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Abstract: Membrane-based gas separation has attracted a great deal of attention recently due to
the requirement for high purity gasses in industrial applications like fuel cells, and because of
environment concerns, such as global warming. The current methods of cryogenic distillation
and pressure swing adsorption are energy intensive and costly. Therefore, polymer membranes
have emerged as a less energy intensive and cost effective candidate to separate gas mixtures.
However, the use of polymeric membranes has a drawback known as the permeability-selectivity
tradeoff. Many approaches have been used to overcome this limitation including the use of polymer
blends. Polymer blending technology synergistically combines the favorable properties of different
polymers like high gas permeability and high selectivity, which are difficult to attain with a single
polymer. During polymer mixing, polymers tend to uncontrollably phase separate due to unfavorable
thermodynamics, which limits the number of completely miscible polymer combinations for gas
separations. Therefore, compatibilizers are used to control the phase separation and to obtain stable
membrane morphologies, while improving the mechanical properties. In this review, we focus on
immiscible polymer blends and the use of compatibilizers for gas separation applications.
Keywords: immiscible polymer blends; compatibilizers; gas separation membranes

1. Introduction
The global oil and gas separation market is expected to be worth ~11 billion USD by
2020 [1]. Conventional methods of gas separation include pressure swing adsorption [2,3] and
fractional/cryogenic distillation [4]. The main disadvantages of these methods are their high costs
and high-energy consumptions. Membrane technology [5–14] has emerged as a promising method
of gas separation because of its low energy consumption, the possibility of continuous operation,
which dramatically lowers the investment cost, its ease of operation, and cost effectiveness [15].
Membrane technology is currently being used commercially in natural gas purification, CO2 capture,
hydrogen recovery, and oxygen and nitrogen enrichment [16]. For efficient gas separation, membranes
should be highly selective, highly permeable [17], and durable. The transport of gases across a dense
polymeric membrane can be explained using the solution-diffusion model [18,19]. According to this
model, gas molecules enter the polymer membrane from the upstream side, dissolve in the membrane
matrix, are transported across the membrane through a partial pressure gradient, and then desorb
from the downstream side (Figure 1).
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Figure 2. Robeson upper bound for gas separations.
Figure 2. Robeson upper bound for gas separations.
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phase separated polymer blends can exhibit co-continuous, matrix-droplet, fiber, and lamellar
morphologies [49]. For gas separation applications, matrix-droplet morphology is advantageous
due to the high interfacial surface area it affords.
The Maxwell model (Equation (4)) can be used to predict gas permeabilities of immiscible polymer
blends with matrix-droplet morphology. Here, Pd and Pc are permeabilities of the dispersed and
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continuous phases, respectively, while Ød and Øc are the volume fractions of dispersed and continuous
phases, respectively [48].
„

Pd ` 2Pc ´ 2Ød pPc ´ Pd q
Pb “ Pc
(4)
Pd ` 2Pc ´ Ød pPc ´ Pd q
The use of immiscible polymer blends is limited by their uncontrolled phase separation,
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Several researchers have studied flat membranes utilizing polymer blends to enhance gas pair
separations [39,61,66,67]. Frequently, polyimides were blended with another polymer having high
selectivity for a particular gas pair. Polybenzimidazole (PBI) is a polymer with a high separation factor
for H2 over other gases. However, the permeability is quiet low for PBI membranes. As a solution
for this, Hosseini et al. [37], used miscible polymer blends of PBI/Matrimid® to prepare H2 and CO2
selective membranes. Martimid® has a H2 permeability of 27.16 Barrer. DSC analysis of membranes
having different compositions of PBI/Matrimid® showed single glass transition temperatures (Tg ),
which indicated miscibility of the two polymers. The Tg of a miscible polymer blend can be predicted
using the Fox equation (Equation (5)), where W1 , W2 and Tg,1 , Tg,2 are weight fractions and glass
transition temperatures of the individual polymers, respectively [68].
W2
1
W1
`
“
Tg
Tg,1 Tg,2

(5)

Predictions of Tg using the Fox equation were close to the experimental values.
Strong hydrogen bonding between the H atoms of N–H groups in PBI and O atoms of C=O groups
in Matrimid® were believed to be the reason for complete miscibility of the polymers [37]. For the
membrane having 25/75 wt % of Matrimid® /PBI, H2 permeability was 5.47 Barrer with a H2 /N2
selectivity of 260.47. Following their study on PBI/Matrimid® miscible polymer blends, Hosseini et al.
fabricated carbon molecular sieve membranes based on PBI/Matrimid® , PBI/Torlon® and PBI/P84®
miscible blends [38]. Matrimid® membranes pyrolyzed at different temperatures showed improved
gas separation properties. To further improve the properties, they used chemical cross-linking of
the precursor membranes using p-xylene diamine. Results showed gas separation properties which
surpass the Robeson upper bound for gas pairs including, H2 /CO2 , H2 /N2 , CO2 /CH4 , N2 /CH4 and
H2 /CH4 . Table 1 shows gas permeability and ideal selectivities for PBI/Matrimid® (50/50 wt %)
pyrolyzed membranes (800 ˝ C), with and without chemical cross-linking [38].
Table 1. Gas separation properties of PBI/Matrimid® (50/50 wt %) blend membranes pyrolyzed at
800 ˝ C [69].

Membrane
PBI/Matrimid (50/50 wt %)
PBI/Matrimid (50/50 wt %) cross-linked

Permeability (Barrer)

Ideal Selectivity

H2

CO2

CH4

H2 /CO2

CO2 /CH4

112.12
91.0

36.60
3.71

0.278
0.104

8.85
24.52

131.65
30.50

In another study, Khan et al. [39] studied the gas separation properties of polymer blend
membranes comprised of Matrimid® 9725 and sulfonated aromatic polyether ether ketone (SPEEK),
which formed completely miscible polymer blends over the entire composition range they tested as
characterized by DSC studies. Both pure and mixed gas experiments were carried out for several gases
including CO2 , CH4 and N2 . Permeabilities for blend membranes were in between the values for pure
polymers. With increasing SPEEK amounts, permeabilities of all three gases increased while ideal
selectivities for CO2 /CH4 decreased. Surprisingly, CO2 /N2 ideal selectivity remained the same at ~35.
In mixed-gas experiments, due to plasticization, CO2 permeability increased with pressure. At the
same time, membranes having higher SPEEK content showed improved plasticization resistance going
up to 40 bar [39].
Mixed matrix membranes (MMMs) have been extensively used to improve gas transport
through polymeric membranes [66]. Additives, such as zeolites, MOFs, and ZIFs, were tested by
combining with different polymers. In 2008, Ismail et al. [67] fabricated MMMs using polyethersulfone
(PES)/Matrimid® 5218 blends with zeolite 4A as the inorganic additive. Zeolite loading was changed
between 10 and 50 wt %. By annealing membranes at 280 ˝ C (above the Tg of the polymer blend), the
membranes obtained a separation factor of approximately five times that of pure blend membrane for
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O2 /N2 gas pair. Although the selectivities improved, permeabilities for both gases were lowered for
membranes annealed at higher temperatures due to improved adhesion between the polymer chains
and zeolite particles [67].
Hollow-fiber membranes are another type of membrane that can be used for gas separation and
generally display good mechanical properties. Miscible polymer blends can be used to prepare hollow
fibers. Following their work on flat membranes, Hosseini et al. [69] studied hollow-fiber membranes
comprising PBI/Matrimid® polymer blends. Hollow fiber membranes were made by coating a layer
of silicon rubber and cross-linking the polymers with p-xylenediamine. Cross-linked hollow fiber
membranes displayed H2 /CO2 selectivity of 14.49 in comparison to 11.11 for uncross-linked membrane.
However, crosslinking showed the opposite effect on CO2 /CH4 selectivity. Nevertheless, the blend
membranes were resistant to CO2 induced plasticization, which is a major drawback in pure Matrimid®
based membranes [69].
The use of miscible polymer blends for gas separations has been attractive and thoroughly studied.
However, obtaining completely miscible polymers pairs is rare due to the unfavorable thermodynamics
for polymer mixing. To overcome this barrier preferential interactions such as H bonding between
polymers should be present. In order to form such H bonds specific functional groups need to be
incorporated in polymers, which is synthetically challenging. Additionally, on many occasions as a
result of complete miscibility, a homogeneous microstructure is obtained and the gas permeability
properties lie in-between the parent polymers.
The goal is to blend immiscible polymers whose properties can combine synergistically while
maintaining control over the microstructure. We discuss various modes of compatibilization in the
next section.
3. Immiscible Polymer Blends in Gas Separation Membranes
Thermodynamics
In order for two polymers to be miscible with each other, the Gibbs free energy, G, of the blend,
G12 , should be lower than the sum of the G values of each polymer (Equation (6)).
∆Gm “ G12 ´ pG1 ` G2 q ă 0

(6)

The change in free energies, ∆Gm , depends on the enthalpy, ∆Hm , and entropy, ∆Sm , changes during
mixing (Equation (7)).
∆Gm “ ∆Hm ´ T∆Sm
(7)
The ∆Hm term represents the extent of interaction between polymers upon mixing, and ∆Sm
represents the number of different ways available of arranging the polymers. It is important to note
that usually the ∆Sm term is a positive quantity during mixing for small molecules since mixing
increases disorder in a system. Therefore, at high temperatures, small molecules tend to dissolve
readily since ´T∆Sm makes the ∆Gm more negative. However, this is not the case for polymers due to
their large size. Polymers have disorder to begin with, and during mixing with another polymer, they
have to obtain a certain ordered arrangement instead. Therefore, to compensate, the enthalpic term
has to contribute by forming favorable interactions between polymers, such as hydrogen bonding,
which drives the ∆Sm term negative. This phenomenon is further elaborated using the Flory-Huggins
(FH) model in Equation (8),
∆Gm
“
RT

ˆ

V
VR

˙„

ϕ1
ϕ2
lnϕ1 `
lnϕ2 ` ϕ1 ϕ2 χ12
r1
r2


(8)

where R is the gas constant; T is the absolute temperature; V is the total molar volume; ri , the number
of segments per chain volume or the degree of polymerization of polymer i relative to the reference
volume VR ; ϕi is the volume fraction of polymer i and χ12 the interaction parameter. In addition,
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certain polymer blend combinations show a lower critical solution temperature (LCST) or upper critical
solution temperature (UCST) behavior depending on the temperature at which miscibility changes
from miscible to immiscible. Furthermore, even if the thermodynamic conditions are favorable, other
Ma teria ls 2016, 9, 643
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gas
permeation
further enhance gas permeability. Kim et al. [70] studied the O22/N22 gas permeation and
and
thermodynamic
and polymethylmethacrylate
thermodynamic properties
properties for
for blends
blends of
of polycarbonate
polycarbonate (PC)
(PC) and
polymethylmethacrylate(PMMA).
(PMMA).
They
found
that
by
controlling
the
annealing
temperature
and
time,
the miscibility
the blend
They found that by controlling the annealing temperature and time,
the miscibility
of theofblend
co uld
could
be manipulated.
membranes
different
morphologies
wereprepared
preparedusing
usingthe
the same
same
be manipulated.
BlendBlend
membranes
withwith
different
morphologies
were
chemical
O2 permeation
properties were examined at
2 and
chemical components
componentsand
andcomposition,
composition,and
andtheir
theirNN
2 and O
2 permeation properties were examined
˝ C and 1 atm. The results show that the gas permeability and diffusion coefficients decreased in
35
at 35 °C and 1 atm. The results show that the gas permeability and diffusion coefficients decreased in
the
order: Immiscible
Immiscible blend
blend having
having aa domain–matrix
domain–matrix structure
the following
following order:
structure>> immiscible
immiscible blend
blend having
having
an
interconnected
structure
>
miscible
blend.
It
is
suggested
that
these
results
may
be
related
an interconnected structure > miscible blend. It is suggested that these results may be related to
to
differences
differences in
in local
local polymer
polymer chain
chain motions
motionsthat
thatdepend
depend on
on the
thelevel
level of
of intermolecular
intermolecularmixing.
mixing.
TheThe
gas gas
transport
properties
are strongly
correlated
to theto
blend
morphology
for immiscible
blend
transport
properties
are strongly
correlated
the blend
morphology
for immiscible
membranes.
Toy
et
al.
[71]
prepared
blend
membranes
consisting
of
poly(1-(trimethylsilyl)-1-propyne)
blend membranes. Toy et al. [71] prepared blend membranes consisting of poly(1-(trimethylsilyl)-1(PTMSP)
poly(1-phenyl-1-propyne)
(PPP) for (PPP)
CO2 /N
separation.
PPP, as the dispersed phase,
propyne)and
(PTMSP)
and poly(1-phenyl-1-propyne)
for2 CO
2/N2 separation. PPP, as the dispersed
is
less permeable,
but more but
selective,
PTMSP. Therefore,
theincreasing
PPP concentration
phase,
is less permeable,
more compared
selective, to
compared
to PTMSP.increasing
Therefore,
the PPP
in
the
blend
leads
to
significant
decreases
in
CO
and
N
permeability
and
a
dramatic
in
2
concentration in the blend leads to significant decreases
in2 CO 2 and N2 permeability and increase
a dramatic
the
CO2 /N
selectivity.
illustrated
Figure 4, when
the PPP
concentration
increased from
increase
in 2the
CO2/N2 As
selectivity.
Asinillustrated
in Figure
4, when
the PPP was
concentration
was
3increased
wt % to 25
wt
%,
the
dispersed
ellipsoidal
domains
expanded
and
started
to
coalesce
to
form
effective
from 3 wt % to 25 wt %, the dispersed ellipsoidal domains expanded and started to coalesce
barriers
for gas diffusion,
which
accounts which
for the accounts
decrease for
in gas
permeability
and
the increaseand
in
to form effective
barriers for
gas diffusion,
the decrease
in gas
permeability
CO
/N2 selectivity.
the2increase
in CO2/N2 selectivity.

Figure 4. Transmission e le ctron micrographs of PTMSP/PPP ble nds at thre e ble nd compositions
Figure 4. Transmission electron micrographs of PTMSP/PPP blends at three blend compositions
(in wt % PPP): (A) 3; (B) 10; (C) 25. The PTMSP-rich phase is e le ctron-opaque and dark, and the PPP
(in wt % PPP): (A) 3; (B) 10; (C) 25. The PTMSP-rich phase is electron-opaque and dark, and the
phase is bright. (Adapte d with pe rmission from Panapitiya, T.L.G.; Fre e man, B.D.; Spontak, R.J.;
PPP phase is bright. (Adapted with permission from Panapitiya, T.L.G.; Freeman, B.D.; Spontak, R.J.;
Morisato,A.;
A.;Pinnau,
Pinnau,
I. Gas
Pe rme ability
and Phase
Morphology
of Poly(1-(trime thylsilyl)-1Morisato,
I. Gas
Permeability
and Phase
Morphology
of Poly(1-(trimethylsilyl)-1-propyne)/
propyne
)/Poly(1-phe
nyl-1-propyne
)
Ble
nds.
Macromolecules
1997,
30,
1997
Poly(1-phenyl-1-propyne) Blends. Macromolecules 1997, 30, 4766–4769. 4766–4769.
Copyright Copyright
1997 American
Ame
rican
Chemical
Society.)
Chemical Society.)

Li et al. [72] fabricated blend membranes of poly(4-vinylpyridine) (PVP) and ethylcellulose (EC)
to study gas transport properties for O2, N2, CO2, CH4, and H2. The blend membranes were
macroscopically miscible, but microscopically immiscible, with PVP as the dispersed phase and EC
as the continuous phase when the PVP content is less than 50 wt %. With increasing PVP content, the
permeability decreased for all of the tested gases and the permselectivities increased due to the
increased domain size and number of dispersed PVP phase. For blend membranes with PVP content
ranging from 50 to 60 wt %, phase inversion may occur leading to PVP becoming the continuous
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Li et al. [72] fabricated blend membranes of poly(4-vinylpyridine) (PVP) and ethylcellulose
(EC) to study gas transport properties for O2 , N2 , CO2 , CH4 , and H2 . The blend membranes were
macroscopically miscible, but microscopically immiscible, with PVP as the dispersed phase and EC
as the continuous phase when the PVP content is less than 50 wt %. With increasing PVP content,
the permeability decreased for all of the tested gases and the permselectivities increased due to the
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9, 643 size and number of dispersed PVP phase. For blend membranes with PVP content
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increased
domain
ranging from 50 to 60 wt %, phase inversion may occur leading to PVP becoming the continuous phase,
that
the
PVP/ECfor
blend
membranes
inherited the
properties,
membranewhich
accounts
the decreasing
permeability
and improved
increasing mechanical
permselectivity.
It is claimed
that the
forming
ability,
and
high
gas
permeability
from
the
EC
phase,
and
the
high
permselectivity
from
the
PVP/EC blend membranes inherited the improved mechanical properties, membrane-forming
ability,
PVP
phase.
and high gas permeability from the EC phase, and the high permselectivity from the PVP phase.
More
blendcomposition,
composition,Sales
Salesetetal.al.
[73]
investigated
effects
of temperature
Morethan
than varying
varying blend
[73]
investigated
thethe
effects
of temperature
and
and
pressure
on
the
gas
transport
properties
of
polyurethane
(PU)
and
poly(methylmethacr
ylate)
pressure on the gas transport properties of polyurethane (PU) and poly(methylmethacrylate) (PMMA)
(PMMA)
blend membranes.
With
30 wt %
in the
the permeability
andcoefficients
diffusion
blend membranes.
With 30 wt
% PMMA
in PMMA
the blend,
the blend,
permeability
and diffusion
coefficients
2, H2, O2, CH4, and N 2 decrease approximately 55% due to the reduction of freeof CO2 , H2of
, OCO
2 , CH4 , and N2 decrease approximately 55% due to the reduction of free-volume.
volume.
The
effects
of temperature
on gas permeability
and selectivity
were
found
to be significant.
The effects of temperature
on gas permeability
and selectivity
were found
to be
significant.
Increasing
Increasing
the
temperature
from
10
to
40
°C
results
in
a
30%
increase
in
free
volume
that
leads to
˝
the temperature from 10 to 40 C results in a 30% increase in free volume that leads to increases
increases
in
gas
permeability
and
diffusivity,
and
gas
selectivity
for
all
gas
pairs
can
be
increased
at
in gas permeability and diffusivity, and gas selectivity for all gas pairs can be increased at low
low
temperature.
On
the
other
hand,
the
testing
pressure
has
little
effect
on
gas
transport
properties,
temperature. On the other hand, the testing pressure has little effect on gas transport properties,
especially
high PMMA
PMMA content.
especially in
in the
the membranes
membranes with
with high
content. Thus,
Thus, the
thegas
gas separation
separation properties
properties of
of
immiscible
polymer
blends
can
be
tailored
by
changing
component
compositions
and
b
y controlling
immiscible polymer blends can be tailored by changing component compositions and by
controlling
the
the membrane
membrane morphology.
morphology.
4.
4.Morphology
MorphologyControl
Controland
andCompatibilizers
Compatibilizersfor
forGas
GasSeparation
SeparationMembranes
Membranes
One
Oneimportant
important advantage
advantage provided
provided by
by the
the immiscible
immiscible polymer
polymer blends
blends compared
compared to
to miscible
miscible
blends
is
that
the
immiscible
blends
allow
for
control
of
m
embrane
morphology.
The
matrix-droplet
blends is that the immiscible blends allow for control of membrane morphology. The matrix-droplet
(MD)
-by-layer
(MD)membrane
membranemorphology
morphologyprovides
providesaahigher
higherinterfacial
interfacialsurface
surfacearea
areacompared
comparedtotoa alayer
layer-by-layer
morphology
morphology (LBL).
(LBL). This
This can
can be
be explained
explained using
using the
the model
model shown
shown in
in Figure
Figure 5.
5.

Figure 5. Cartoon showing the LBL and MD morphologie s and a histogram of IAMD/IALBL with respect
Figure 5. Cartoon showing the LBL and MD morphologies and a histogram of IAMD /IALBL with
to the radius of the dispe rsed phase.
respect to the radius of the dispersed phase.

The plot shows the variation in the ratio of the interfacial area (IA) of the MD morphology with
respect to the LBL morphology as a function of the domain size of the dispersed phase in the MD
morphology (IAMD/IALBL = 3LZ/r). For a hypothetical membrane 1 µm thick, one sees that as the size
of the dispersed phase becomes smaller, this ratio increases [7 4]. One of the ways to lower the domain
size of the dispersed phase is to use a compatibilizer. It has been demonstrated [52] that, when the
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The plot shows the variation in the ratio of the interfacial area (IA) of the MD morphology
with respect to the LBL morphology as a function of the domain size of the dispersed phase in the
MD morphology (IAMD /IALBL = 3LZ /r). For a hypothetical membrane 1 µm thick, one sees that as
the size of the dispersed phase becomes smaller, this ratio increases [74]. One of the ways to lower
the domain size of the dispersed phase is to use a compatibilizer. It has been demonstrated [52]
that, when the compatibilizer concentration increases up to a certain threshold, the domain size
can be decreased. This enhancement of the interfacial area is vital for improving permeability in
gas separation membranes. However, how does one improve gas pair selectivity? Panapitiya et al.
recently
reported a novel membrane microstructure in which the dispersed phase is comprised
Ma teria ls 2016, 9, 643
9 of 23
of a highly permeable polymer, while the continuous phase is a highly selective polymer [58].
a novel membrane
whichpassing
the dispersed
phase
of a highly though
permeable
The argument
is that microstructure
the adsorbed in
gases
through
theis comprised
highly permeable,
poorly
polymer,
while phase
the continuous
phase is a highly
selectiveapolymer
[5 8]. selective
The argument
is that phase
the
selective,
dispersed
must subsequently
pass through
thin, highly
continuous
to
adsorbed
gases passing
through
the highly
permeable,
poorly
dispersed
must
traverse
the membrane.
This
transport
pathway
ensuresthough
that both
theselective,
high selectivity
ofphase
the continuous
subsequently
passthe
through
thin, highly selective
continuousphase
phase to
traverse
the This
membrane.
This
polymer
matrix and
high apermeability
of the dispersed
are
utilized.
droplet-matrix
transport pathway ensures that both the high selectivity of the continuous polymer matrix and the
morphology was obtained using two high performance polymers, PBI (polybenzimidazole) and 6FDD
high permeability of the dispersed phase are utilized. This droplet-matrix morphology was obtained
(6FDA-DAM-DABA, a copolymer of 4,4-hexafluoroisopropylidene diphthalic anhydride (6FDA),
using two high performance polymers, PBI (polybenzimidazole) and 6FDD (6FDA-DAM-DABA, a
2,4,6-trimethyl-1,3-phenylenediamine
(DAM) diphthalic
and 3,5-diaminobenzoic
acid2,4,6-trimethyl-1,3(DABA)), since these
copolymer of 4,4-hexafluoroisopropylidene
anhydride (6FDA),
materials
are
capable
of
withstanding
industrially
relevant
conditions
of
temperature
pressure,
phenylenediamine (DAM) and 3,5-diaminobenzoic acid (DABA)), since these materials areand
capable
˝
e.g., 300
C and 30 atm,
for applications
as H2ofseparation
from
The300
otherwise
immiscible
of withstanding
industrially
relevant such
conditions
temperature
andCO
pressure,
°C and 30
atm,
2 [74]. e.g.,
for applications
such as H2 using
separation
from CO2 [74].available
The otherwise
polymers were
polymers
were compatibilized
the commercially
MOF, immiscible
ZIF-8.
compatibilized
using
commercially
available
The
SEM images
in the
Figure
6 show that
as theMOF,
ZIF-8ZIF-8.
loading is increased from 0 wt % to 10 wt %,
The
SEM
images
in
Figure
6
show
that
as
the
ZIF-8
increased
fromthe
0 wtsize
% to
10 wt %,
the average dispersed domain radius is decreased fromloading
1.46 tois0.201
µm, and
distribution
is
the
average
dispersed
domain
radius
is
decreased
from
1.46
to
0.201
m,
and
the
size
distribution
is
decreased as well. This result shows that ZIF-8 works as a compatibilizer. Multiple imaging techniques
decreased as well. This result shows that ZIF-8 works as a compatibilizer. Multiple imaging
(SEM, AFM, TEM) were used to view the membrane cross-sections to study the compatibilization
techniques (SEM, AFM, TEM) were used to view the membrane cross -sections to study the
afforded by ZIF-8 (Figure 7). All images revealed that the interface is free from non-selective voids,
compatibilization afforded by ZIF-8 (Figure 7). All images revealed that the interface is free from nonwhich
wouldvoids,
lowerwhich
gas selectivities.
selective
would lower gas selectivities.

Figure 6. SEM image s of cross-se ctions of a 6FDA-DAM:DABA/PBI (50:50) me mbrane without ZIF-8

Figure 6. SEM images of cross-sections of a 6FDA-DAM:DABA/PBI (50:50) membrane without ZIF-8
(A); with 5 wt % ZIF-8 (B); and with 10 wt % ZIF-8 (C). (Adapte d with pe rmission from Panapitiya,
(A); with
wt %
ZIF-8, S.N.;
(B); and
with
wt % ZIF-8
(C).
(Adapted
with permission
Panapitiya,
N.P.; 5Wije
nayake
Huang,
Y.;10
Bushdie
cke r, D.;
Nguye
n, D.; Ratanawanate
, C.;from
Kalaw,
G.J.; Gilpin, N.P.;
Wijenayake,
S.N.;
Huang,
Y.; Bushdiecker,
D.;J.P.
Nguyen,
D.; Ratanawanate,
C.; Kalaw,
G.J.;structure
Gilpin, C.J.;
C.J.; Musse
lman,
I.H.; Balkus,
K.J.; Fe rraris,
Stabilization
of immiscible polymer
blends using
Musselman,
Ferraris,
J.P. Stabilization
polymer 2014
blends
using structure
dire ctingI.H.;
metalBalkus,
organic K.J.;
frameworks
(MOFs).
Polymer 2014,of
55,immiscible
2028–2034. Copyright
Elsevier.)
directing metal organic frameworks (MOFs). Polymer 2014, 55, 2028–2034. Copyright 2014 Elsevier.)
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Figure
7. (A)
SEM,
(B)(B)
AFM,
images
of6FDD:PBI
6FDD:PBI
(50:50)
membrane
cross-sections,
Figure
7. (A)
SEM,
AFM,and
and(C)
(C)TEM
TEM image
s of
(50:50)
bleblend
nd me mbrane
cross-sections,
andSEM,
(D) SEM,
(E) AFM,
and
(F,G)
TEMimages
image s6FDD:PBI
6FDD:PBI (50:50)
5 wt
% ZIF-8.
(Re printe
d
and (D)
(E) AFM,
and
(F,G)
TEM
(50:50)containing
containing
5 wt
% ZIF-8.
(Reprinted
pe rmission
from
Panapitiya,N.P.;
N.P.;Wijenayake,
Wije nayake , S.N.;
S.N.; Huang,
Bushdie
cke r, D.; Nguye
n, D.; D.;
with with
permission
from
Panapitiya,
Huang,Y.;Y.;
Bushdiecker,
D.; Nguyen,
Ratanawanate
, C.; Kalaw,
Gilpin,
C.J.;Musselman,
Musse lman, I.H.;
I.H.; Balkus,
FeFerraris,
rraris, J.P.J.P.
Stabilization
of of
Ratanawanate,
C.; Kalaw,
G.J.;G.J.;
Gilpin,
C.J.;
Balkus,K.J.;
K.J.;
Stabilization
immiscible
polyme
r
ble
nds
using
structure
dire
cting
me
tal
organic
frame
works
(MOFs).
Polymer
2014,
immiscible polymer blends using structure directing metal organic frameworks (MOFs). Polymer 2014,
55, 2028–2034. Copyright 2014 Else vie r.)
55, 2028–2034. Copyright 2014 Elsevier.)
In order to determine the distribution of ZIF-8 in the membrane the authors used a

In
order to determine
the distribution
the membrane
the authors
usedcontact
a thermodynamic
thermodynamic
calculation
with the aidof
of ZIF-8
water in
contact
angle measurements.
Water
angles
for
each
component
of
the
compatibilized
blend
were
measured
separately
in
order
to
calculate
the
calculation with the aid water contact angle measurements. Water contact angles for each component
interfacial
energies
between
each
polymer
and
the
ZIF-8
particles,
and
between
the
polymers.
The
of the compatibilized blend were measured separately in order to calculate the interfacial energies
localization
of the particles
at the
blend’s
interface
could
be surmised
on a thermodynamic
basis [7 5–
between
each polymer
and the
ZIF-8
particles,
and
between
the polymers.
The localization
of the
78]. The wetting parameter (𝜔) is defined by Young’s equation as:
particles at the blend’s interface could be surmised on a thermodynamic basis [75–78]. The wetting
𝛾𝑍𝐼𝐹−8/6𝐹𝐷𝐷 − 𝛾𝑍𝐼𝐹−8⁄𝑃𝐵𝐼
parameter (ωq is defined by Young’s
𝜔 =equation
cos 𝜃 = as:
(9)
𝛾𝑃𝐵𝐼 ⁄6𝐹𝐷𝐷
γZIF´8{6FDD ´ γZIF´8{PBI
where 𝜃 is the contact angle ω
of ZIF-8
at the
“ cosθ
“ interface and 𝛾𝑍𝐼𝐹−8/6𝐹𝐷𝐷 , 𝛾𝑍𝐼𝐹−8⁄𝑃𝐵𝐼 and 𝛾𝑃𝐵𝐼 ⁄6𝐹𝐷𝐷 represent (9)
γPBI
| <{6FDD
the interfacial tension. When |𝛾
−𝛾
𝛾
, the ZIF-8 would stay mainly at the
6𝐹𝐷𝐷 ⁄𝑍𝐼𝐹−8

𝑃𝐵𝐼 ⁄𝑍𝐼𝐹−8

𝑃𝐵𝐼/6𝐹𝐷𝐷

interface (−1 < 𝜔 < 1 with 0°< 𝜃 < 180°). Otherwise, ZIF-8 would preferentially gointoeither 6FDDor PBI
where θ is the contact
angle of ZIF-8 at the interface and γ ´8{6FDD , γZIF´8{PBI and γPBI {6FDD
phase when | 𝛾6𝐹𝐷𝐷 ⁄𝑍𝐼𝐹−8 − 𝛾𝑃𝐵𝐼 ⁄𝑍𝐼𝐹−8 |ˇ > 𝛾𝑃𝐵𝐼/6𝐹𝐷𝐷 (𝜔 < −1 or 𝜔 ZIF
>1) ˇ
ˇ
ˇ
represent
the
interfacial
tension.
When
´
γ
ˇγ6FDD{ZIF´equation
The interfacial tension is derived from Girifalco-Good
8
PBIas:
{ZIF´8 ˇ < γPBI {6FDD , the ZIF-8 would stay

mainly at the interface (´1 < ω ăˇ 1 with 0˝ < θ ă 180˝ ). Otherwise,
ZIF-8 )would preferentially(10)
go into
ˇ (
ˇ 𝛾𝑃𝐵𝐼/6𝐹𝐷𝐷 = 𝛾𝑖𝑃𝐵𝐼 + 𝛾𝑖6𝐹𝐷𝐷 ˇ− √ 𝛾𝑖𝑃𝐵𝐼 𝛾𝑖6𝐹𝐷𝐷
either 6FDD or PBI phase when ˇγ6FDD{ZIF´8 ´ γPBI {ZIF´8 ˇ > γPBI {6FDD (ω < ´1 or ω >1)
where 𝛾𝑖 is the surface tension of the individual constituent as calculated by measuringthewater contact
The interfacial tension is derived from Girifalco-Good equation as:
angles (WCA) of each constituent, which is defined by the equation below:
(

𝛾
1 + cos 𝜃
γPBI {6FDD “ γiPBI
𝑦𝑖𝑆 `= γ𝑖𝐿
i6FDD ´
4

a
)2
pγiPBI γi6FDD q

(11) (10)

where L represents the liquid while S the solid and 𝜃 is the water-contact angle.
where
γi is the surface tension of the individual constituent as calculated by measuring the water
The wettability 𝜔 was calculated to be 0.063, which lies in between −1 < 𝜔 < 1. Hence ZIF-8
contact angles (WCA) of each constituent, which is defined by the equation below:
particles were predicted to stay at the interface of the immiscible blend polymer components and

yiS “

γiL p1 ` cosθq2
4

where L represents the liquid while S the solid and θ is the water-contact angle.

(11)
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ω was calculated to be 0.063, which lies in between ´1 < ω ă 1. Hence11ZIF-8
of 23
particles were predicted to stay at the interface of the immiscible blend polymer components and
stabilize the phase separation. These
Theseresults
results also
also were
were consistent
consistent with
with the decreasing size of
of the
the
stabilize
dispersed phase
phase domains
domains observed in the SEM im
images.
ZIF-8has
has shown
shown itself
itself as
as an
an excellent
excellent
dispersed
ages. ZIF-8
compatibilizer for this immiscible blend comprising high performance polymers 6FDD
and PBI,
PBI,
compatibilizer
6FDD and
membrane research
which are being used widely in membrane
research for
for gas
gas separation.
separation.
Panapitiya
et
al.
have
extended
this
approach
to
another
immiscible polymer
polymer blend
blend system
system in
in
Panapitiya et
have extended this approach to a nother immiscible
with
as-synthesized
colloidal
ZIF-8.ZIF-8.
OnceOnce
again,again,
upon
which 6FDA-Durene
6FDA-Dureneand
andPBI
PBIare
arecompatibilized
compatibilized
with
as-synthesized
colloidal
the addition
of c-ZIF-8,
the sizethe
of the
dispersed
phase became
and
more uniform
indicating
upon
the addition
of c-ZIF-8,
size
of the dispersed
phasesmaller
became
smaller
and more
uniforma
better compatibility
between the polymers
(Figure
8) [74].
indicating
a better compatibility
between the
polymers
(Figure 8) [74].

Figure
s of
mbrane cross-sections
cross -se ctionsofof
6FDU:PBI(50:50)
(50:50)blend
ble ndbefore
be fore
(A);and
andafter
after
Figure8.
8.SEM
SEMimage
images
ofthe
theme
membrane
6FDU:PBI
(A);
(B);
se
le
ctive
solve
nt
e
xtraction
of
6FDU
with
5wt
%
colloidal
ZIF-8
(C);
and
with
17wt%
colloidal
(B); selective solvent extraction of 6FDU with 5wt % colloidal ZIF-8 (C); and with 17wt% colloidal ZIF-8
ZIF-8
(D). (Adapte
with pe rmission
from Panapitiya,
N.P. Nove
l compatibilise
d immiscible
polymer
(D). (Adapted
withdpermission
from Panapitiya,
N.P. Novel
compatibilised
immiscible
polymer
blend
ble
nd base
d me mbrane
s for
gas se parations.
Ph.D. the
sis, Unive
ofat
TeDallas,
xas at Dallas,
TX,24
USA,
24
based
membranes
for gas
separations.
Ph.D. thesis,
University
ofrsity
Texas
TX, USA,
May
May
2014.
Copyright
2014
Nimanka
Pathum
Panapitiya.)
2014. Copyright 2014 Nimanka Pathum Panapitiya.)

Other compatibilizers, including co-polymers [53–55], nanoparticles [56,57], small molecules
Other compatibilizers, including co-polymers [53–55], nanoparticles [56,57], small molecules [59],
[59], and other additives [58], can be used to improve the miscibility of otherwise incompatible
and other additives [58], can be used to improve the miscibility of otherwise incompatible polymers and
polymers and have been the subject of numerous reviews. In this review we focus on the use of the
have been the subject of numerous reviews. In this review we focus on the use of the compatibilizers
compatibilizers specifically for gas separation applications.
specifically for gas separation applications.
The most used compatibilizers for gas separation applications comprise block copolymers
The most used compatibilizers for gas separation applications comprise block copolymers
containing segments of one or more of the homopolymers in the blend. Moon et al. [79] studied the
containing segments of one or more of the homopolymers in the blend. Moon et al. [79] studied
gas transport properties of polymethylmethacrylate (PMMA) and polyvinylmethylether (PVME)
the gas transport properties of polymethylmethacrylate (PMMA) and polyvinylmethylether (PVME)
blend membranes containing the diblock copolymer of styrene and m ethylmethacrylate (PS-bblend membranes containing the diblock copolymer of styrene and methylmethacrylate (PS-b-PMMA).
PMMA). As seen in Figure 9, the average diameter of the dispersed domains in the blend decreased
with increasing compatibilizer concentration up to five parts per hundred (phr) and then leveled off
at a fixed value. Similarly, the O2 and N2 permeabilities increased with increasing compatibilizer
concentration up to 5 phr and then leveled off. The size reduction of the dispersed domains gives rise
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whereas the same compatibilized blend with 6 wt % of the nanoclay C20A PC/PMMA(37/57) showed
a significant increase in Young’s Modulus ~1550 MPa. The elongation at break of the compatibilized
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whereas the same compatibilized blend with 6 wt % of the nanoclay C20A PC/PMMA(37/57) showed
a significant increase in Young’s Modulus ~1550 MPa. The elongation at break of the compatibilized
blend also went up from 8.5 to 14 mm. Both PC and PMMA are glassy polymers that have potential
for gas separations [70,87–90]. Further work done by Wang et al. also showed an improvement in
mechanical properties of the 70/30 immiscible blend polypropylene/polystyrene (PP/PS) when using
an organically modified layered clay (OMMT) as a compatibilizer. Compared to the pure blend, the
compatibilized blend with 5 wt % of OMMT showed a much higher peel strength (1768 N/m vs.
523 N/m) as well as larger adhesive fracture energy (3356 J/m2 vs. 1046 J/m2 ). In this case study, peel
strength was defined as average load per unit width of bond line required to increasingly detach two
bonded, flexible materials. Adhesive fracture energy (also known as critical strain energy release rate)
was quantified as the amount of energy required to induce crack of materials. The observed behaviors
were attributed to the fact that both the polymers PP and PS were inserted in between layers of OMMT,
leading to the confining and decrease in the size of PS dispersed phase from ~4 µm to ~0.5 µm [91].
Zeolites are known as excellent nanoporous materials for gas separation membranes, exhibiting
size and shape selectivity. In addition, zeolites could serve as potential compatibilizers for
immiscible polymer blends as well as shown by Thipmanee and co-workers. An immiscible blend
of polyethylene/thermoplastic starch PE/TPS (70/30) was compatibilized by zeolite 5 (ZSM5).
To fabricate the films, ZSM5 was first introduced into TPS followed by addition of PE to the mixture of
TPS/ZSM5. The compatibilized blend with 5wt % of ZSM5 displayed improvement in tensile strength
(23.8 MPa vs. 20.6 MPa), Young’s Modulus (600 MPa vs. 158 MPa), elongation at break (407% vs
24.5%) and impact strength (2.1 kJ/m vs. 1.74 kJ/m) when compared to the pure blend. The authors
rationalized the overall enhancement in mechanical properties based on the improved dispersion of
TPS phase, as well as the ability of ZSM5 to reinforce the micro-mechanical properties of the blend.
However, the authors also pointed out that further increased loadings of ZSM5 above 5 wt % ended
up reducing the tensile strength of the compatibilized blend due to the aggregation of ZSM5 particles
at the interface [92].
Pursuing another approach, Cao and co-workers investigated the compatibilizing effects of
graphene oxide sheets (GOs) on the immiscible blend of polyamide (PA) and polyphenylene oxide
(PPO) with an overall improvement in the ductility of the PA/PPO (90/10) blend [50]. An increase in
elongation at break was in accordance with observed yield behavior. When 1 wt % of GOs was added,
the elongation at break went up by 89% from 28.6% (PA/PPO) to 54% while the tensile strength of the
compatibilized blend increased by 87% from 17.5 MPa to 32.7 MPa. Cao and co-workers attributed
this increasing trend in mechanical properties of their blend to the very high Young’s modulus of
GOs. The improved mechanical properties of this PA/PPO blend compatibilized with GOs gives them
potential for gas separations at high temperature and high pressure as the component polymers have
been used for gas separation and the graphene oxide sheets have also served as interfacial reinforcing
inorganic fillers [50]. This study was further supported by the work done by Yang et al. [93], in which
immiscible blends of nylon 6 and poly(vinylidene fluoride) were compatibilized using graphene oxide
(GO). The composition of the blends was kept constant with N6/PVF (90/10) while increasing the
loadings of GO from 0.5 to 1 wt % then 2 wt %. As a result of the compatibilizing effect of GO, the
elongation at break significantly increased by 200% when the amounts of GO changed from 0.5 to
1 wt %. The improved ductility and strength arose from more uniform and smaller dispersed phase
domains [5]. Hence, GO proved to be a potential compatibilizer for immiscible polymer blends. This
approach could be attractive for gas separation purposes. In another independent study carried out by
Huang and co-workers [94], graphene oxide (GO) was employed to compatibilize the 50/50 immiscible
blend of polyamide 6 (PA6) and poly (acrylonitrile-butadiene-styrene) (ABS). The authors observed
an increasing trend for both Young’s Modulus and elongation at break as a result of compatibilizing
effect of GO. Specifically, the pure blend PA6/ABS had a low Young’ Modulus of 2100 MPa, which
went up to 2300 MPa in the same blend with 0.5 wt % GO added. A huge increase in elongation
at break was also observed in the 0.5 wt % GO-PA6/ABS blend from 8% of the pure blend to 47%.
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Furthermore, impact strength also went up from 9 kJ/m2 for the pure blend to 22.5 kJ/m2 for the
blend compatibilized with 0.5 wt % GO. The achieved improvement in mechanical properties of the
compatibilized PA6/ABS blend was due to the well-known excellent toughness of GO. However,
tensile strength appeared to decrease with increased loadings of GO owing to the agglomeration of
GO particles followed by the rigidification of the interface [94]. Another form of carbon-based material
was used as a compatibilizer for immiscible polymer blend as reported by Zhao et al. [95] In their work,
80/20 blend of polylactic acid (PLA) and poly(ε-caprolactone) (PCL) was compatibilized by addition of
multiwall carbon nanotubes (MWCNTs). The resulting compatibilized blend of PLA/PCL with 2 wt %
of MWCNTs exhibited an increase in tensile strength (2.82 MPa) and Young’s modulus (125.1 MPa) as
compared to the values of the same parameters of the pure blend, which were 2.45 MPa and 81.7 MPa,
respectively. A slight decrease in ductility was observed through a small drop in elongation at break of
the compatibilized blend (77.6%) when compared to that of the pure blend (96%). This phenomenon
could be attributed the fact that MWCNTs tended to aggregate within the blend matrix due to poor
dispersion in casting solvents. This problem needs to be further investigated and overcome by the use
of functionalized CNTs with additional functional groups, such as carboxylic acids on the surface of
the CNT’s walls to facilitate favorable chemical bonding/interactions (i.e., H-bonding). The authors
argued that the presence of MWCNTs in the blend matrix not only improved the phase adhesion
between PLA and PCL but also facilitated the transfer of stress between the phases. As a result, the
concentration of stress was decreased that further increased the tensile properties of the compatibilized
immiscible blend [7].
Besides inorganic fillers, block copolymers have been intensively studied for compatibilization
of immiscible blends. Lee et al. [96] reported that the 70/30 ratio immiscible blend of polycarbonate
(PC) and polylactic acid (PLA) was successfully compatibilized by poly(styrene-g-acrylonitrile)-maleic
anhydride (SAN) when the loading of SAN was 5 phr (part per hundred resins by weight).
The investigators observed an increasing trend for both flexural and tensile strength when the
loadings of SAN were slowly increased from 0 to 5 phr. At 5 phr of SAN, the compatibilized
blend PC/PLA/SAN displayed a flexural strength of 113 MPa while that of the pure blend
PC/PLA was only 100 MPa. The tensile strength of PC/PLA/SAN blend was found to be 65 MPa
as compared to 53 MPa of the pure blend PC/PLA. In addition, the resultant PC/PLA/SAN
exhibited small and uniform domains of the dispersed phase hence this method can be beneficial for
gas separation applications [96,97]. In another work led by Castillo-Castro and co-workers [98],
low density polyethylene (LDPE) was blended with polyaniline doped with dodecylbenzene
sulfonate (PANIDBSA) with the ratio of PANIDBSA being kept constant at 30 wt % while
varying the composition of LDPE. The resultant immiscible blend was compatibilized using the
co-polymer PE-g-MA (polyethylene-graft-maleic anhydride). As compared to the pure blend
LDPE/PANIDBSA (70/30), the compatibilized blend LDPE/PANIDBSA/5 wt % PE-g-MA displayed
a large increase in ductility of ~243% from 9.8% to 33.7% [18]. Similarly, Barrami el al. [99]
reported the use of poly(styrene-block-polybutadiene-block-poly (methyl-methacrylate)) (SBM)
triblock terpolymer as compatibilizer for the immiscible blend of poly(2,6-dimethyl-1,2-phenylene
ether) and poly(styrene-co-acrylonitrile) (PPE/SAN) with a variety of blend compositions including
50/50, 60/40, 70/30, respectively. The 60/40 ratio of blend composition was found to possess the
optimum viscosity during processing to afford a morphology with low packing density for the PPE
domains. For the pure blend PPE/SAN (60/40), elongated PPE domains were observed in SEM images
that were further pulled out from the blend matrix due to the unfavorable thermodynamics of mixing.
However, upon addition of SBM, smaller domains of PPE were achieved. The authors argued that
this phenomenon required larger fracture energy to deform the blend, consequently, increasing the
toughness of the compatibilized blend. Critical stress intensity factor, KIC , was introduced as a measure
for blend’s toughness since beyond the point of KIC , the material would crack spontaneously. The pure
blend PPE/SAN had a KIC of 1.5 MPa(m)1/2 whereas that of the compatibilized blend with SBM was
higher ~1.75 MPa(m)1/2 . This could be due to the fact that SBM surrounded and covered PPE while
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bridging the PPE and SAN together, which facilitated the transfer of load from PPE to SAN and vice
versa. Hence, an increase in critical stress yield was obtained, leading to improved toughness [99].
Recently, Cao et al. [100] introduced the use of a hybrid between copolymer and graphene
oxide sheets. Polypropylene-graft-graphene oxide sheets (PP-g-GOs) was synthesized and used as
a compatibilizer for the (50/50) immiscible blends of polypropylene (PP) and poly-phenylene oxide
(PPO). The resulting compatibilized blends possessed higher elongation and yield strength when the
loading of PP-g-GOs was increased (0.5–1.5 wt %). The pure blend PP/PPO had a tensile strength
value of 25 MPa, which was increased further to 30 MPa and 36 MPa when the loadings of PP-g-GOs
were 0.5 wt % and 1.5 wt %, respectively. An enhanced elongation at break from 32% of PP/PPO to 55%
of PP/PPO/1.5% PP-g-GOs was observed, and as a result, enhanced ductility was achieved, which
was attributed to the decrease in domain size of the dispersed phase [100]. A similar phenomenon
was also reported by Kar and co-workers [101] with the 90/10 immiscible blends of polyvinylidene
fluoride (PVDF) and poly (acrylonitrile-butadiene-styrene) (ABS) by using poly(methyl-methacrylate)
(PMMA), as well as PMMA-grafted graphene oxide block polymer (PMMA-g-GO) as compatibilizers.
The pure blend PVDF/ABS had a tensile strength of 29 MPa with the Young’s modulus ~1216 MPa
and a very low elongation at break of 7%. Yet, those values were significantly increased to 43 MPa,
1385 MPa and 21%, respectively, in the same blend compatibilized with 5 wt % of PMMA. In addition,
by incorporating only 2.13 wt % of PMMA-g-GO, the authors were able to achieve even higher values
for tensile strength (58 MPa) and Young’s Modulus (2115 MPa). A slight drop in elongation at break
from 21% of the PMMA compatibilized blend to 16% of the PMMA-g-GO compatibilized blend.
Nevertheless, both compatibilizers still provided better ductility as compared to the moderate 7% of
the pure blend [101]. In general, the use of block copolymers as compatibilizers can facilitate a better
compatibility between the two polymer phases within an immiscible blend. However, this approach is
still limited to a certain pairs of polymers being blended since a compatible block copolymer that is
similar to at least one component of the blend is required. When taken into account the lengthy and
costly process of preparing novel block copolymers, this approach becomes less favorable.
More recently, in work done by Panapitiya et al., the small organic molecule, 2-methylimidazole
(2-MI), was used to compatibilize the phase separation of an immiscible blend of 6FDA-DAM-DABA
(3:2) (6FDD)polyimide and polybenzimidazole (PBI) [59]. These two glassy polymers have been
intensively studied due to their high permeability (6FDD) and high selectivity (PBI) for H2 /CO2 .
Without 2-MI, the two polymers macroscopically phase separated. Yet, when the loadings of 2-MI
were increased from 5 wt % and then to 9 wt %, the domain size of the dispersed phase (6FDD)
became much smaller. The improved compatibility of the two polymers within the blends rendered
a more favorable effect not only on gas separation properties but also on the mechanical properties
of the blends. When compared to pure polymers, the tensile strength and Young’s modulus of the
compatibilized blends with 5 wt % and 9 wt % 2-MI were significantly increased. Specifically, the
tensile strength and Young’s modulus of 6FDD/PBI blend were 73.6 MPa and 2.7G Pa respectively.
Yet, these two values went up to 86.6 MPa and 3.1 GPa when 5 wt % of 2-MI was added. Much
higher tensile strength and Young’s modulus of 115.4 MPa and 3.5 GPa respectively were obtained
with the addition of 9 wt % of 2-MI [14]. Panapitiya et al.’s work is also supported by Martins and
co-workers [102], when they reported the successful incorporation of smaller carbon-backbone chain
of carboxylic acids such as myristic acid (C14) and stearic acid (C18). The compatibilized immiscible
blends of polypropylene (PP) and thermoplastic starch (TPS) with small amounts of C14 and C18
exhibited an increase of 17% and 25% in tensile strength at break, as well as 180% and 259% increase in
elongation at break, respectively. The highest increase of ~54% in impact strength was obtained when
C14 was added. Specifically, the pure blend PP/TPS had a tensile strength of 15.5 MPa. Yet, this value
was further improved to 18.9 MPa and 19.31 MPa when C14 and C18 were incorporated into the same
blend, respectively. A dramatic enhancement in elongation at break was achieved with 263.2% of C14
and 205.5% of C18 compatibilized blends respectively as compared to the 73.4% elongation at break
of the pure blend, suggesting better ductility [15]. This approach could be a better and simpler way
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to compatibilize immiscible polymer blends with small organic molecules that are cost-effective and
readily available. Though not all of the above representative immiscible blends have been used for gas
separation, the improved compatibility and mechanical properties make them potentially attractive as
a new class of membranes for gas separations that possess good microstructures and toughness for the
industrial separation processes at high pressure and high temperature.
6. Compatibilized Immiscible Polymer Blends and Commercial Gas Separation Membranes
Pure polymer based membranes are currently being used in the industry to separate gas mixtures.
These polymeric materials are comprised of polysulfones, 2-6-dimethylphenylene oxides, aramids,
polyimides, polycarbonates and cellulose acetate [103]. However, their gas transport properties have
not reached the state of the art and some undergo membrane plasticization [103].
Therefore, the use of polymer blends could be an alternative considering the superior gas
permeability properties and plasticization resistance shown by some of the polymer blends. Industrial
membranes are used in the form of hollow fibers since they provide a higher surface area and a
high gas flux. Therefore, the ability to convert blends in to this form would be one challenge in the
field. It is important to note that, hollow fiber membranes derived from polymer blends have been
reported in the literature. Following their work on PBI/Matrimid flat membranes, Hosseini et al.
successfully fabricated hollow fiber membranes for H2 /CO2 and CO2 /CH4 separations from the
same blend [69]. Moreover, Yong et al. fabricated high performance hollow fiber membranes derived
from PIM-1/Matrimid blends for CO2 /CH4 , O2 /N2 and CO2 /N2 separations [104]. In another study
carried out recently by Dai et al., highly solvent resistant poly(fluoropropylmethylsiloxane)/PEI hollow
fiber membranes were fabricated resulting in attractive gas permeability properties for the CO2 /N2
gas pair [105]. In addition, technology of hollow fibers derived from polymer blends is patented
indicating the commercial interest of these materials [106,107]. To our knowledge no hollow fiber
membrane derived from immiscible polymer blends has been reported. However, partially miscible
polymers (PIM-1/Matrimid) have been used to form hollow fibers [104]. Since complete miscibility
of polymers is rare, it is unlikely that many commercial membranes with completely miscible blends
will be found. Herein, use of compatibilized immiscible polymer blends offers an opportunity to
investigate a wider variety of polymers to combine favorable properties. It is also important that
compatibilized immiscible polymers offer the unique advantage of microstructure control to afford
membrane morphologies like matrix-droplet, with a high interfacial area. One of the main challenges
in the field is to find suitable compatibilizers, which are capable of forming domains in a nanometer
or smaller range. In order to do that smaller compatibilizers are preferred and the recent reports of
the use of small molecules as compatibilizers opens up a potentially interesting and a cost effective
way to achieve this goal. However, further research is required to transform this technology into
commercial membranes.
7. Conclusions Future Directions
Blending is a versatile technique that can be used to combine the favorable properties of more than
one polymer to improve the gas permeability and selectivity properties of membranes. The advantages
are not limited to enhanced gas separation performances, but also extend to improvements in
plasticization resistance as well as mechanical and thermal properties. Obtaining completely
miscible polymer systems is rare. To overcome this, immiscible polymer blends can be employed
with morphologies suitable for gas separations. The use of compatibilizers has been beneficial in
morphology control in immiscible polymer blends for gas separations. However, this area should be
explored further in order to obtain membranes to be used commercially. Considering the advantage of
controlling microstructure, compatibilized immiscible polymer blends can be the next breakthrough in
gas separation membranes.
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