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ABSTRACT: Semi-interpenetrating polymer networks
(semi-IPN) formed with commercial polyether imide
(ULTEM®, PEI) and poly (ethylene glycol) diacrylate
(PEGDA) were used to make asymmetric membranes.
The effect of increasing amount of PEGDA on the bulk
and the gas separation properties of semi-IPN membranes
were studied. The formation of IPNs was confirmed by
Fourier Transform Infra Red (FT-IR) spectroscopy. The 5%
weight loss temperature decreased and the percent weight
loss of the first step increased with increase in the PEGDA
content, which indicated the incorporation of more poly
(ethylene glycol) (PEG) segments to the semi-IPNs. The
microscopic experiments revealed the change in morphol-
ogy with change in PEGDA content. The Scanning electron

micrographs exhibited typical finger-like voids in the sub
layer, which is characteristic morphology of asymmetric
membranes. The increase in PEGDA content up to 5.7 wt
% increased the CO,/N, selectivity of the semi-IPN after
which the selectivity decreased and permeance increased.
Although, the increase in the polar poly (ethylene glycol)
molecules is expected to render better CO, selectivity, the
performance of the membrane was found to decrease as
PEGDA content exceeded 5.7% for the given ratio. © 2008
Wiley Periodicals, Inc. ] Appl Polym Sci 110: 3606-3615, 2008
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INTRODUCTION

The separation of gaseous mixtures, in particular
CO; by polymeric membranes, has gained momen-
tum in recent years, and it progressed from experi-
mental level to industrial products." The market for
general polymeric membrane based gas separation
products has crossed 150 million/year.” The rise in
the environmental awareness about the global
warming because of green house gas emission has
triggered intense research on the carbon-di-oxide
capture from industrial flue gases. Number of differ-
ent polymer membranes have been proposed for the
capture of carbon-di-oxide.> The main advantages of
membrane based separation technology against the
conventional absorption, adsorption, and cryogenic
distillation techniques are lower energy consump-
tion, lower capital investment, ease of installation
and operation, lower maintenance requirements,
lower weight and space requirements, and higher
process flexibility.*® Although several new polymer
materials having higher permeability and selectivity
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have been reported in the past few years, only very
few polymer materials have been used in the com-
mercial products."® Engineering plastics like poly-
ether imide, polyphenylene oxide and polyether
sulfone are widely used as membrane materials in
gas separation applications’® because of their high
thermal and mechanical stability. Many recent
reports described tailor made polymers, but these
are often too expensive or complicated to produce
on a commercial scale.® All the desirable properties
for gaseous separation membranes such as good
selectivity, permeability, processability, resistant to
plasticization, and also inexpensive are difficult to
meet with a single polymer. The viable and easy
option is to modify the existing polymer with a
selected material by preparing simple blends,'® inter-
penetrating networks (IPNs)''™'* and postpolymer
modifications like crosslinking and surface modifica-
tion.">"” Most polymers, despite having competitive
selectivity, are susceptible to plasticization effects
when used in industrial applications for separations
of CO,/N,, CO,/CH4 propylene/propane and
many other gases.'®° The plasticization is much
more pronounced when the membrane is used for
gaseous mixtures where CO, is one of the compo-
nents. Hence, it is highly desirable to prepare stable
membrane materials with high selectivity. Generally,
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annealing,21 c:rosslinking,22 IPN formation,® olymer
blending,** and hyperbranched polymers® have
been reported to suppress plasticization.

According to TUPAC,*® interpenetrating polymer
network (IPN) is a polymer comprising two or more
networks, which are at least partially interlaced on a
molecular scale but not covalently bonded to each
other and cannot be separated unless chemical
bonds are broken. Semi-IPN is also a polymer com-
prising one or more networks and one or more lin-
ear or branched polymer(s) characterized by the
penetration on a molecular scale of at least one of
the networks by at least some of the linear or
branched macromolecules.” Recently, our lab
reported semi-IPNs from polyether sulfone and poly-
ether imides as the linear, nonreactive polymer and
the bismaleimide as the reactive constituent form-
ing the crosslinked network.''™ We found that
in situ polymerization of BMI monomer inside PEI/
NMP solution forms hard phase of thermoset BMI
resin that interpenetrates soft phase of thermoplas-
tic polyether imide (PEI) networks, i.e., formation
of physical interlock between the two phases lead-
ing to polymeric nano-scale multidomain blends
having extraordinary properties. These semi-IPN
membranes gave 15 times higher gas flux than
those membranes prepared from pure PEI without
significant decrease in gas selectivity.'''*

Polyethylene glycol (PEG) based polymers are
shown to exhibit good CO, separation characteristics
owing to solubility of CO, in polar PEG.” Polyimides
having PEG soft segments are reported where the
hard polyimide segments render the stability and
the soft PEG segments account for the high selectiv-
ity.”® These materials are prepared by copolymeriz-
ing the aminopropyl terminated PEG with
dianhydride and aromatic amines. The IPN of com-
mercial PEI and poly (ethylene glycol) diacrylate
(PEGDA) will be cost effective than the tailor made
polymers and also expected to have other desirable
properties.

The efficiency of polymeric gas separation mem-
branes is often expressed as the material’s pure gas
permeability coefficient and its ideal permselectiv-
ity.” Because these are basically material properties,
once the polymer has been chosen, the membrane
productivity can be improved by reducing the thick-
ness with out surface defects. The phase inversion
process developed by Loeb and Sourirajan® offers
the best way to produce integrally skinned asym-
metric membranes with a very thin skin layer and a
porous support layer. The skin layer determines
both the permeability and selectivity of the mem-
brane, whereas the porous substructure functions
primarily as a physical support for the skin. The
asymmetric membranes can be made as flat sheet
membranes or hollow fiber membranes. The asym-

metric membranes are predominantly used in indus-
trial applications because of higher permeation than
the dense membranes. The study of asymmetric
membranes gives a better picture of its commercial
usefulness. However, development of thin-skinned
asymmetric membranes would result in defects or
pinholes on skin surface because of irregular pack-
ing of kinked polymer chains and incomplete coales-
cence of polymer molecules in skin layer.”’
Therefore, silicone-coated membranes are commonly
utilized in industrial membrane gas separation proc-
esses.''™ This technique is used to repair any
defects or pores which may occur in the active layer
of a gas separation membrane. Blocking these cav-
ities will result in a decrease in convective flow but
improvement on selectivity. This post treatment
allows the membrane to display permeation proper-
ties closer to the inherent characteristics of the mem-
brane polymer itself while improving the selectivity
for gas pairs.

In this article we report the semi-IPNs prepared
from commercial PEI polymer and PEGDA. It is
expected that PEG molecules will render increased
solubility selectivity for CO,/N,, and the PEI will
provide the required stability to the semi-IPN mate-
rial. The variation in the properties with increasing
amounts of PEGDA content is studied in detail, to
identify the best material composition. Gaseous sep-
aration properties of the asymmetric membranes
prepared from the semi-IPN material are also
reported.

EXPERIMENTAL
Materials

Aromatic PEI ULTEM® 1000 was supplied by Gen-
eral Electric Plastics, (USA) in pellet form and was
dried in an oven at 150°C for 8 h before use to
remove any moisture. Anhydrous 1-methyl-2-pyrro-
lidinone (NMP), (Aldrich) 99.5% reagent grade
(water < 0.005%), PEGDA (Mol.Wt. 700) and Benzo-
phenone were supplied by Sigma-Aldrich (Canada).
Anhydrous ethyl alcohol was received from Com-
mercial Alcohols (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) and were used as received without
further purification.

Synthesis of polyether imide and PEGDA
semi-IPN membranes

The known quantity (cf. Table I) of commercial poly-
ether imide was first dissolved in NMP by rolling
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TABLE I
Compositions of Formulations for Making Membranes
S.No Membrane code PEI (g) PEGDA (g) Initiator (g) NMP (mL) PEGDA (wt %)
1 PEI 25 0 0 80 0
2 PEI-PEGDA (1.9%) 25 0.5 0.03 80 1.9
3 PEI-PEGDA (3.8%) 25 1.0 0.03 80 3.8
4 PEI-PEGDA (5.7%) 25 1.5 0.03 80 5.7
5 PEI-PEGDA (7.4%) 25 2 0.01 80 74
6 PEI-PEGDA (13.8%) 25 4 0.03 80 13.8
7 PEI-PEGDA (19.4%) 25 6 0.06 80 194
8 PEI-PEGDA (24.2%) 25 8 0.09 80 24.2
9 PEI-PEGDA (28.6%) 25 10 0.15 80 28.6

the bottle of each sample at 60°C. After the polyether
imide was completely dissolved, calculated amount
of PEGDA and the photo-initiator benzophenone
was added into the solution. Then the mixture
was rolled at room temperature and noted that the
transparency of the solutions disappeared, and the
solution became turbid with time. The complete dis-
appearance of transparency indicated the completion
of crosslinking, which was experimentally confirmed
by Fourier Transform Infra Red (FT-IR). 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 etha-
nol bath for 1 day. Membranes were 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 air purging convection oven for 1 day and
finally in vacuum oven at 80°C and 96.7 kPa (725
mmHg) for 2 days. Three circular coupons of 7.4 x
1072 m diameter were cut from each sample to be
used in the permeation test whereas 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-pen-
tane 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
air purging convection oven at 80°C for 1 day.
Reproducibility of the gas permeation values of the
membrane was found to be +2% in most cases.

Measurements

Fourier transform infrared attenuated total reflection
(FTIR-ATR) analysis was performed using a Super
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Charged ZnSe single-bounce ATR crystal with a ten-
sor FT-IR spectrometer (Bruker IFS 66). The spectra
were taken with 200 scans at a resolution of 4 cm ™' in
the range of 400-4000 cm '. The FT-IR-ATR back-
ground was performed at the same conditions with-
out a sample in place. A Thermal Analysis (TA)
instrument model 2920 Modulated Differential Scan-
ning Calorimetry (DSC), calibrated with Indium at
156.5985°C and with Tin at 231.93°C was used to mea-
sure the glass-transition temperature (T,). 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. TA instruments,
Model AutoTGA 2950 analyzer was used for meas-
uring the degradation temperatures by thermogravi-
metric analysis (TGA). Under a nitrogen atmosphere,
polymer samples were heated to 120°C at 10°C/min,
and were held isothermally for 60 min to remove
moisture, if any, cooled and isothermally kept at 40°C,
before heating to 1000°C at the rate of 10°C/min.

The morphology of the membrane samples with-
out silicon rubber coating were examined by scan-
ning electron microscope (SEM) using JEOL 840A
equipment at an accelerating voltage of 10 kV. Sam-
ples were prepared by cutting a strip from mem-
brane, 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. Pure O,, N,, and medical
air were used to study O,/N;, separation. Pure CO,,
N, were used to study ideal CO,/N, selectivity.
Feed pressure of 665 kPa gauge (498.8 cmHg) was
used and the retentate was set at a flow rate of 6.6 x
10°° m*(STP) s~! whereas permeate was discharged
to atmosphere. The permeate flow rate was meas-
ured by a soap bubble flow meter, and O, concentra-
tion of feed and permeate gas mixtures were
determined by Oxygen Sensor (Quantek Instruments
Oxygen/Carbon dioxide analyzer Model 902P). All
membranes were conditioned for 2 h in each gas
before taking the measurements.
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RESULTS AND DISCUSSION

Synthesis and spectral analysis of polyether imide
and PEGDA semi-IPN membranes

In continuation of our efforts to synthesis novel
polymer membranes''™* for gas separation applica-
tions, here we report the synthesis and characteriza-
tion of PEI-PEGDA semi-IPNs. The semi-IPNs are
synthesized with PEI as the nonreactive backbone.
PEGDA was wused as the reactive constituent.
PEGDA was crosslinked in presence of PEI to get
semi-IPNs. Scheme 1 gives the schematic representa-
tion of the synthesis of semi-IPN membranes.

Table I lists the composition used to synthesize
semi-IPN membranes. Several crosslinking methods
were tried to identify the best suitable procedure for
making the gas separation membranes. Initially, the
polyether imide solution, mixed with the PEGDA
and a thermal initiator (benzoyl peroxide) was
casted on a glass plate, which was subsequently
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sandwiched between two glass plates with a silicone
sealant to avoid the interference of the moisture and
to avoid the evaporation of the solvent thus forming
dense or symmetric membranes. These membranes
did not give good gas permeation properties because
of the condensation of solvent on the surface leading
to defective top layer, and also the morphology anal-
ysis indicated phase segregation. Alternatively, a
similar polymer solution except for the use of photo-
initiator instead of thermal initiator was casted and
sandwiched between glass plates separated by a sili-
cone sealant, which was exposed to UV irradiation.
The semi-IPN membranes, prepared by exposing to
UV radiation, formed phase separated structure
leading to poor gas permeation properties. Based on
our previous knowledge,'''* the green chemistry
method was adopted. The polymer solutions with
PEGDA and a calculated amount of photo-initiator
were run in the rollers at room temperature and
monitored for the completion of crosslinking. The
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Scheme 1 Synthesis of PEI-PEGDA semi-IPNs.
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Figure 1 FT-IR spectra of PEGDA, PEGDA dense film
and polymer membranes. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]

complete disappearance of transparency indicated
the completion of crosslinking, which was experi-
mentally confirmed by FT-IR. The membranes were
prepared as soon as there was complete disappear-
ance of transparency or the solution became com-
pletely turbid. Additional processing even after
the complete turbidity lead to precipitation of a
polymer because of phase separation, as previously
observed'?! and in case of higher PEGDA content
(>13.8%) the solution completely solidified. The time
taken for the appearance of turbidity depended on
the amount of PEGDA, the reactive constituent. For
the material with the highest PEGDA content in this
study (28.6 wt %), the turbidity appeared rapidly (10
h), whereas the solutions having less PEGDA took
longer time (4 days in case of 3.8 wt % of PEGDA).
The amount of PEI was kept constant (25 g) in all
the experiment whereas the amount of PEGDA was
increased. We observed a variation in the viscosity if
both PEI and PEGDA content were varied to keep
the total weight constant. Considering that viscosity
of the casting solution has been reported to affect
the morghology and performance of the mem-
brane,*** the PEI amount was kept constant to
maintain same viscosity. It was also observed that
exceeding PEGDA above 28.6 wt % resulted in sig-
nificant phase separation leading to poor membranes
performance. The successful synthesis of the semi-
IPNs and completion of crosslinking reaction of
PEGDA was confirmed by FT-IR-ATR which is
given in Figure 1. The figure includes PEGDA, a
dense film from crosslinked PEGDA, PEI and PEI-
PEGDA membranes. All the characteristic acrylic
absorptions (1640, 1409, 1190, 810 crrfl)34 shown in
the figure are highlighted with dotted line, which
disappeared in the PEGDA crosslinked dense film
(PEGDA CROSS) and PEI-PEGDA semi-IPNs as

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 TGA thermograms of polymer membranes and
PEGDA. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

well. This confirms the consumption of acrylic dou-
ble bonds leading to the successful formation of the
semi-IPN. The characteristic imide carbonyl stretch-
ing vibrations were exhibited at 1780 cm ™' (symmet-
ric) and 1722 cm ™! (asymmetric). The ester carbonyl
absorption of PEGDA found to overlap with the
asymmetric stretching of the imide carbonyl group.
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 ' The presence of the imide absorptions con-
firmed that the PEI is indeed intact.

Thermal properties of the semi-IPN membranes

The thermal stability of the semi-IPN membranes,
PEI and a PEGDA dense film was measured with
thermogravimetric analyzer and the TGA results are
presented in Figures 2 and 3. The polymer samples

1040 ~
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= —P
: ——— PI-PEG(D.5)
= 704 PI-PEG(1.0)
& —— PI-PEG(1.5)
H g0 PI-PEG(2.0)
= PI-PEG(4.0)
PI-PEG(6.0)
504 —— PLPEGEN)
—— PLPEG(10.0)
4‘] T T T T -
200 400 600 /00 1000
TEMPERATURE (°C)

Figure 3 TGA thermograms of polymer membranes.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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TABLE II
Thermal Properties of Semi-IPN Membranes

Onset temper-

ature (°C) 59
First Second Weight Residue
Polymer step step loss (%) at 990 °C
PEI 521.2 522.6 50.9
PEI-PEGDA (1.9%) 3579  496.7 4759 422
PEI-PEGDA (3.8%) 3583  497.7 447.8 43.4
PEI-PEGDA (5.7%)  359.5  497.6 441.8 449
PEI-PEGDA (7.4%) 3643  503.3 414.2 421
PEI-PEGDA (13.8%) 366.9 4983 402.7 421
PEI-PEGDA (19.4%) 367.8  500.5 399.1 423
PEI-PEGDA (24.2%) 356.5  492.9 388.1 40.9
PEI-PEGDA (28.6%) 362.3  496.9 391.9 419
PEGDA 371.0 359.0 1.9

were conditioned at 120°C for 1 h in the TGA to
avoid the interference of moisture. Figure 2 gives the
thermograms of pure PEI, PEGDA dense film and
PEI-PEGDA semi-IPN membranes. It can be seen
that the first step degradation resembles that of the
PEGDA dense film and the second step resembles
that of PEL It is understood from the Figure 3 that
all PEI-PEGDA semi-IPN membranes followed two-
step degradation patterns. The onset of first step
degradation was around 360°C. In the present PEI-
PEGDA semi-IPN membranes, the first stage degra-
dation might be due to the degradation of thermally
labile PEG groups as inferred from the Figure 2. The
onset degradation temperature, 5% weight loss tem-
perature and the residual weight are tabulated in
Table II. One can observe from Table II that the
onset of first step degradation temperature showed
slightly increasing trend with increase in the PEGDA
content. Also the percentage of weight loss in the
first step increased (Fig. 3) and 5% weight loss tem-
perature decreased with increase in PEGDA content.
This again confirms the successful incorporation of
PEGDA forming the desired PEI-PEGDA interpene-
trated network. The second step indicated the
decomposition of the polyether imide backbone.
Although it was expected that interpenetrating net-
work formation will increase the thermal stability,
the second step showed almost similar degradation
temperature. This is because PEG group has lower
thermal stability than that of polyether imide back-
bone leading to disintegration of the network struc-
ture even before the polyether imide started
degrading. Hence, interpenetrating networks did not
have a pronounced effect on the decomposition in
the second step. The residual weight is higher in the
case of PEI and it decreased with the semi-IPNs.
This must be because of the presence of labile PEG
groups present in the given weight of the mem-
brane. Although the overall stability of semi-IPNs is
slightly lower than the PEI (cf. Table II, 5% weight

loss temperature), still the semi-IPN membranes
exhibited sufficient stability to find use in industrial
applications.

The glass transition temperature (Tg) of the PEI,
PEGDA dense film and PEI-PEGDA semi-IPN mem-
branes were measured by DSC and a representative
thermogram is given in Figure 4(a,b, and c). The T,
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Figure 4 (a) DSC thermograms of PEI membrane. (b)
DSC thermograms of PEGDA dense film. (c) DSC thermo-
grams of PEI-PEGDA semi-IPN membrane.
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of the pure polyether imide is 210°C, which agrees
with previously reported values.'> As can be seen
from the Figure 4(a) that the T, of the PEI is very
distinctive and the transition is mostly suppressed in
the semi-IPNs [Fig. 4(c)] indicating the formation of
network structure. Also it can be seen from Figure
4(c) that the T, transition of the semi-IPNs occurs at
a wide temperature range indicating the increased
rigidity of the polymer chains owing to IPN forma-
tion. A minor transition at -17°C, which may be due
to the PEG segment is also seen. A dense film of
crosslinked PEGDA was prepared and was analyzed
by DSC [Fig. 4(b)]. The characteristic T, transition
was observed at —-36°C, which is closely related to
the reported value (-40°C).*® The increase in the T,
transition of the PEGDA in the semi-IPNs may be
because of the rigid network formation and the
influence of PEL It can be further noticed that the T,
of the polyether imide segment in the semi-IPN [Fig.
4(c)] has shifted to lower temperature range. This
might be due to the plasticization effect of the PEG.
This kind of plasticization effect of one of the con-
stituents in the semi-IPN was observed earlier.'>%
Because the membranes are semi interpenetrated
network, the polymers were able to exhibit transition
owing to the individual components of the IPNs.
This also proves the formation of semi-IPNs of the
polyether imide and PEGDA. Generally, lower glass
transition indicates the flexible nature of the polymer
chains and is expected to increase the permeation
and decrease the selectivity. This may also be a rea-
son for high permeation and low selectivity of semi-
IPNs having high PEGDA content, which will be
discussed in gas permeation studies.

Membrane morphology

Membrane morphology plays an important role in
determining membrane performance for gas separa-
tions. Surfaces of all membrane samples were ini-
tially screened by optical microscope for the
presence of phase separation. Obvious phase separa-
tions were observed for membranes having more
than 28.6 wt % of PEGDA content. These mem-
branes did not exhibit good gas permeation proper-
ties. The phenomenon of phase separation was
found to influence the membrane performance for
gas separation by earlier studies with PEI/BMI
based semi-IPNs.'"™* Morphology of membranes
was examined by SEM and representative micro-
graphs, which are presented in Figure 5(a,b, and c).
Figure 5(a) gives the cross section view of PEI mem-
brane. Figure 5(b) gives the cross section view of
PEI-PEGDA (5.7%) membrane, which has highest
CO,/Ny selectivity in this series. Figure 5(c) gives
the cross section view of PEI-PEGDA (28.6%) mem-
brane, which has the highest PEGDA content. The

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 (a) Scanning electron micrographs of PEI mem-
brane. (b) Scanning electron micrographs of PEI-PEGDA
(5.7%) membrane. (c) Scanning electron micrographs of
PEI-PEGDA (28.6%) membrane.

cross section SEM micrographs of the semi-IPNs pre-
sented in Figure 5(a,b and c) revealed that all of
these membranes exhibited characteristic morphol-
ogy of asymmetric membranes consisting of a dense
top layer and a porous sublayer.”” All the semi-IPN
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3gm - ' Election image 1

3pm ' Electron Image 1

Figure 6 (a) Scanning electron micrographs of PEI-
PEGDA (1.9%) membrane. (b) Scanning electron micro-
graphs of PEI-PEGDA (5.7%) membrane. (c) Scanning elec-
tron micrographs of PEI-PEGDA (28.6%) membrane.

membranes exhibited conical voids and the spherical
voids were very scarce compared to pure PEI [Fig.
5(a)]. The finger-like conical porous structure was
present in all the membranes. The morphological

structure was influenced by the membrane material,
solution compositions, and gellation conditions, as
discussed in previous reports.''™* The micrographs
(5a) (5b) and (5c¢) clearly show that the porous finger-
like structures penetrated all along cross section per-
pendicular to membrane surface. The fingers have a
relatively small diameter at the top, which increase
along the length. The fingers were uniformly formed
throughout the membrane at almost equal distances
indicating the similar morphology in the sub layer of
the semi-IPN membranes [Fig. 5(b,c)], whereas many
of them are disrupted and not going all along the
cross section in the PEI membrane [Fig. 5(a)]. With
increase in the PEGDA content, the membrane
showed slightly different morphology as shown in
Figure 6(a,b, and c). Figure 6(a,b, and c) give the
magnified image of the selective top layer and subse-
quent support layer of the semi-IPN membranes PEI-
PEGDA (1.9%), PEI-PEGDA (5.7%) and PEI-PEGDA
(28.6%), respectively. Although the finger-like struc-
ture was formed in the same way in all of these
membranes, the porosity at the top and bottom of
support layer significantly changed. With higher
PEGDA content [Fig. 6(c)] the porosity increased,
compared with lower concentrations [Fig. 6(a,b)],
which can be seen from the higher magnification of
the top section of support layer. This must be the
result of increase in hydrophilicity of the membrane
with increase in PEGDA content. Similar effects have
been observed in PES/PEG blends for ultrafiltration
membranes.”® There is no apparent difference in the
top and bottom layer thickness or the density of the
finger-like structure.

Gas permeation studies

The novel PEI-PEGDA semi-IPN membranes were
tested for gas permeation properties and presented
in Tables III-V. The pure gas permeance of O,, Ny,

TABLE III
Air Permeation Properties of Semi-IPN membranes
Permeance
_ GPUT selectivity
S.No Membrane Air O, 0,/N,

1 PEI-PEGDA (1.9%) 1.7 1.3 3.2
2 PELI-PEGDA (3.8%) 15 1.2 43
3 PEI-PEGDA (5.7%) 11 0.9 3.8
4 PEI-PEGDA (7.4%) 3.1 2.5 43
5 PEI-PEGDA (13.8%) 1.8 1.4 34
6 PEI-PEGDA (19.4%) 3.6 2.6 29
7 PEI-PEGDA (24.2%) 31.7 21.6 2.2
8 PEI-PEGDA (28.6%) 83.6 54.6 1.9
9 PEI 1.10 0.83 3.15

? Gas permeation unit. GPU =1 x 10~%(cm® (STP)/cm?
s cmHg.
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CO, were determined. The ideal selectivities of O,/
N, and CO,/N, were calculated from the permeance
of pure gases and presented in Table IV and V. Also
the O, enrichment of the air was evaluated and the
O2/N; selectivity was calculated as in previous
reports''™* and given in Table IIL. It can be noted
that performance of the synthesized semi-IPN mem-
branes were different based on the ideal selectivity
calculated from pure gases, O, and N, and the selec-
tivity obtained from the air. The ideal selectivity in
the case of O,/N; (cf. Table IV) was higher than the
observed selectivity from air (cf. Table III). Also the
performance of the membranes was different for dif-
ferent pair of gases. The membrane showing better
O2/N, (cf. Table 1V) selectivity did not exhibit
higher CO,/Nj selectivity (cf. Table V). This may be
because the PEG groups affects the solubility selec-
tivity of CO,/N, whereas, it do not have pro-
nounced effect on the O,/N, selectivity. Based on
the pure gas permeation studies, the overall per-
formance (for both O,/N; and CO,/N; selectivity)
of the membranes was better with the lower PEGDA
content. When the PEGDA content increased from
1.9 to 5.7%, there was an appreciable change in the
ideal selectivity. The selectivity peaked at 3.8% of
PEGDA for O,/N, (cf. Table IV) and 5.7% of
PEGDA for the CO,/N, (cf. Table V). With further
increase in the PEGDA content up to 19.4%, the
selectivity kept decreasing slowly without a relative
change in the permeance. Above the 19.4% of
PEGDA, there was a substantial increase in the flow
with a noticeable drop in the selectivity. As dis-
cussed in membrane morphology, the increase in the
porosity of the membrane at higher PEGDA content
should be the reason for the observed trend. The
increase in PEGDA content was expected to increase
the CO, permeance, selectively, because of the polar
nature of the PEG. In many of the dense films, there

TABLE IV
Oxygen and Nitrogen Permeation Properties of
Semi-IPN Membranes

Permeance
CLU Selectivity
S.No Membrane O, N, 0,/N,
1 PEI-PEGDA (1.9%) 1.5 0.4 42
2 PEI-PEGDA (3.8%) 1.4 0.3 5.8
3 PEI-PEGDA (5.7%) 1.0 0.2 5.7
4 PEI-PEGDA (7.4%) 2.6 0.5 5.0
5 PEI-PEGDA (13.8%) 1.6 0.4 4.0
6 PEI-PEGDA (19.4%) 2.3 0.7 3.1
7 PEI-PEGDA (24.2%) 16.4 9.2 1.8
8 PEI-PEGDA (28.6%) 56.9 27.5 2.1
9 PEI 1.26 0.17 7.2

? Gas permeation unit. GPU =1 x 10 %(cm? (STP)/cm?
s cmHg.
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TABLE V
Carbon-di-oxide and Nitrogen Permeation Properties of
Semi-IPN Membranes

Permeance
a
_ G Selectivity

S.No Membrane CO, N> 0O,/N,

1 PEI-PEGDA (1.9%) 10.9 0.4 294

2 PEI-PEGDA (3.8%) 9.3 0.3 37.1

3 PEI-PEGDA (5.7%) 8.8 0.2 48. 8

4 PEI-PEGDA (7.4%) 13.2 0.5 25.9

5 PEI-PEGDA (13.8%) 9.3 0.4 23.8

6 PEI-PEGDA (19.4%) 11.2 0.7 15.1

7 PEI-PEGDA (24.2%) 130.4 9.2 14.2

8 PEI-PEGDA (28.6%) 199.6 275 7.3

9 PEI 3.45 0.17 19.81

? Gas permeation unit. GPU = 1 x 10" °(cm® (STP)/cm?
s cmHg.

appears to be a monotonous relation with the PEG
content and CO, permeance independent of the
method of preparation.”** Both the physical blends
with PEG and PEG incorporated polymers showed
the above trend.***

The asymmetric membranes, however, did not
show the above trend. Although the PEG incorpo-
rated membranes showed better performance for
CO,/Nj, than the O,/N,, there was no monotonous
relation with the PEGDA content, and also the selec-
tivity was lower than expected from dense films.
The increase in the PEGDA content affects the mate-
rial in two ways. At a higher content of PEG groups
the thermodynamic incompatibility between the PEI
and PEG will increase resulting in phase segrega-
tion. With higher phase segregation the surface
defects may increase leading to poor performance of
the membrane. Also with increase in the PEGDA
content, the inherent hydrophilicity of the material
increases. When the membranes were gelled by
immersing in the water, the phase inversion occurs
rapidly leading to highly porous structure as indi-
cated in morphological analysis. This leads to the
tradeoff in gas permeation and selectivity of the ma-
terial. All the semi-IPN membranes in the present
work showed remarkable stability to CO, exposure
and no plasticization was observed. Even after 24 h
exposure to CO, at 100 psi, the membranes recov-
ered within 10 min by permeating nitrogen.

The results prove that the incorporation of polar
PEG groups to improve CO,/N, selectivity can be
accomplished by preparing semi-IPN membranes.
The semi-IPN membranes exhibited mechanical
robustness, higher thermal stability than the PEGDA
dense film, and also the asymmetric membranes can
be conveniently made, which would be difficult
with pure PEGDA based materials. As a synergic
property, the PEG groups rendered higher CO,/N,
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selectivity to the semi-IPN membranes. Based on the
performance, a proper composition of PEI/PEGDA
will be selected and membranes will be prepared by
varying the preparation conditions to get better per-
meance without compromising on the selectivity.

CONCLUSIONS

The semi-IPNs could be formed from PEI (ULTEM®)
and PEGDA and their formations were confirmed by
the absence of acrylic double bonds in the FT-IR.
Based on the two step degradation pattern in TGA,
the PEG groups were believed to be incorporated
into polyether imide. The increase in the percent
weight loss of the first step with increase in PEGDA
content indicated that increasing amount of PEG
group was incorporated into the semi-IPN mem-
branes. The SEM micrographs revealed the change in
morphology with change in PEGDA content. The
increase in the porous morphology with increase in
PEGDA content underlined the relationship between
the gas permeation and membrane morphology. A
tradeoff between the permeation and selectivity is
observed with increasing content of PEGDA and at a
5.7 wt % of PEGDA, highest CO,/N; selectivity was
observed. The change in gaseous separation proper-
ties with increase in PEGDA content was not mono-
tonous relation and can be clearly understood by
looking at different region. In the first region where
the PEGDA wt % increased from 1.9 to 5.7%, the
ideal selectivity for CO,/N; increased with out much
change in permeance of pure gases. In the second
region where the PEGDA wt % increased from 7.4 to
19.4%, the selectivity decreased with out appreciable
change in the permeance. In the third region where
the PEGDA wt % increased from 24.2 to 28.6%, the
selectivity decreased and there was significant
increase in the permeance indicating the porous na-
ture of the selective layer. In light of the current
work, a suitable composition (PEI-PEGDA 5.7%)
should be modified by changing the initial viscosity
and other membrane making techniques to obtain
higher permeation leading to better performance.

The authors are thankful to Mr. David Kingston for the SEM
experiments and Mr. Gilles Robertson for his advises on ana-
lyzing thermal properties.
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