7, is predicted using the
Maxwell theory as shown in Eq. (1). By substituting
Egs. (1), (6), (7), a modified Maxwell model could be
obtained (Table 6).

In the porous silica case, no developed model was
found to explain the gas transport mechanism
through MMMs containing the mesoporous silica.
However, several studies tried to investigate the influ-
ence of operating temperature on the gas permeability
of polymeric membranes such as polyimide [9, 31],
polysulfone [9, 35], polysulfone acrylate [32], and
polyethersulfone [33] incorporated using mesoporous
silica and sulfonated polyether ether ketone with
microporous silica [38]. The Arrhenius equation was
used to evaluate the relationship between gas per-
meability and the operating temperature using the
permeation activation energy (E,) as:

Ep = Ep + Hg (8)

P =Py exp (1]25;) 9)

where Ep, Hs, P, Py, R and T are the diffusion activa-
tion energy, sorption heat, gas permeability, pre-
exponential factor, gas constant, and absolute tem-
perature, respectively. Equation (8) implies that the
interaction between functional groups on the silica
particle surface and the polar penetrant molecules
could be able to detract sorption enthalpy for the
penetrant, and then enhance the gas permeability.

Challenges and future works in developing MMMs
with silica particles as the inorganic filler

Trade-off relationship on MMMs containing silica

Only a few polymeric membranes are incorporated
using silica particles that could be able to defeat the
opposition relationship, called the trade-off relation-
ship, determined by comparing the permeability and
selectivity with the Robeson’s upper bound. The
trade-off relationship is explained using the following
approach. As mentioned previously, there are two
major diffusion mechanisms, the Knudsen-diffusion
and solution-diffusion mechanism. By incorporating
silica particles with typical sized pores, polymer
dedensification occurs, then the Knudsen-diffusion
mechanism becomes dominant. Non-selective voids
also exist when the filler particles do not have good
compatibility with the polymer matrix, favouring the
same diffusion mechanism. Therefore, an imbalance
between these two diffusion mechanisms occurs in
the trade-off relationship in MMMs.
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The polymer and silica characteristics should be
considered to eliminate the trade-off relationship
between gas permeability and selectivity. Suzuki and
Yamada [61] proposed an acceptable reason for the
great performance of MMMs, especially for CO,/CH,
separation. In fact, the hyperbranched polymer used
in MMMs would be able to provide a unique struc-
ture surrounding the filler particles, supported by the
proper distribution and advantageous linking network
for a selective CO,/CH, gas separation. The hydro-
phobic properties of silica with a typical functional
group could be utilized to create high chemical affi-
nities for penetrant gases. The adsorption reaction
between the silica particles in the polymer matrix
plays a role as barrier for penetrant gases to pass
through membranes. Additional functional groups are
also able to rigidify the non-selective voids around
the silica particles and produce a selective path for
penetrant gas molecules. Therefore, the new MMMs
consisting of hyperbranched polymer and hydrophobic
silica with suitable functional groups should be deve-
loped in the future to achieve outstanding gas separa-
tion performance.

Development of natural silica particle as inorganic filler in
MMMs

Tetraethyl orthosilicate and tetramethyl orthosilicate
are known as popular silica precursors for silica
synthesis. These chemical precursors provide higher
silica purity compared to natural precursors. As men-
tioned previously, only two studies applied natural
silica for fabricating MMMs. Bhattacharya and
Mandal [13] developed silica extracted from rice straw
using a sol-gel process. They hydrolysed rice straw using
ammonium hydroxide to obtain sodium silicate. Sodium
silicate was contacted with sulfuric acid to form a trans-
parent silica sol. This silica sol was blended with a
polyether-polyamide block co-polymer matrix to fabricate
MMMs. Waheed et al. [35] developed a similar method to
extract silica from rice husk ash incorporated into a
polysulfone matrix for CO, separation. The extracted
silica was functionalized with 4-aminophenazone to
improve the resultant membranes. Hence, development of
silica from natural resources should be considered as good
alternatives for inorganic fillers for preparing MMMs.

In low cost and high purity silica case, many studies
have investigated the acid leaching and combustion
process to synthesize silica particles from biomass
(rice husk). Acid can be used for this treatment
including concentrated acid solution (hydrochloric
acid and sulfuric acid) and milder acid solution
(acetic acid, citric acid, and phosphoric acid). Bakar
et al. [66] tried to apply a concentrated acid solution
like hydrochloric acid and sulfuric acid combined
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with a combustion process to produce silica from rice
husks. The best result from that study is silica with
99.58% purity, using 0.5M hydrochloric acid com-
bined with combustion at 600 °C. Note that leaching
using strong acid solution could remove metal impu-
rities effectively. Umeda and Kondoh [67] used citric
acid to remove metal impurities in rice husks, then
combusted it at 800°C for 30 min. This treatment
successfully produced high purity silica up to 99.77%,
due to the effective chelating reaction between -
COOH groups and metallic impurities using proper
citric acid solution concentration and temperature
and stirring time in the solution. Another study, con-
ducted by Carmona et al. [68], proposed three milder
acid solutions and combustion to produce high purity
rice husk silica. Rice husks and acid solution were
submitted to high pressure 196 kPa and temperature
150°C, then combusted at 650°C. The result showed
that the maximum silica content after this treatment
was 99.84%, using phosphoric acid leaching.

Development of MMMs containing silica for acid gas
removal

Instead of the trade-off relationship problem,
polymer-silica membranes focused only on separation
performances with common gases such as O,, CO,,
N,, H,, and CHy As mentioned previously, MMMs
containing silica can be considered for CO, separa-
tion in methane and hydrogen purification process
due to their CO,/CH, and H,/CO, selectivity. This
study area should be developed as well as creating
outstanding MMMs for gas separation and purifica-
tion. However, MMMs can also play a role in gas
pollutant removal processes. A gas removal process is
focused on the elimination of acid gases such as H,S,
and HCl and alkaline gas (NHj3) from combustion
process. This removal process is strongly dependent
on metallic membranes and catalytic processes, which
provide high removal efficiency but are costly in
installation and require high energy.

Many studies have investigated the ability of various
silica particles and their modification to adsorb H,S.
Tagliabue et al. [69] compared the H,S sorption abil-
ity of microporous and (micro) mesoporous silica and
silica alumina. Other adsorbents for H,S removal
were prepared by synthesizing and modifying the
mesoporous molecular silica of SBA-15 with methyl
diethyl amine [70], mesoporous silica molecular sieve
(MSU-1) supported ZnO or CuO [71], amine modi-
fied silica xerogel [72], and mesoporous silica
supported Mn,O3 [73]. The potential polymer also
provided great ability to treat both H,S and CO,
using polyether urethane urea, polyether block amide,
supported ionic liquid membranes, modified cellulose
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acetate and polybenzimidazole [1]. Therefore, the
development of MMMs by combining the sorption
ability of modified silica particles and a potential
polymer should be considered to remove gas
pollutants.

Conclusions
The following summary and conclusion can be stated
from this review:

1. There are three types of silica, classified by their
pore size diameter (nm): non-porous silica, micro-
porous silica (< 2 nm), and mesoporous silica (2—50
nm). Those silica particles could be synthesized
from many chemical precursors or commercially
purchased.

2. Silica particles are incorporated into a polymer
matrix using three different methods: solution
blending, in-situ sol gel, and in-situ polymerization.
The solution blending method is frequently used
due to its simplicity.

3. Silica incorporated with a polymer matrix via
chemical bonding is due to their original active
sites or additional functional group from several
coupling agents. This interfacial interaction
enhances MMM thermal and mechanical
properties.

4. The gas transport mechanism through polymer-
silica membranes is controlled by the solution-
diffusion mechanism or Knudsen-diffusion
mechanism. The adjustment between these two
diffusion mechanisms balances the gas permeabil-
ity and selectivity of the resultant MMMs and
disrupts the trade-off relationship.

5. A modified Maxwell theory could be used to
explain the gas transport mechanism through
MMMs containing non-porous silica. Other models
such as the Chiew and Glant model, Bruggeman
model and Higuchi model were used to produce a
new modified model for describing gas permeation.

6. Generally, MMMs containing silica provide
higher gas permeability compared to their pure
polymeric membranes due to increasing fraction
free volume and the interaction between the
active site with penetrant molecules. A trade-off
relationship still exists with MMMs containing
silica with only a few combination hyperbranched
polymer-silica membranes able to achieve high
gas separation performance that exceeds the
Robeson’s upper bound.

7. The development of MMMs for removing
gas pollutants should be considered in future
works.
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Nomenclature
Symbol Variable/Parameter Unit
Pos Py Permeability of gas in the pseudo-dispersed molm™"s!
phase MPa™'
P, Permeability of gas in void volume region molm™'s™!
MPa™'
s, @, Volume fraction of filler in the pseudo- -
Pps dispersed phase
D Diffusion coefficient m?s!
S Solubility coefficient cm?® (STP)
cm >Pa’
dg Molecular gas diameter nm
T Absolute temperature K
Mg Gas molecular weight gmol™
R Universal gas constant 8314m?
Pa mol™ "K'
Iy Mean size of filler radius nm
Iy Thickness of void space layer of surrounding mm
filler
P, Py Permeability of mixed matrix membrane molm™' s~
MPa™!
P, Pc  Permeability of gas in pure polymer matrix molm™'s"!
MPa™!
p Volume fraction of bulk of nanoparticle in -
membrane
D4 Diffusion coefficient in the pure polymer m?s!
y Chain immobilization factor -
Or Volume fraction of particle -
Sa Solubility in the polymer matrix cm? (STP)
cm>Pa”
S Solubility in the particle cm? (STP)
cm>Pa”
Ky Higuchi constant -
B K Measure of penetrant permeability difference -
between two phases
P Permeability of the composite to species i molm™" s~
Mpa™!
P, p Permeability of pure polymer molm™'s™!
Mpa™!
O Filler volume fraction -
ap, m Diffusion selectivity of mixed matrix -
membrane
ap, p Diffusion selectivity of pure polymer -
B, Weak function of larger penetrant size -
By Weak function of smaller penetrant size -
FA/%  Fractional free volume of pure polymer -
FF,  Fractional free volume of polymer phase in -
MM membrane state
E, Fo  Adjustable parameter -
K
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Nomenclature (Continued)

Symbol Variable/Parameter Unit

Ogp Mass fraction of penetrant gas a -

Qapm - Mass fraction of penetrant gas a in mixed -
matrix polymer

P, permeability of penetrants through molm™" s
nanocomposite membranes MPa™'

So Pre-exponential solubility coefficient cm’ (STP)

cm3pa!

Dy Pre-exponential diffusion coefficient m’s™!

En Young's modulus of nanocomposite MPa

E Young's modulus of neat membranes MPa

9, Volume fraction of nanoparticle -

Xe n Degree of crystallinity of nanocomposite -
membranes

; Degree of crystallinity of nanoparticle -

Ep n Activation energy of diffusion of Jmol™
nanocomposite membranes

AH. ,  Enthalpy of condensation of nanocomposite Jmol™!
membranes

AH,, , Partial molar enthalpy of mixing of Jmol™

nanocomposite membranes
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