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An experimental design in different reaction conditions was applied to modify poly(ether imide),
PEI, by sulfonation using acetyl sulfate. Higher temperatures and reaction times led to higher ion
exchange capacity. The thermal analysis showed that our sulfonation approach accomplished preparing
sulfonated PEI maintaining the thermal stability of its parent material even for the film with highest
degree of sulfonation, and assessed the effect of this change on CO,, O, and N, permeabilities. The
permeability results pointed out that our sulfonation approach is an effective way to produce high
performance engineered polymers for fuel cell electrolyte membranes and for CO, separation from
air. These results also suggest that the use of milder reactive medium at higher temperatures and for
longer reaction times seems to be a more promising approach to achieve thermal stability than use
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more aggressive sulfonation agents.
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1. Introduction

Poly(ether imide), PEL is a thermoplastic polymer that
has ether (-O-) and isopropylidene (-C(CH,),~) groups,
which not only ensure high rigidity, thermal stability,
chemical resistance, and mechanical strength, but also are
more easily processed during film synthesis'’. Because of
its excellent properties-price-processability balance?, it has
gained importance in a wide variety of applications ranging
from membranes'>*8, sensors*!’, and as a parent material for
synthesis of composites®®!!, ion exchange films (dialysis,
electrodialysis, or full cells)*!"!?, polymer blends*®, and
modified polymers'37.

A promising approach to improve PEI properties
is change its chemical structure by the introduction of
sulfonic side groups in its backbone'*!%. This sulfonated
aromatic polymer shows good ion diffusivities for use as
ion exchange membrane, which is a key component in
solid polymer electrolyte for dialysis, electrodialysis, or
fuel cell applications®!". Some targets to be achieved in the
development of new polymer electrolyte membrane (PEM)
for fuel cell applications include's: high conductivity above
120 °C; good thermal, mechanical, and chemical stability;
acceptable durability. In addition, the membrane would
restrict the permeability of gases (such as O,, N,, CO,, and
CO) and water and fuel vapor in the system to maximize
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coulombic efficiency in fuel cells'®!”. Sulfonated PEI (SPEI)
meets most of these targets. Despite of proton conductivity
data in SPEI films have already been studied in a previous
work®, gas permeability data are still little studied in the
literature.

Furthermore, following Scholes et al.'® and Baker and
Lokhandwala', gas permeability data are also mandatory
information for sensors and gas permeation membrane
applications. The gas permeation through dense polymeric
films is described by the solution-diffusion mechanism,
i.e. this is based on the solubility of specific gases within
the membrane and their diffusion through the dense
membrane matrix. Improving permeability and selectivity
are not the only properties that are important. Materials
need to be thermally and chemically robust, resistant to
plasticization and with acceptable durability to ensure
continual performance over long periods, and be cost
effective to manufacture as standard membrane modules.
More recently, poly(imide)s and poly(ether imide)s based
membranes have shown some of the best permeability and
selectivity properties for natural gas (CO,/CH,) and air (O,/
N,) separations"*'%, The coupling of thermal, chemical,
and plasticization resistance, as well as considerable
mechanical strength, makes them attractive materials for
gas separation membranes'®. In addition, the polarity of
the substituent groups affects chain-to-chain interactions
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which subsequently influences chain rigidity and packing
efficiency. Sulfonic side groups have polar characteristics
that enhance the effect of electrostatic crosslinking on the
packing density of polymer chains resulting in an decrease
in CO,, O,, and N, permeabilities at the same time that
increase the CO /air ideal selectivities®. Some typical
values for sulfonated glassy polymers were found in the
range 2 to 5.2 for CO,/O, and 25 to 35 for CO/N,"*.
Further, it often makes the membranes more resistant to
plasticization®!*?%2223 what impart not only efficiency in
fuel cells'>'S, but also selectivity for CO, separations by
gas permeation®!*-3,

On the other hand, sulfonation of an aromatic polymer
can be very complex because of its reversibility, and can
lead to polymer degradation and to losses in thermal and
mechanical stability>*. Furthermore, partial desulfonation
is observed at temperature range between 200-400 °CI1.24,

From the analysis of the literature, one can see that, by
controlling the reactivity of the sulfonation medium, the PEI
sulfonation process has potential to lead to new materials
with optimized physicochemical properties for applications
previously highlighted. Exemplifying the importance of this
control, it is also worth mentioning that PEI samples with
a high extent of sulfonation become soluble in methanol
and isopropanol®, becoming useless as methanol fuel cell
membranes, while low degrees of sulfonation might lead
to lower proton conductivity’. In this sense, it is important
to access the effect of reaction conditions on the desired
material properties.

Pinto et al.* have propose a method that prepared lightly
sulfonated PEI (SPEI) using acetyl sulfate, that seem to
be a promising approach to achieve a desired sulfonation
control. They analyzed the degree of sulfonation for the SPEI
films obtained at different reaction conditions by Fourier
transform infrared (FTIR) spectroscopy, ion-exchange
capacity (IEC), and water sorption. Using a stoichiometric
ratio PEI/Acetyl Sulfate at 1:2 or 1:4 and temperatures
ranging at 40-60 °C for 30 min, the authors* have obtained
films with IEC range 0.08-1.32 meq H*/g polymer showing
good mechanical properties. All SPEI films were swelled
by water, however those prepared with stoichiometric ratio
PEI/Acetyl Sulfate at 1:4 showed lower water sorption and
IEC™, showing that an increase in the stoichiometric ratio
of sulfonation agent may not be the better option to enhance
degree of sulfonation.

Following Pinto et al.* procedure, Loredo et al.’ obtained
SPEI films also using stoichiometric ratio PEI/Acetyl Sulfate
at 1:2 and monitoring the reaction temperature at 60 °C for
30 or 60 min. These authors investigated the influence of the
degree of sulfonation (by changing reaction time) not only
on IEC, thermal stability, and glass transition, but also on
proton conductivity, obtaining IEC in the range 0.08-0.77
meq H*/g polymer’. Loredo et al.’ pointed the importance of
optimizing synthesis conditions in order to achieve higher
degree of sulfonation®.

Analyzing those previews results, both used ratio PEI/
Acetyl Sulfate at 1:2 or higher*. However, Lakshmi et al.?
observed that sulfonated PEI samples having less than one
—SO,H content/repeat unit showed better thermal stability. In
this context, an objective of the investigation of our present
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work was to study the effect of the reaction parameters,
such as temperature (40-60 °C) and sulfonation time of poly
(ether imide) (30-90 min), following Pinto et al.* sulfonation
approach with stoichiometric ratio PEI/Acetyl Sulfate at 1:1,
and to study the thermal behavior of sulfonated PEI, aiming
at enhancing thermal stability. Furthermore, we organized a
detailed review comparing the FTIR spectra for Sulfonated
PEI (SPEI) with its parent material, which helped in the
characterization of the SPEI films. Finally, the discussion
involving our original permeability data for CO,, O,, and
N, in SPEI were conducted in order to correlate the role
of introduced side groups with gases diffusion (hindering
segmental mobility) and sorption (preferential interaction
with CO,) in the polymer matrix. These gases were chosen
because they are involved not only in environment gas
separations, but also in methanol fuel cells. Despite of
being well known as a promising material for ultrafiltration
and dialysis process’, SPEI is still little studied for gas
permeation purposes.

2. Experimental

2.1. Materials and synthesis of sulfonated
poly(ether imide) (SPEI)

0.03 kg PEI (ULTHEM) mass (+ 10”7 kg) was solubilized
in 10 m? of N-methyl-2-pyrrolidone (NMP, VETEC Brazil,
99%) at 60 °C under constant stirring for 24 h. Subsequently,
the sulfonation agent, acetyl sulfate, was prepared following
Pinto et al.* procedure. The temperature was monitored at
(40 or 60)°C after adding all the sulfonating agent and the
reaction times were 30 or 90 min. The stoichiometric ratio
PEI monomer/acetyl sulfate was 1:1, with an equimolar ratio
of sulfuric acid (VETEC Brazil, >95%)/acetic anhydride
(VETEC Brazil, 97%). The sulfonation reaction was
conducted in a dry nitrogen atmosphere. The sulfonated
polymer was so precipitated and repeatedly washed with
ethanol (VETEC, 98%) until mixture reached pH 5. The
polymer was dried under vacuum at 40 °C.

2.2. Characterization techniques

The ion-exchange capacity (IEC) of SPEI was
determined by the method of Fisher and Kunin?, i.e. 1 g of
SPEI was washed in 50 mL of NaOH 1 mol-L" for 1 day.
Then, aliquots (25 mL) of the solution were titrated using
HCI1 1 mol'L™" and phenolphthalein as indicator. Three
sulfonation reaction was conducted at midpoint conditions
(50 °C and 60 min). The estimated standard uncertainty was
0.16 meq H+/g of polymer.

Thermogravimetry/derivative thermogravimetry curves
were obtained by a TGA/DSC 1 Mettler-Toledo. The samples
were loaded in Al O, pans and measured in the temperature
range of 30 °C to 950 °C with a heating rate of 10 °C/min
under dynamic N, (50 mL/min). DSC experiments were
conducted using a DSC Q2000 (TA Instruments) with
RCS cooling system. Baseline was calibrated with sapphire
disk (supplied by fabricant); cell constant (enthalpy) and
temperatures were calibrated using indium (NIST SRM
#2232). The experiments were made under N, dynamic
atmosphere (50 mL/min). Primarily, the sample, sealed in
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an aluminum pan, was heated from 150 to 250 °C with a
rate of 10 °C/min to remove any previous thermal history.
After 10 min at 250 °C, the sample was cooled to 150 °C
and remained at this temperature for 10 min. The sample
was heated again to 250 °C at the same heating rate. The
glass transition temperature of the materials was obtained
from the second heating curve. All thermal analysis were
performed in duplicate.

Fourier transform infrared (FTIR) spectra were obtained
on a Perkin Elmer Spectrum GX analyzer (16 scans and
4 cm! resolution) using the ATR technique (total reflectance
attenuated using zinc selenide crystal).

The film morphology was done using Scanning Electron
Microscopy (SEM - electron microscope Quanta FEI
Company). To reduce the distortions, the cross sections
of the samples were obtained by fracturing the frozen
membrane in liquid nitrogen. As pretreatment, the samples
were glued to a backing coated with a thin layer of gold by
“sputtering”.

2.3. Film preparation and permeations
measurements

The dense films were prepared by casting on a glass plate
a polymer/chloroform (VETEC Brazil as reagent grade)
solution (30 wt%); the solvent evaporation was controlled
by enclosing it in a container with dry N, stream saturated
in chloroform for 24 h at room temperature. After the film
formation, drying was completed at room temperature
and it was conditioned under vacuum at 40 °C. The film
thicknesses were measured using a digital micrometer.

Permeabilities and ideal selectivities were measured
using a pressure increase apparatus presented elsewhere®
at (24.7 = 1.5)°C and difference of 3 bar through the
membrane. The ideal selectivity (or permselectivity), o,
of membranes was calculated as

o,, =P /P, (1)

where P, and P, are pure component permeabilities of
gases A and B.

3. Results and Discussion

The experimental design results for the synthesis of
SPEI are presented in Table 1.

From Table 1, it can be confirmed insertion of sulfonic
groups by the increase of IEC, when compared to the
precursor PEIL. No significant sulfonation was observed
at lowest temperature and time conditions (SPEI-1). The
SPEI-5 has the highest IEC value. From experimental design
results, it was observed that an increase in reaction time and
reaction temperature resulted in an increase in the extent
of sulfonation. Similar results were observed elsewhere®.
The analysis indicates that this reaction is favored at high
temperatures, but equilibrium was not achieved up to 90 min,
even at highest analyzed temperature (60 °C). Comparing
IEC results of Table 1 and those presented by Shen et al.?,
one can observe that increasing the mole ratio Acetyl Sulfate/
PEI monomer is also possible to produce more sulfonated
materials. However, it can lead to partial degradation of
the polymer*®. Comparing our IEC results with those of
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Loredo et al.%, it is possible to conclude that, even using
a lower mole ratio Acetyl Sulfate/PEI monomer (a milder
reaction medium), it is possible to achieve higher degrees
of sulfonation with longer reaction times, showing the
importance of better understand the kinetic of this reaction.
On the other hand, once the IEC range obtained in both
works comparable, it is expected that the proton conductivity
of our SPEI are similar to those reported by Loredo et al.>.

SPEI-5 was used in following analyses (denoted by
SPEI). FTIR film spectra to PEI and SPEI are presented
in Figure 1. This spectral range contains all characteristic
bands of PEI>*®. In the infrared spectra of PEIL, there are
absorption bands on stage and off stage associated with the
vibration of the two carbonyl groups of imide functional
group. The asymmetric and symmetric stretching vibrations
of C=0 groups were observed in the region of 1776 cm™!
and 1715 cm™®), Other absorption bands related to carbonyl,
transverse and out of plane vibration of C-N in phthalimide
rings, were present in the range of 1350-1360 cm™,
1070-1100 cm™ and 737-745 cm™, as shown in Figure 1.
Vibrations at 1268, 1233, 1072, and 1014 cm™ are due to
aryl ether bonds (C-O stretching of aromatic ether)®.

In sulfonated samples, absorption bands due to
asymmetric vibration (stretching O=S=0) can be observed
at 1233 cm™. The region of aromatic groups and the S-O
bond? in 1010-1024 cm™ presents a broadening of the peak
in the SPEI spectra. Further, the shoulder at 950 cm™ is also

Table 1. IEC of PEI and SPEI’s at different reaction conditions.

Sample Temperature  Time IEC
P °C) (min)  (meq H+/g of polymer)

PEI - - 0.08
SPEI-1 40 30 0.09
SPEI-2 40 90 0.35
SPEI-3 50 60 0.31
SPEI-4 60 30 0.62
SPEI-5 60 90 0.92
S
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Figure 1. PEI (dashed line) and SPEI (solid line) FTIR spectra.
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attributed to the S—O stretching?*. Moreover, near 3500 cm™!
the characteristic broadband related to the presence of
hydroxyl of sulfonic groups, —-SO_,-OH, appears®. The
spectra have shown that there are three typical absorbances
for the sulfonic group (S=0) at 1670, 1149 and 779 cm™.
The shoulder between 1650-1690 cm™ could be due to
intermolecular hydrogen bond between hydrogen from the
sulfonic (-SO,H) and carbonyl (C=0) groups. Pinto et al.*
state that a large band at 1684 cm™ could be explained as
due to intermolecular hydrogen bond between these groups.
All together, these differences between spectra suggest
that the sulfonic groups were successfully introduced into
PEI The absorption at 1175-1149 c¢cm™ is attributed to
the S=0 symmetric stretching vibration as double peaks
and the absorption at 779-746 cm™ represents the S—O
bond of sulfonic group as a single peak®. The spectra are
typical, although many of the oxy absorptions from the
4,4’-diphenylether units occur within a crowded and highly
overlapped region of the spectrum, mainly between 1350
and 950 cm™!, where the S—O stretching may occur®.
Thermogravimetry/derivative thermogravimetry (TG/
DTG) curves are shown in Figure 2 for a film sample of
PEI and for a film sample of SPEI in nitrogen atmosphere.
The analysis with each film were performed in duplicate.
There were no significant variations between duplicates.
TGA curves of PEI and SPEI exhibited two stages of
degradation. The first stage between 100-250 °C, is believed
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Figure 2. TG (a) and DTG (b) curves of PEI (gray line) and SPEL
(black line).
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to be associated with loss (=5 wt%) of residual solvent.
The second, around 530 °C, was related to the main chain
decomposition. It was expected an intermediary stage at
temperature range between 200-400 °C attributed to partial
desulfonation!!, not observed in Figure 2. TGA studies
with Nafion, other sulfonated polymer, confirm that occur
desulfonation in this temperature range®?". It suggests that
the sulfonating method applied in this work promoted not
only PEI sulfonation, but also greater thermal stability for the
—SO,H groups. Lakshmi et al.? also observed that sulfonated
PEI samples having less than one -SO,H content/repeat unit
did not show the three distinct mass losses.

In the DSC curves for PEI and SPEI, a displacement of
the base line around 217.5 °C was observed, attributed to
the glass transition temperature (Tg). For PEL, this transition
is usually observed around 217 °C¥. So, in our study
sulfonation led to no significant change in Tg.

The thermal analysis (TGA and DSC) of the polymers
showed that even changing molecular structure, insertion of
sulfonic group had little effect on the thermal properties of
the polymer. These results suggest that, if more sulfonated
films are required, the use of milder reactive medium at
higher temperatures and for longer reaction times seems to
be a more promising approach to achieve thermal stability
than use more aggressive sulfonation agent, as sulfuric
acid®? or chlorosulfonic acid*?, or use higher stoichiometric
ratio PEI/Acetyl Sulfate*>.

Superficial and cross-section MEV results have not
shown porous or defects in the membranes. CO,, N,, and
O, permeabilities and CO, ideal selectivities are shown in
Table 2.

As can be seen from Table 2, the sulfonated poly(ether
imide) had lower permeabilities, enhancing the applicability
of this material for fuel cell purposes. Moreover, its CO,/O,
and CO,/N, selectivities are higher as expected to taylormade
materials focused on CO, separation'®"®. The present results
can be explained by the electrostatic crosslinking effects on
the packing density of polymer chains®, which might lead to
less free-volume and lower diffusivities. On the other hand,
the selectivity of CO, relative to O, and N, increased 38%
and 359%, respectively. CO, has shorter kinetic diameter
(3.30 A) than O, and N, (3.46 and 3.64, respectively)*-*,
therefore its diffusivity is less disturbed by slight reductions
in free-volume. Further, molecular interactions between
sulfonic groups and CO, may favor its sorption'.

Additionally, ideal selectivities of O, relative to N,
in both samples are promising (around 11), once recent

Table 2. Permeabilities measured with pure gases and CO, ideal selectivity at (24.7 = 1.5)°C and 3 bar through the membrane.

Polymer Permeability (Barrer*) Ideal selectivity
02 Nz C02 F CO2,m F CO2,m F 02,m
POZ,m PNZ,m PNZ,m
PEI 0.76 0.064 2.63 35 41.1 11.9
0.054¢ 1.01* 18.7¢
0.38" 0.052° 1.56" 4.1° 30° 7.3°
SPEI 0.46 0.043 222 4.83 55.5 10.7

#1 barrer = 107'° cm?(STP)/cm?.s.cmHg. *Properties measured at 10 bar feed pressure, 35 °C!'l. *Properties measured at 3 bar feed pressure, 30 °C'®l.
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literature has pointed that values higher than 9 are considered
attractive®®. These results agree with the premise that
sulfonation is a promising process for development of more
efficient membranes.

4. Conclusion

An experimental design varying temperature and
reaction time for synthesis of SPEI pointed out an
increase in IEC at higher reaction conditions, and set
a synthesis conditions that produced stable sulfonated
PEI at temperatures above 400 °C, i.e. undesired partial
desulfonation at temperature range between 200-400 °C
was not observed for our SPEI samples. Analysis of FTIR
spectra, besides a detailed review comparing the FTIR
spectra of Sulfonated PEI (SPEI) with its parent material,
confirmed that sulfonic groups were successfully introduced
into PEI and hydrogen bonds arise among SPEI chains.
The highest achieved IEC was higher than those obtained
by Loredo et al.> even using a lower sulfonation agent
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