i+l

NRC Publications Archive
Archives des publications du CNRC

Polyethylene glycol diacrylate and thermoplastic polymers based semi-
IPNs for asymmetric membranes
Saimani, Sundar; Kumar, Ashwani

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. /
La version de cette publication peut étre I'une des suivantes : la version prépublication de l'auteur, la version
acceptée du manuscrit ou la version de I'éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de I'éditeur, utilisez le lien
DOI ci-dessous.

Publisher’s version / Version de I'éditeur:
https://doi.org/10.1163/156855408786778276
Composite Interfaces, 15, 7-9, pp. 781-797, 2008

NRC Publications Record / Notice d'Archives des publications de CNRC:
https://nrc-publications.canada.ca/eng/view/object/?id=1480466a-327d-421b-930f-763b8165cdas

https://publications-cnrc.canada.ca/fra/voir/objet/?id=1480466a-327d-421b-930f-763b8165cdaa

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at

https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’acces a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site

https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la

premiere page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez
pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

National Research  Conseil national de C dl*l
Council Canada recherches Canada ana, a



Composite Interfaces, Vol. 15, No. 7-9, pp. 781-797 (2008)
© Koninklijke Brill NV, Leiden, 2008.
Also available online - www.brill.nl/ci

Polyethylene glycol diacrylate and thermoplastic polymers
based semi-IPNs for asymmetric membranes '

SUNDAR SAIMANI and ASHWANI KUMAR *

National Research Council of Canada, Institute for Chemical Process and Environmental
Technology, Montreal Road Campus, Ottawa, Ontario, KIA OR6, Canada

Received 8 January 2008; accepted 22 April 2008

Abstract—Commercially available thermoplastic polymers were modified by forming semi Inter-
penetrated Polymer Networks (semi-IPNs) with poly(ethylene glycol) diacrylate (PEGDA). These
semi-IPNs were used to prepare asymmetric flat sheet membranes. The successful formation of the
semi-IPNs was confirmed by Fourier Transform Infra Red (FT-IR) spectroscopy. The property en-
hancement of the semi-IPN asymmetric membranes compared to commercial polymer was evaluated
by characterizing thermal, morphological and gaseous permeation properties. The semi-IPNs showed
two-step degradation pattern indicating the incorporation of polyethylene glycol moieties into the
thermoplastic polymers. The thermal stability of all the membranes was above 360°C indicating their
suitability for high temperature applications. The presence of asymmetric morphology was confirmed
by the scanning electron microscopy. Enhancement in gas permeation properties, particularly for the
carbon dioxide transport, was observed for the synthesized semi-IPNs, over the pristine polymers.
The semi-IPNs showed increase in selectivity and increase in CO; permeation when compared to
the unmodified polymers. Among the three different polymers, poly(amide-imide) exhibited higher
selectivity whereas the polysulfone showed higher permeation.

Keywords: Interpenetrating networks (IPN); poly(ethylene glycol) diacrylate; gas permeation; ther-
moplastic polymers and plasticization.

1. INTRODUCTION

Rising greenhouse gas emissions are a major contributor to global warming, which
represents a sizable threat to both global ecological stability and human health [1, 2].
In the wake of increasing environmental awareness, the separation and recovery of
carbon dioxide from industrial flue gases has gained momentum. Membrane based
gaseous separations can be a viable alternative to the conventional processes due
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to their cost effectiveness and lower energy consumption [3—5]. In order to make
a significant commercial impact, the membrane technology has to be more produc-
tive [6]. The real challenge in membrane based gaseous separation is developing the
right polymeric materials having all the desired properties, such as high selectivity,
high permeability, easy processability, resistance to plasticization and also remain-
ing inexpensive. In particular, higher permeability is required for good productivity
and higher selectivity is required for efficient separation. These two are contradic-
tory properties; consequently, there is usually a trade-off between permeability and
selectivity. Many of the desired properties are the intrinsic properties of the poly-
meric material that is used. In general, the commercial polymers do not meet all the
requirements and it is also very difficult to make a polymer that has all the desired
properties [1-6]. For example, the polymer that has high mechanical and thermal
stabilities has processing difficulties or lower selectivity whereas the polymer that
has high selectivity has low permeability or lower stability at high temperature and
pressure applications. For instance, poly(ethylene glycol) based materials showed
very good CO,/N; selectivity [7] whereas the thermal and mechanical stabilities are
of concern. The best strategy to progress from here is to prepare multi-component
materials like blends, composites, IPNs copolymers, etc. [2, 3]. The advantage
of utilizing these multi-component materials is the ability to create large variety
of materials with tailor-made properties for membrane formation that are inexpen-
sive. Of these, IPNs are particularly attractive since the in sifu polymerization or
cross-linking of one or more of monomers or oligomers inside and through another
network usually leads to formation of interpenetrating fine multi-domains having
sizes of tens of nanometers [8]. These networks that are particularly structured at
sub-micrometer scale usually give rise to unique combination of properties, which
are extremely difficult to achieve with classical blends or by only one polymer [9].
It is possible to prepare IPN materials with a wide variety of properties by tailor-
ing the chemical structure and properties of the composite material and controlling
the cross-link density, homogeneity, and the kinetics of the morphology develop-
ment [8]. Hence the formation of interpenetrating polymer networks was recognized
for long time as a very useful means to create distinct multi-polymer combinations
and it could be utilized to prepare materials for gaseous separation.

Poly(ethylene glycol) (PEG) is a non-ionic, highly hydrophilic and flexible
polymer, which is finding application in various fields due to its interesting
properties [10—12]. Though the PEG is non-ionic, the high oxygen-to-carbon
ratio in the backbone makes it polar in nature. The polar nature of the PEG
increases the interaction with the polar CO, accounting for the higher solubility of
the CO, in PEG and hence PEG is considered as an attractive material for separation
of CO, from other gaseous mixtures [13—15]. However, it is very difficult to
make membranes out of low molecular weight PEG whereas the higher molecular
weight PEG is crystalline in nature having very low permeability [7]. Also, the
poor mechanical, thermal and chemical stabilities of PEG offset the advantage of
higher CO,/N, selectivity, and hence fabricating PEG as the membrane material
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for gaseous separation suffers many disadvantages. To overcome these problems,
the PEG has been modified by preparing cross-linked PEG or combining with
engineering thermoplastic polymers in various ways like physical blending [16],
copolymerization [17] and grafting [18]. Recently our laboratory reported studies
on semi-IPNs from polysulfone and polyether imides as the linear, non-reactive,
polymer and the bismaleimide (BMI) as the reactive constituent forming the cross-
linked network [8, 19—-21]. We found that the semi-IPN membranes gave 15 times
higher gas flux than those membranes prepared from pure PEI or PSF without
significant decrease in gas selectivity [19—21]. Hence it would be advantageous
to form semi-IPNs having PEG moieties. To realize this, a PEG molecule that
has a cross-linkable acrylic double bond, namely polyethylene glycol diacrylate
(PEGDA), was selected as the cross-linking component and the thermoplastic
engineering polymers were selected as the non-cross-linking components to form
semi-IPNs.

Engineering thermoplastic polymers such as polyimide, polysulfone and
poly(amide-imide) offer exceptional thermal, chemical and mechanical stability and
are comparatively inexpensive. Polymers with rigid backbone generally exhibit
higher mobility selectivity because they behave more like molecular sieves [22].
Moreover, these polymers with high glass-transition temperatures can be used at
higher pressure and temperature without resulting in plastic deformation. These are
important parameters in designing the polymeric membrane for gaseous separation.
Hence combining the engineering thermoplastic polymers with the PEG might ren-
der synergistic properties of the two materials. For example, high fractional free
volume due to the rigid engineering polymers and the increased gas—polymer in-
teractions due to the solubility of the CO, in PEG are expected from the synthe-
sized semi-IPNs which will increase the performance of the material. For this study
we have selected three thermoplastic polymers namely, polyetherimide (Ultem®),
polysulfone (UDEL®) and poly(amide-imide) (Torlon®). Among the three poly-
mers the polyether imide and polysulfones are already used in industrial gas separa-
tion processes [6], whereas the poly(amide-imide) (P(A-I)) is still at research level
[23, 24]. Aromatic poly(amide-imide)s brings together both superior mechanical
properties typically associated with polyamides and the high thermal stability, high
gas permeability and permselectivity characteristic of polyimides. In particular, the
polyamide unit can facilitate hydrogen bonding to other components having either a
proton donor or a proton acceptor group, in the present case with the ether oxygen of
the PEG. This is expected to increase the miscibility of the PAI and PEG segments.
These materials are used to prepare integrally skinned asymmetric membranes by
following the phase inversion process developed by Loeb and Sourirajan [25]. The
study of asymmetric membranes gives a better picture of its commercial usefulness
since they are predominantly used in industrial applications.

In this paper we report the semi-IPNs prepared from PEGDA and three commer-
cial thermoplastic polymers. The semi-IPNs are prepared by fixing the PEGDA
content and varying the polymer backbone. The variations in the inherent proper-
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ties like thermal properties with change in polymer backbone are described in detail.
Gaseous separation properties of the asymmetric membranes prepared from the IPN
material are also reported.

2. EXPERIMENTAL
2.1. Materials

Aromatic PEI Ultem® 1000 was supplied by General Electric Plastics, USA.
Aromatic polysulfone (PSF; Udel® P-1700 NT LCD) and aromatic poly(amide-
imide) (Torlon® 4000T) were supplied by Solvay Advanced Polymers, USA. All
the polymers were dried in an oven at 150°C for 8 h before use, to remove any
moisture. Anhydrous 1-methyl-2-pyrrolidinone (NMP), Aldrich, 99.5%, reagent
grade (water < 0.005%), PEGDA and benzophenone were supplied by Sigma-
Aldrich Canada Ltd. Anhydrous ethyl alcohol was received from Commercial
Alcohols Inc., Ontario, Canada. Hexanes of ACS reagent grade were supplied
by VWR, Canada. All solvents were used as supplied, under a dry nitrogen
atmosphere. Ultra high purity medical air, CO, and industrial grade nitrogen were
supplied by BOC Gases Canada Ltd. and were used as received without further
purification.

2.2. Synthesis of polyimide and PEGDA semi-IPN membranes

The known quantity (see Table 1) of commercial polymer was first dissolved in
NMP by rolling the bottle of each sample at 60°C. After the polymer was completely
dissolved, the calculated amount of PEGDA and the photo catalyst benzophenone
were added into the solution. Then the mixture was rolled at room temperature
until turbidity appeared. As soon as the turbidity appeared, the membranes were
cast at room temperature on clean glass plates placed in a glove box equipped
with a gas filter. After casting each sample with a doctor knife having a gap of
250 pm, the plate was quickly immersed in distilled water at ambient temperature.
The membrane films were left in water for 3 days, which was frequently changed
then washed and stored in anhydrous ethanol bath for 1 day. Membranes were

Table 1.
Compositions of formulations for making membranes

S.No. Membrane code Polymer (g) PEGDA (g) Initiator (g7 NMP (ml) PEGDA (%)

1 PEI 22.5 0 0 80 0
2 PEI-PEG 22.5 25 0.03 80 10
3 PSF 22.5 0 0 80 0
4 PSF-PEG 22.5 25 0.03 80 10
5 P(A-I) 22.5 0 0 80 0
6 P(A-I)-PEG 22.5 25 0.03 80 10
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subsequently placed in hexanes for 1 day before leaving them in a fume hood for
1 day. Drying was carried out at 80°C in an air purging convection oven for 1 day
and finally in a vacuum oven at 80°C and 96.7 kPa (725 mmHg) for 2 days. Three
circular coupons of 7.4 x 10~2 m diameter were cut from each sample to be used in
the permeation test while the remaining material was used for thermal, microscopic
and spectroscopic characterizations. The coupons of the membranes used in the
permeation test were coated with silicon rubber. A solution of 3% Sylgard 184 with
a catalyst to base rubber ratio of 1:10 in n-pentane was sprayed as a thin layer on the
top surface of the membrane and the solvent was allowed to evaporate. Application
of four coatings was found to be adequate for making gas separation membranes.
Finally, the silicon coated membranes were cured in an air purging convection oven
at 80°C for 1 day. Reproducibility of the gas permeation results of the three coupons
from the same sheet of the membrane was found to vary +2 GPU and the selectivity
was found to vary by £0.5, for pure gases.

2.3. Measurements

Fourier transform infrared attenuated total reflection (FT-IR-ATR) analysis was
performed using a super charged ZnSe single-bounce ATR crystal with a tensor
FT-IR spectrometer (Bruker IFS 66). The spectra were taken with 200 scans
at a resolution of 4 cm~! in the range of 4004000 cm~!. The FT-IR-ATR
background was performed at the same conditions without a sample in place.
A thermal analysis (TA) instrument model 2920 modulated differential scanning
calorimetry (DSC), calibrated with indium at 156.5985°C and with tin at 231.93°C
was used to measure the glass-transition temperature (7). Under a nitrogen
atmosphere, polymer samples were ramped to 250°C at 5°C/min. The T, was
calculated at the point of inflection of the DSC curve. A TA instrument, Model
AutoTGA 2950 analyzer, was used for measuring the degradation temperatures by
thermogravimetric analysis (TGA). Under a nitrogen atmosphere, polymer samples
were heated to 120°C at 10°C/min, held isothermally for 60 min to remove moisture,
cooled and isothermally kept at 40°C before heating to 1000°C at a rate of 10°C/min.
The morphology of the membrane samples without silicon rubber coating were
examined by scanning electron microscope (SEM) using JEOL 840A equipment at
an accelerating voltage of 10 kV. Samples were prepared by cutting a strip from
membrane, freezing in liquid nitrogen and fracturing to obtain a representative
sample. They were mounted on carbon tape at 45° SEM stubs and sputter coated
with gold. Photographs were taken at different magnifications.

A cross-flow test cell having a permeation surface area of 9.6 cm? was used.
Medical air was used to study air permeation characteristics. Pure CO,, N, were
used to study ideal CO,/N, separation factors. Feed pressure of 665 kPa gauge
(498.8 cm Hg) was used and the retentate was set at a flow rate of 6.6 x 107% m?
(STP) s~! while permeate was discharged to the atmosphere. The permeate flow
rate was measured by a soap bubble flow meter and O, concentration of feed and
permeate gas mixtures were determined by oxygen sensor (Quantek Instruments
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oxygen/carbon dioxide analyzer Model 902P). All membranes were conditioned
for 2 h in each gas before taking the measurements.

3. RESULTS AND DISCUSSION
3.1. Synthesis and spectral analysis of semi-IPN membranes

Our laboratory has been working on the synthesis of novel asymmetric membranes
based on IPNs [8, 19-22, 26] for gaseous separation applications. The IPNs showed
interesting performance since they combined the synergistic properties of the multi-
component materials with their ability to suppress CO, plasticization. In the semi-
IPNs, one of the constituents is linear and the other constituent is cross-linked
forming the network structure. The outline of the synthesis and the structure of
the various polymer backbones used in this study are given in the Scheme 1.

The weight % of PEGDA is fixed at 10% based on our previous experiments in
which the selectivity decreased with increasing PEGDA content above 10% [26].
The linear polymers were selected based on the previous reports [1-6]. PEI
and PSF were widely used in gaseous separation applications and they were
already commercialized [6]. The poly(A-I) was selected due to its rigid imide
group and flexible amine group. The rigid imide group is expected to provide
the structure stability and the flexible amide group is expected to provide good
permeability. Also, the amide group is polar in nature and expected to interact
with the CO, giving rise to solubility selectivity. Further, the amide group is
expected to participate in hydrogen bonding with the ether oxygen from the PEG
group providing better miscibility. The composition of the polymer, PEGDA and
solvent are given in Table 1. The PEGDA was cross-linked by photoreaction:
benzophenone is used as the photoinitiator. However, the IPN formation is effected
at normal room light instead of using a UV source. The cross-linking reaction of
the PEGDA is monitored by the color change. The appearance of turbidity marked
the completion of the reaction. The time taken for the completion of the reaction
in the present case was 48 h. The asymmetric membranes were prepared as soon
as the turbidity appeared. However, the completion of the reaction was monitored
by the disappearance of acrylic double bonds in FT-IR-ATR, which denoted the
completion of cross-linking reaction.

FT-IR-ATR spectra of the semi-IPN membranes, PEGDA and cross-linked
PEGDA dense films which are enlarged in the region of interest (2000 cm™! to
700 cm™') and are given in Fig. 1. The acrylic double bond showed a prominent
absorption in pure PEGDA that disappeared in the cross-linked PEGDA dense films
and the semi-IPNs. For easy comparison, the characteristic acrylic absorptions
(1640, 1409, 1190 and 810 cm™') [27] in the figure are highlighted with dotted
line. This means that the cross-linking of PEGDA was essentially complete and
there were no unreacted residual monomers in the membrane. The ester carbonyl
absorption of PEGDA found to overlap with the asymmetric stretching of the imide
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carbonyl group that is present in both the PEI and P(A-I). Considering that the
PSF did not have any carbonyl group, the carbonyl absorption at 1720 cm™! of the
pure PSF and PSF-PEG were compared. In the pure PSF there was no >C=0
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Figure 1. FT-IR spectra of semi-IPN membranes, PEGDA and cross-linked PEGDA.
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Figure 2. FT-IR spectra of polysulfone and PSF-PEGDA semi-IPN.

absorption whereas in the PSF-PEG the carbonyl absorption was found. This also
confirms the incorporation of the PEGDA in the IPNs. The comparison of the
pure PSF and PSF-PEG is given in Fig. 2. Also, the characteristic absorption of
the polymer backbones has been observed. For the PEI-PEGDA the characteristic
imide carbonyl stretching vibrations were exhibited at 1780 cm™' (symmetric) and
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1722 cm™! (asymmetric). The absorption of aromatic ether group (Ar—O-Ar) was
observed at 1240 cm™! and absorption of the C-N—C of the imide ring was observed
at 1357 cm~!. For the P(A-I)-PEG there are two types of carbonyl groups. The
imide carbonyl absorptions were observed at 1780 and 1722 cm™! as in the case
of pure PEI and the amide carbonyl absorptions were found at 1675 cm™' as a
broad shoulder. The free amide carbonyl absorbs at 1690 cm~! and the shift
to lower frequency must be due to the formation of hydrogen bonds. The N-H
stretching band of the amide group was observed as a shoulder at 3340 cm™!.
For the PSF, the symmetric and asymmetric stretching of the sulfonyl group was
observed at 1151 cm™! and 1324 cm™!, respectively. The Ar-O—Ar asymmetrical
stretching was observed at 1243 cm™! and the symmetrical stretching was observed
at 1080 cm~!. The absorption at 1364 and 1387 are assigned to the symmetrical
bending of gem dimethyl group in PSE. This confirms that the individual polymers

are intact and not affected by the IPN formation.

3.2. Thermal properties of the IPNs

The thermal stability of the polymer is important for a useful operating temperature
range for the application. Moreover, in a multi-component system, different thermal
degradation patterns were obtained for the individual components and hence it
reveals the presence of materials having different thermal stability. The thermal
stability of the semi-IPN films, pure polymers and a PEGDA dense film was
measured with thermo-gravimetric analyzer and the TGA results are presented in
Fig. 3. The onset degradation temperature, 5% weight loss temperature and the

777777 P(A-1).001
— -- — P(A-)-PEG-2.001
——— PEGDA.001
——— PLOOT

-- PI-PEG.001

1004———

80

Weight (%)

404

204

50 250 450 650 850
Temperature (°C) Universal V4.1D TA

Figure 3. TGA thermograms of polymer membranes.
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Table 2.
Thermal properties of polymer membranes

Polymer Onset temperature (°C) 5% Weight loss Residue (%) at
First step Second step O 990°C

PEI - 525.5 531.0 53.5
PEI-PEG 379.8 504.3 426.3 43

PSF - 503.1 512.0 315
PSF-PEG 387 508.65 467.9 27.6

P(A-I) - 468.5 487.0 54.5
P(A-I)-PEG - 408.0 425.7 45.5

PEGDA 371.0 - 359.0 1.9

residual weight are tabulated in Table 2. For easy comparison the thermograms
of each set of pure polymer and the semi-IPNs were given in the same color and
different line pattern. The TGA is programmed to keep the sample isothermally at
120°C for 1 h to remove the moisture, if any. It can be seen from the Fig. 3 that the
individual polymers have a single step degradation pattern and the semi-IPNs were
having the two step degradation pattern except that of P(A-I)-PEG. To assign the
first step of degradation, the degradation pattern of the PEGDA cross-linked dense
film was measured. It can be seen that the first step degradation in the semi-IPNs
resembles that of the PEGDA dense film and the second step resembles that of the
pure polymer. The onset of first step degradation was around 370°C. In the present
semi-IPNs the first stage degradation might be due to the degradation of thermally
labile PEG groups as inferred from the degradation temperature of the cross-linked
PEGDA. The absence of the two step degradation pattern in the P(A-I)-PEG must
be due to the close onset degradation temperature for the P(A-I) and PEGDA. The
degradation of the PEG and P(A-I) groups happened simultaneously and hence the
two step pattern was not observed clearly. However, it can be seen from the Table 2
that there is a clear decrease in the 5% weight loss temperature for the semi-IPNs
when compared to pure P(A-I). One can observe from the Table 2 that the onset of
second step degradation temperature of the semi-IPNs of PEI-PEG and PSF-PEG
are not affected by IPN formation. This is because PEG group has lower thermal
stability than these polymers leading to disintegration of the network structure even
before the degradation of the polymer backbone. In the case of P(A-I)-PEG as
discussed earlier there was an overlap of the degradation of the pure polymer and the
semi-IPN. However, in all three semi-IPNs, 5% weight loss temperature was lower
than the pure polymer backbone. This again confirms the successful incorporation
of PEGDA forming the desired PEI-PEGDA interpenetrated network. The residual
weight is higher in the case of pure polymer backbones and it decreased with
the semi-IPNs. This must be due to the presence of labile PEG groups present
in the given weight of the membrane. Although the overall stability of semi-
IPNs is slightly lower than the PEI (¢f. Table 2 — 5% weight loss temperature),
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still the semi-IPN membranes exhibited sufficient stability to find use in industrial
applications.

The glass-transition temperature (7,) of the pure polymers, PEGDA dense film
and semi-IPNs were measured by differential scanning calorimetry: the thermogram
is given in Fig. 4 and the T, values are tabulated in Table 3. The DSC thermogram
of the cross-linked PEGDA is given as an inset. The T, of the pure polymers was
similar to the reported values [19, 28]. As can be seen from the Fig. 4, all the
polymers exhibited distinctive T, transition, though suppression or absence of T,
transition is expected for the networks. This must be due to the flexible nature
of the cross-linked PEGDA chains and may also be due to the small cross-link
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_ =
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]
=
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Figure 4. DSC thermograms of polymer memberanes.

Table 3.
Glass-transition temperatures of polymer membranes

Polymer T; (°C)
T,1 1,2

PEI - 217.8
PEI-PEG —19.3 195.2
PSF - 188.1
PSF-PEG —17.5 175.0
P(A-I) - 279.2
P(A-I)-PEG —19.4 271.7

PEGDA —42 -
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density. A minor transition around —19°C which may be due to the PEG segment
is also seen. The increase in the 7, transition of the PEGDA in the IPNs (—19°C)
compared to the pure PEGDA cross-linked network (—42°C) may be due to the IPN
formation and the influence of polymers. It can be further noticed that the 7, of the
respective polymers in the IPN (Fig. 4) has shifted to lower temperature (around
10°C) compared to pure polymers. This might be due to the plasticization effect of
the PEG. This kind of plasticization effect of one of the constituents in the semi-IPN
was observed earlier [19]. This also proves the formation of IPNs of the polyimide
and PEGDA. Since the membranes form a semi-interpenetrated network and the
PEGDA has very flexible ether chains, the polymers were able to exhibit transition
owing to the individual components of the IPNs.

3.3. Membrane morphology

For a membrane to be more productive it should have high permeability and higher
selectivity [2]. Since these are dependent on material properties and morphological
characteristics, the membrane productivity can only be improved by reducing
the thickness of the active layer and making a support layer with open straight
channels providing least resistance to flow. Practically, it is very difficult to prepare
ultrathin defect-free membranes, with required mechanical stability for industrial
applications. Hence composite asymmetric membranes were proposed having an
ultrathin highly permeable dense skin layer supported by another, porous membrane
or by a non-woven fabric support [6]. The development of wet-phase inversion
technique led to the development of integrally skinned asymmetric membranes,
which are considered as a composite membrane but the skin and substructure are
composed of the same material.

All the membranes were checked for the presence of phase separation both
in the optical microscope and SEM since the phase separation was found to
adversely affect the membrane performance for gas separation [8]. But in the
present study there was no phase separation in any of the three cases. The cross-
sectional morphologies of membranes were examined by SEM and representative
micrographs are presented in Fig. 5 which revealed that all of these membranes
exhibited typical morphology of asymmetric membranes consisting of a dense
skin layer and a porous support [2]. The skin layer acts as the selective layer
which determines the selectivity and the permeability whereas the porous sub-
layer provides mechanical integrity. All semi-IPN membranes had finger-like
conical porous structure and the spherical voids were very scarce. The fingers
have a relatively small diameter at the top which increases along the length.
The morphological structure was influenced by the membrane material, solution
compositions and gellation conditions as discussed in our previous work [19]. In
the P(A-I) and PSF, a larger number of smaller conical voids were present near to
the skin layer which are disrupted and not going all the way to the bottom whereas
in the PEI the conical voids were penetrating all along the cross-section. The porous
nature of the membrane was found to increase with the incorporation of PEG, which
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Poly (amide-imide)

Polyether imide Polyether imide-PEGDA IPN

Figure 5. Scanning electron micrographs of the polymer membranes.

might be due to the increase in the hydrophilicity of the material. The increase in
porosity with incorporation of PEG has been already observed [29].

3.4. Gas permeation studies

The gas permeability and selectivity of a particular polymer material is due to the
preferential transport of a particular gas. The physicochemical factors influencing
this can be broadly classified as polymer packing and thus the fractional free volume
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and the penetrant—polymer interaction [2]. In the first case the polymer acts as a
molecular sieve and, in the other, provides preferential solublization of a particular
gas [2]. The final membrane transport properties of asymmetric membranes are
influenced by solvent effects, solvent-non-solvent interaction and rheology [8]. It
is known that the PEG is efficient in separating polar gases from other permanent
gases like nitrogen by solubility selectivity [27]. Hence it is anticipated that the
PEG based membranes exhibit better performance for CO,/N, compared to the
0,/N,. The gas permeation properties of the IPNs were evaluated and summarized
in Tables 4 and 5. Table 4 gives details about the air permeation properties by
evaluating the O, enrichment and thus calculating the O,/N, selectivity and O,
permeance values by using the methods reported earlier [21]. Also the pure gas
permeation was determined for the gases CO, and N, and the ideal selectivity for
CO,/N, was calculated [21]. It can be seen from the air permeation values (see
Table 4) that the O,/N; selectivity is increased for the IPNs compared to the parent
polymer. But the increase in the O,/N, selectivities was marginal. The increase in
the selectivity for the PEI based IPN is higher than the P(A-I) and PSF based IPNs.

Table 4.
Air permeation properties of semi-IPN membranes

S. No. Membrane Permeance GPU»? Selectivity
- b
Air 0> 02/,

1 PEI 5.6 3.4 1.5

2 PEI-PEG 43 32 2.9

3 P(A-T) 1.7 1.1 1.6

4 P(A-I)-PEG 1.2 0.8 1.9

5 PSF 232 13.7 1.4

6 PSF-PEG 56.0 36.7 1.9

4 Gas permeation unit, GPU = 1 x 107% cm? (STP)/cm? s cmHg.
b All the decimals are round off to single digit.

Table 5.
Carbon dioxide and nitrogen permeation properties of semi-IPN membranes

S. No. Membrane Permeance GPU*P Selectivity
S — b
CO, N CO2/N2

1 PEI 10.6 2.2 4.9

2 PEI-PEG 23.6 0.9 26.3

3 P(A-I) 54 0.7 8.0

4 P(A-1)-PEG 10.5 0.3 42.0

5 PSF 56.2 9.5 5.9

6 PSF-PEG 193.7 214 9.1

4 Gas permeation unit, GPU = 1 x 107% cm? (STP)/em? s cmHg.
b All the decimals are round off to single digit.
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It can be seen that there is a substantial increase in the performance of the semi-
IPNs over the virgin polymer for the CO,/N; separation. The CO,/N, selectivities
increased several-fold over the virgin polymer. This must be due to the fact that
the penetrant—polymer interaction between the non-polar gases such as O, and N,
is not prominent for the PEG whereas it is significantly higher in the case of polar
gas like CO,. This underlines the fact that the semi-IPNs based on PEG are more
suitable for CO,/N; and the predominant mechanism of gas separation is solubility
selectivity over the molecular sieving effect. Also, the semi-IPNs based on PEG
did not show a pronounced effect on the permeance of the non-polar gases as in
the semi-IPNs based on BMI that our laboratory reported earlier. In the BMI based
IPN the rigid thermoset BMI network was embedded in between the polymer chains
inhibiting the polymer packing, which increased the fractional free volume or pore
numbers accounting for the substantial increase in the permeance [8]. In the present
case the cross-linking material PEGDA is made of flexible polymer PEG and hence
the increase in free volume was not expected. But the CO, permeance increased for
semi-IPN, even though not to the extent of BMI based IPNs. Hence the increase in
the CO, permeance must also be due to the higher solubility in PEG group. One
can note that the increase in the CO,/N, selectivity is not to the same magnitude
in the three different semi-IPNs. This must be due to the contribution from the
polymer backbone. The P(A-I) based IPN exhibited higher selectivity. This may
possibly be due to the contribution of amide group. The polar amide group might
have contributed to solubility selectivity over the PEI. The higher selectivities of PEI
and P(A-I) over the PSF should be due to the presence of fused ring system which
increase the rigidity of the backbone giving rise to fractional free volume. On the
contrary, the permeation of the PSF is higher than the other two backbones, which
must be due to the flexible nature of the PSF backbone. Higher gas permeation
values for the PSF over PEI have been reported earlier. Moreover, PEI has shown
higher permeation than P(A-I). It is reported that the amido bonds contribute to
low permeability [30] and also the position of the amido bond in the repeating
unit of the polymer may influence this effect mainly due to the inherent properties
of the polymer backbone. Although several tailor made poly(amide-imide)s were
evaluated for gas permeation properties the reports on the transport properties of
Torlon are very scarce.

Apart from the transport properties, all the semi-IPN membranes in the present
work showed remarkable stability to CO, exposure and no plasticization was ob-
served. Even after 24 h exposure to CO, at 690 kPa (100 psi), the membranes re-
covered within 10 min by permeating nitrogen. The pure and semi-IPN membranes
prepared from PEI and PSF were mechanically more robust than that of P(A-I). The
membranes from P(A-I) were brittle and were difficult to handle although brittle-
ness decreased slightly with PEG incorporation. However, we noted that even for
the semi-IPN membranes the brittleness increased significantly even over a short
period of three months.
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4. CONCLUSIONS

The successful formation of the semi-IPNs of thermoplastics and polyethylene gly-
col diacrylate was confirmed by FT-IR and thermal properties. The disappearance
of acrylic double bond and the two step degradation observed in the TGA indicated
the formation of IPN. The onset degradation temperature of both the steps resem-
bled that of the individual polymers. The SEM micrographs of the pure polymer
and the semi-IPNs have the typical asymmetric membrane morphology. However,
a small increase in the pore structure was observed for the semi-IPNs, which was
correlated to the increased hydrophilicity of the material after incorporation with
PEG. The semi-IPNs showed a prominent property enhancement for the CO; trans-
port, but it had a negligible effect on the air permeation properties indicating that the
material is more suitable for CO, separation from non-polar gases. Both the CO,
permeance and the CO,/N; selectivity increased for the semi-IPNs compared to the
pure polymers, which was ascribed to the incorporation of PEG groups. Based on
the polymer backbone, the P(A-I) exhibited higher CO,/N, selectivity whereas the
PSF showed a higher permeance. Also the magnitude of change in the properties
was not uniform among the three polymers, which must be due to the difference in
the interaction between the polymer and the PEG groups. It was concluded that the
new materials are suitable for the effective removal of CO, from other non-polar
gases and the proper choice of polymer backbone will complement the thermal and
mechanical stability required for the industrial applications.
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