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Polyurethane Membranes for Gas Separation

7.1 Introduction

Gas separation is one of the main processes in gas treatment plants in order
to purify the gas streams or to recover useful gases. [1-4]. Sipek et al. [5] re-
viewed polymeric membranes as effective materials for separation of gases
and vapors. A variety of glassy and rubbery polymers have been explored as
membrane materials for separations of gaseous streams. Recently, Bernardo
et al. [6] has also explored industrial applications and process intensification
options for membrane gas separations. Membrane separation systems, being
simpler in operation and maintenance, reliable, compact, efficient, are being
widely used as an alternative to other cumbersome techniques such as ab-
sorption, adsorption or cryogenic distillation. Polymeric membranes for gas
separation are widely used in diverse areas like carbon dioxide recovery, heli-
um gas removal in natural gas purification, hydrogen recovery in ammonia
plant purge streams, oxygen and nitrogen separations, COz recovery from bio-
gas, oxygen upgrading from air, etc. [7-9].

Polyurethanes (PU) are a versatile category of polymers possessing good
physical and tensile strength, chemical resistance, bio-compatibility and me-
chanical properties. These properties make polyurethanes promising candi-
dates for membrane separation. To underline the importance of polyurethane
membranes for separation processes, a large number of reviews have been
generated exploring the synthesis [10-12], versatility [13], and applications of
polyurethanes as rigid foams [14], in scaffolds [15,16], in pharmacy [17], in
composites [18], for separation applications in the form of foam sorbents [19],
in medicine for bio-stability and carcinogenicity [20], for drug delivery [21],
for cancer therapy [22], in spine surgery [23], for water purification [24],
among others [25-27]. Polyurethanes consist of hard (glassy) and soft (elas-
tomeric) segments [28]. The hard segments act as physical crosslinks as well
as fillers and are in an amorphous glassy or crystalline state. On the other
hand, the soft segments are rubbery which provide the polyurethanes both
flexibility as well as elasticity. Polyurethanes are generally synthesized by the
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reaction of polyfunctional isocyanates with polyols. By variation in reagents’
molecular chain length, chemical nature and functionalities, a wide range of
linear or cross-linked polyurethanes with different physiochemical properties
can be obtained. Accordingly, polyurethane can vary in terms of chain length,
free volume, density of polar groups, etc. Thus, various polyurethane grades
though have the same chemical urethane group, however, behave differently
depending on the reactants selected.

The soft segments in polyurethanes are generally made of polyether. By
chain extending a terminal diisocyanate with a low molecular weight diol or
diamine, the hard segment is usually prepared. Occasionally, polyurethanes
undergo phase separation because of the hard and soft segment incompatibil-
ity. The intermolecular hydrogen bonding interactions between hard seg-
ments is the major reason for domain formation. A number of characterization
techniques like dynamic mechanical analysis [29-31], thermal analysis [32-
37], infrared spectroscopy [35-40] and scattering techniques [41] have been
used for the study of polyurethanes morphology and hydrogen bonding. Phase
separation into hard and soft segment domains is possible due to their type
and process parameters used [31,42,43]. Howarth et al. [44] has also
reviewed the various synthesis techniques of polyurethanes and suggested
some modifications for the future. Overall, with different chemical character-
istics and microstructures, polyurethanes are of high potential in gas separa-
tion [45]. Polyurethanes can behave as thermoplastic and thermosetting ma-
terials depending upon the chemical and morphological fabrication. Recently,
George et al. [46] reviewed the polymer membranes for their acid gas separa-
tion applications including polyurethanes. For instance, Figure 7.1 also sum-
marizes the permeability of various membranes for hydrogen sulfide, H2S. As
can be seen that there is still a large degree of advancement needed to gener-
ate high permeability PU membranes to match existing membrane systems.

In this review, various literature studies specifically reporting the develop-
ments in the synthesis and structure-property correlations of polyurethane
membranes for specific applications as gas separation materials have been re-
viewed.

7.2 Theory of Membrane Gas Separation

In membrane separation performance, the essential characterizing features
are the permeability coefficient, Px, and the selectivity aa/s = Pa/Ps, where Pa
is the more permeable gas’s permeability while Pg is that of the lesser perme-
able gas [47]. The solution-diffusion phenomenon describes the gas transport
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Figure 7.1 H:S permeability of various membranes. Reproduced from Reference 46 with
permission from Elsevier.

behavior of polymeric membranes. Px is the contributed result of solubility
and diffusivity through the membranes. Both solubility and diffusivity are pol-
ymer and penetrant dependent. Apart from polymer structure, a number of
other parameters are responsible for its gas transport properties. The open
volume available between polymer chains through which gas penetrant can
pass through is an important parameter. Altering the polymer structure
changes the T; and the free volume which in turn can significantly influence
the solubility and diffusivity. As the polymer chain packing efficiency increas-
es, the free volume decreases thereby decreasing the permeability. The in-
creasing penetrant size of gas molecules decreases the diffusion coefficient.
Solubility is related to the condensability of the penetrant. The gas and vapor
transport is strongly influenced by prevailing pressure and temperature con-
ditions. According to the dual-mode sorption in glassy polymers and Henry’s
law in rubbery polymers, solubility increases with increase in pressure, while
the changes in temperature have a reverse effect [48]. Many research studies
have reported the gas permeation behavior through polyurethane membranes
and established relationships between diffusion coefficient and the free vol-
ume using William-Landel-Ferry theory [49-51]. Schneider et al. [52] also ob-
served that the changed glass transition temperature of polyurethanes due to
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variation in soft segment contents does not impact the gas and vapor permea-
tion behavior [52].

7.3 Ideal Membrane Characteristics

As mentioned earlier, in polymeric membranes, the permeability can be eval-
uated based on diffusivity and solubility of the permeant into the polymer. Dif-
fusivity is a kinetic term which is a function of the permeant molecules mobili-
ty inside the polymer. It depends on the free volume and mobile chain length
of the polymer as well as the molecular diameter of the permeant. Solubility
shows the affinity between the polymer and the permeant and is a thermody-
namic term. Gas transport through membranes is strongly influenced by the
polymer’s state, i.e., glassy or rubbery. Generally, the gas sorption process in
rubbery polymers, being in equilibrium state, (T>Tg) is simpler than that of
glassy polymers (T<T,) [53-55].

The selectivity, permeability and life-time are the evaluating parameters for
polymeric membrane efficiency [56]. The extent of the recovery of the separa-
tion process is directly impacted by the selectivity and indirectly by the feed
gas flow requirements and the total membrane area. The permeability directly
affects the amount of membrane requirement, while the membrane durability
affects the maintenance costs. For making membrane-based separations eco-
nomical than other conservative processes, the polymeric membrane materi-
als should have both high permeability and selectivity [57,58]. The efficiency
and performance of the membrane systems also relies on the membrane con-
figurations and modules, irrespective of the inherent properties of the poly-
meric material. An integration of all these features is important for generating
a commercially viable product. High gas fluxes are characteristics of thin lay-
ers because of which packing of large membrane areas per unit volume can be
achieved. The higher the degree of crosslinking in the membranes, the lower
will be the permeability as the gas diffusion coefficients are much lower [59].

7.4 Influence of Polyurethane Structure on Permeability and Selectivity
7.4.1 Influence of Hard and Soft Segments

The majority of the permeability data so far for gas separation via polyure-
thane membranes are below Robeson’s upper bound limit for gas pairs

(CO2/CH4) and (02/Nz) [60]. There exists a tradeoff between the permeability
and selectivity and a large number of studies have been carried out to over-
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come permeability-selectivity tradeoff relationship [61-63]. In polyurethanes,
the gas permeation mainly occurs through the soft segments, while the hard
segment act as physical crosslinks or impermeable filler in rubbery soft seg-
ment phase. An increase in the gas separation performance of polyurethane
membranes has been a challenging task. Attempts have been made to enhance
the permeability and selectivity of the membranes by optimizing the hard
segment content [51]. Few of this include, studying the dependence on hard
and soft segments in polyurethane membranes for gas permeability behavior
[64], dependence on polymerization methods [65], using metal chelated poly-
urethane membranes [66-68], etc. Attempts to enhance the performance have
also been made through the addition of amine and carboxyl functionalities
[69] including the use of PDMS [70-72], epoxidation of hydroxyl terminated
polybutadiene [73], polycarbonate-polyurethane membrane [74], etc.

Another attempt to advance the gas permeability and selectivity also in-
cluded the usage of polymer blends [75-77]. In homogeneous blends, the in-
teraction between the polymers influences the diffusion process, while in the
case of heterogeneous blends, degree of heterogeneity influences the permea-
bility significantly [78]. Different studies have reported on structure-
morphology-property relationship of the thermoplastic polyurethanes by
studying the synthesis, hard segment effect, hydrogen bonding effect, and
properties [64,69,79-82]. Mohammadi et al. [83] studied the effects of tem-
perature, pressure and stage cut on the gas transport properties through
poly(ester urethane urea) for pure gases (CO2, N2, CH4) as well as ternary gas
mixtures of CO2, CHs, and H>S. H2S/CH4 and CO2/CH4 selectivities of 43 and 16
and average permeabilities of 95 and 45 for H;S and CO2 were reported.

Wolinska-Grabczyk et al. [84] studied poly(acrylonitrile-co-butadiene)-
based polyurethanes with varied extent of nitrile groups for CO2; membrane
gas separations. It was observed that with higher extent of polar nitrile group
polymers, the permeability decreased, while the permselectivity increased.
The polymer had less severe trade-off between the gas transport properties
and exhibited much higher permeabilites. The polymer structure was ana-
lyzed and a relationship was established between the permeability and glass
transition temperature.

Talakesh et al. [85] studied the polyether based polyurethanes with differ-
ent hard and soft segments which were prepared by thermal phase inversion
method. The soft segments were PEG (2000g/mol), PTMG (2000g/mol) and
PTMG/PEG mixture, etc. It was reported that the chain mobility got restricted
as the phase separation of hard and soft segments decreased. This led to a
hike in the T, values of the soft segment. By altering the physical conditions,
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the gas transport properties were studied using constant pressure method.
With increase in the ether group content of the polymer structure, gas perme-
ability decreased for pure gases, while CO2/N: ideal selectivity increased. A
drop in CO; permeability from nearly 130 Barrer in polyurethane containing
PTMG in soft segment to 20 barrer in the PU containing PEG in soft segment
was observed. An increase from 28 to 90 in COz/N: selectivity was reported. It
was observed that highest selectivity for the polyurethane membranes with
75:25 wt% ratio of PEG:PTMG. Poreba et al. [86] also studied nanocomposites
based on polycarbonate-based polyurethane with bentonite for thermal, me-
chanical and gas transport properties. Hexamethylene diisocyanate and bu-
tane-1,4-diol were used for hard segment formation. High degree of phase
separation was observed for polyurethane based polymer and its nanocompo-
sites. The gas permeation properties exhibited dependence on hard segment
content, though not much significant change was observed after varying the
polymer structures.

Khosravi et al. [87] studied the effect of polyurethane membrane with dif-
ferent polyol, diisocyanate, and chain extender on gas permeability. More
phase interaction was observed by the changing of polyol type. The hydrogen
bonding, which caused the packing density of the hard segments, was in-
creased by the phase separation of hard and soft segments. This was achieved
by changing the diisocyanate groups from cyclic aliphatic to linear aliphatic
ones. The phase separation of hard and soft segments was increased on
changing the chain extender from a diol one to a diamine. It was observed that
more condensable gases permeate more in rubbery polymers and the solubili-
ty governs the selectivity of polyurethane. As the microphase separation in-
creased, the permeability and rubbery behavior increased along with their se-
lectivity. Due to the higher rubbery property, polypropylene glycol based pol-
ymers exhibited maximum permeability. The high C3Hg/CHj4 selectivity of 5.47
and permeability of 200 Barrer was reported. Wang et al. [88] considered a
series of polyurethane films consisting of hydroxyl terminated polybutadi-
ene/acrylonitrile as soft segment, and consisting of TDI and butanediol as
hard segments. It was observed that a direct relationship existed between the
gas permeability and free-volume. This relation was based on the free-volume
parameters and gas diffusivity. The free-volume played a significant part in
determining the gas permeability. Marques et al. [89] also studied the free
volume in polyurethane membranes using positron annihilation spectroscopy.
Further, the authors studied the gas permeability and temperature-
dependent free volume correlation in polyurethane membranes. Scholten et
al. [90] also reported electrospun fibers based on polyurethane for removing
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volatile organic compounds from air. Polyurethanes had 4,4-methylene-
bis(phenylisocyanate) (MDI) and aliphatic isophorone diisocyanate as hard
segments, whereas butanediol and tetramethylene glycol were used to form
the soft segments (Figure 7.2). The sorption performance and capacity of the
generated polyurethane fibers was observed to be similar to activated carbon,
thus, indicating advanced performance due to balance of hard and soft seg-
ments.

Figure 7.2 SEM images of (a) MDI-based and (b) isophorone-based non-woven fiber mats;
(c) SEM image indicating the uniformity of MDI-based PU fiber diameter and mat density;
(d) stretched fiber mat exhibiting lack of tearing or breaking. Reproduced from Reference
90 with permission from American Chemical Society.

Sadeghi et al. [91] studied the effect on the hard and soft segment mi-
crophase separation with the changes in diisocyanate from aromatic to linear
aliphatic, and CO2z/N: selectivity of 45 and permeability of 186 Barrer were
reported. Ruaan et al. [92] studied the microstructure behavior of hydroxyl
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terminated polybutadiene (HTPB) based polyurethane membranes. With in-
crease in hard segment content, the oxygen and nitrogen permeability was
observed to decrease. The authors suggested that the low 02/N: selectivity
was because of hydrogen bonding. It was indicated that the key to success for
selectivity improvement is to avoid the hydrogen bond formation between the
hard segments. Queiroz et al. [71] also studied the structural characteristics
and gas permeation properties of PDMS/poly (propylene oxide) urethane
urea bi-soft segment membranes. The authors reported increased COz, Oz, N2
permeabilities with increase in PDMS membrane content. Lower degree of
crosslinking and lower hydrogen bonding contribution between the hard
segments exhibited higher permeability. Semsarzadeh et al. [93] investigated
the effect of hard segments on the gas permeabilities for polyether based ure-
thanes. As the hard segment content was increased, there was a decrease in
the permeabilities of the gases. Gas permselectivity of the membranes with
same hard segment content increased with increase in soft segment. These
studies underlined the importance of optimization of hard and soft segment
contents for optimum permeability and selectivity.

Galland et al. [94] studied the soft segment molecular weight as a major
factor controlling the diffusion. It was reported the gas permeability depended
on the chemical composition due to the nature of chain packing and degree of
phase segregation. Huang et al. [95] recently studied thermoplastic polyure-
thane (TPU) films synthesized using layer-multiplying co-extrusion. The au-
thors studied the morphological effect of confinement, along with gas barrier
and mechanical properties. The soft TPU having the hard segment of 52% ex-
hibited phase separation, whereas the rigid polymer having 100% hard-
segment TPU exhibited amorphous structure. A multilayer structure with
elasticity ratio of 100 and the viscosity ratio of 10 was genertaed. A significant
reduction in oxygen permeability was observed when stretched at 75% which
was due to the micro-confinement occurring during orientation. Park et al.
[70] studied urethane urea membranes based on polysiloxane/polyether
mixed soft segment for gas separation properties. The authors reported that
small addition of PDMS into polyurethane matrices based on polyether in-
creased the N2, Oz, CO2 permeabilities and N2 selectivity. Also, the small addi-
tion of polyethers like PPO, PEO, PTMO and PEO-PPO-PEO inside the PDMS
based polyurethane urea matrices decreased the gas permeabilities, but had
no effect on the gas selectivities. In other studies, the authors studied seg-
mented PU and PUU membranes with different soft segments for the separa-
tion of toluene and nitrogen. The poly(tetramethylene oxide) (PTMO)/PDMS
mixed soft segment based polyurethane membranes exhibited good perfor-
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mance for toluene separation. The authors reported toluene/N: selectivity of
about 70-140 and permeability as high as 17,500 Barrer. Increased gas per-
meability was observed with an increase of polysiloxane molecular weight
[70,96,97]. Wolinska-Grabczyk et al. [98] studied segmented polyurethanes
for gas properties with variation in the soft segments. PU membranes exhibit-
ed lower permeability when synthesized with more polar or shorter macro-
diol segments. The authors observed that the diffusivity and solubility of oxy-
gen and nitrogen were in correlation with glass transition temperature of
macro-diol segments. Gomes et al. [72] generated poly(ether siloxane ure-
thane urea) with varying content of polysiloxane. Gas permeation properties
for 02, N2, CO2, CH4, n-C4H10 were analyzed. Soft segments of polysiloxane and
permeation properties were observed to have strong correlation. Gna-
nasekaran et al. [99] studied the structure-transport and microstructure of
mixed soft-segmented poly(urethane-imide) membranes. Polycaprolactone
diol, polypropylene glycol, and bis(3-aminopropyl)-terminated polydime-
thylsiloxane were used as soft segments for membrane synthesis. The mem-
branes exhibited the potential application for n-C4H10/CH4 separation because
of higher selectivity for a mixture of gases as compared to single gases. Li et al.
[100] studied a series of polyurethane ureas synthesized using various poly-
ether diols. The polyethers were terathane (R) 2000, terathane (R) 2900, PEG
2000, PPG 2700, and a mixture of PEG 2000 and terathane (R) 2000. The frac-
tional free volume increased with increase in soft segment content and the in-
crease in polyether molecular weight, which increased the gas permeability.

McBride et al. [51] studied linear polyurethane membranes and the relation
between the aromatic content present in diisocyanates and gas diffusion. The
authors observed that the motion of the soft segment chains could be con-
trolled, as hard domains at temperatures below the T, acted as crosslinks. As
the aromatic content increased, the motion of the soft segments was further
restricted because of the increased crosslinking effectiveness. On the other
hand, on increasing the length of soft segment, it increased the soft segment
mobility. With increase in hard segment content, the activation energy in-
creased which further reduced the permeability of the gas. Matsunaga et al.
[101] studied the influence of chemical structure of thermoplastic polyure-
thane elastomers on COz and O: gas permeation. Both the soft segment as well
hard segments’ chemical structure affected the gas permeabilities. The au-
thors reported that there was an increase in gas permeabilities with soft seg-
ment chain lengths for membranes containing poly(oxytetramethylene)glycol.
The diffusion process predominated for dissolution-diffusion gas permeation
process.
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7.4.2 Effect of Urethane/Urea Content

Teo et al. [102] studied the effect of chain extenders and PEG molecular
weight on urethane moiety association. Polymeric membranes prepared from
PEG with molecular weight of 600 exhibited promising performance for per-
meation of gas pairs like CO2/CH4, He/CHa4, Hz/N2 and O2/N». Sadeghi et al.
[103] reported that the content of urea influenced the gas transport charac-
teristics of PU membranes. Polytetramethyleneglycol (PTMG) and isophorone
diisocyanate (IPDI) prepolymers were used for the synthesis. Butanediol
(BDO) and butanediamine (BDA) were used as chain extenders to synthesize
PUU with urethane/urea linkage. With increase in the urea linkages, the hard
and soft segment micro-phase separation increased. Increasing urethane con-
tent in the polymers decreased the permeability, while with increasing urea
content the gas selectivity decreased. The CO; permeability was reported to
be 128 Barrer and CO2/N: selectivity of 27. Molecular dynamics studies were
carried out by Amani et al. [104] for understanding the effect of urethane and
urea contents on gas separation properties of poly(urethane-urea) mem-
branes. The membranes were synthesized from PTMG, IPDI and designed ra-
tios of 1,4-butanediamine to 1,4-butanediol as chain extenders. For nanostruc-
ture characterizations of the membranes, the fractional free volume, X-ray dif-
fraction patterns, glass transition temperature, density, and radial distribution
function (RDF) were calculated. The gas permeations studied were done for
02, Nz, CO2, CH4, and HzS. Phase separation of hard and soft segments in-
creased with increasing urea contents in the membranes and, thus, the d-
spacing and fractional free volume. The gas permeability of the membranes
proportionally increased with increasing urea linkages in the polymer. These
studies underlined the importance of attaining balance of urethane and urea
contents for effective gas permeation performance.

7.4.3 Effect of Temperature and Pressure

With temperature variations, the permeability and diffusivity change which
allows the determination of activation energy. From this, the temperature de-
pendence of the selectivity can be calculated. In case of large difference in
permeation activation energies, the selectivity is also higher for those gas
pairs [105,106]. For polyurethane membranes, the temperature variation ef-
fects on the transport properties have been studied by many researchers
[107,108]. For polyurethane and polyurethane blends [77,109], the observed
permeability order is CO2 > H2 > Oz > CH4 > N2 Kinetic diameter [105], critical
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temperature and the solubility for the gas molecules have been reported to be
responsible for this order. Lee et al. [75] studied the effect of synthesis tem-
perature and molecular structure variation on the polymer network and gas
transport properties. In specific, the gas permeability dependence of synthesis
temperature, composition, aromatic content of diisocyanate, molecular weight
of the polyol was analyzed. The increase in synthesis temperature and aro-
matic content decreased the permeability coefficient. There was an increase in
tensile strength of the membrane due to the decreasing synthesis temperature
and crosslinking density. The authors also studied further the effect of cross-
linked state and annealing for gas transport in interpenetrating polymer net-
work membranes.

The reduction in gas permeability due to the increase in pressure has been
predicted by dual-sorption model [110], however, this has not been always
observed [111,112]. In most of the glassy polymers [105,113-117], there is a
decrease in permeability with pressure, when the permeating gas has high
critical temperatures, like CO;. In case of permeant gases like N2 and Oz with
lower critical temperature, there is no influence of pressure variation on per-
meabilities, both for rubbery and glassy polymers [105,112,116,118-120].
However, there are some exceptions as well, which reported decrease in per-
meability of Oz, N2, CH4 with increasing pressures like poly(urethane urea)
[121], polyimides [115], polyvinyl pyridine ethyl cellulose blend [114].
Madhavan et al. [119] studied a series of poly (dimethylsiloxane —urethane)
membranes for gas transport properties. Pressure dependence on gas perme-
ation was studied for oxygen, nitrogen and carbon dioxide gases. CO; permea-
bility exhibited dependency on pressure, while 0 and N: permeabilities
didn’t. The reported value of the O2/N: permselectivity was 2.3 and COz/N:
was 8.5. Thus, mixed effects of pressure have been observed on the gas
transport properties of various polymers, depending on the type of permeant
gas.

7.4.4 Effect of Molecular Chain Extension

Carboxyl or hydroxyl groups as organic functional groups in polyurethane
membranes have direct influence on the gas transport properties of the mem-
branes, molecular crystallinity, density and glass transition temperature. The
separation coefficient for oxygen-nitrogen separation increases with in-
creased content of functional groups, and is strongly subjective to the charac-
ter of the functional group. The carboxyl group-containing poly(butylene gly-
col adipate) (PBA)-type polyurethane membrane was observed to exhibit
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higher density, glass transition temperature, crystallinity, higher gas permea-
bility, separation coefficient [69].

Knight and Lyman [122] studied block copolyether membranes for the ef-
fect of chemical structure and fabrication variables on gas permeation. The
authors observed that for copolyether-urethane-urea, a linear relation existed
between the gas permeability and propylene glycol segment molecular
weight. Copolymers of polypropylene segment were more permeable than
those with polyethylene segment due to the crystallizing ability of polyeth-
ylene glycol. Chain packing nature of different chain extenders affected the
permeability, higher the packing, the lower was the gas permeability. The ad-
dition of salts like LiBr or urea and variations in casting solvent did not impact
gas permeability. Semsarzadeh et al. [123] studied polyether-based polyure-
thanes for the effects of chain extender length on the gas permeabilities. Tolu-
ene diisocyanate with 1000 and 2000 g/mol molecular weight and polytetra-
methylene glycol were used for polyurethane synthesis. Different chain ex-
tenders (1,6-hexane diol, 1,4-butane diol, ethylene glycol and 1,10-decane di-
ol) were used. The permeability and diffusivity studies were performed for N»,
02, CH4, CO2. The glass transition temperature of the polymers decreased on
increasing the chain extender's length. The phase separation was more prob-
able with increased chain extender's length. With increasing the length of the
chain extenders, the permeability and diffusivity of gases increased. Selectivi-
ty of CO2/N: gets changed by chain extender length, while selectivity of
CO2/CH4 and 02/N: did not show any remarkable change. Damian et al. [124]
studied the various hybrid membrane networks based on isocyanate chemis-
try. The permeability coefficients and the morphology depended upon the soft
segment’s polarity and chain length along with the composition of the net-
works.

7.4.5 Effect of Polymer Blending

Polymer blending is an attractive approach for enhancing the performance of
polymeric membranes as it is both time and cost effective method for tuning
the properties. In recent years, a variety of polymer blends have been ex-
plored for gas separation membranes. Mannaan et al. [125] recently reviewed
polymer blend membranes for permeability, selectivity and phase behavior.
For the enhancement of the transport properties, the morphology of the phase
separated polymer blends was reported to play a major role. The fundamen-
tals of polymer blends in transport processes (like gas barrier and separation)
has also been discussed by Robeson et al. [126]. Kim et al. [127] studied the
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blend membranes of polyurethane with polyetherimides and poly (amide-
imide) for CO; separations. As the blend ratio was increased, there was a de-
crease in gas permeability. The selectivity of COz/N2 was improved with re-
duction in polyurethane content. The volume fraction of the dispersion com-
ponent is an important factor to be taken care of for gas separation properties
[127]. Patricio studied the gas transport behavior of gases such as Hz, Nz, Oy,
CHs4, and CO2 using polyurethane and PU/PMMA blend membranes [77]. In
correlation with the decrease in average free volume size, the blends with
higher wt% PU demonstrated lower permeabilities when compared with the
PU membranes. For H2/N: gas pair, the selectivity increased with increase in
PMMA content in blends, while for other gas pairs, no marked changes were
observed. The H: selectivity improvement could be associated with increased
rigidity of amorphous phases. Ghalei et al. [128] studied PU/PVAc blend
membranes for permeation of Oz, N2, COz and CH4. The membranes had higher
CO2 permeability as compared to other gases, and higher COz/Nz and CO2/CH4
selectivity. De Sales et al. [109] studied the polyurethane and PMMA blend
membranes for temperature and pressure dependence of gas permeabilities
for CO2, Hz, Oz, CHy4, N2 gases. With the addition of 30 wt % PMMA, the gas
permeabilities decreased approximately 55%. It was observed that COz had
lowest permeation activation energy value (28 kJ/mol) with variation in tem-
perature. For low temperatures, the gas pair selectivity increased, and the se-
lectivity was higher for gas pairs having permeation activation energy value
difference of about 15 KkJ/mol. For pressure variation study, it was concluded
that the permeabilities for CO2 and H2 gases through PU and the blend mem-
brane increased by 35% at elevated pressure. CO2 permeability increased by
around 35% at higher pressure for the polyurethane and the blend mem-
branes. Also, the 02/N; selectivity increased with pressure, while the permea-
bility to nitrogen decreased in the case of the 30% PMMA blend. Similar to
earlier study, Semsarzadeh et al. [129] also studied the PU-PVAc blend mem-
branes synthesized in the presence of various pluronic copolymer contents.
Blends with 5 wt% PVAc exhibited higher CO2 permeability in comparison to
the PU membrane. Domain size of the dispersed PVAc was controlled by the
addition of pluronic and had a positive effect on the permeability. Saedi et al.
[130] investigated the blend membranes of polyethersulfone/polyurethane
for CO2 and CH4 separations. The relative affinity of CO2, CH4 and H20 for PES
and PU were obtained using density functional theory calculations. Gas sorp-
tion by PU, viscosity of solution and PES membrane’s mechanical properties
were also analyzed. The fractional free volume and d-spacing of casting solu-
tion decreased the membrane porosity, glass transition temperature, thermal
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properties, gas sorption and plasticization. This was attributed to decreased
Langmuir capacity and increased PES membrane strength at yield and elonga-
tion at yield. This resulted in the decrease of CO; permeability, a boost in
CO2/CH4 selectivity and plasticization pressure of the PES membrane due to
the presence of polyurethane. Also, the feed temperature affected the mem-
brane behavior against pressure and the mixed gas composition.

7.4..6 Effect of Modifiers and Fillers

Another functional way to improve the gas transport behaviors of membranes
can be improved by incorporating fillers. These fillers can be salts, metals,
metal oxides, ions, inorganic silica, layered silicate, zeolites, carbon nanotube,
graphene, etc. As the polymeric membranes are mixed with inorganic fillers,
these membranes are thus termed as mixed matrix membranes. Incorporation
of nanoporous filler particles is important breakthrough for boosting the gas
separation capabilities of polymeric membranes. Out of a large variety of filler,
metal organic frameworks (MOF) have become popular as a new group of na-
noporous materials for enhanced membrane characteristics. Remarkable de-
velopments in gas permeability and selectivity have been reported for mem-
branes based on MOFs. Erucar et al. [131] reviewed the recent developments
in membranes incorporated with MOFs. The authors studied the experimental
and computational methods to generate the polymer and MOF selection crite-
ria for efficient gas separation membranes. Following sections summarize
studies reporting the incorporation of polyurethane with a variety of rein-
forcements for generating effective gas separation performance of the mem-
branes,

Zeolites

Zeolite incorporated nanocomposite membranes combine the advantages of
both the polymer and the zeolite, thus, overcoming the individual shortcom-
ings of the two materials [132]. Tirouni et al. [133] investigated polyure-
thane/zeolite mixed matrix membranes for the separation of C2H¢ and C3Hs
from CH4. The hard and soft segment phase separation increased with the ad-
dition of butanediamine chain extender. With increase in urea groups of the
polymer structure, both permeability and selectivity were observed to in-
crease. Gas permeation data of polyurethane-zeolite 4A membranes exhibited
an increase in methane permeability and decrease in CzHes/CH4 and C3Hs/CH4
selectivity, as the amount of Zeolite 4A was increased up to 10 wt%. Polyure-
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thane-zeolite (ZSM-5) membranes also exhibited significant improvements in
selectivity and permeability of all hydrocarbons. With 20 wt% filled PU-ZSM 5
membranes, the propane permeability increased from 64.8 to 117.2 Barrer
and C3Hg/CHjs selectivity increased from 2.6 to 3.64. Ciobanu et al. [134] stud-
ied the use of zeolite SAPO-5 nanocrystals for the synthesis of polyurethane
composite membranes. Zeolite content was ranged from 10 to 70%. The zeo-
lite nanocrystals were observed to act as a cross-linker for the polyurethane
matrix.

Silica

A number of PU-silica based composite membranes have been reported in the
literatiure. Khudyakov et al. [135] reviewed the status of UV-curable polyure-
thane nanocomposites incorporating nanosilica and organically-modified clay.
A large number of studies have been reported related to the structure and
characteristics of polyurethane nanocomposites formed through dark reac-
tions as well as by UV-curing of urethane acrylate oligomers. Polyurethane
nanocomposites with low loadings (less than 5%) of fillers have been report-
ed to have dramatic property improvements [135,136].

In another study, Petrovic et al. [137] studied the polymerization of poly-
propylene glycol/hexamethylenediisocyanate/1,4-butanediol to gain insights
about the gas transport properties. Tetraethoxysilane was used to prepare sil-
ica nanoparticles through sol-gel method, while the nanocomposites were
synthesized by solution mixing technique. Various characterization tech-
niques were used to confirm the desired nano-scale distribution of silica na-
noparticles. Gas permeation studies of the membranes revealed the enhance-
ment in CO/N selectivities with increasing amount of silica nanoparticles. It
was also observed that the nanocomposites exhibited nearly two fold incre-
ment in the selectivity when compared with pristine polyurethanes mem-
branes. However, the CO permeability exhibited a reduction of nearly 35% for
the composite membranes while comparing against pure PU ones. Higuchi
model may be used to predict the gas transport properties in polyurethane-
silica membranes [138]. In this study, properties such as dielectric permeabil-
ity of nanocomposite membranes were studied. Studies on the ether-based PU
and ester-based PU exhibited that the amalgamation of silica nanoparticles
helped the improvement of COz/CH4 selectivity. By taking an account of the
nanoparticles interfacial layer leading to the formation of void volumes, a
model was introduced to help predicting the nanocomposite membrane per-
formance [139].
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Polycaprolactone-based polyurethane membranes were studied for the ef-
fect of the addition of silica nanoparticles [140]. The membranes were pre-
pared using conventional methods such as solution mixing and casting. Poly-
caprolactone/hexamethylene diisocyanate/1,4-butanediol based polymer was
produced by polymerization involving a two-step methodology. Membrane
performance was predicted using modified Higuchi model to obtain a fair
agreement in theoretical and experimental values. In another study, hybrid
polyurethane/silica based composite membranes were prepared using tetra-
ethoxysilane, cetyltrimethyl ammonium bromide and polyvinyl alcohol [141].
Spectroscopic techniques were used to verify the presence of silica in the pol-
ymer network and SEM for the nanoscale distribution of silica particles. It
was observed that with increase in the silica content, the diffusivity of gases
and CO: gas permeability were reduced. With silica content >10 wt%, an en-
hancement of CO2/CHj4 selectivity was observed.

In another study, the transport performance of carbon dioxide and me-
thane gases was investigated in polyesterurethane mixed matrix membranes
(MMMs), in separate tests, containing different fumed silica nanoparticles
[142]. Non-modified and commercially-modified silica (with octylsilane and
polydimethylsiloxane) were used as fillers. The structural features were stud-
ied by various microscopic, spectroscopic and calorimetric techniques to con-
firm the interfaces induced in PU microphase when silica was present. Surface
treatment of silica filler with long hydrophobic chains condensed the accumu-
lation of nanoparticles and enhanced dispersion in MMMs. Regardless of silica
type, both separation factor and CO: permeation were increased with the
presence of silica nanoparticles, which was attributed to the interrupted chain
packing and improved dynamic free volume. The results revealed that among
silica nanoparticles, the unmodified particles with OH groups on the surface
exhibited better performance for CO2/CHs separation. A new model of gas
permeation through PU/silica membranes was proposed considering the
presence of filler aggregation in the matrix as well as free volume at the inter-
face layer [142].

Another study revealed the gas transport of two types of polyurethane
membranes which are synthesized from PCL225 and PPG polyether [143]. It
was observed that by using silica content up to 2.5%, the permeability in-
creased. However, the permeability exhibited a downward effect on increas-
ing the silica content father. It was observed that the selectivity of propane
over methane increased with the increase in the amount of silica particles.
The studied membranes were the ones with 12.5% silica and the permeation
tests were conducted at 2 bar pressure.
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With the addition of nanofillers, the flexural properties of the polymer ma-
trix are required to be retained. Ideally, the hybrid polymer materials are ex-
pected to exhibit enhancement in properties such as mechanical strength and
polymer flexibility. Enhanced material properties are possible with more ho-
mogeneous distributions of the inorganic components leading to the for-
mation of high performance functional membranes [144]. In another study,
polyurethane (PU) based mixed matrix membranes were generated with poly-
tetramethylene glycol and polyvinyl alcohol along with silica nanoparticles
[145]. The dispersion in the nanocomposite membranes was confirmed using
microscopic, spectroscopic techniques. Gas permeation studies for pure CHs,
02, COz, N2 and He gases were performed through the composites with varying
amounts of silica particles. It was observed that upon increasing the silica con-
tent, the permeability of the CO; gas was enhanced, while the transport prop-
erties of other gases decreased. The permeability of COz increased from 68.4
to 96.7 Barrer, where the membrane contained 10 wt% of nanoparticles.

Layered Silicates

Osman et al. [146] studied the gas permeation properties of modified mont-
morillonite based nanocomposites with polyurethane adhesives. The nano-
composites were generated to act as barrier against oxygen and water vapor.
Thus, their application in gas industries can be envisaged as membranes
which allow permeation of hydrocarbons, but do not allow any other gases
like Oz, CO2 and water vapor to pass through. A correlation between the gas
permeation and volume fraction was established. With the incorporation of
small volume fractions of nanoparticles, the permeation rate of 02 and water
vapor was decreased (Figure 7.3 for oxygen permeation). A 30% reduction
was observed with 3 vol% of filler, when bis(2-hydroxyethyl) hydrogenated
tallow ammonium or alkylbenzyldimethylammonium ions were used for clay
modification. The clay modified with dimethyl dihydrogenated tallow ammo-
nium ions increased the Oz permeation rate with increase in inorganic frac-
tion. The above variation was attributed to the phase separation between the
pure hydrocarbon modification and polar polyurethane. This underlined the
need of generating compatibility between the filler and polymer phases in or-
der to achieve optimum performance. Increase in oxygen permeation for di-
methyl dihydrogenated tallow ammonium ions modified clay composites
could still be used for O;, water vapor separation as the membranes were im-
permeable to water vapor, whereas highly permeable to 0; molecules. In a
similar study, Mittal [147] also reported the gas permeation performance of
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polyurethane-clay nanocomposites and underlined the impact of synthesis
procedure as well as filler-matrix compatibility. As shown in Figure 7.4, the
composite with Tixogel VZ, the clay surface modified with a ben-
zyl(hydrogenated tallow alkyl)dimethyl ammonium ions, exhibited a decrease
in oxygen permeation. On the other hand, the composite with Tixogel VP, the
clay surface modified with bis(hydrogenated tallow alkyl)dimethyl ammoni-
um ions, exhibited an increase in oxygen permeation as a function of filler
fraction. Similar to the previous study, the water vapor permeation in both the
composites was reduced as a function of filler fraction. Thus, the chemical
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Figure 7.3 Dependence of the oxygen transmission rate through the PU-nanocomposites
on the inorganic volume fraction. The dotted lines are guides for the eye. Reproduced from
Reference 146 with permission from American Chemical Society.

nature of the surface coating of the fillers resulted in specific interactions with
the polymer matrix, which consequently affected the nanocomposite proper-
ties. The authors also compared the oxygen permeation through polyure-
thane-clay nanocomposites with molecular dynamics predictions in order to
gain more insights about the average aspect ratio of the filler platelets in the
composites [148]. In polyurethane composites, the clay platelets were ob-
served to be present with an average aspect ratio of 100. In addition, the good
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agreement with the experimental and predicted values was retained till 3
vol% filler fraction. Afterwards, the experimental values were observed to
level off.
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Figure 7.4 Oxygen permeation through the PU and PU nanocomposites as a function of
filler volume fraction. Reproduced from reference 147 with permission from Wiley.

Also, as shown in Figure 7.5, the authors generated the relation between
the reduction of oxygen permeation through the nanocomposites with filler
fraction for both aligned and misaligned filler parties. The aligned filler parti-
cles were observed o be significantly effective in tuning the gas transport be-
havior of the nanocomposites. These studies indicated the successful devel-
opment of polyurethane-clay nanocomposites with tuned reduction in water
vapor permeation as well as increased or decreased 02 permeation, based on
the chosen filler system. Such systems can result in high selectivity mem-
branes for the separation of hydrocarbons from other contaminant gases.

Dense polyurethane-based membranes containing hydrophilic clay were
synthesized by Barboza et al. [149] and the permeability of carbon dioxide
(CO2) through the membranes was studied. Ethylene diamine was used as the
chain extender, which led to the urea linkage network. The nanofiller fraction
was optimized as 0.5 and 1% relative to the amount of poly(ethylene glycol).
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The CO2 permeability was observed to improve with the amount of PEG,
whereas it was noticed to decrease with the amount of clay as the higher clay
content contributed to the tortuous pathways for gas diffusion. A novel nano-
composite was reported by Shamini and Yusoh, which consisted of Na* mont-
morillonite which was further modified using transition metal ions such as
copper (II) chloride and iron (III) chloride [150]. The presence of metal ions
reportedly contributed to better dispersion of nano-filler and also reduced
clay agglomeration. The gas transport properties exhibited remarkable de-
crease. Polyurethane film containing 1% filler modified with iron chloride ex-
hibited the permeability to decrease four fold. Iron and copper exhibited dif-
ferent patterns for the reduction in permeability.
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Figure 7.5 Numerical prediction of the effect of filler platelet misalignment on the gas
permeation performance at 3 vol% loading. Reproduced from reference 148 with
permission from Wiley.

It has to be mentioned that the reduction in permeability of different gases
in the composite membranes does not indicate the reduction in the membrane
performance, it only signifies the probable enhancement in the selectivity by
blocking the passage of certain penetrants and possibly enhancing the perme-
ation of others. In addition, the use of fillers also enhances the mechanical and
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thermal properties, along with enhancing environmental stability. Most of
these developed composite membranes, thus, have strong potential of applica-
tion in various industries to separate gas mixtures.

Metals, Metal Oxide and Metal Ions

Ameri et al. [151] used alumina (Al203) at different concentrations to prepare
polyurethane nanocomposites through a bulk two-step polymerization. Dif-
ferent chain extenders were used to complete the urethane polymer network.
Alumina ensured improved 02/Nz, COz2/CHs, and CO2z/N: selectivity, but with
reduced permeability values. In another study, cobalt chelated plasma treated
membranes were generated and the effect of subsequent formamide for-
mation in the membrane matrix on the permeability properties was evaluated
[152]. The chelation was obtained by treatment with cobalt(II) /formamide so-
lution. With ethylenediamine plasma treatment, selectivity increased from 2.6
to 3.1 GPU whereas the CoCl «6HO/formamide treatment improved the value
to 4.4 GPU. The enhanced O/N selectivity was attributed to the improvement
in oxygen affinity achieved through chelation and size sieving effect. Chen et
al. [153] incorporated TiO2 nanoparticles at varying concentrations to the
polymer to prepare thermo-sensitive polyurethane (TSPU). Membrane for-
mation temperature was optimized in the study to tune the transport behav-
iors of the nanocomposites. It was observed that the permeability coefficients
altered with different membrane formation temperatures. Increasing nano-
TiO2 concentration also favorably helped the transport phenomenon. Conven-
tionally seen tortuous diffusion pathway based low permeation mechanism
failed to explain the counter-intuitive phenomenon observed in the study. The
authors suggested that the soft segment of the thermo-sensitive polyurethane
packed around the TiOz nanoparticles, as if these were in the bulk polymer,
thus, leading to the observed results.

In another study, PU membranes were synthesized through thermal phase
inversion method [154] Polyol:diisocyanate:chain extender was blended at
1:2:1 molar ratio and the interactions at intramolecular level were analyzed.
TiO2 was varied up to 30 wt% and transport behaviors were studied for N»,
02, CH4 and CO: gases at varying temperatures. It was observed that an in-
creased TiO; content led to a proportional rise in selectivity and a proportion-
al fall in permeability values. Membranes of ionic polyurethane were also re-
ported using N-methyldiethanolamine as chain extender, which was later
complexed with cupric ions [155]. Different polymerization approaches such
as single and double step were employed for the composite preparation. It
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was observed that the incorporation of CuCl enhanced hard segment aggrega-
tion, whereas incorporation of crosslinker hindered the cluster formation by
the hard segment. The soft segment aggregation helped to increase the per-
meability.

Carbon Nanoparticles

The formation of polyurethane nanocomposites have proven the ability to ex-
hibit advanced performance as compared to pure polymer. In one such study,
poly(ether urethane) membranes containing multi-walled carbon nanotubes
(MWCNTSs) were studied for improvements in mechanical strength and per-
meation capabilities [156]. The MWCNTs were grafted with various functional
groups to obtain three types of membranes with fillers such as MWCNT-
COOH, MWCNT-OH, MWCNT-IPDI. Fourier-transform infrared spectroscopy
was used to confirm the successful grafting of functional groups on to the sur-
face of the MWCNTSs. Techniques like SEM, mechanical testing and thermal
analysis confirmed the superior properties of MWCNT-IPDI based membranes
(Figure 7.6). Despite the development towards the generation of strong, dura-

Figure 7.6 SEM and TEM images of PU nanocomposite membrane obtained by the electro
spinning technique. Reproduced from Reference 156 with the permission from American
Chemical Society.
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ble, and cost-efficient carbon nanoparticles based polymer membranes, there
is a need for the evolution of membrane materials with high gas transport
properties [157,158].

Graphene

A large number of studies has reported the generation of polyurethane nano-
composites by incorporating graphene/graphene oxide/modified or function-
alized graphene [158-173]. Most of the studies have confirmed these nano-
composites to have significantly superior thermal and mechanical properties.
However, only a few studies report the gas permeation data for PU-graphene
nanocomposites. Kim et al. [174] reported 90% decrease in nitrogen permea-
tion with 3 wt% isocyanate treated graphene oxide filled thermoplastic polyu-
rethanes. Figure 7.7 shows the mechanism of dispersion of functionalized
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graphene in polyurethane. In another study, Thermoplastic composite films of
polyurethane containing hexadecyl-functionalized low-defect graphene nano-
ribbons were studied by Xiang et al. [175] for improved gas barrier proper-
ties. A decrease in nitrogen gas diffusivity by 3 orders of magnitude was ob-
served with only 0.5 wt% of filler. The films were reported to have potential
applications in food packaging and light weight gas storage containers. Figure
7.8 also shows the nitrogen pressure drop across the PU membranes and PU
composite membranes. The composite with 0.5 wt% filler exhibited strong re-
sistance against nitrogen for a longer period of time, indicating its barrier to-
wards nitrogen permeation. Kaveh et al. [176] reported excellent gas barrier
properties with an 80% decrease in permeability of Helium for 1 % graphene
oxide incorporated thermoplastic polyurethane films. Thus, until now, the
graphene nanocomposites have been largely developed to generate potential
candidates for gas barrier properties, however, optimization of the graphene
based composites for enhanced permeation is still needed. However, as men-
tioned earlier, decrease permeability of a certain permeant still opens the po-
tential for these membranes to be selective towards the separation of certain
gas mixtures.

7.5 Other Natural Gas Specific Applications

Polyether-polyurethane interactions as well as water vapor and methane sep-
aration selectivity were studied by Di Landro et al. [177]. Water absorption
was shown to be higher for urethane rich polymers. Water vapor permeability
was 103-10% times more than methane as well as other permeant gases. This
makes these materials a potential membrane material for natural gas dehy-
dration [9,177]. High H:S/CHs selectivities of poly(ether urethane) and
poly(ether urethane urea) membranes were reported by Chatterjee et al
[178]. The authors reported polymer PU4 as a favorable membrane material
for H2S separation from CO2 and CHs mixtures. H.S/CH4 selectivity was re-
ported to be greater than 100 at 20 °C in the pressure range from 4-13.6 atm.
Other studies have also reported high permeability, permselectivity, durabil-
ity for acid gas separtiob from natural gas and carbon dioxide removal from
synthesis gas for polyether-urethane or polyether-urea block copolymers
[179,180].

Ponangi et al. [181] studied for the split-up of volatile organic compounds
from nitrogen either in dry or in humidified form using PU membranes. The
membranes were examined for the vapor phase separation of a variety of gas-
es such as benzene, hexane, p-xylene, and benzene/toluene/xylene mixtures
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Figure 7.8 (a) Nitrogen pressure drop through PU and PU composite films; (b) nitrogen
pressure drop through the composite wit 0.5 wt% filler over a longer period of time.
Reproduced from Reference 175 with permission from American Chemical Society.

from nitrogen. The selectivities of organic/dry Nz ranged from 30-210 and
pressure normalized permeabilities of around 1.25x 10-3 cm3 (STP)/(cm? s
cmHg). The nitrogen permeability was increased with swelling of the polyeth-
er membranes, but the organic/N: selectivity was lowered. Water permeabil-
ity was observed to be low and did not depend on the organic feed compo-
nent. The authors also further studied the free volume in polyurethane mem-
branes for organic vapor diffusion [182].

7.6 Conclusion

In this review, various advancements for enhancing the applications of polyu-
rethane membranes for gas separation have been explored. Polyurethanes
represent useful class of materials with properties such as mechanical
strength, dimensional stability, thermal resistance, resistance towards chemi-
cals and tunable gas transport behavior. Various modifications in the molecu-
lar microstructure of polyurethanes have been achieved in order to enhance
the permeability as well as selectivity of various gases through these materi-
als. These modifications include optimization of soft and hard segments, tun-
ing of polarity, blending with other polymers, adjusting urea urethane interac-
tions, incorporation of fillers, use of a wide variety of chain extenders and
cross-linkers, etc. It is evident that the tunability of gas permeability as well as
selectivity in polyurethane membranes would further enhance the industrial
application of these materials for gas separation processes.
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