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a b s t r a c t
In this study, the effect of silica nanoparticles on the gas permeation properties of polyether-based
polyurethane membrane was investigated. Polyether-based polyurethane was synthesized by bulk twostep polymerization of polypropylene glycol/hexamethylenediisocyanate (HMDI)/1,4-butanediol (BDO)
in mole ratios of 1:3:2. Silica nanoparticles were prepared through the sol–gel method by hydrolysis of
tetraethoxysilane (TEOS). Polyurethane and polyurethane–silica nanocomposite membranes were prepared by solution blending and casting method. The prepared polyurethane–silica membranes were
characterized using Fourier transform infrared (FTIR) spectroscopy, scanning electron microscope (SEM),
thermal gravimetery analysis (TGA) and differential scanning calorimetry (DSC) analyses. These methods
conﬁrmed the homogenous and nano scale distribution of silica nanoparticles in prepared polymers. Gas
permeation properties of polyurethane–silica nanocomposite membranes with silica content of 2.5, 5, 10
and 20 wt.% was studied for pure CO2 , CH4 , N2 and O2 gases. The obtained results indicated the reduction
in permeability of all gases, but enhancement in CO2 /N2 , CO2 /CH4 and O2 /N2 selectivities was observed
by increasing the content of non-permeable silica nanoparticles in polyurethane–silica membranes. In
the case of polyurethane–silica (20 wt.%) nanocomposite membrane, the obtained CO2 /N2 selectivity was
1.65 times of pure polyurethane, while the CO2 permeability reduction of polyurethane–silica membranes
was 35.6% in comparison with pure polyurethane. Finally, the modiﬁed Higuchi model was applied to
predict the permeability of polyurethane–silica membranes and fairly good agreement was observed
between experimental and predicted gas permeabilities of these membranes.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
As stated in literature, presence and proper distribution of silica
nanoparticles in polymer matrix increase the mechanical strength
and thermal stability of polymers [1–8]. Such unique properties of
these materials have led to the increasing use of this material in the
preparation of polymeric membranes [8–30].
Moaddeb and Koros [9] investigated the effect of silica particles
on the gas separation properties of high performance polyimides.
They showed that, incorporation of silica particles into the polymer matrix mainly improved the gas separation properties of
polymer–silica membranes, especially in the case of O2 /N2 separation. The main observed improvements were the attainment of
high O2 /N2 selectivity and O2 permeability of some silica–polymer
hybrids, simultaneously. Therefore, O2 /N2 separation properties of
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some silica–polymer membranes were above the Robeson’s upper
bound line, while that of the pure polymer was below the Robeson’s
upper bound line [9]. This upper bound was expressed as a line on
a log–log plot of separation factor versus permeability of the more
permeable gas above which virtually no data exists.
Kusakabe et al. [10] and Joly et al. [11] also studied the effect
of silica particles on the CO2 permeation of silica–polyimide composite membranes. The obtained results by Kusakabe et al. showed
that, in the presence of silica in the polymer matrix, the CO2 permeability of composite membranes can increase up to 10 times of
that of the pure polymer [10]. The experimental results obtained by
Joly et al. showed 50–100% increase in gas solubility of membranes
composed of silica in comparison with the pure polyimide. They
characterized the composite membranes and veriﬁed the reduction in polymer compaction by silica content, and thus the increase
in the gas solubility of membranes in the presence of silica particles
[11].
Nunes et al. [12] investigated the effect of the distribution of
silica nanoparticles on the separation performance of polyether-
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imide membranes. Silica particles were prepared via in situ
polymerization of organic compounds and hydrolysis of tetraethyl
orthosilicate, simultaneously. Amino silicate was used as a compatible agent between organic and inorganic phases. The durability of
hybrid membranes was also investigated for methane, butane and
pentane gases at 80 bar. The obtained results by Nunes et al. showed
that the gas permeability reduction in the presence of silica particles in the polymer matrix was only 10%, while, under the same
condition, permeability of pure polymer dropped 60% during the
durability test [12].
Other researchers like Smaihi et al. [13], Cornelius and Marand
[14], Park et al. [15] and recently Boroglua and Gurkaynak [16]
also investigated the effect of silica particles on the gas separation (permeation) properties of polyimide–silica membranes.Some
other researchers studied the effect of silica particles on the separation performance of other polymers. Kim et al. [17] studied the gas
transport properties of poly (amide-6-b-ethylene oxide) (PEBAX) in
the presence of silica. They revealed that the presence of silica in the
polymer matrix had an important inﬂuence on the membrane morphology and this effect led to favorable changes in the permeation
properties of obtained membranes. Kim et al. reported that in the
presence of silica, the degree of crystallinity of PA section markedly
decreases. Therefore, the percentage of the amorphous phase of
PEBAX increases and the permeabilities of gases also increase with
silica content, as it was observed experimentally. The results of
gas absorption in the composite membranes showed an increased
uptake with increasing the amount of silica in the membranes. Kim
et al. introduced two factors for such an increase in the absorption
of gases in composite membranes containing silica:
- The obtained changes in the morphology of interface between
silica and PA and PEO segments, and ultimately increase in the
percentage of the amorphous region in the composite membrane.
- Interaction of additional OH groups of silica with polar molecules
like CO2 .
Chen et al. [18,19] used in situ polymerization of silica nanoparticles in the preparation of polyether-based polyurethane/silica
nanocomposites. First, silica nanoparticles were added to the
polyether polyol by in situ polymerization and then polymerization
reaction was completed by isophoronediisocyanate (IPDI). Based on
the obtained FTIR spectra and TGA thermograms, it was shown that
in the case of in situ polymerization method, silica and polyether
segments interact more than that of simple blending method. This
phenomenon further increases the glass transition temperature of
hybrid polymers and also the homogeneous distribution of silica
nanoparticles in the polymer. The obtained results also showed
that the mechanical and physical properties of polyurethane–silica
hybrids in the presence of silica particles with 28 nm size were the
optimum. In addition, polyurethane–silica hybrids produced by the
method of in situ polymerization had better mechanical properties
than those made by simple blending method [18,19].
Chen et al. [20], also investigated the effect of silica nanoparticles on the mechanical and thermal properties of polyether based
polyurethane prepared by in situ polymerization. The obtained
results showed that adding silica nanoparticles into the polymer
improved the hardness, glass transition temperature and adhesion
between different layers of polyurethane, however, increased the
resin viscosity.
Recently, the authors investigated the effect of silica nanoparticles on the gas separation properties of PBI and EVA membranes
[21,22]. As shown, the solubility of the CO2 , CH4 and N2 gases in the
membranes increased by increasing the silica content in the polymer matrix, whereas diffusivity of gases decreased. The resultant
effect of silica addition to PBI was CO2 /N2 selectivity increment due
to increase in CO2 permeability and reduction in noncondensable
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N2 gas permeability [21]. The obtained results showed the enhancement in gas permeation and selectivity of CO2 /N2 and CO2 /CH4
pair gases in the case of EVA/silica nanocomposites. The authors
have also published their studies on polyurethane membranes in
literature and investigated the effects of hard segments, the chain
extender length and the effects of urethane and urea content on the
gas permeation properties of polyurethane and polyurethane urea
membranes [31–33].
Studies in the ﬁeld of adding silica particles into the
polyurethanes, has mainly focused on the physical and mechanical behavior of these polymers [8,18–20,23–34]. Up to date, there
are rare reports about adding silica particles into the polyurethane
and its effect on gas permeation properties of these polymers in the
literature [30]. Therefore, in the present study, the gas permeation
properties of polyurethane–silica nanocomposite membranes were
investigated. In this regard, silica nanoparticles have been prepared
using tetraethoxysilane (TEOS) in the sol–gel process and applied to
modify the structure of the polyurethane membranes and improve
their gas permeation properties. The permeability of CH4 , CO2 , O2
and N2 gases were obtained at various silica contents. Also the
permeation behavior of the nanocomposite membranes has been
modeled by modiﬁed Higuchi model and the new coefﬁcient for
studied gases was suggested for this model.
2. Materials and methods
2.1. Materials
Polypropylene glycol (PPG, Mw = 2000 g mol−1 ) was obtained
from Sigma Aldrich and dried at 80 ◦ C under vacuum for 48 h
to remove the residual water. 1,4-Butanediol (BDO), hexamethylenediisocyanate (HMDI), and N,N-dimethylformamide (DMF)
were purchased from Merck. The chain extenders (BDO) were dried
over 4 Å´ molecular sieves before using. The dibutyltindilauryate
(DBTDL) supplied by Merck was used as a catalyst. CO2 , N2 and O2
gases (purity 99.99) were purchased from Roham Gas Co. (Tehran,
Iran) and CH4 (purity 99.9) was bought from Air Products Co.
2.1.1. Polymer synthesis
Polyurethane was synthesized by bulk two-step polymerization
method [32,33]. PPG was incubated with HMDI for 2 h at 85–90 ◦ C
under nitrogen atmosphere to obtain macrodiisocyanate prepolymer. The chain extension of prepolymer was performed by addition
of BDO at room temperature. In order to obtain linear polymer, the
molar ratio of NCO:OH was kept 1:1. The molar ratios of the used
components were as follows: PPG:HMDI:BDO = 1:3:2.
2.2. Preparation of polyurethane membrane
Polyurethane solution was prepared by dissolving (10 wt.%) synthesized polyurethane in DMF at atmospheric pressure and 70 ◦ C.
The prepared solution was ﬁltered and castin a petri dish and
heated at 65 ◦ C for 24 h. Then, the prepared ﬁlm located in vacuum
oven at 65 ◦ C for another 5 h for complete removal of the solvent.
2.3. Preparation of silica nanoparticles and polyurethane–silica
nanocomposite membranes
Silica nanoparticles were prepared via the hydrolysis of
tetraethoxysilane (TEOS) in ethanol at the presence of hydrochloric acid as a catalyst [21]. Initially, tetraethoxysilane (25 g) and
3-glycidyloxypropyltrimethoxysilane (GOTMS) (4 g) as a coupling
agent were mixed together in dry ethanol (30 ml) at 70 ◦ C for an
hour. Consequently, a mixture of ethanol (30 ml), deionized water
(7.5 g) and hydrochloric acid (0.83 g) was added drop-wise to the
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Table 1
Silica content and Tg of polyurethane–silica nanocomposite membranes obtained
by DSC analysis.
Sample

Silica content (wt.%)

Tg of soft segments (◦ C)

PU
PU-S2
PU-S5
PU-S10
PU-S20

2.5
5
10
20

−60.3
–
−60.23
−60.63
−61.2

reacting mixture. TEOS was hydrolyzed under continuous agitation
at 80 ◦ C for 1 h leading to the formation of a clear and transparent
silica-sol. PU–silica nanocomposite membranes were prepared by
the same method following the addition of the silica-sol in different weight fractions to the polymer solution. The volume fraction
(˚s ) of silica in hybrid membranes was calculated by the following
equation:
˚s =

ws /s
wpu /pu + ws /s

Fig. 1. FTIR spectra of polyether-based polyurethane–silica nanocomposites.

(1)

where ws and wpu refer to the weight of silica and polyurethane,
and s and pu are the density of silica and polyurethane, respectively. The density of silica and polyurethane were 2.2 g/cm3 and
1.1 g/cm3 , respectively. The thickness of the prepared membranes
was measured using a micrometer and found to be around 100
micrometers.
The silica content and glass transition temperatures (Tg ) of the
nanocomposite membranes are given in Table 1.

membrane thickness (cm), p1 and p2 are the absolute pressures of
the feed side and permeate side, respectively (cmHg) and A is the
effective membrane area (cm2 ).
The ideal selectivity (permselectivity), ˛A/B , of membranes was
calculated from pure gas permeation experiments as follows:
˛A/B =

PA
PB

(3)

2.4. Characterization
2.4.1. FTIR spectroscopy
A BIO-RAD FTS-7 Fourier transform infrared spectrometer
was used to characterize the synthesized polyurethane and
polyurethane–silica nanocomposite membranes at room temperature. The scanning frequency range was 4000–400 cm−1 .
2.4.2. Thermal analysis
Thermal properties of the ﬁlms were measured by differential
scanning calorimetry (DSC) using Metler-Toledo DSC822e at heating rate of 5 ◦ C/min and the temperature range of −120 to 300 ◦ C.
The degradation temperature and the actual amount of the silica in
the polymer have been evaluated by Thermal gravimetery analysis
(TGA) using PL at heating rate of 10 ◦ C/min and the temperature
range of ambient to 800 ◦ C.
2.4.3. Scanning electron microscopy (SEM)
The morphology of the membranes and the presence of silica
nanoparticles were examined using scanning electron microscopy
(SEM). All the samples were coated with gold/palladium and
observed with a Philips XL30 (Philips, The Netherlands) scanning
electron microscope.
2.4.4. Gas permeation tests
The pure gas (O2 , N2 , CH4 , and CO2 ) permeation properties of
polyurethane–silica membranes were carried out using a constant
pressure method [33]. The feed side pressure of the membrane cell
was kept at 10 bar. The permeate side was maintained at atmospheric pressure. The gas permeability was determined from the
following equation:
P=

q
A(p1 − p2 )

(2)

where P is permeability expressed in barrer (1 barrer = 10−10 cm3 (STP) cm cm−2 s−1 cmHg−1 ), q is ﬂow rate of
the permeate gas passing through the membrane (cm3 /s), l is the

3. Results and discussion
3.1. FTIR analysis
Structural characteristic of pure silicate, polyurethane and
nanocomposite polyether-based polyurethane–silica hybrid membranes were carried out using FTIR analysis. The FTIR spectra of
prepared composite membranes were shown in Fig. 1. As can be
seen, the asymmetric vibration Si–O–Si peak at 1077 cm−1 is easily
observed in all nanocomposite membranes. The peaks related to
the oscillatory vibrations of Si–O–Si at 453 cm−1 and symmetrical
vibrations of Si–O–Si at 795 cm−1 in the composite membranes are
also well observed.
More inspection of the effects of silica nanoparticles on the
phase separation of hard and soft segments of prepared membranes will follow by the presentation of the peaks related to the
carbonyl groups. Fig. 2 shows the absorption of urethane carbonyl
groups in pure polymer and hybrid membranes. The peak appeared
in lower frequency (around 1682 cm−1 ) refers to the bonded and
the one appeared in higher frequency (around 1718 cm−1 ) refers
to the free carbonyls. As it was shown in Fig. 2, the free carbonyl
peak slowly shifts toward the hydrogen-bonded carbonyl bond and
ﬁnally removed by increasing silica content. This observation indicates more hydrogen bonding between urethane carbonyl groups
and urethane N–H groups in hard segments. It can be deducted
that a portion of the silica nanoparticles is able to distribute in
soft segments of the polymer by interaction of OH groups in silica with ether groups of polyol in polyurethane. Therefore, the
amount of available ethereal pieces of soft segments groups to
create hydrogen bond with the N–H groups reduces and hence
urethane N–H groups interact more with carbonyl groups of hard
segments of urethane. So it may be concluded that the silica particles could distribute in the polymer chains by introduction of the
good interaction between their OH groups and ether groups in the
soft segments of urethane.
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Fig. 4. DSC thermograms of polyurethane–silica membranes.

membranes. As it was shown, the presence and nanometric distribution of silica particles in prepared membranes is evident.
3.3. Thermal properties of polyurethane–silica nanocomposite
membranes

Fig. 2. FTIR spectra of polyether-based polyurethane–silica nanocomposites in the
C O stretching region.

3.2. Morphology of polyurethane–silica nanocomposite
membranes
The presence and distribution of silica nanoparticles in the
polyurethane membranes has been studied by SEM. Fig. 3 shows
the SEM micrographs of the prepared polyurethane–silica hybrid

The thermal properties of polyurethane membranes composed
of silica nanoparticles were evaluated by DSC and TGA analyses.
Fig. 4 shows the DSC thermograms of prepared samples. There is
a Tg transition around −60 ◦ C which is related to the glass transition temperature of soft segments. Also, there are two Tm peaks;
a wide Tm peak in the range of 120–170 ◦ C and a small Tm peak at
50–60 ◦ C; respected to the hard segment crystallinity. Polypropylene glycol due to its vicinity on regularity could not crystalline
anymore, so the crystallization peak which is appeared on the high
temperature range of 120–170 ◦ C and small Tm peak at 50–60 ◦ C
would only respect to crystallization of hard segments. The crystalline peak appeared in the range of 50–60 may respect to hard
segments which are connected to the soft segments. Due to higher
molecular mobility of the soft segments, this Tm appeared at lower
temperatures. The wide endothermic peak of crystalline structure
of hard segments is due to distributed nature of the hard segments

Fig. 3. SEM images of the fracture surface of polyurethane containing silica nanoparticles.
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Fig. 5. TGA analysis of polyurethane and polyurethane–silica hybrid membranes.
Fig. 6. Effect of silica content in polyurethane–silica membranes on permeability of
CO2 , CH4 , O2 , and N2 gases.

in polymer. The presence of the crystalline peak of hard segments
also shows the high phase separation of hard and soft segments.
As shown in Fig. 4, the glass transition temperatures of polymers
are less than zero and are associated with polyol that is not changed
after the arrival of silica. This phenomenon indicates no change in
the dynamic of polyol chains in the presence of silica nanoparticles
in polymers.
According to the abovementioned FTIR test results, and because
of the hydrogen bonding between silica and polyol chains, a
decrease in the mobility of chains was expected. But any changes
in the mobility of polyol chains in the presence of silica have been
occurred, it would respect to the reduction in the amount of hydrogen bonding between hard and soft segments of the polymer. By
addition the silica particles into the polymer, the bonding between
polymer chains and silica occurred and also the amount of hydrogen
bonding between polyol and hard segment decreases. Based on the
FTIR spectra, the amount of physical bonding between hard and soft
segments of polymer in the absence of silica particles in the polymer is more than that of silica particles distribution in the polymer.
Therefore, it can be concluded that in the presence of silica, hydrogen bonding between hard and soft segments of polymer is replaced
by hydrogen bonding between silica particles and polyol chains and
total chain mobility of polyol will not change signiﬁcantly. Also it
can be seen in Fig. 4 that by increasing the silica particles in the polymer, the slope of the glass transition state decreases. Decrease in
slope of the glass transition state indicates that silica particles and
polyol interact with each other that lead to wide transition. Fig. 4
also shows that by increasing the silica particles the crystalline peak
of hard segments do not change remarkably. It concludes that most
of the silica particles distributed in soft segment domains.
Thermal stability of polyurethane–silica composite membranes
was studied using TGA. Fig. 5 shows the weight reduction of
prepared composite membranes with temperature. As seen, the
decomposition of polyether-based polyurethane membranes starts
from 350 ◦ C, and up to 450 ◦ C, 90 to 95% of the weight of polymer
in each sample decreases. Two different slopes of reduction were
observed in this region. These two different slopes show that there
are two different weight reductions in prepared polymers. First one
is related to the breakage in urethane bonds, while the second step
is related to the thermal decomposition of polyol [35]. As shown
in Fig. 5, in the case of nanocomposite membranes, the slope of
weight reduction decreases by increasing the amount of silica in
the polymer. Based on this phenomenon it can be concluded that
the thermal stability of the polymer increases by addition of silica nanoparticles into the polymer. Presented results in Fig. 5 also
show that the remaining membrane weight after applying heating
up to 800 ◦ C is consistent with the theoretical silica weight percentage of nanocomposite membranes. This could be a good reason for

fully entrance of silica nanoparticles into the polymer during membrane preparation. It should be noted that the remaining weights
after heating up to 800 ◦ C were 1.11%, 2.9%, 5.81%, 11% and 21.5%
for pure polymer, and nanocomposite membranes containing 2.5,
5, 10 and 20 wt.% of silica, respectively.
3.4. Gas permeation properties of polyurethane–silica
membranes
Fig. 6 shows the effect of silica nanoparticles on the gas permeability of polyurethane–silica membranes. As shown in this ﬁgure,
the permeability of CO2 is signiﬁcantly higher than those of other
gases in all pure and composite membranes. As described before,
the high permeation rate of CO2 in comparison with other studied gases is due to its low kinetic diameter, high condensability
and more interaction of this polar gas with polar groups in polymer [32,34]. As shown in Fig. 6, the permeability of methane is
higher than those of oxygen and nitrogen in spite of its higher
molecular size. The higher permeability of methane in comparison with oxygen and nitrogen could be acceptable because of its
higher condensability. As known, the solution mechanism is dominant in permeation of gases through rubbery polymers. Therefore,
the obtained results would show the high rubbery properties of
pure and composite membranes.
Fig. 6 also shows the gas permeability of membranes reduces
by increasing the amount of silica nanoparticles in polymer. It is
suggested in polyurethane membranes that soft segment domains
are formed as a result of a microphase separation and permeable to
molecules, whereas the hard segment domains act as an impermeable barrier. Although the hard segment domains are not expected
to be accessible to permeating molecules, they can inﬂuence the
overall gas transport properties of a polymer due to their ability
to serve physical crosslinks and change the dynamics of the soft
segments [32].
In the case of polyurethane–silica composite membrane, there
are two hard and soft segment regions for distribution of silica nanoparticles. From entropic point of view it appears that
silica nanoparticles prefer to distribute in the hard segment of
polyurethane [36,37]. The presence of silica particles in the hard
phase can help the formation of crystals in the polymer [36]. It
can also prevent the formation of crystals by disturbing the regularity and density of the nearby chains and reduce the amount
of crystallinity of the polymer [24]. As shown in the DSC results,
no signiﬁcant difference between the crystallinity of polyurethane
before and after addition of silica nanoparticles was observed. However, FTIR results showed that the probability of distribution of
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particles in the soft phase exists. The gas permeability test results
(Fig. 6) also showed that gas permeability in all prepared composite membranes decreased with increasing the amount of silica
nanoparticles.
Therefore, based on the abovementioned results, it would be
concluded that the most population of silica nanoparticles is distributed in the soft phase. As mentioned above, the soft segments
are permeable domains in polyurethane membranes. Though,
distribution of these particles in the soft phase due to the impermeability properties of silica particles reduces the permeation of
gases in polymer. So, gas permeability reduction can be attributed
to the presence of silica particles in the soft segment regions and
restriction of molecular passing direction and creation a meander path to pass through. Soft and ﬂexible polyol segments of
polyurethane, alone have the necessary ﬂexibility and movement to
create space for movement of gas molecules. The presence of additional substances such as nonpermeable silica particles reduces the
free volume of soft segments and reduces the passage areas of gas
molecules. It should be noted that in the case of glassy polymers,
the presence of spherical particles sometimes causes the extra voids
between polymer chains and prevent the chain compression [18].
Comparison of gas permeability in polyurethane and
polyurethane–silica composites (as shown in Fig. 6) shows
that the gas permeabilities of carbon dioxide, methane, oxygen
and nitrogen in the pure polymer decrease from 186.47, 19.5, 16.26
and 7.47 barrer to the amount of 120, 8.632, 7.69 and 2.98 barrer in
the polyurethane–silica (20 wt.%) composite membrane, respectively. Calculated reduction values of gas permeability of prepared
nanocomposite membranes in respect to pure polyurethane are in
the following order:

193

Fig. 7. CO2 /N2 , CO2 /CH4 and O2 /N2 permselectivities versus silica content of
polyurethane–silica nanocomposite membranes.

CO2 (35.6%) < O2 (52.7%) < CH4 (54.19%) < N2 (60.1%)
By reducing the amount of free volume of the polymer, the gas
molecules with larger size are more restricted for crossing the polymer thickness than smaller ones and thus their permeabilities will
decrease more [32]. Therefore, higher reduction of N2 permeability
in comparison with CO2 and O2 is due to its large molecular size
and because of the presence of silica nanoparticles, is acceptable.
In contrary to that of N2 , less reduction in permeability of methane
gas, with larger molecular size than nitrogen, was observed. The
main reason attributes to more condensability of methane in the
membrane.
The presence of silica nanoparticles due to its non-organic
nature would create some special spaces in the interface of organic
polymer and non-organic particles which are suitable for dissolution of condensable gases. Also, FTIR spectra of polyurethane–silica
samples showed that in addition to introduction of SiO2 groups,
some OH groups will enter the membrane. The presences of these
groups in polymer structure provide appropriate positions for the
dissolution of gases. Thus, by increasing the content of silica in
polymer, solution of condensable methane gas will increase, and in
spite of its larger molecular size than N2 , its permeability decreases
slower.
In the case of carbon dioxide, its lower permeability reduction
with increasing silica compared to other gases is due to both its
small molecular size and also it’s more dissolution in the membrane
due to the increased polar OH groups in the polymer with increasing
silica content. Good interaction between polar carbon dioxide and
polar OH groups in silica increases the dissolution of CO2 in the
polymer.
Fig. 7 shows the CO2 /N2 , CO2 /CH4 and O2 /N2 permselectivities of
polyurethane–silica nanocomposite membranes. As it can be seen,
by increasing the silica content in nanocomposites, all permselectivities increased.

Fig. 8. Comparison of CO2 /N2 separation performance of polyurethane–silica
nanocomposite membranes with Robeson’s upper bound line.

Fig. 7 shows that CO2 /N2 , CO2 /CH4 and O2 /N2 permselectivities increase from 24.96, 9.56 and 2.17 for pure polyurethane
to 41.26, 13.43 and 2.58 for polyurethane–silica (20 wt.%). Comparative increase in permselectivity of pair gases shows that the
increase in CO2 /N2 , CO2 /CH4 , O2 /N2 permselectivities are 65.3%,
40.5% and 18.9%, respectively.
As known in solution-diffusion mechanism of permeation of
gases through polymeric membranes, the permselectivity of a pair
gas is composed of solubility selectivity and diffusivity selectivity
of the gases in membrane. By addition of the silica nanoparticles
into the membranes, as mentioned, the permeation of larger molecular size gases restricted more than that of smaller one [32]. It
offers the more molecular sieve property of composite membranes
by increasing the silica in them. Though, the better molecular
sieve property of composite membranes offers the enhancement in
permselectivity of CO2 /N2 , CO2 /CH4 and O2 /N2 gases in nanocomposite membranes.
In the case of O2 /N2 , because the condensabilities of these two
gases are very low and not very different, the molecular size difference in this pair of gases plays an important role. Therefore, the
improvement of diffusivity selectivity due to better molecular sieve
property of nanocomposite membranes, only cause the selectivity
increment and ﬁnally the total selectivity increment is not very
high. But in the case of CO2 /N2 and CO2 /CH4 gases because of more
condensable property and also more interaction of CO2 in comparison with methane and nitrogen, the solubility selectivity also
has effective role on enhancement of permselectivity of pair gases.

194

M. Sadeghi et al. / Journal of Membrane Science 376 (2011) 188–195

Fig. 9. Experimental and predicted permeability of polyurethane–silica membranes for (a) CO2 and (b) N2 , CH4 and O2 gases.

Therefore, the enhancements in CO2 /N2 and CO2 /CH4 selectivities
are signiﬁcantly more than that of O2 /N2 selectivity. Finally, the
more increasing of CO2 /N2 selectivity in comparison with CO2 /CH4 ,
is attributed to very low condensability of nitrogen in comparison with methane. As mentioned, the suitable sorption sites on
polymer–silica interface offer more solubility of condensable gases
and solution of methane due to its condensable nature which is signiﬁcantly more than that of nitrogen. Therefore, in spite of higher
molecular size of the methane which could offer higher diffusivity selectivity of CO2 /CH4 in comparison with CO2 /N2 , domination
of solution mechanism causes the high solution of methane and
lowers the solubility selectivity.
As stated by other researchers, for commercial and industrial use
of membranes in gas separation processes, membranes must have
a maximum amount of permeability and selectivity. The obtained
results from prepared polyurethane–silica membranes were compared with Robeson’s upper bound line [38] in Fig. 8. As shown,
the prepared polyurethane–silica membranes lay close to Robeson’s upper bound line and this means prepared nanocomposite
membranes present better CO2 /N2 separation performance than
other PU membranes. The variation of nanocomposite membranes,
in spite of their lower permeability, shows better performance
because of their better selectivity.

The permeability behavior of polyurethane–silica membranes
has been modeled using modiﬁed Higuchi model. As it was stated in
our previous publication [21], Eq. (4) predicts the gas permeability
of hybrid membranes in the presence of impermeable material like
silica particles:
Pc

=1

6˚
4 + 2˚ − KH (1 − ˚)

Component

KH

CO2
O2
CH4
N2

2.6
3.35
3.45
3.58

extracted for CO2 , N2 , CH4 and O2 gases (Table 2). As presented in
Table 2, KH increases as the molecular size of the gases increase,
except in the case of nitrogen and methane which may refer to
the higher condensability of methane. The order of KH is in good
agreement with the order of reduction values of gas permeability of prepared nanocomposite membranes in respect to pure
polyurethane.
Higuchi constant:
CO2 (2.6) < O2 (3.35) < CH4 (3.45) < N2 (3.58)
Reduction value of gas permeability:
CO2 (35.6%) < O2 (52.7%) < CH4 (54.19%) < N2 (60.1%)

3.5. Membrane permeability prediction using modiﬁed Higuchi
model

Peff

Table 2
The obtained values of KH parameter for different gases in the polyurethane–silica
nanocomposite membranes by curve ﬁtting.

(4)

The Higuchi constant, KH , was selected 0.78 by Higuchi for the best
ﬁt of the experimental data to model [39]. In our previous work we
tried to ﬁt the Higuchi model for predicting the gas permeability of
PBI–silica hybrid membranes. As evaluated in PBI–silica nanocomposite membranes the Higuchi constant should change to higher
values to ﬁt the Higuchi model to experimental data. The KH constant establishes the effect of ﬁller in membrane. We suggested by
decreasing the size of the particles to nanoscale size the impression of particles would increase and the Higuchi constant would
be modiﬁed. We established that KH = 3.7 shows the best ﬁt of N2
permeation data to Higuchi model [21].
In the case of PU–silica nanocomposite membranes, the Higuchi
model ﬁtted to experimental data and the appropriate KH constants

It would be concluded that by increasing the effect of nanoparticles in membranes, the Higuchi constant would increase. Fig. 9
also shows the experimental data and predicted data obtained from
Higuchi model applying KH parameter from Table 2. As shown
in Fig. 9, experimental data are consistent with predicted permeabilities by Higuchi model for prepared polyurethane–silica
membranes.
4. Conclusions
In this study, the effect of silica nanoparticles on the gas
permeation properties of polyether-based polyurethane–silica
membranes was investigated. In this regard, polyurethane was synthesized by bulk two-step polymerization method. Polypropylene
glycol was incubated with HMDI under nitrogen atmosphere to
obtain macrodiisocyanate prepolymer. The chain extension of prepolymers was performed by addition of BDO at room temperature.
Silica nanoparticles were prepared through the sol–gel
method by hydrolysis of tetraethoxysilane (TEOS). Therefore,
polyurethane–silica nanocomposite membranes were prepared by solution blending and casting method. The prepared

M. Sadeghi et al. / Journal of Membrane Science 376 (2011) 188–195

polyurethane–silica membranes were characterized using FTIR,
SEM and DSC methods.
FTIR and SEM results veriﬁed the presence of silica nanoparticles
in the prepared samples. The gas permeation properties of prepared
nanocomposite membranes also showed the decrease in gas permeability of membranes with silica content, but increase in CO2 /N2
and CO2 /CH4 selectivities. The permeation of gases also modeled
by modiﬁed Higuchi model. The new constants for Higuchi model
obtained for studied gases. The experimental data and modiﬁed
model showed good agreement.
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