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Highlights
e Stable rigid monomers result in polyimides with higher molecular weights, glass tansition
temperatures, thermal rearrangement temperature and the more superior final sepration
preformance.
e Thermal rearrangement improved ideal gas separation by 1.5 to 2.0 orders of magnitude.
e Thermal rearrangement resulted in an enhanced thermal, mechanical and chemical

properties of the produced membranes.
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Abstract

Polymeric membranes remain and will most likely continue to be the most practical cost-
effect chemical constructs for gas separation processes, provided that novel polymers are
developed to overcome current and persisting limitations facing exiting membranes. Here,
we report a methodical and systematic study of the structure-property-function relations of
standard polyimide membranes and their implications on the separation performance. Three
different dianhydrides (PMDA, ODPA and BTDA) with a single diamine (BisAPAF) were
used to synthesize polyimide membranes via azeotropic imidization. The membranes were
characterized, thermally rearranged and tested using gas pairs. Characterization was
conducted prior and post thermal treatments in order to investigate the influence of the
chosen precursors on the ideal selectivity properties. The resulted molecular weights of the
polyimides were determined to be between 25,000 and 94,000 g/mol. The glass transition
temperatures varied between 220 °C and 270 °C, and the degradation temperatures were at an
average of 550°C. The gas separation performance of all membranes significantly improved
post thermal rearrangement, especially the APAF-BTDA polyimide which surpassed the so-
called selectivity/permeability upper bound for CO,/CH,4, N2/CH,4 and CO,/N, gas pairs.

1. Introduction

Gas separation using polymeric membranes continue to be the object of intensive research in
chemical and physical molecular separation processes. Membranes are considered a staple at
industrial scales owing to their effectiveness stemming from their low cost, high efficiency and
simple operation [1]. In general, polymers are one of the most commonly used class of materials
in the fabrication of membranes for applications which range from water, vapor and gas
separation to fuel cells and sensor [2-6]. Of particular interest to gaseous separations are the
aromatic, glassy, and relatively rigid polymers, such as polyimides. The extent of separation of
polyimide membranes remains to be dependent upon the nature of the physical and chemical
interactions of the gases with the material, and upon the membrane-formation characteristics [1].

Polyimides are classified as glassy polymers and are known as “a class of high-performance
materials” due to their remarkable thermal, mechanical and chemical properties [7]. These
outstanding properties are mainly attributed to the strong intermolecular forces, such as polar



interactions, aromatic stacking and charge transfer complexation, between the polymer chains
[7]. Polyimides can be either aliphatic or aromatic which is governed by the nature of the
monomers used. Aliphatic polyimides are prepared from aliphatic diamines via a process known
as melt fusion of salt where the reactants are initially reacted at around 110-138 °C forming a low
molecular weight product that is then heated for several hours at around 250-300 °C; however,
this method is limited to polyimides that have low melting points in order for them to stay
molten under the polymerization conditions [8]. Aromatic polyimides, on the other hand, are
prepared from aromatic diamines via a two-step synthesis process: (1) synthesis of poly(amic-
acids) and (2) conversion of poly(amic-acids) to polyimides through an imidization reaction
which can be performed via three different routes: azeotropic, thermal or chemical imidization
[7-11]. Between the two types, aromatic polyimides generally have better gas selectivity
properties and that is mainly because of the large differences in the mobility of the pendant
groups which is attributed to the stiffness of the polymer chains [5,12].

One of the major issues associated with polyimide synthesis is low solubility. This is due to
the stiffness, rigidity and the strong interchain interactions, which ultimately results in poor
processability and, consequently, applicability limitations [7]. Some techniques suggested to
address this issue include introducing flexible linkages, bulky substituents and alicyclic or
noncoplanar monomers resulting in the disruption of the chain linearity of the polymer where
backbone rigidity, chain packing and charge transfer complex are minimized [7,13-18]. Despite
the applicability limitations associated with polyimides, they are among few membrane materials
that can operate at elevated temperatures above 300 °C [2,12]. Such a property is rare among
most glassy polymeric membranes which usually cannot be used at temperatures above 100 °C
because glassy polymers are usually in a non-equilibrium state both at room temperature as well
as near and above their glass transition temperatures [2]. This causes the equilibrium process to
shorten, which results in increasing the chain mobility and decreasing gas selectivity [2].

Aromatic polyimides containing ortho-positioned functional groups can undergo thermal
rearrangement (TR) to form polybenzoxazole (PBO), which is known for having a rigid rod-like
structure with high-torsional energy barriers to rotational energy between two individual
phenylene-heterocyclic rings [2,13]. Such a feature is crucial when considering gas separation
applications because it could lead to large differences in the mobility of the pendant groups
depending on their size and, hence, result in higher selectivities [2]. Moreover, PBOs have very
high thermal and chemical stability, making them suitable for potential separation applications
under harsh conditions such as the purification of hydrogen from steam reforming or the
separation of carbon dioxide from flue gases [2]. Thermally rearranged aromatic polyimides can
also reduce the permeability/selectivity tradeoff [19,20]. During TR, the fractional free volume
(FFV) distribution of membranes made from aromatic polyimides is changed, forming large
cavities that are separated by narrow necks and resulting in higher permeabilities [21]. Moreover,
TR increases the rigidity of the polymer chains where the rigid-rod benzoxazole structure is
responsible for slightly increasing and mostly maintaining a relatively unchanged selectivity
[22]. Hence, polyimide membranes which undergo TR witness a significant increase in
permeability of gases while maintaining their selectivities.

This work concerns, first, the synthesis and characterization of three aromatic polyimides
and, second, the fabrication, characterization and evaluation of the fabricated polyimides
membranes. Synthesis and characterization of the polyimides were accomplished to compare
their physiochemical and separation properties based on their structure. One diamine (BisAPAF)
and three different dianhydrides (PMDA, ODPA and BTDA) were used to synthesize the



polyimides via azeotropic imidization. These aromatic precursors were selected based on the
type of pendant groups, spatial linkages and bridging groups that they have, which affects the
way they react and, thus, will vary their gas separation performance. Testing the fabricated
membranes was conducted to assess their gas separation performance before and after TR in
order to investigate the change in the structure-property-performance due to the thermal
treatment.

2. Experimental Section

2.1 Materials

The diamine: 2,2-Bis(3-amino-4-hydroxyphenyl)-hexafluoro-propane (APAF-98%) was
purchased from Matrix Scientific (USA). The dianhydrides: 4,4’-oxydiphthalic anhydride
(ODPA-97%), 3,3,4,4’- benzophenone tetracarboxylic dianhydride (BTDA-96%) and benzene-
1,2,4,5-tetracarboxylic dianhydride, also known as pyromellitic dianhydride (PMDA-97%), were
purchased from Sigma Aldrich Co. LLC (USA). The solvents used include N-methyl-2-
pyrrolidinone ReagentPlus (NMP-99%), o-xylene (>98%) reagent grade, dimethylformamide
anhydrous (DMF-99.8%), methanol histological grade and tetrahydrofurane HPLC grade (THF-
>99.9%), were also purchased from Sigma Aldrich Co. LLC (USA). Mineral oil, anti-bumping
granules, drying agent calcium hydride (powder, 99.99% trace metals basis) and molecular
sieves 4A (beads, 8-12 mesh) were bought from Sigma Aldrich Co. LLC (USA). Chemical

structures and the physical properties of the used monomers are presented in Table. 1.
Table 1. Chemical structures and physical properties of the monomers used to synthesize the hydroxyl-polyimides (HPIs)

[11,23]
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2.2 Materials Preparation

The diamine and dianhydrides were dried in an oven for 24 hours at 100°C and 180°C,
respectively, and were used as received without further purification. All the glassware used was
dried for 24 hours in an oven at 105°C, purged with nitrogen and used in a controlled
atmospheric chamber. The NMP solvent was dried using calcium hydride via a distillation setup
for 24 hours, where it was under vacuum first and then under inert nitrogen in order to remove as
much latent water in the solvent as possible. The dried NMP was then stored over activated 4A
molecular sieves. Drying the solvent and the precursors is crucial because the dianhydrides are
extremely sensitive to moisture, otherwise an undesirable side reaction of the dianhydride and
moisture tends to take place and results in incomplete polymerization reactions.

2.3 Polymer Synthesis

2.3.1 Hydroxyl polyamic acid (HPAA) synthesis

The most commonly used method for processing polyimides is via soluble polyamic acid
precursors primarily because fully aromatic polyimides have high chain rigidity and strong



interchain interactions. The polyamic acid is converted into polyimide through the imidization
reaction which in this work was done via the azeotropic imidization method per previous work
[7,11,24,25]. First, 10 mmol of BisAPAF diamine was allowed to dissolve for 1 hour in half the
final amount of NMP needed, where the final monomer solution concentration is 20 wt%. This
took place in a glove box in an inert atmosphere. Then, the flask was tightly sealed and the
diamine solution was cooled to below 10°C. An equal ratio of dianhydride (10 mmol) was then
incrementally added to the diamine solution in 3 intervals, 3 minutes apart. The remaining
amount of NMP was then added to obtain the final 20 wt% monomer solution. Finally, the
diamine and dianhydride were allowed to react for 48 hours at a temperature of below 10°C
which resulted in the formation of a yellow, viscous HPAA solution. The same procedure was
repeated for each of the dianhydrides.

2.3.2 Hydroxyl polyimide (HPI) synthesis

The reaction of the diamine and dianhydride is a condensation polymerization reaction, which
means that water is formed. To remove this excess water, a dean-stark extractor equipped with a
condenser was used where a continuous distillation under o-xylene reflux in the form of a
water/o-xylene azeotropic mixture took place. This was done by adding an equivalent amount of
0-xylene as NMP to the HPAA solution together with some anti-bumping granules. The solution
was then heated to a temperature between 160-180°C for around 4 hours inside a 700 mL
mineral oil bath, resulting in an orange solution, and was allowed to cool slowly to room
temperature. The literature mostly states that the distillation should be allowed to continue for
around 6 hours [24,25]. However, it was observed that when distillation time exceeds 4 hours,
the solution tended to turn dark brown and when precipitated it formed a highly insoluble
polyimide. Reducing the distillation time to around 4 hours or less resulted in a flaky highly
soluble polyimide powders.

The next step involves the precipitation of the solution which was done in an 800 mL beaker
filled with a cooled solution (~13°C) of 3:1 ratio deionized water:methanol (600 mL and 200
mL, respectively). A stir bar was then used to create a vortex in the precipitation solution while
the orange solution was added slowly, resulting in a floating precipitant. The floatation of the
precipitant is a good sign of a porous, flaky powder. The precipitant was first allowed to soak for
12 hours at a temperature of around 13°C in the precipitation solution and then for another 12
hours in deionized water. Finally, the HPI precipitant was vacuum filtered, rinsed with deionized
water until it was odorless, and then dried in an oven at 120°C for 24 hours.

2.4 Membrane Formation & Thermal Rearrangement

The polyimide membranes were formed via the solvent evaporation method where the dried
HPI powders were each dissolved in DMF at 30 wt% over 24 hours. Each viscous solution was
then casted on Kapton support, and placed in an oven where it was slowly heated to 250°C at a
rate of 1°C/ minute. The temperature was held for 1 hour at 60°C, 155°C and 250°C. Afterwards,
the oven was allowed to cool to room temperature. The membranes were then peeled off the
Kapton and free-standing polyimide membranes were formed. During this process, the additional
solvent in the membrane evaporates due to the elevated temperatures.

A muffle furnace was used to thermally rearrange the membranes where each membrane was
sandwiched between two ceramic plates to prevent curling. Each membrane was heated to 300°C
and then 400°C at a rate of 5°C/minute where the temperature was held for 1 hour and 2 hours,
respectively. During this process, the polyimide was converted to polybenzoxazole (PBO) and
the membrane changed color from yellow-orange to dark-orange-brown.



The whole synthesis method is visually summarized in Fig. 1.
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Fig. 1. Polymer synthesis and membrane fabrication scheme.

2.5 Characterization

Fourier transform infrared spectroscopy (FTIR) was used to examine the chemical
composition of the HPI powders, polyimide membranes and the thermally rearranged
membranes. A Thermo Scientific Nicolet NEXUS 460 FTIR equipped with a ZnSe crystal and
DTGS detector was used in an attenuated total reflection mode with a resolution of 2 cm™ and 16
scans per sample.

A Hitachi SU8010 field emission scanning electron microscope (FE-SEM) was used to
investigate the morphology of the polyimide membranes before and after TR. The samples were
fractured to reveal a cross section and sputter coated for 30 seconds with carbon using an
automated sputter coater.

An EcoSEC HLC-8320 GPC (Tosoh Bioscience, Japan) gel permeation chromatography
(GPC) system with a differential refractometer (DRI) detector was used to determine the
molecular weight of the polyimides. Separations were performed using two TSKgel SuperH3000
6.00 mm IDx 15 cm columns with an eluent flow rate of 0.35 ml min~'. The columns and
detectors were thermostated at 40 © C, and the eluent used was tetrahydrofuran (THF). Samples
were prepared at nominally 4 mg ml™" in an aliquot of the eluent and allowed to dissolve at
ambient temperature for several hours and the injection volume was 40uL for each sample.
Calibration was conducted using PS standards (Agilent EasiVial PS-H 4ml).

A PerkinElmer differential scanning calorimeter (DSC) was used to investigate the glass
transition temperature (Tg) of the HPIs and the membranes. The DSC method consisted of three
cycles each starting at 25°C and ramping up to 400°C at a rate of 10°C/min. The samples were
held isothermal for 2 minutes after ramping to ensure equilibrium.

A TA Instruments SDT Q 600 thermogravimetric analyzer (TGA) was used to determine the
extent of thermal rearrangement of the membranes. The method used involved heating an 8 mg
sample from 25°C to 900°C at a heating rate of 10°C/min under nitrogen atmosphere. Moreover,
the analysis was used to find the degradation temperature (Tq) of the polyimide membranes.



A Rigaku SmartLab X-Ray Diffractometer (XRD) with Cu Ka radiation of 1 = 1.5406 A,
current of 44 mA and voltage of 40 kV. The membranes were scanned in 26 from 5° to 40° at a
rate of 2°/minute. It was used to calculate the d-spacing of the membranes using the XRD
patterns via Bragg’s law (Eq. 1) [26]:

niA = 2dsiné 1)
Where n is the order of reflection (n = 1), A is the X-ray wavelength, d is the d-spacing and 8 is
the X-ray diffraction angle.

2.6 Gas Permeation Measurements

The gas permeabilities of the membranes before and after thermal rearrangement were
determined by a constant pressure, variable volume method where the permeate flow rate was
measured using a bubble flow meter. The gas permeabilities were calculated using Eq. 2 at
steady-state conditions [26,27]:

22,414 l p, dV (2
A (p2—p1)RT dt
where 22,414 is the number of cm? at standard temperature and pressure of penetrant per mole,
A is the membrane area (cm?), [ is the membrane thickness (cm), p; & p, are permeate and feed
pressures respectively, R is the universal gas constant (6236.56 cm*cmHg/ molK), T is the

absolute temperature (K) and Z—Z is the the volume displacement rate of the soap-bubble in the

bubble flow meter.

The gases tested were CH4, N2 and CO, which have kinetic diameters of 0.380 nm, 0.364 nm
and 0.330 nm respectively [2] and the setup used is shown in Fig. 2. The tested membranes were
sealed with a Teflon washer that with an area of 2.27 cm?, and the feed side was controlled with
a pressure regulator form the gas cylinder while the permeate was left at atmospheric pressure.
The setup was purged with the tested gas through the purge valve to ensure that there were no
impurities. The setup was then pressurized to 50 psi and was maintained while the flow rate was
measured using the bubble meter. The ideal selectivity of the membranes was then calculated
using Eq.3: [26,27]

il 3)
B
where o; ; is the selectivity of gas pair i/j and P; and P; are the permeabilities of gas species i

and j respectively [26,27].

Xifj=



Pressurized Gas Cylinder

Feed Valve

Pressure Gauge

Purge Valve

Membrane Cell

Bubble Flow Meter

L= B N S

1
Fig. 2. Sketch of the permeation test setup.

3. Results and Discussion

The FTIR was used to investigate the chemical compositions of the HPI powders as well as
the synthesized membranes before and after TR. The chemical compositions of the HPI powders
were identical to those powders obtained and reported in our previous work [11]; hence, they
will not be discussed in this paper.

The FTIR spectrum of the APAF-BTDA membrane before and after TR are depicted in Fig.
3. All of the membranes were fabricated thermally at 250°C resulting in fairly similar
compositions. The most important peaks are labelled where a strong broad absorption band is
observed at wavenumbers around 3200 and 3600 cm™ (a), where it corresponds to an OH-phenyl
functional group that could be attributed to the diamine. Moreover, there is an indication that
thermal imidization of the polyimide started taking place during the membrane synthesis which
is evident by wavenumbers at around 1788 cm™ (b) and 1718 cm™ (c) which correspond to
symmetric and asymmetric C=0 stretching, respectively. In fact, the chemical composition of the
HPI1 powders discussed in our previously reported work [11] shows the presence of peaks (b) and
(c) indicating that the thermal treatment of the polyimide indeed had started earlier during the
azeotropic distillation of the HPAA solution.



APAF-BTDA Before TR

3

C

o

= C
&

< APAF-BTDA After TR

=

d
e
3400 2900 2400 1900 1400 900

Wavelength (cm™)
Fig. 3. FTIR spectra of APAF-BTDA membranes before and after thermal rearrangement (TR).

The spectrum of the APAF-BTDA membrane after TR clearly shows that the polyimide
is converted to polybenzoxazole thermally somewhere between 300 and 400°C. Peaks (d) and (e)
at 1474 cm™ and 1059 cm™, respectively, correspond to the benzoxazole bands indicating that
thermal conversion did indeed take place.

Some other peaks that can be observed, but not labelled, include wavenumbers between
around 1300 cm™ and 1000 cm™ corresponds to C-F stretching where it is attributed to the
diamine structure. Additionally, the absence of a peak at around 1515 cm™ indicate that the
cyclization is complete [7,11]. Also, there are multiple imide groups at wavenumbers around
1778, 1724, 1373 and 1091 cm™ indicating the presence of imides and hence emphasizes that
polyimides were successfully synthesized [28].

SEM was used to investigate the morphological charactersitics of the polyimide membranes
before and after TR (Fig. 4). All of the synthesized membranes exhibited a comparable dense
layer morphology. Further examination revealed that there were slightly different morphological
characteristcs between the surface side, or the side of the membrane which was in contact with
the material it was cast on, and the exposed side, or the side of the membrane that was exposed to
the ambient environment. The surface side showed a rougher texture which could possibly
attributed due to sample preparation; though, this is mostly unlikely due to the rough patterned
morphology observed at the exposed side of the membrane. This dichotomy means that the
rough morphology of the surface side is most likely due to surface tension between the
polyimide and the surface on which it was cast (Kapton®) which could have been caused by the
interaction of the phases with the solvent used (DMF). Examining the TR membrane SEM, it is
clearly observed that the two layer morphology disappeared. This could be due to the relaxation
of the polymer chains during TR which caused the polymer chains to become more rigid.






Fig. 10. Comparing the gas separation properties of various polyimide membranes synthesized via thermal, azeotropic and
chamical imidization to the results obtained in this work for: (a) CO2/CH4, (b) N2/CH4 and (c) CO2/Mi2][39
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Table(s)

Table 1. Chemical structures and physical properties of the monomers used to synthesize the hydroxyl-polyimides (HPIs) [11,23]

Precoursors | APAF ODPA BTDA PMDA
> o 0 0
Ty | U0 | X0
/ d )X
Properties Rigid Flexible Rigid Rigid
Bulky Unbulky Unbulky Unbulky
Table 2. Properties of the synthesized polyimides membranes.
DSC GPC GPC GPC TGA
Polymer
T4 (°C) Mw (g/mol) Mn (g/mol) PDI T4 (°C)
APAF-PMDA Pre TR 271 35,642 16,000 2.2 556.07
APAF-ODPA Pre TR 220 25,337 11,072 2.2 547.45
APAF-BTDA Pre TR 268 94,417 47,912 2.0 548.91
Table 3. Theoretical and experimental weight loss values of polyimide membranes at 400-450°C.
Polyimide Theoretical Weight Loss [31] | Experimental Weight Loss Extent of TR
APAF-PMDA 15.8% 12.9% 82%
APAF-ODPA 13.6% 10.9% 80%
APAF-BTDA 13.3% 13.1% 99%
Table 4. Gas permeation data of polyimide membranes before and after TR.
P(N2) P(CH,) P(CO,)
Polymer « (CO,/CH,) | « (N,/CH,)| « (CO,/N,)
Barrer Barrer Barrer
APAF-PMDA Pre TR 0.9 0.8 27 35.1 1.2 29.5
APAF-PMDA Post TR 32 22 904 41 1.4 28.3
APAF-ODPA Pre TR 5.3 3.3 133 39.9 1.6 254
APAF-ODPA Post TR 3.6 1.3 101 80.8 2.9 28.2
APAF-BTDA Pre TR 6.3 3.1 133 43.3 2.1 21
APAF-BTDA Post TR 17 13 676 51.9 3.1 39.2




Table 5. Calculated d-spacing from polyimide membranes before and after TR.

Polyimide XRD Before TR XRD After TR % Change in d-
d-spacing (A) d-spacing (A) spacing
APAF-PMDA 4.924 5.535 124
APAF-ODPA 4973 5.132 32
APAF-BTDA 4.544 5.211 14.7




