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Summary

A complete series of aliphatic aromatic copolyimides has been synthesized. In this case
all the samples had the same structure, BKDA-PEO6000-ODA, but different percentage
of PEO in the final polymer. These copolymers have been thermally treated and
characterized by several techniques. A direct relationship between temperature of
treatment and both phase segregation and permeability improvement has been

demonstrated.

Results show that the permeability is higher when higher the PEO content is, but
otherwise the selectivity does not follow the same trend. Notable is the case of the CO2/N2
couple of gases that show selectivity-versus-permeability very near the upper bound of

Robeson especially when permeation is done at 50 °C.
The Maxwell model has been applied to carry out the prediction of permeability (for COz,
CHa4, Oz and N2) and it has been found that depending on the percentage of amorphous

PEO in the polymer, the model reproduces well the experimental tendency.
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1. Introduction

The augment of carbon dioxide concentration in atmosphere due to the use of fossil fuels
has caused a global warming that due to its potential dangerous effects requires resolved
actions (Houghton, 2001) . The 60 % of total CO2 emissions are produced by power
generation facilities and industrial factories. Of course research should focus on the
optimization of clean energy sources and on the more efficient use of energy. However,
it is also necessary to reduce CO: levels, so carbon capture and storage (CCS) must be
considered as an urgent issue (Davidson, 2005). COz can be captured by a variety of
methods, which can be classified as post-combustion, pre-combustion and oxy-
combustion ones (Figueroa et al., 2008; Metz, 2005). Among these methods,
Postcombustion appears as one of the most attractive alternatives (Davison and
Thambimuthu, 2004). This process can be applied to different sources: power, steel,
cement or petrochemical plants etc. (Steeneveldt et al., 2006). In this process the flue gas
after the combustion step must be concentrated and purified to meet the transport and

storage specifications (de Visser et al., 2008).

The role of polymeric membranes applied to gas separation is increasingly gaining
importance (Baker, 2002). Currently they are presented as a good alternative for this type
of processes (Herzog, 2001; Koros, 2004) when compared with the processes that have
been used up to now (Gibbins and Chalmers, 2008; Krumbeck, 2007; Programme,
2007/4).

The amount of COz2 in the flue gas ranges from low (4%) to high (30 %) concentrations
and therefore the applied technology should consider these differences (Davison and
Thambimuthu, 2004; Favre, 2011). Other compounds in the flue are Oz, Hz2, CO, NOx or
SOx, although the most frequent is N2, which appears in the coal power plants, where CO2
concentrations are typically around 15% (Bounaceur et al., 2006; GCEP, 2005;
Steeneveldt et al., 2006).

Polymers to be applied for this type of separation should have an adequate balance of
permeability and selectivity (Favre, 2007). But, it is also necessary to have a high gas

flow and good mechanical and thermal resistance.



Glassy polymers and in particular polyimides are well known for their excellent thermal
oxidative stability, good organic solvent resistance and exceptional mechanical
properties, along with an extraordinary ability to separate complex mixtures of gases in
diverse applications (Bessonov, 1987; Ghosh, 1996; Wilson, 1990).

Typically these materials have a high selectivity but they sometimes do not exhibit
sufficiently high permeability (Ayala et al., 2003; Tanaka et al., 1989). In order to increase
the selectivity to COz, it is convenient to increase the affinity of the material for this gas.
One of the most common approaches to meet these requirements is the use of block-
copolymers having moieties able to interact with a certain gas.

Block-copolymers can combine hard and soft blocks. The hard block can consist in a
polymer with well-packed rigid structure; while the soft segments usually contain more
flexible chains. The hard segments are glassy while the soft segments behave as rubbery
polymers with relatively high free volume fractions. In this way the glassy polymer
segments will provide the mechanical resistance. The rubbery segments generally form

continuous nanodomains with high gas permeability (Barbari et al., 1988; Li et al., 1997).

It is widely known that CO:z is highly soluble in polyethylene oxide (PEO) and thus it has
been used to separate carbon dioxide from other light gases (Hirayama et al., 1999;
Kawakami et al., 1982). In view of this, the use of block-copolymers combining aromatic
diamines with aliphatic ones based on PEO (Jeffamines), appears to be a promising route
(Okamoto et al., 1995; Okamoto, 1993; Suzuki et al., 1998). These compounds have good
permselectivity for the couple CO2/N2 (Okamoto et al., 1996), which was attributed
mainly to the high solubility-selectivity due to the existence of strong interactions
between the hydrophilic and rubbery domains of the oxyethylene groups in PEO and COs-.
The role of the interaction between CO: and ethylene oxide (EO) groups in CO2
selectivity has been discussed and used for the development of new membranes (Car et
al., 2008; Lin and Freeman, 2004; Reijerkerk et al., 2010).

In addition, it is necessary to reach a good balance between the hard and soft block
segments in order to provide good gas separation balance without loss of permeability.
For this reason, it is proposed here a complete study of the influence of composition on

the properties of separation for a system where both the hard part, in this case the aromatic



polyimide (ODA rich phase), and the soft section, the aliphatic (rich in the diamine
polyethylene oxide, PEO-6000), are common to all structures.

2. Experimental

2.1 Chemicals

3,3',4,4’- Benzophenonetetracarboxylic dianhydride (BKDA), and 4,4'-oxydianiline
(ODA) were purchased from Aldrich. These products were purified by sublimation at
high vacuum just before being used. a,m-Diamine-poly(ethylene oxide) with nominal
molecular weight of 6000 g/mol, were kindly donated by Kawaken Fine Chemicals Co.,
Ltd. (Tokyo, Japan), (PEO-6000 from here on). This polyether was dried at 70 °C in
vacuum for 5 hours and stored in a desiccator at vacuum until use. Anhydrous N-
methylpyrrolidinone (NMP), to be used as polymerization solvent, was purchased from
Sigma-Aldrich Co. Figure 1 shows the chemical structure of the monomers.

Figure 1. Structure of the monomers used to build up the poly(ether-imide)s.

2.2  Synthesis of copoly(ether-imide)s

The samples were synthesized by combination of the dianhydride (BKDA) with an
aromatic amine (ODA), and changing the proportion of the aliphatic amine (PEO-6000).
The corresponding copoly(ether-imide) will be designated by adding cPl before the
figures corresponding to the weight proportion of PEO. cPI1-69 should be an example for
the sample BKDA PEO-6000 ODA with a 6:1 w/w relation between the aliphatic and

aromatic diamines, that correspond to a w/w PEO proportion of a 69%.

The first step for the synthesis of all the polymers here was to make a mixture of
poly(ethylene oxide) (PEO-6000) (x mmol), and 4,4'-oxydianiline (ODA) (y mmol), in
weight ratios 1:1, 2:1, 4:1, and 6:1, dissolved in anhydrous NMP (5 mmol (x+y)/10 mL)
in a 100 mL three-necked flask blanketed with nitrogen.

Then, the reaction mixture was cooled down to 0 °C, and under mechanical stirring, a

stoichiometric amount of BKDA dianhydride (x+y mmol) was added and the mixture was




stirred overnight at room temperature (see final resulting amounts of PEO-6000 in the
samples in table 1). During this time the dianhydride completely dissolved and the

solution reached high viscosity.

Table 1. Polymers synthesized in this work.

2.3 Preparation of the copolyimide dense films

The resultant viscous copolyamic acid solution was diluted with NMP to the appropriate
viscosity for casting, filtered through a nominal #1 fritted glass funnel, degassed, and cast
onto levelled a glass plate. The resulting film was covered with a conical funnel to avoid
fast evaporation of the solvent, dried at 80 °C overnight, and finally thermally treated
under inert atmosphere at different temperatures (see Figure 2 for a description of the
different thermal treatments). Films of the copolymers of 80-100 um in thickness were

obtained.

Figure 2. Sketch of the thermal treatment protocol.

2.4 Physical Characterization

Some of the physical characteristics of these copolymers have been shown in a previous

paper(Marcos-Fernandez et al., 2010).

For example, Attenuated total internal reflectance-Fourier transform infrared analysis
(ATR-FTIR) has been used to verify the complete removal of solvent as well as
imidization process, verifying that all the treated samples were completely imidized
(Marcos-Fernandez et al., 2010). Thermomechanical analysis (TMA) was used to attain
the Ty of the aromatic part of the sample, showing that for all the copolymers, the Tg of
the aromatic polyimide is well above ambient temperature(Marcos-Fernandez et al.,
2010).

Small Angle X-ray Scattering (SAXS) proved that the systems suffer intense phase
segregation after being thermally treated which increase for increasing percentage of PEO

(Marcos-Fernandez et al., 2010). Moreover, mechanical properties of these membranes




have been found to be good enough to allow their application to gas separation, although
their mechanical resistance decreases slightly as the percentage of PEO increases
(Marcos-Fernandez et al., 2010).

On the other hand, from the standpoint of polymeric characterization, the use of
thermogravimetric analysis (TGA) determined the thermal stability of the samples, and
differential scanning calorimetry (DSC) was employed to determine the Tg and Tm of the
aliphatic part of the sample and to determine the percentage of crystalline PEO in the

sample.

Some results obtained by these techniques will be summarized below in order to correlate

them with the gas transport and separation properties of such membranes.

2.5  Gas permeation

The permeability, P, for He, O2, N2, CO2 and CH4 were determined by using a barometric
permeator using a constant volume technique which uses the time-lag operation method.
The measurements were carried out at 30 °C and 50 °C and the applied pressure was 3
bar. A sketch of the device used has been shown elsewhere, (Marchese et al., 2006). The
strategy known as time-lag method, attributed to Daynes et al. (Daynes, 1920), is very
appropriate to determine permeability, diffusivity and solubility of a sample by a simple,
rapid and accurate method working under transitory regime. The method has been
successfully applied to determine polymer gas permeation by many authors (Crank, 1975;
Paul, 1965). Its theoretical framework along with as the practical possibilities and limits
of the technique have been abundantly documented, (Rutherford and Do, 1997). This
system is nowadays an accepted method to assess the permeability and diffusion
coefficients of gases through a polymer film.

3. RESULTS AND DISCUSSION

3.1  Thermal Stability

Dynamic thermogravimetric runs in high-resolution mode have been performed in a

nitrogen atmosphere for fully imidized copolymers (annealed at 220 °C for 0,5 hours).



TGA graphs showed a weight loss pattern consisting of three consecutive steps (see figure
3); an initial loss from ambient temperature to 300-350 °C; a second loss from 300-350
°C to 460-470 °C; and a third loss from 460-470 °C to 700 °C.

Figure 3. TGA curves in dynamic conditions for PEO based copolymers.

The first loss can be attributed to the absorbed water plus the solvent trapped in the film.
This weight change is in range from 2 to 2.5 % (Hedrick et al., 1995). The second loss
step, after correcting for the previous weight decrease step, agrees with the theoretical
contribution of o,w-diamine-poly(ethylene oxide) in the copolymer composition
(Marcos-Fernandez et al., 2010), within a 3% error (see Table 2) and it is therefore
assigned to the weight loss due to the degradation of polyether block sequences. The
differences between the weight losses should be due to the different mass percentages of
PEO in the copolymers. The third and final stage of weight loss is due to the thermal

decomposition of the remaining aromatic polyimide segments.

Table 2. Results obtained by TGA for the prepared copolymers.

TGA analysis confirmed that the polyether thermal stability is much lower than the
thermal stability of the aromatic polyimide segments, as already found for other
copoly(ether-imide)s based on poly(ethylene oxide), and therefore a selective degradation
of the polyether moiety could be performed in these copolymers. Other authors have also
found that poly(propylene oxide) segments can be selectively degraded in: triblock
(Hedrick et al., 1996a; Hedrick et al., 1996b), linear (Philip Gnanarajan et al., 2002) and

grafted (Do et al., 2004) copolyimides to produce nanofoams.
The temperature of maximum weight loss rate was between 355-365 °C for all
copolymers. Of course, the char residue at 700 °C is higher for the copolymers with more

proportion of aromatic diamines, which leaves a higher residual content.

3.2 Calorimetric analysis




The samples were heated in a DSC instrument with a cyclic method in order to monitor
the changes in thermal properties with the temperature of treatment (Tena et al., 2012).
All copolymers showed only the Tg and Tm corresponding to the poly(ethylene oxide)
segments, and no transition for the aromatic polyimide segments could be detected.
However, it was possible to obtain the Tg4 of the aromatic block by TMA. No significant
changes in polyether Ty with thermal treatment took place, and thus Tg, for all the

poly(ether-imide)s, was between -55 and -52 °C.

Tg of the polymers is known to depend mainly on composition and length (Hu et al.,
2003), although here composition seems to play a limited role on Tq. However, there were
changes in the Tm of the copolymers. The Tm in the polymer is related with its
crystallinity, and correlated with the purity of the PEO domains, because only pure PEO
could crystallize. A clear correlation appears between the percentage of poly(ethylene
oxide) in the sample and the Tm of the polymer. It is known that in dispersed materials,
the melting point is strongly influenced by the size of the domains (and correspondingly
of the crystals); thus, higher melting point for cP1-69 copolymer means that the size of
the PEO domains is bigger than those for the rest of the copolymers. Figure 4 shows the
changes in the Tm and the percentage of maximal crystallinity for PEO chains as a
function of the treatment temperature (the temperature instantaneously reached by the

DSC) for the copolymers studied.

Figure 4. Tm (a) and maximal crystallinity (b) for the PEO portion of the copolymers as a

function of the treatment temperature.

If a value of 8.67 kd/mol is taken for the melting enthalpy of PEO (Van Krevelen, 1990),
the amount of crystallized PEO, in the samples studied in this paper can be calculated as
shown in Table 3. Note that the amount of crystallized PEO increases when its percentage

does.

The amount of PEO-6000 crystallized in each sample for each heat treatment is relevant
in what refers to gas permeability because the crystals act as obstacles to the passage of
gas through the polymer. Under this assumption, it can be seen that if the sample is kept
at 50 °C the percentage of crystallized poly(ethylene oxide) would be zero. At 30 °C the

amount of crystallized PEO for the samples cPI-29 and cPI-44 should be very low or




negligible, while for the samples cPI-60 and cPI-69 the percentage of crystallized
polyether is relatively important (see Table 3).

Table 3. Percentage of crystallized PEO at 30 °C calculated by DSC.

3.3  Gas transport properties
3.3.1 Behaviour with the temperature of measurement

The behavior of the polymers is strongly influenced by the percentage of amorphous or
crystalline PEO in the sample. By DSC it was determined that samples contain a high
percentage of crystalline PEO-6000 and that this crystallinity augments when the PEO
content increases (higher phase segregation).

It is therefore very important to check the permeation performance as a function of the
measurement temperature because high temperatures would lower the presence of such
microcrystals in the segregated domains that could act as barriers hampering the passage

of gases through the film.

Arrhenius’ representation can help us to understand the behavior of the samples as a
function of temperature. In effect, the dependence of gas diffusion on temperature can be
expressed in terms of an Arrhenius type relationship that considers the movement of the
gas molecules through a membrane as a thermally activated process (Kesting, 1993).

Mathematically, the temperature dependence of diffusion is given as:

D =D, exp (IIRE’_'IID'J 1)

where Do is the pre exponential factor and Ep is the activation energy of diffusion. The
activation energy term depends on the size of the penetrant and not on its mass (Crank,
1975). Taking into account the temperature dependence for the diffusion and sorption

coefficients, the temperature effect on gas permeability is given as (Kesting, 1993):

P =P, exp (s—fl’_j @)




where Ep is the activation energy of permeation , which is the algebraic sum of Ep and
AHs. In general, permeability increases when temperature does. The results, for cPI-60,
are shown in a plot of the natural logarithm of Permeability versus 1000/T in Figure 5. In
this Figure it can be seen that there is a change in the trend when the measurement
temperature is above 50 °C (1000/T=3.09). This demonstrates that samples must be in the
same state at these high temperatures and that all PEO chains should be already in

amorphous state.

Figure 5. Arrhenius plot for the permeability of the gases studied.

In the same way, it is possible to make a representation of the ideal selectivity (the ratio
of pure gas permeabilities), presented in Figure 6. There, we can clearly see that the
change in tendency for temperatures over 50 °C appears clearly. This is especially obvious
for the CO2/He couple probably because helium, due to its small size, is less affected by
the PEO crystals.

Figure 6. Natural logarithm of selectivity as a function of 1000/T.

3.3.2 Behaviour with the thermal treatment

Results show an improvement in permeability when the temperature of treatment is high.
Therefore a correlation appears between high segregation and high permeability because
both terms are caused by the thermal treatment of the copolymers. This correlation was

already shown by us for other aliphatic-aromatic copoly(ether imide)s (Tena et al., 2012).

Figure 7 presents the permeability of different gases for the copolymer cPI-29 as a
function of thermal treatment for two measurement temperatures: 30 (black symbols) and
50 °C (white symbols).

Figure 7. Permeability versus treatment temperature for the copolymer cPI1-29 (1Barrer=
3.348 x 10 kmol m / (m? s Pa)).




The figure shows that when the samples are measured at 50 °C higher permeabilities are
obtained because then we can assume that most of the PEO in the copolymer is in
amorphous state. In general, permeability increases for high treatment temperatures,
when most of the remaining solvent is released and the improvement in phase separation

is higher. The same trend was observed for all the copolymers.

3.3.3 Permeation properties as a function of the PEO percentage

Figure 8 shows the CO2 permeability obtained for copolymers with different percentages
of PEO for different samples thermally treated at the maximum temperature of 260 °C.
When permeability is measured at 30 °C there is a maximum permeability at
approximately a 40 % of PEO followed by a steep decrease in permeability. This behavior
fully disappears when permeation is measured at 50 °C and a monotonous increase in

permeability is obtained.

This is due to the hindering role of the increasing proportion of crystalline PEO appearing
in the segregated domains for the copolymers containing high percentages of polyether

chains.

Figure 8. CO2 permeability for samples treated at 260 °C containing different percentages
of PEO.

It has been already mentioned that PEO crystals are practically impermeable to the
passage of gases, so that if the total percentage of PEO in the sample is substituted by the
percentage in the amorphous state (represented by white squared symbols in Figure 8), It
can be observed that there is indeed a clear direct trend also at 30 °C between the

permeability and the percentage of polyethylene oxide in the sample.

The representation also shows the values of the BKDA-ODA homopolymer (Tanaka et
al., 1992) and pure PEO (Lin and Freeman, 2004) at 35 °C ( 0 and 100% of PEO in the
sample, respectively). It is clearly evident that the permeability values obtained for the

samples are between them.

Recent works suggest that it should be a maximal length of PEO in the samples




(Hangzheng et al., 2010; Yave et al., 2010). Our results suggest that that the apparent
presence of such a maximum could be due to the presence of high crystallinity for long
PEO chains. Thus, the correct strategy should be to increase the temperature of the

permeation experiment to avoid the presence of these PEO crystals.

Similarly, Figure 9 shows the selectivity for several gas pairs as a function of the
percentage of PEO. Particularly noteworthy is the behavior for the couple CO2/N2, where
the selectivity values are over those exhibited for both the BKDA-ODA and PEO
homopolymers. As expected, when the measurement temperature is higher, the selectivity
decreases a little.

Figure 9. Selectivity for some gas pairs at 30 °C (black squares) and 50 °C (white
symbols).

3.3.4 Robeson’s plots

A visual way of illustrate and compare the permeability versus selectivity performances
of a membrane for different gases are the corresponding Robeson’s plots (Robeson, 1991,
2008). In these diagrams, in which the selectivity is shown as a function of the
permeability of the most permeable gas in the couple, there is an upper bound which is
called Robeson trade-off limit. The distance to this limit gives us an idea of the
permeation properties of the samples. It has been shown in this paper that by measuring
the samples at 50 °C permeability increases substantially with a very moderate decrease
in selectivity due to the elimination of most or all the crystals of PEO from the copolymer.
In order to present permselectivity at 50 °C it is necessary to take into account that the
corresponding Robeson limit depends also on the temperature of measurement (Rowe et
al., 2010). These charts are shown for some couples of gases in Figures 10-12. In this case
in addition to our results the values of permeability and selectivity for PEO (Lin and
Freeman, 2004) and BKDA-ODA (Tanaka et al., 1992) at 35 °C have been represented.
In this way, assuming that our samples are mixtures of both the homopolymers BKDA-
ODA and BKDA-PEO, the obtained gas separation properties should be intermediate
between the values for these two polymers. It is worth noting that BKDA-PEO has very
poor mechanical properties thus PEO data can be used assuming that BKDA-PEO should

have permselectivities quite similar to that of pure PEO.




Figure 10. Robeson’s plot for the O2/N2 gas pair.
Figure 11. Robeson’s plot for the CO2/CHa4 gas pair.
Figure 12. Robeson’s plot for the CO2/Nz2 gas pair.

Our aim with these copolymers is, as mentioned, to combine aliphatic blocks to provide
high permeability plus aromatic blocks that should supply excellent mechanical strength.
Thus, a good result would approach as far as possible to the PEO permeability. For
separations where similarly condensable gases (O2/N2 or CO2/CHa4) selectivity of the
copolymers should not change too much because then the selectivity is mainly determined
by the aromatic portion of the copolymer. For gas mixtures with very different
condensability (CO2/Nz for example) the selectivity is even improved by the presence of
PEO due to their easy condensability in the PEO moieties.

For both O2/N2 and CO2/CHa separations, as expected, the performances of the
membranes made out of the BKDA-ODA-PEO-6000 are between the two values
corresponding to the homopolymers. In the CO2/CHja case, the selectivity doesn’t change
substantially (it is actually determined by solubility which is similar for these gases). On
the other hand, for the O2/N2 couple, selectivity even decreases with higher content of
polyethylene oxide. In both cases permeability increases clearly when the content of
polyethylene oxide increases. This increase in permeability is stronger for permeation
experiments performed at 50 °C although the distance to the corresponding upper bound
is quite similar. Note that, for the gas pairs, results are below those for the pure

homopolymers.

In any case, it is worth noting the particularly good permselectivity for the CO2/N2 gas
couple. For this pair of gases, the selectivity is even over that of pure BKDA-ODA
homopolymer. The corresponding permeabilities increase with the percentage of PEO in
the sample, in such a way that for the samples with large proportions of polyether,
selectivity versus permeability approaches the Robeson’s upper bound at 30 °C. The
theoretical limit proposed by Rowe et al, (Rowe et al., 2010) at 50 °C is even more closely
approached by the copolymers with high content of PEO as can be seen in Figure 12. The
selectivity found for CO2/Nzsubstantially enhances that found for other polymers (Powell
and Qiao, 2006).




Thus, it has been proved that it is possible to modulate the permeability and the selectivity
of block copolymers having PEO chains by controlling the amount of their soft and hard
constituents. The presence of PEO blocks enhances permeability while a high selectivity
for gas pairs containing COz (principally for CO2/Nz2) is retained. Also, the presence of

the aromatic polyimide part ensures good mechanical properties.
3.3.5 Permeability modeling

For this type of copolyimides consisting of an aromatic polyimide (hard part) and an
aliphatic polyimide (soft PEO part), the permeability for the sample BKDA-ODA-PEO
with different PEO percentages in the polymer may be predicted by the Maxwell equation
as exposed below (Maxwell, 1954):

P _P ED+2PC—2¢D(PC—PD) 3)
 +2P. +2¢, (P. - P,)

where Pe is the effective permeability, Pc and Pp are the permeability of the continuous
and the dispersed phase respectively and ¢o is the volume fraction of the dispersed phase
in the block copolymer. In this type of polymers, we should consider that the continuous
phase could be the aromatic or the aliphatic one. We will consider PEO phase to be the
continuous phase when the amount of PEO is higher than 20% because it has been
established that for these PEO contents the consideration of the aromatic part as the
continuous phase would make the model deviate from experimental results (Hangzheng
et al., 2010). It is worth to note that the Maxwell model assumes that there is a mixture
without interaction of impenetrable domains (disperse phase) within a continuous phase.
Of course the role should be interchanged for some proportions near the 50 % proportion.
Moreover within the range of compositions when the roles are reversing it is not at all a
question of pure distinguishable and separated disperse and continuous phases and

obviously the equation doesn’t fit the results.



The permeability of pure PEO in the amorphous state is used as the permeability of the
soft segments (Lin and Freeman, 2004) and the permeability of the aromatic
homopolymer BKDA-ODA as that for the hard segments (Tanaka et al., 1992).

Figure 13. Predicted values for CO2 and CH4 permeabilities by using Maxwell equation.
Empty squares correspond to the content of amorphous PEO.

Figure 14. Predicted values for CO2/CHa selectivity using Maxwell equation. Empty
squares correspond to the content of amorphous PEO.

Figure 13 and Figure 14 show the permeability and selectivity prediction for the CO2 and
CHa. The model is clearly more precise to predict permeabilities than selectivities and
gives better results once the portion of crystallinity has been substracted. Of course both
of them are only approximately fitted but at least the model reproduces the tendency. It
is also clear that the corrected results for experiments done at 30 °C fit better the model
than those for 50 °C because the permeabilities of the homopolymers used in Equation

(3) have been taken at ambient temperature.

4. Conclusions

A series of copoly(ether-imide)s presenting good gas separation properties have been
prepared. These copolymers have been synthesized by the reaction between an aromatic
dianhydride (BKDA), an aromatic diamine (ODA) and a diamine terminated
poly(ethylene oxide) having a molecular weight of 6000 g/mole (PEO-6000), in a

different percentage of PEO in the final copolymer.

TGA analysis confirmed the exact amount of PEO present in the material and showed
that it can be selectively eliminated from the rest of the sample. DSC proved that the Tq
values for the aliphatic blocks are quite similar, which means that the structure of PEO in
the copolymers is alike. Nevertheless, the melting temperature associated to the PEO
chains is different decreasing when the segregated domains are smaller. The maximal
crystallinity is higher for copolymers containing larger percentages of PEO while the real
crystallinity can be relatively high at low temperatures of operation. The permeability
increases with the percentage of PEO in amorphous state (i.e. for percentages corrected

to take into account the crystallinity of the samples).




The thermal treatment of the samples improved phase segregation, which as well
produced an increasing permeability. Permeability and selectivity are between those for
the homopolymers except for the CO2/N2 pair of gases. Although permeability increases
with increasing percentage of PEO, the selectivity for the CO2/CH4, remains almost
constant while for O2/Nz it decreases slightly. For the CO2/N2 gas couple, results for high
PEO percentages at 30 °C are quite close to the Robeson bound. In the case of the
measurements at 50 °C, the permeability-selectivity values approach even more closely
to the limit for this temperature. In conclusion, it seems clear that these copolymers are
suitable for separations where COz is involved and a non-condensable gas are involved,
especially for the separation CO2/N2. These separations have a great importance in the
remediation of greenhouse effect and make these membranes good candidates for their

application at industrial level.

We have also compared the experimental results with those calculated by using the
Maxwell’s model. In this case, the percentage of amorphous PEO should be used and the
crystallinity has to be taken into account for low permeation temperatures. If these
corrections are made the model fits relatively well the permeability experimental results
and it is also reasonably valid to be used to justify the found selectivities in spite of the
clear simplifications assumed. The need to take into account the truly amorphous portion
of PEO makes necessary to optimize both the amount of poly(ethylene oxide) in the
sample and the operating temperature of these materials for a specific length and amount
of PEO.

5. Aknowledgements

We are indebted to the Spanish Junta de Castilla Leon for financing this work through the
GR-18 Excellence Group Action and to the Ministry of Science and Innovation in Spain
for their economic support of this work (MAT2008-00619/MAT, MAT?2010-
20668/MAT, MAT2011-25513/MAT and CIT-420000-2009-32). We also acknowledge
financial support from the program Consolider Ingenio 2010 (project CSD-0050-
MULTICAT). The help provided by Sara Rodriguez in measuring gas permeability and
selectivity is greatly appreciated. A. Tena thanks CSIC for a predoctoral JAE fellowship.



6. References.

Ayala, D., Lozano, A.E., De Abajo, J., Garcia-Perez, C., De La Campa, J.G., Peinemann,
K.V., Freeman, B.D., Prabhakar, R., 2003. Gas separation properties of aromatic
polyimides. Journal of Membrane Science 215, 61-73.

Baker, R.W., 2002. Future directions of membrane gas separation technology. Industrial
and Engineering Chemistry Research 41, 1393-1411.

Barbari, T.A., Koros, W.J., Paul, D.R., 1988. Gas transport in polymers based on
bisphenol-A. Journal of Polymer Science, Part B: Polymer Physics 26, 709-727.
Bessonov, M.T.K., M.M.; Kudryavtsev, V.V.; Laius, L.A., 1987. Polyimides: Thermally
Stable Polymers. Consultants Bureau, New York.

Bounaceur, R., Lape, N., Roizard, D., Vallieres, C., Favre, E., 2006. Membrane processes
for post-combustion carbon dioxide capture: A parametric study. Energy 31, 2220-2234.
Car, A., Stropnik, C., Yave, W., Peinemann, K.V., 2008. Pebax®/polyethylene glycol
blend thin film composite membranes for CO2 separation: Performance with mixed
gases. Separation and Purification Technology 62, 110-117.

Crank, J., 1975. The Mathematics of Diffusion, in: Press, s.e.C. (Ed.). Clarendon Press,
Oxford.

Davidson, O.M.B., 2005. Special Report on Carbon Dioxide Capture and Storage,
International Panel on Climate Change, Geneva, Switzerland.

Davison, J., Thambimuthu, K., 2004. Technologies for capture of carbon dioxide,
Greenhouse Gas R&D Programme ed. International Energy Association (IEA),
Vancouver, Canada.

Daynes, H.A., 1920. The process of diffusion through a rubber membrane. Proceedings
of the Royal Society London.

de Visser, E., Hendriks, C., Barrio, M., Mglnvik, M.J., de Koeijer, G., Liljemark, S., Le
Gallo, Y., 2008. Dynamis CO2 quality recommendations. International Journal of
Greenhouse Gas Control 2, 478-484.

Do, J.S., Zhu, B., Han, S.H., Nah, C., Lee, M.H., 2004. Synthesis of poly(propylene
glycol)-grafted polyimide precursors and preparation of nanoporous polyimides. Polymer
International 53, 1040-1046.

Favre, E., 2007. Carbon dioxide recovery from post-combustion processes: Can gas
permeation membranes compete with absorption? Journal of Membrane Science 294, 50-
59.



Favre, E., 2011. Membrane processes and postcombustion carbon dioxide capture:
Challenges and prospects. Chemical Engineering Journal 171, 782-793.

Figueroa, J.D., Fout, T., Plasynski, S., Mcllvried, H., Srivastava, R.D., 2008. Advances
in CO2 capture technology-The U.S. Department of Energy's Carbon Sequestration
Program. International Journal of Greenhouse Gas Control 2, 9-20.

GCEP, 2005. An assessment of carbon capture technology and research opportunities,
Standford University Global Climate & Energy Project (GCEP) Standford University
Ghosh, M.K.M., K.L., 1996. Polyimides: Fundamentals and Applications. Marcel
Dekker, New York.

Gibbins, J., Chalmers, H., 2008. Carbon capture and storage. Energy Policy 36, 4317-
4322.

Hangzheng, C., Youchang, X., Tai-Shung, C., 2010. Synthesis and characterization of
poly (ethylene oxide) containing copolyimides for hydrogen purification. Polymer 51,
4077-4086.

Hedrick, J.L., Carter, K.R., Cha, H.J., Hawker, C.J., DiPietro, R.A., Labadie, J.W., Miller,
R.D., Russell, T.P., Sanchez, M.1., Volksen, W., Yoon, D.Y., Mecerreyes, D., Jerome,
R., McGrath, J.E., 1996a. High-temperature polyimide nanofoams for microelectronic
applications. Reactive and Functional Polymers 30, 43-53.

Hedrick, J.L., Charlier, Y., Dipietro, R., Jayaraman, S., McGrath, J.E., 1996b. High Tg
polyimide nanofoams derived from pyromellitic dianhydride and 1,1-bis(4-
aminophenyl)-1-phenyl-2,2,2-trifluoroethane. Journal of Polymer Science, Part A:
Polymer Chemistry 34, 2867-2877.

Hedrick, J.L., Russell, T.P., Labadie, J., Lucas, M., Swanson, S., 1995. High temperature
nanofoams derived from rigid and semi-rigid polyimides. Polymer 36, 2685-2697.
Herzog, H.J., 2001. What future for carbon capture and sequestration? Environmental
Science and Technology 35, 148-153.

Hirayama, Y., Kase, Y., Tanihara, N., Sumiyama, Y., Kusuki, Y., Haraya, K., 1999.
Permeation properties to CO2 and N2 of poly(ethylene oxide)-containing and crosslinked
polymer films. Journal of Membrane Science 160, 87-99.

Houghton, J.T.D., Y.; Griggs, D.J.; Noguer, M.; van der Linden, P.J.; Dai, X.; Maskell,
K.; Johnson, C.A., 2001. Climate Change 2001: The Scientific Basis. Cambridge

University Press, New York.



Hu, Y., Rogunova, M., Topolkaraev, V., Hiltner, A., Baer, E., 2003. Aging of
poly(lactide)/poly(ethylene glycol) blends. Part 1. Poly(lactide) with low stereoregularity.
Polymer 44, 5701-5710.

Kawakami, M., lwanaga, H., Hara, Y., lwamoto, M., Kagawa, S., 1982. GAS
PERMEABILITIES OF CELLULOSE NITRATE/POLY(ETHYLENE GLYCOL)
BLEND MEMBRANES. Journal of Applied Polymer Science 27, 2387-2393.

Kesting, R.E.F., A. K., 1993. Polymeric gas separation membranes. John Wiley & Sons,
New York.

Koros, W.J., 2004. Evolving beyond the thermal age of separation processes: Membranes
can lead the way. AIChE Journal 50, 2326-2334.

Krumbeck, M., 2007. Post combustion capture from coal, CSLF CCS Workshop Paris.
Li, Y., Ding, M., Xu, J., 1997. Gas separation properties of aromatic polyetherimides
from 1,4-bis(3,4-dicarboxyphenoxy)benzene dianhydride and 3,5-diaminobenzic acid or
its esters. Journal of Applied Polymer Science 63, 1-7.

Lin, H., Freeman, B.D., 2004. Gas solubility, diffusivity and permeability in
poly(ethylene oxide). Journal of Membrane Science 239, 105-117.

Marcos-Fernandez, A., Tena, A., Lozano, A.E., de la Campa, J.G., de Abajo, J., Palacio,
L., Pradanos, P., Hernandez, A., 2010. Physical properties of films made of copoly(ether-
imide)s with long poly(ethylene oxide) segments. European Polymer Journal 46, 2352-
2364.

Marchese, J., Anson, M., Ochoa, N.A., Pradanos, P., Palacio, L., Hernandez, A., 2006.
Morphology and structure of ABS membranes filled with two different activated carbons.
Chemical Engineering Science 61, 5448-5454.

Maxwell, J.C., 1954. A treatise on electricity and magnetism, vol. 1. Dover Publications
Inc, New York.

Metz, B.D., O.; de Coninck, H. ; Loos, M. ; Meyer L., 2005. IPCC Special Report on
Carbon Dioxide Capture and Storage, United Kingdom

Okamoto, K.I., Fujii, M., Okamyo, S., Suzuki, H., Tanaka, K., Kita, H., 1995. Gas
permeation properties of poly(ether imide) segmented copolymers. Macromolecules 28,
6950-6956.

Okamoto, K.I., Yasugi, N., Kawabata, T., Tanaka, K., Kita, H., 1996. Selective
permeation of carbon dioxide through amine-modified polyimide membranes. Chemistry
Letters, 613-614.



Okamoto, K.U., N.; Okamyo, S.; Tanaka, K.; Kita, H., 1993. Selective permeation of
carbon dioxide over nitrogen through polyethyleneoxide-containing polyimide
membranes. Chemistry Letters 5, 225-228.

Paul, D.D., A.T., 1965. Gas and vapor solubility in crosslinked poly(ethylene glycol
diacrylate), diffusion in amorphous polymers,. J. Polym. Sci. C 10 (1) () 17-44. Journal
of polymer science 10, 17-44.

Philip Gnanarajan, T., Padmanabha lyer, N., Sultan Nasar, A., Radhakrishnan, G., 2002.
Preparation and properties of poly(urethane-imide)s derived from amine-blocked-
polyurethane prepolymer and pyromellitic dianhydride. European Polymer Journal 38,
487-495.

Powell, C.E., Qiao, G.G., 2006. Polymeric CO2/N2 gas separation membranes for the
capture of carbon dioxide from power plant flue gases. Journal of Membrane Science 279,
1-49.

Programme, 1.G.G.R.D., 2007/4. CO2 capture ready plants, UK.

Reijerkerk, S.R., Knoef, M.H., Nijmeijer, K., Wessling, M., 2010. Poly(ethylene glycol)
and poly(dimethyl siloxane): Combining their advantages into efficient CO2 gas
separation membranes. Journal of Membrane Science 352, 126-135.

Robeson, L.M., 1991. Correlation of separation factor versus permeability for polymeric
membranes. Journal of Membrane Science 62, 165-185.

Robeson, L.M., 2008. The upper bound revisited. Journal of Membrane Science 320, 390-
400.

Rowe, B.W., Robeson, L.M., Freeman, B.D., Paul, D.R., 2010. Influence of temperature
on the upper bound: Theoretical considerations and comparison with experimental
results. Journal of Membrane Science 360, 58-69.

Rutherford, S.W., Do, D.D., 1997. Review of time lag permeation technique as a method
for characterisation of porous media and membranes. Adsorption 3, 283-312.
Steeneveldt, R., Berger, B., Torp, T.A., 2006. Co2 capture and storage: Closing the
knowing-doing gap. Chemical Engineering Research and Design 84, 739-763.

Suzuki, H., Tanaka, K., Kita, H., Okamoto, K., Hoshino, H., Yoshinaga, T., Kusuki, Y.,
1998. Preparation of composite hollow fiber membranes of poly(ethylene oxide)-
containing polyimide and their CO2/N2 separation properties. Journal of Membrane
Science 146, 31-37.



Tanaka, K., Kita, H., Okamoto, K., Nakamura, A., Kusuki, Y., 1989. Gas permeability
and permselectivity in polyimides based on 3,3',4,4'-biphenyltetracarboxylic dianhydride.
Journal of Membrane Science 47, 203-215.

Tanaka, K., Kita, H., Okano, M., Okamoto, K.-i., 1992. Permeability and permselectivity
of gases in fluorinated and non-fluorinated polyimides. Polymer 33, 585-592.

Tena, A., Marcos-Ferndndez, A., Lozano, A.E., de la Campa, J.G., de Abajo, J., Palacio,
L., Pradanos, P., Hernandez, A., 2012. Thermally treated copoly(ether-imide)s made from
bpda and alifatic plus aromatic diamines. GAS separation properties with different
aromatic diamimes. Journal of Membrane Science 387-388, 54-65.

Van Krevelen, D.W., 1990. Properties of polymers third edition. Elsevier, Amsterdam, p.
120

Wilson, D.S., H.D.; Hergenrother, P.M., 1990. Polyimides. Blackie, Glasgow.

Yave, W., Szymczyk, A., Yave, N., Roslaniec, Z., 2010. Design, synthesis,
characterization and optimization of PTT-b-PEO copolymers: A new membrane material
for CO2 separation. Journal of Membrane Science 362, 407-416.

FIGURE CAPTIONS

Figure 1. Structure of the monomers used to build up the poly(ether-imide)s.

Figure 2. Sketch of the thermal treatment protocol.
Figure 3. TGA curves in dynamic conditions for PEO based copolymers.

Figure 4. Tm (2) and maximal crystallinity (b) for the PEO portion of the copolymers as
a function of the treatment temperature.

Figure 5. Arrhenius plot for the permeability (in Barrers) of the gases studied (for the
sample cPI1-60 at 180 °C).

Figure 6. Natural logarithm of selectivity as a function of 1000/T (for the sample cPI-60
at 180 °C).

Figure 7. Permeability versus treatment temperature for the copolymer cPI-29 (1 Barrer
-19 2
=3.348x10 kmolm/(m s Pa)).



Figure 8. CO2 permeability for samples treated at 260 °C containing different
percentages of PEO.

Figure 9. Selectivity for some gas pairs at 30 °C (black squares) and 50 °C (white
symbols).

Figure 10. Robeson’s plot for the O2/N2 gas pair.
Figure 11. Robeson’s plot for the CO2/CHa4 gas pair.
Figure 12. Robeson’s plot for the CO2/N2 gas pair.

Figure 13. Predicted values for CO2 and CH4 permeabilities by using Maxwell equation.
Empty squares correspond to the content of amorphous PEO.

Figure 14. Predicted values for CO2/CHa selectivity using Maxwell equation. Empty
squares correspond to the content of amorphous PEO.
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