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ABSTRACT

Mixed matrix membranes (MMMs) have been obtained by blending an aromatic ortho-

hydroxypolyimide (PIOH) or an ortho-acetylpolyimide (PIOAc) with different loading 

amounts (15 and 30 wt%) of a microporous polymer network (PPN), which was obtained 

from the reaction of triptycene and isatin. The excellent thermal resistance of the PPN 

(above 500 °C) allowed it to be used as a filler to successfully prepare thermally 

rearranged polybenzoxazole (TR-PBO)-MMMs obtained from the thermal treatment of 

the above MMMs. Moreover, PPN showed relatively good compatibility with the 

polyimide matrix, which improved the TR-PBO formation. The gas separation 

performances of these MMMS before and after the thermal process were studied for five 

representative gases (He, O2, N2, CO2 and CH4). For the MMMs derived from ortho-
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functional polyimides, the gas permeability considerably increased for all the gases, 

whereas the selectivity for gas pairs, such as CO2/N2 and CO2/CH4, remained similar. 

Thus, the selectivity-permeability performance of PIOH- and PIOAc-MMMs containing 

30 wt% of PPN (PIOH30 and PIOAc30) surpassed the 1991 Robeson limit for the 

CO2/CH4 gas pair. In the case of TR-PBO-MMMs (TROH and TROAc-MMMs), the 

thermal rearrangement process led to an increase in the gas permeability, showing values 

much better than those observed for the TR-PBO material employed as a MMM matrix. 

The selectivity values were a little bit lower than the pristine TR-PBO membranes. The 

CO2 permeability of TROAc30 was 1036 barrer with a CO2/CH4 selectivity of 28, 

surpassing the 2008 Robeson limit. 

INTRODUCTION

Polymer membranes can be used to separate complex mixtures of gases.1—5 However, 

classical approaches are not able to meet the needs of industry to obtain materials having 

large gas separation productivity in harsh conditions.6,7 In this context, thermal and 

chemical resistant polymeric materials are extensively sought for use in industry.3,8,9
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Thermally rearranged (TR) polymer membranes have been of interest due to their 

outstanding  gas permeability.9—15 TR polymers are materials where solid-state molecular 

rearrangements from a rigid structure to another more rigid and stable structure are carried 

out by a thermal treatment at relatively high temperature.9,12,16—19 Due to this thermal 

conversion, materials with very high permeability and good selectivity have been 

obtained. In particular, some sets of new gas separation membranes based on polyimides 

(PIs) having ortho-hydroxy groups, capable of yielding thermally rearranged 

polybenzoxazoles (TR-PBOs), have been developed.4,20—22 These membranes are 

extremely efficient to separate CO2 from other gases. In fact, they are so efficient that 

their properties can be compared with those of the carbon molecular sieves, but with much 

better mechanical properties.23—27 Further, due to the formation of a very rigid polymer 

structure during the thermal treatment, these TR-PBO membranes show low physical 

aging and acceptable resistance to plasticization.28

The preparation of mixed matrix membranes (MMMs), which combine a linear 

polymer showing high gas permeability with metal organic frameworks (MOF and 

ZIFs),29—33 porous organic frameworks (PAFs),34,35 or porous polymer networks (PPNs),36 

has provided novel materials with excellent gas permeability and selectivity. However, 
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the use of PPNs as fillers in MMMs where the polyimide matrix is going to undergo an 

additional thermal rearrangement (TR) process is more cumbersome due to the high 

temperature at which the TR takes place (above 400 °C).37—39 Thus, the PPNs should have 

degradation temperatures near 500 oC to preserve their macromolecular structure during 

the thermal rearrangement.40

In this context, our group has developed a feasible and low-cost synthetic protocol to 

prepare high-thermal and chemical stable PPNs by reaction of rigid triaromatic 

compounds (having a required symmetry) with ketones that have electron-withdrawing 

groups.41 Some of these PPNs exhibited high chemical resistance and exceptional thermal 

stability (degradation onset above 450 °C). Moreover, they showed highly microporous 

structures, with Brunauer-Emmet-Teller (BET) surface areas of up to of 800 m2 g-1 and 

CO2 uptakes of up to 207 mg g-1 (105 cm3(STP) g-1) at 273 K and 1 bar.

Recently, we have employed one of these high-thermal stable PPNs, specifically one 

derived from triptycene and isatin, as a filler to prepare MMMs using three polyimides 

matrices: a commercial one, Matrimid, and two others synthesized by us, 6FDA-6FpDA 

and 6FDA-TMPD, which are commonly employed in gas separation studies.42—46 

Homogeneous MMMs with excellent mechanical properties and better gas separation 
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performances for CO2/CH4 and CO2/N2 than those of the pristine polyimide membranes 

were obtained.47

The present study extended the use of the triptycene-isatin PPN to prepare TR-PBO-

MMMs employing two previously reported TR-able polyimides that were derived from 

3,3’-dihydroxybenzidine (HAB) and 2,2’-bis-(3,4-dicarboxyphenyl)hexafluoropropane 

dianhydride (6FDA): ortho-hydroxy and ortho-acetyl polyimides, referred to here as 

PIOH and PIOAc, respectively.12 Dynamic and isothermal thermogravimetric analysis 

measurements were carried out to optimize the TR-conversion protocol in the presence 

of the PPN. The validity of using this high-thermal stable filler to improve the 

performances of the TR-PBO-MMMs was evaluated by comparing the gas separation and 

mechanical properties of MMMs before (PI-MMMs) and after thermal rearrangement 

(TR-PBO-MMMs). The aim of this work is to show how the high microporosity and the 

excellent thermal stability derived from the PPNs impart improved CO2 permeability to 

TR-PBO-MMMs, while retaining sufficient mechanical properties to be tested for gas 

separation applications.

2. EXPERIMENTAL SECTION
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2.1. Materials

3,3’-Dihydroxybenzidine (HAB) and 2,2’-bis-(3,4-

dicarboxyphenyl)hexafluoropropane dianhydride (6FDA) were supplied by TCI Europe. 

The HAB diamine was dried at 120 °C for 5 h under vacuum, and the 6FDA dianhydride 

was sublimated at 220 °C prior to use. Triptycene (98% of purity) was purchased from 

abcr GmbH, isatin (1H-indole-2,3-dione, 99% of purity) from Sigma-Aldrich, and they 

were dried at 80 °C under vacuum before use. Chlorotrimethylsilane (CTMS), pyridine 

(Py), 4-dimethylaminopyridine (DMAP), o-xylene, acetic anhydride, N,N-

dimethylacetamide (DMAc), tetrahydrofuran (THF) and anhydrous N-methyl -

2pyrrolidinone (NMP) were supplied by Sigma-Aldrich and used as received. 

Trifluoromethanesulfonic acid (TFSA, 99.5% of purity) was obtained from Apollo 

Scientific.

2.2. Synthesis of polyimides

The ortho-hydroxypolyimide (PIOH) and ortho-acetylpolyimide (PIOAc) were 

synthesized from the HAB diamine and the 6FDA dianhydride following the in situ 

silylation methodology48,49 and the routes reported in a previous work.12,16 The synthesis 

consisted of the preparation of the ortho-hydroxy poly(amic acid) (HPAA) followed by 
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its subsequent conversion to PIOH via azeotropic imidization and to PIOAc via chemical 

imidization.

2.2.1. Synthesis of ortho-hydroxypolyimide

First, 10.0 mmol of HAB and 10 mL of NMP were added to a round bottomed three-

neck flask equipped with mechanical stirrer and nitrogen inlet and outlet and were stirred 

at room temperature under a dry nitrogen atmosphere until HAB was dissolved in NMP. 

It is appropriate to point out that the mechanical stirring and the nitrogen atmosphere were 

maintained during all the steps of the reaction unless indicated. The solution was cooled 

to 0 °C, the required amounts of CTMS (1 mol/mol reactive group) and Py (1mol/mol 

reactive group) were added to the solution, and the temperature was raised to room 

temperature and maintained for 15 min to ensure the formation of the silylated 

diamine.48,49 Next, the solution was cooled once again to 0 °C, and 10.0 mmol of 6FDA 

were added followed by DMAP (0.1 mol/mol Py) and 10 mL of NMP. The reaction 

mixture was then stirred for 15 min at 0 °C and left overnight at room temperature for the 

complete formation of the HPAA. Afterwards, 20 mL of o-xylene were added to the 

HPAA solution, and the reaction mixture was heated at 180 °C for 6 h. The water released 

during the imidization step was separated out as a xylene azeotrope, along with silanol 
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and other siloxane by-products derived from the use of silylating agent. Finally, the 

additional o-xylene was stripped out from the polyimide solution, which was then cooled 

to room temperature and poured into distilled water. The precipitated polymer was 

washed several times with water, then a mixture of water/ethanol (1/1), then pure ethanol. 

Finally, it was dried at 150 °C for 12 h under vacuum. PIOH: �inh= 0.70 dL/g. 1H-NMR.16

2.2.2. Synthesis of ortho-acetylpolyimide

The HPAA solution was prepared in the same manner as described above, but DMAc 

was used as a solvent instead of NMP. A mixture of acetic anhydride (80 mmol, 4 

mol/mol reactive group) and Py (80 mmol, 4 mol/mol reactive group) was added to the 

HPAA solution, which was stirred for 6 h at room temperature and 1 h more at 60 °C to 

promote the cycloimidization. The polymer solution was cooled to room temperature and 

poured into distilled water. The polymer was washed several times with water, then it was 

washed with a mixture water/ethanol (1/1), and finally dried in a vacuum oven at 150 °C 

overnight. PIOAc: �inh= 0.52 dL/g. 1H-NMR.16

2.3. Synthesis of the triptycene-isatin PPN

The triptycene-isatin PPN was obtained in quantitative yield by reacting triptycene and 

isatin in a superacidic media according to the procedure previously reported by our 

Page 9 of 62

ACS Paragon Plus Environment

ACS Applied Polymer Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10

group.41 Thus, 23.0 mmol of triptycene, 34.5 mmol of isatin and 25 mL of chloroform 

were added to a three-necked Schlenk flask, equipped with a mechanical stirrer and gas 

inlet and outlet. The mixture was stirred at room temperature under a nitrogen blanket, 

then cooled to 0 °C. Then, 50 mL of TFSA were slowly added to the mixture with an 

addition funnel for 30 min. Next, the reaction mixture was allowed to warm to room 

temperature and stirred for 5 days. The solid was poured into a water/ethanol mixture 

(3/1), filtered, consecutively washed with hot water, acetone, chloroform and acetone and, 

finally, dried in a vacuum oven at 150 °C for 12 h. CP/MAS 13C NMR (100 MHz, solid 

state) � ppm: 180, 145, 124, 110, 62, 55.41

2.4. Membrane fabrication

The MMMs with targeted PPN loading (15 and 30 wt.% of total solid weight: PPN + 

polymer) were prepared following the methodology reported earlier by our group.47 First, 

the required amount of PPN was dispersed in THF (10 mL) by stirring for 24 h at room 

temperature, followed by sonication for 20 min with a 130 W ultrasonic probe (Vibra 

CellTM 75186) operating at 25% maximum amplitude. The procedure consisted of 40 

cycles of 20 s ultrasonic exposures and 10 s cool-down so that the particles could be 

entirely dispersed. Next, about half the volume of the polymer solution (500 mg of 

polymer in 5 mL of THF) was added to the stirring suspension of the filler, which was 

subsequently sonicated in the same previous conditions for 10 min (20 cycles) before 

adding the rest of the polymer solution. After stirring for a further 30 min, the final 
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suspension was poured into a glass ring placed on a leveled glass plate, covered with a 

watch-glass. It was raised slightly and left at room temperature overnight to remove most 

of the solvent. The films were peeled off from the glass plate and subjected to the 

following thermal treatment under vacuum conditions: 100 °C for 1 h, 150 °C for 1 h, 

180 °C for 1 h, 250 °C for 1h min, and they then were allowed to cool slowly. The film 

thickness range was 40-50 �m. MMMs obtained from PIOH and PIOAc were designated 

as PIOHX and PIOAcX, where X is the weight percent of PPN in the final suspension.

For comparative purposes, neat polyimide films were cast following the protocol 

described above. The casting of polyimide was done from a filtered 10% polymer solution 

in THF.

Note that additional MMMs were similarly prepared from PPN solid previously 

subjected to a CO2 plasma treatment for 30 min to test the possible effect of this treatment 

on the compatibility of the filler and polymer matrix, and consequently on the gas 

separation properties. The MMMs prepared using the plasma-treated PPN were 

designated adding the suffix PL to the designation of the MMMs, e.g., PIOAcX_PL and 

TROAcX_PL. Details of the plasma treatment are given in the Section 2.6.

2.5. Thermal rearrangement protocol
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Circle membrane coupons of PIOH, PIOAc, PIOHX and PIOAcX were cut into 3 cm2 

pieces, sandwiched between ceramic plates to avoid film rolling at elevated temperatures 

and placed in a quartz tube furnace in a high-purity nitrogen atmosphere (0.3 L min-1). 

Samples were heated to 275 °C at a heating rate of 20 °C min-1, then to 300 °C at 5 °C 

min-1 and held for 1 h for complete solvent removal. Then, the membranes were further 

heated to a particular rearrangement temperature (350, 400, 425 and 450 °C) with a 

heating rate of 5 °C min-1 and held for the desired time (0.5 or 1 h). Afterwards, the 

furnace was cooled to room temperature at a rate no greater than 10 °C min-1. Thermally 

rearranged membranes were designated as TROHX-T/t and TROAcX-T/t, where X is the 

weight percent of PPN, T the final rearrangement temperature, and t is the dwell time at 

T.

2.6. Plasma modification

The CO2-plasma surface treatment of the PPN was carried out on 2.0 g of the porous 

polymer solid using a Harrick PDC-002 plasma-cleaner device where the sample was 

positioned in the medium of the quartz plasma cylinder. The operating radio-frequency 

power was kept at 10 W (medium position), and the chamber pressure was kept at 200-

250 Torr with a CO2 flow of 25 mL min�1. The time of the treatment was 30 min.
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2.7. Characterization

Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra were 

registered on a Perkin Elmer Spectrum RX-I FTIR spectrometer equipped with an ATR 

accessory. Inherent viscosities of polymers were measured at 30 °C with an Ubbelohde 

viscometer using NMP as a solvent at 0.5 g dL-1. Thermogravimetric analysis (TGA) was 

performed on a TA Q-500 thermobalance under a nitrogen atmosphere (60 mL min-1). 

Dynamic TGA was conducted at 10 °C min-1 from 30 to 850 °C. Isothermal TGA was 

conducted using the following thermal protocol: the sample was heated at 300 °C and 

held at this temperature for 1h and then heated at a rearrangement temperature (350, 400, 

425 and 450) at 5 °C min-1 and held for 1 h. Wide-angle-X-ray scattering (WAXS) 

patterns were recorded in the reflection mode at room temperature using a Bruker D8 

Advance diffractometer provided with a Goebel Mirror and a PSD Vantec detector. CuK� 

(wavelength � = 1.54 Å) radiation was used. A step-scanning mode was employed for the 

detector, with a 2� step of 0.024˚ and 0.5 s per step. Scanning electron microscopy (SEM) 

images were taken with a QUANTA 200 FEG ESEM on Au-metallized samples operating 

at an acceleration voltage of 1.5 kV in high vacuum using the secondary electron detection 

method.
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Thickness measurements of membranes were made (50 scans per item, in order to 

determine the thickness mean value) using a Fischer MP0R magnetic induction coating 

thickness test instrument. 

Density of membranes (�) was determined from Archimedes’ principle using a top-

loading electronic XS105 dual range Mettler Toledo balance provided with a density 

measurement kit. The samples were sequentially weighed in air and into high purity 

isooctane at 25 ˚C. Five density measurements were made for each sample. The density 

was calculated using Eq. (1):

 (1)� = ������	

���


��� 
 
�����	

where �liquid is the density of isooctane, wair is the weight of the sample in air, and wliquid 

is its weight when submerged in isooctane. The theoretical density of the MMMs was 

determined using Eq. (2):

 (2)�MMM =
1

(1 

�)

���� + (1 
 �)���
+


�

��

where �PI and �TR are the densities of the neat PI membrane and the neat TR-PBO 

membrane that were determined from Eq. (1), �f is the density of the filler (0.800 g cm3) 

estimated from its skeletal density (1.234 g cm-3) determined by helium pycnometry 
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(carried out using an Accupyc 1330 device), and its total pore volume (Vf = 0.440 cm3 g-

1) was calculated from low-pressure N2 isotherms at 77 K. Here, wf is the weight fraction 

of the filler in the MMM, and c is the weight fraction of TR-PBO formed during the 

thermal treatment, which was determined by isothermal TGA analysis from Eq. (3):

(3)TR conversion (%) =
Experimental loss mass

Theoretical loss mass x100

The fractional free volume (FFV) of membranes was estimated using Eq. (4):

(4)../ =
/0 
 1.3[ (� /��


 + (1 
 �)/��

 )(1 
 4�) + /�


4�]
/0

where Vm is the specific volume of the membrane, VwPI, VwTR and Vw
f are the van der 

Waals volumes of neat polyimide, neat TR-PBO and neat PPN filler, respectively, which 

were calculated by molecular modeling of the repeat units applying the semiempirical 

Austin Model (AM1) in the Biovia Materials Studio program.50 The optimized repeat 

units were used to determine the molecular volume by constructing a 5-unit polymer 

structure using the Builder Polymers and Atom Volumes and Surface algorithms. Finally, 

�f is the volume fraction of PPN calculated according to Eq. (5):

(5)4� =

�


� + (
��

���
)(1 

�)
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Mechanical properties of membranes were evaluated under uniaxial tensile tests at 

room temperature using an MTS Synergie-200 testing machine equipped with a 100 N 

load cell. Rectangular test pieces of 5 mm width and 30 mm length were subject to a 

tensile load applied at 5 mm min-1 until fracture.

    2.8. Gas permeability measurements

The gas permeability values of the membranes for pure gases (He, O2, N2, CH4 and 

CO2) were measured at 30 oC and an upstream pressure of 3 bar using a custom-made 

constant volume/variable pressure apparatus. Prior to the measurement, the membrane 

inside the permeation cell was maintained under high vacuum overnight. Then, an 

upstream pressure of 3 bar was applied (t= 0 s), and the increase in the permeate pressure 

was recorded as a function of time. All the gases were allowed to permeate until steady-

state (ss) conditions were obtained.

The permeability (P) was calculated from Eq. (6):

(6)� =  
273V�

76ATpo[(dp(t)
dt )

ss

 ((dp(t)

dt )
leak)]

Here, A is the effective area (cm2), l is the thickness of the membrane (cm), V is the 

downstream volume (cm3), T is the absolute temperature (K), p0 is the upstream pressure 
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(bar), (dp(t)/dt)ss is the steady state rate of the pressure-rise (mbar s-1), and (dp(t)/dt)leak is 

the system leak rate (mbar s-1), which was less than 1% of (dp(t)/dt)ss.

The ideal selectivity for a pair of gases A and B (�A/B) was evaluated as the ratio of the 

individual gas permeabilities (PA and PB), Eq. (7):

(7)<=
>

=
�=

�>

3. RESULTS AND DISCUSSION

3.1. Synthesis and membrane preparation

The synthesis of precursor polyimides, PIOH and PIOAc, and the protocol for the 

formation of the corresponding TR-PBOs, TROH and TROAc, were conducted according 

to our previous reports.12,16 To examine how PPN filler affects the TR process of 

polyimides in their corresponding TR-PBOs, MMMs films were made with 15 or 30 wt.% 

PPN loadings. The chemical structures of the polyimides and PPN are shown in Figure 1. 

Note that the MMM films were prepared by film casting from PPN-containing a polymer 

solution. Previous work demonstrated that the use of a low viscosity solvent like THF 

allowed good dispersions of PPN particles in polyimide solutions, even for high 
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loadings.41 The presence of PPN filler in the film was confirmed by the appearance of an 

IR absorption N-H band at 1470 cm-1, coming from the five-membered lactam rings.

Figure 1. Chemical structures of: (left) PIOH and PIOAc derived from the HAB and 

6FDA monomers and TR-PBO formed by thermal treatment, and (right) PPN derived 

from triptycene and isatin monomers. The bottom scheme indicates how the MMMs were 

prepared from polyimides and PPN.
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3.2. Thermal properties of the filler and membranes

The thermal stability of the polyimide films and of those loaded with PPN particles was 

studied by dynamic TGA. Thermograms of all neat and composite polyimide films and 

PPN filler are presented in Figure 2. The PPN-containing films showed two-step weight 

losses, which are similar to those observed in the neat polyimide films where the first one 

in the range of the 300-500 °C was associated with the formation of the TR-PBO moiety. 

This was followed by the second weight loss associated with the thermal degradation of 

the TR-PBO backbone at around 500-600 °C. The first peaks were broadened toward the 

high-temperature side with PPN loadings and therefore partially overlapped the 

degradation peak, indicating that the presence of the filler obviously affected the kinetics 

of TR-PBO formation.
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Figure 2. Dynamic TGA curves of (a) PPN, PIOH and (b) PIOAc and the corresponding 

PPN-containing films.

PPN only showed a single weight loss peak above 500 oC, which was from thermal 

degradation. The thermal stability of PPN (degradation onset temperature, Td, ~520 °C) 

was significantly higher than those of the neat polyimide membranes and MMMs. 

However, it should be noted that a small degradation of the filler could occur during the 

preparation of the TR-PBO films.

3.3. Optimization of thermal rearrangement protocol

The conversion protocol of PIOHX and PIOAcX to TR-PBOs was optimized by 

isothermal TGA analysis. Initially, PIOHX and PIOAcX films were thermally treated 
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following the protocol previously described by us.16 This protocol (see Experimental 

Section) was repeated with the precursor polyimides from another batch for this work to 

check whether the TR-PBOs were successfully obtained from the similar thermal 

rearrangement temperature (in the range from 350 to 450 °C) and the isotherm time at 

that temperature (0.5 and 1 h). It is known that the temperature in a quartz tube furnace 

can be affected by the variability in the flow rate of gas (pure nitrogen for this work) and 

thus, the conversion to TR-PBO from precursor polyimide could be variable. 

The isotherms obtained from neat polyimide membranes and PPN are shown in the 

supporting information (SI) section (Figure S1). The weight loss of PIOH and PIOAc 

films from TR conversion increased when both the rearrangement temperature and the 

residence time increased. This weight loss of the samples was described as conversion 

rate, which is the ratio of the experimental weight loss to the theoretical one (14.1% for 

PIOH and 24.3% for PIOAc) at a particular temperature and residence time. The highest 

conversion rate of the PIOH film (98 wt.%) to TR-PBO was reached at 450 °C and 30 

min. At longer times, the weight loss exceeded the theoretical one, indicating that 

degradation of TR-PBO took place. The conversion to TR-PBO from the PIOAc film was 
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64% and 76% at 450 °C for 30 min and 60 min, respectively. All these findings agreed 

well with those reported earlier.16

PPN isotherms revealed the high thermal stability of the material relative to polyimide 

films. The weight loss did not exceed 3% at 450 °C and 60 min. Although the weight loss 

could be due to solvent remaining in the pores, a small degradation of the PPN may also 

occur at temperatures above 400 °C (see Figure 2). The thermal stability of PPN was 

compared to that of the zeolitic imidazolate framework ZIF-8, which has been widely 

used as a molecular sieving filler material in MMMs,37,38,51—56 and to that of Kapton, 

which is a thermally stable polyimide. For this purpose, isothermal measurements of these 

samples were carried out at 450 °C for 180 min after subjecting these materials to 300 °C 

for 60 min. The results are displayed in the Supporting Information section (Figure S2). 

The isotherms of PPN and ZIF-8 showed a linear weight loss, but the rate of weight loss 

for ZIF-8 was 6-fold higher than for PPN. In addition, the loss was about 12-fold higher 

for PPN and 68-fold higher for ZIF-8 relative to Kapton. Thus, it is clear that PPN was 

sufficiently stable at 450 oC for 30 min and is a suitable filler for use in the preparation 

of the TR-PBO-based MMMs where high temperature is required.
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The thermal formation of the TR-PBO structures in the MMMs was studied by 

isothermal TGA measurements. Figures 3 (a) and (b) display TGA isotherms of PIOH- 

and PIOAc-based MMMs, including those of PPN, at 425 °C for 60 min and 450 °C for 

30 min. In addition, the theoretical CO2 weight loss values for each membrane, which 

were calculated according to the content of PPN, are indicated in the graph. Figures 3(c) 

and (d) show the conversion degree of polyimide matrix to TR-PBO as a function of the 

thermal treatment time at those temperatures. To calculate the conversion to TR-PBO, we 

assumed that the contributions of the polymer matrix and the PPN filler to the overall 

weight loss of the sample under thermal treatment were additive. Thus, the contribution 

of the filler to the weight loss isotherm of the MMM was subtracted. This contribution 

was calculated from the isotherm of pure PPN according to its percentage in the MMM 

(15 or 30 wt.%). Then, the conversion of the polyimide to TR-PBO of the MMM was 

determined from Eq. (3), considering the content of polyimide in the membrane.

As expected, the weight loss of MMMs increased over time due to the release of CO2 

during thermal rearrangement process, and the TR conversion increased over time as well. 

The conversion rate of PIOHX was lower than that of neat PIOH membrane, but the 

conversion rate was somewhat higher for PIOH30 than for PIOH15. Thus, the addition 
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of the filler seems to reduce the TR conversion rate of the polyimide matrix from 98% to 

92% for PIOH30 and to 89% for PIOH15 when held at 450 °C for 30 min, and from 89% 

to 78 for PIOH30 and to 71% for PIOH15 when held at 425 °C for 60 min. Regarding 

PIOAcX, small variations in the conversion values (less than 3%) were observed relative 

to the pure PIOAc membrane at a particular temperature and residence time.
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Figure 3. (left) TGA isotherms of neat PPN filler and membranes derived from (a) PIOH 

and (b) PIOAc, and (right) TR conversion of (c) PIOH- and (d) PIOAc- based membranes 

as function of thermal treatment: PPN at 425 °C (dashed black line) and 450 °C (solid 
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black line), neat PIOH and PIOAc at 425 °C (dashed blue lines) and 450 °C (solid blue 

lines), TROH15-425/60 and TROAc15-425/60 (dashed red lines), TROH15-450/30 and 

TROAc15-450/30 (solid red lines), TROH30-425/60 and TROAc30-425/60 (dashed 

green lines), and TROH30-450/30 and TROAc30-450/30 (solid green lines).

To date, there have been few studies on TR-PBO-based MMMs because fillers with 

very high thermal stability are required. Consequently, the effect of the filler on the TR 

process is not clear yet.34,37,57—59 An example of this can be found when nanoparticles of 

porous and thermostable materials, such as ZIF-8 and PAF-1, were added into TR-able 

polymers. The incorporation of ZIF-8 nanoparticles accelerated TR conversion in the 

MMMs. That is, the membranes with higher ZIF-8 content (up to 20 wt.%) required a 

shorter residence time or lower temperature treatment to achieve the highest conversion 

(90% at 400 ºC for 60 min)37 However, the addition of PAF-1 nanoparticles caused the 

opposite effect in the MMMs. The conversion to TR-PBO was reduced to more than half, 

i.e., from 52% to 20%, and to 14% at 5 wt.% and 10 wt.% of PAF-1 loading (at 450 °C 

for 60 min, under continuous evacuation).34 In a later work, the authors suggested that the 

interaction of PAF-1 with the TR-precursor polyimide might inhibit the TR conversion 

reaction. Our results indicate that the addition of PPN did not accelerate the formation of 

the TR-PBO structure nor inhibit it to the same extent that PAF-1 does.
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From all these results, the thermal rearrangement temperature and treatment time for 

TR-PBO-MMM preparations were chosen on the basis of reaching the highest TR 

conversion and minimizing the possible degradation of PPN (see Table S2). Thus, the 

final protocol for obtaining TR-PBO-based MMMs consisted of heating the polyimide-

based membranes at 450 °C for 30 min with a heating rate of 5 oC min-1. From this point 

on, the TROHX_450/30 and TROAcX_450/30 are referred to as TROHX and TROAcX, 

where X will continue to be the PPN percentage.

3.4. Chemical structures and physical properties of MMMs

The formation of TR-PBO structure was confirmed by ATR-FTIR analysis. The FTIR 

spectra of pure polyimide membranes and PPN filler are displayed in Figure S3 (SI 

section), and the corresponding TR-PBO membranes are shown in Figure S4 (SI section) 

for comparison. As an example, Figure 4 shows the FTIR spectra of PIOH30, TROH30 

and Figure S5 (SI section) those of PIOAc30 and TROAc30. The spectra were normalized 

to the band that appears at 965 cm-1 (C-H bending of aromatic carbons), which did not 

change in intensity with the thermal treatment, to better compare the differences between 

them. We observed that the polyimide-based membranes exhibited the typical absorbance 

bands of polyimide: the stretching vibrations of C=O (1785 and 1715 cm-1), the 
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asymmetric stretching of C-N (1370 cm-1), and the transverse stretching and the out-of-

plane bending of C-N-C (1102 and 720 cm-1). Moreover, the band N-H bending of five-

membered lactam rings (1470 cm-1) coming from PPN was visible. The other typical 

bands of the lactam ring at 1708 and 1320 cm-1, as seen in Figure S3, could not be assigned 

because their position in the spectrum overlapped with some of the polyimide bands.

After the thermal treatment, the broad hydroxyl band derived from PIOH matrix 

disappeared and the typical polyimide bands substantially decreased because the 

conversion to TR-PBO was not complete, as shown by TGA. New bands related to the 

TR-PBO structure appeared at 1557, 1460 and 1059 cm-1, as seen in Figure S4.16,17

Figure 4. ATR-FTIR spectra of PIOH30 and TROH30. Dashed lines indicate the position 

of typical bands of TR-PBO moieties. 

Wide-angle X-ray scattering (WAXS) measurements revealed the amorphous nature of 

all the MMMs before and after TR treatment. As an example, Figure 5 compares the 

WAXS patterns of the PIOH- and TROH-based MMMs, including those of PPN powder 

Page 27 of 62

ACS Paragon Plus Environment

ACS Applied Polymer Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



28

and pristine PI and TR-PBO membranes. All the patterns showed typical broad halos of 

amorphous polymers with maximum intensities around a 2� of 15° and a shoulder at the 

higher scattering angle. It is well-known that the position of the peaks can be related to 

the most probable intersegmental distance, known as d-spacing, between the polymer 

chains, as calculated from Bragg’s equation. Thus, the d-spacing could be related to the 

packing density of the membrane. The addition of the filler caused a peak shift in PI- 

MMMs towards smaller angle regions from that of neat PI membranes, where higher 

content of PPN resulted in a higher shift of the maximum. As a result, the maximum 

shifted from 15.90° (d-spacing of 0.56 nm) for PIOH to 14.90° (0.59 nm) for PIOH30. In 

addition, the same effect was observed in the patterns of TR-PBO membranes, but the 

shift was more pronounced. For example, it went from 15.20° (d-spacing of 0.58 nm) for 

TROH to 13.86° (0.64 nm) for TROH30. These data demonstrate that the presence of 

PPN particles led to TR-PBO membranes with a lower packing density during TR 

process, and therefore result in a higher fractional free volume (FFV) for the resulting 

TR-PBO-MMMs.
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Figure 5. WAXS patterns of PIOH- and TROH- based MMMs, PIOH membrane and PPN 

powder. The dashed lines indicate the maximum position of PIOH membrane (red) and 

PPN powder (black).

The experimental and theoretical values of densities and FFVs of the neat polyimide 

membranes and MMMs were calculated from Eqs. (1), (2) and (4), as listed in Table 1. 

The experimental densities of the MMMs were lower than those of the neat PI-and neat 

TR-PBO membranes but were higher than the theoretical densities calculated from Eq. 4. 

Moreover, several aspects were observed from FFVs of the MMMs: 1) the conversion of 

PI into TR-PBO caused an increase in the FFV of the neat membranes, which was 
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consistent with a previous report,16 2) the addition of PPN particles increased the FFV of 

the PI-MMMs (higher content of PPN particles resulted in a higher FFV), and 3) the 

conversion of PI-MMMs to TR-PBO-MMMs led to a smaller increase in FFV relative to 

those of neat polyimide membranes. Therefore, it could be stated that the PPN particles 

prevented efficient chain packing, which was consistent with the observed WAXS results. 

Table 1. Densities and fractional free volume of neat membranes and MMMs  

Sample Exp./Theo. Density 

(g cm-3)

FFV sample Exp./Theo. density 

(g cm-3)

FFV

PIOH 1.456 0.161 TROH 1.349 0.186

PIOH15 1.367/1.204 0.208 TROH15 1.291/1.162 0.228

PIOH30 1.348/1.059 0.216 TROH30 1.286/1.066 0.233

PIOAc 1.428 0.166 TROAc 1.342 0.196

PIOAc15 1.378/1.189 0.190 TROAc15 1.326/1.166 0.210

PIOAc30 1.357/1.050 0.202 TROAc30 1.304/1.038 0.225

The morphologies of the MMMs were examined using FE-SEM. As an example, the 

cryogenically-fractured cross-sectional surfaces of the PIOH-and TROH-based MMMs 

containing 30 wt.% of PPN are shown in Figure 6. The PI-based MMMs exhibited the 

typical crater-like morphology, which indicates good compatibility between the polymer 

matrix and the filler. In addition, the small clumps of PPN particles appeared from the 
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ductile fracture of the membrane. However, after TR treatment, TR-PBO-based 

membranes showed a smoother surface without any cracks or plastic deformation. In 

addition, voids around the filler particles (i.e., sieve in a cage effect) were not observed, 

corresponding with the experimental densities of MMMs that were higher than the 

theoretical values.

2 µm

(a)

2 µm

(b)

 

Figure 6. Cross-sectional FE-SEM micrographs of (a) PIOH30 and (b) TROH30.

3.5. Mechanical properties

The mechanical properties of the neat PI and TR-PBO membranes and their PPN 

containing MMMs are summarized in Table 2. The mechanical strength and ductility of 

the polyimide membranes decreased after thermal treatment at 450 °C for 30 min. For 
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example, the TROH membrane showed a decrease of about 9% in the Young’s modulus, 

30% in the tensile strength, and 60% in the elongation at break relative to PIOH one. The 

incorporation of PPN particles in the polyimide matrix caused a higher reduction in the 

Young’s modulus of MMMs relative to that of neat polyimide membrane, for instance, a 

~30% decrease in a mechanical modulus was observed after incorporating 30 wt.% of 

PPN content. However, it should be noted that TR-PBO-MMMs retained sufficient 

mechanical properties to be tested for gas separations applications.

Table 2. Mechanical properties of MMMs and neat PI- and TR-PBO-based membranes

Sample Young’s Modulus 

(GPa)

Tensile strength 

(MPa)

Elongation at break 

(%)

PIOH 2.41 ± 0.04 132 ±9 14 ± 4
PIOH15 1.88 ± 0.02 53 ± 8 6.3 ± 0.2
PIOH30 1.68 ± 0.02 54 ± 9 4.5 ± 0.7
TROH 2.2 ± 0.2 93 ± 1 5.4 ± 0.2
TROH15 1.9 ± 0.2 58 ± 1 3.5 ± 0.1
TROH30 1.9 ± 0.1 61 ± 3 3.4 ± 0.3
PIOAc 2.3 ± 0.2 65 ± 2 4.3 ± 0.5
PIOAc15 2.09 ± 0.08 68 ± 9 3.5 ± 0.5
PIOAc30 1.58 ± 0.07 50 ± 8 2.9 ± 0.6
TROAc 1.95 ± 0.05 74 ± 6 4.3 ± 0.4
TROAc15 1.7 ± 0.1 46 ± 7 3.1 ± 0.5
TROAc30 1.5 ± 0.1 38 ± 5 2.7 ± 0.6

3.6. Gas transport behaviors
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Single gas transport properties of the neat PI membranes and PI-MMMs were measured 

before and after TR treatment with five representative small gases (He, O2, N2, CH4 and 

CO2) at 30 °C under 3 bar of pressure difference. The values of gas permeability and ideal 

selectivity of all the membranes are summarized in Table S3 (SI section). Changes in gas 

permeability (O2, N2, CO2, and CH4) and selectivity (O2/N2, CO2/N2, and CO2/CH4) of 

the MMMs relative to the values of the neat polyimide membranes, PIOH or PIOAc, as 

a function of the PPN content are graphically displayed in Figure 7. The gas permeability 

of the PI- and TR-PBO-MMMs increased with the PPN content for all five gases. 

Moreover, the incorporation of the PPN led to more significant increases in gas 

permeability for PIOH than PIOAc, for example, CO2 permeability increased with 2.7 

and 4.9-fold for PIOH15 and PIOH30, respectively, relative to PIOH, whereas it 

improved only about 1.6 and 3.0-fold for PIOAc15 and PIOAc30, respectively, relative 

to PIOAc. Gas permeability of the PI-MMMs was further enhanced after TR conversion 

due to the PPN loading. As a result, TROH15, TROH30, TROAc15, and TROAc30 

showed 64, 81, 67, 90-fold increases in CO2 permeability compared to their neat 

precursors. Note that the neat TROAc exhibited the greatest improvement in gas 

permeability from TR conversion, which was twice that in the neat TROH for all gases. 
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This considerable permeability change in TROAc, which was achieved at relatively lower 

TR conversion (64%), has been induced by the differences in the chain rearrangement 

mechanisms between PIOH and PIOAc precursors.16 Furthermore, when TR-PBO-

MMMs were compared with their corresponding neat TR-PBOs, the effect of PPN 

loading on gas permeability was more noticeable in the MMMs derived from TROH. For 

instance, CO2 permeability increased 2.6-fold and 3.2-fold for TROH15 and TROH30, 

but 1.2-fold and 1.7-fold for TROAc15 and TROAc30, respectively. 

PIOHX exhibited higher gas selectivity than their TR-PBO derivatives (TROHX), and 

likewise, neat PI and TR-PBO membranes showed better molecular sieving 

characteristics than their MMM analogues containing PPN. In fact, the selectivity drop 

was more significant for the TR process than the addition of PPN particles. Among the 

PI precursors, PPN particles led to a more significant decrease in gas selectivity for 

PIOAcX relative to that of PIOHX, especially for the CO2/N2 gas pair. Previous results 

have showed that the use of PPNs in MMMs, which were mainly derived from low-

permeability and high-selectivity polyimide matrices, considerably improved their 

permeability relative to those of the neat polyimide membranes without substantially 

sacrificing their gas selectivity.47 Thus, the decrease in selectivity observed in PIOAcX 
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may be related to a poorer adhesion of the PPN particles to the PIOAc matrix than to the 

PIOH matrix. After the thermal treatment, the selectivity of TROHX and TROAcX was 

close to that of the neat TROH and TROAc, indicating that the compatibility between 

matrix and filler had been improved. 

For an in-depth understating of the relationship between polymer-filler compatibility 

and gas selectivity of MMM, a different type of PIOAcX (PIOAcX_PL) was prepared as 

a preliminary test using plasma-treated PPN powder, which was previously subjected to 

a CO2-plasma treatment for 30 min. It was expected that this CO2-plasma treatment would 

incorporate several oxygen-containing functional groups onto the surface of filler, 

including carboxylic acids, ketones, aldehydes and hydroxyl or epoxy groups, which 

could improve the adhesion between the PPN and the ortho-functional polyimide.60 

Unfortunately, the surface functionalization could not be detected by ATR-FTIR, TGA 

and CP/MAS 13C NMR spectroscopy due to both the small number of functional groups 

incorporated and the presence of similar functional groups, carbonyl groups, in the PPN.41 

Significant differences in gas separation properties were found for plasma-treated MMMs 

derived from PIOAc compared with those without plasma-treatment, but it was not so for 

those derived from PIOH, which showed similar properties. 
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 The gas permeability and ideal selectivity of PIOAcX_PL before and after thermal 

treatment are listed in Table S4 (SI section). The results showed an increase in both the 

permeability and the selectivity of PIOAcX_PL in comparison with those of PIOAcX. 

For example, CO2 permeability and CO2/N2 selectivity increased by 2.7 and 1.45-fold for 

PIOAc15_PL and by 2.3 and 1.56-fold for PIOAc30_PL, respectively. The fact that gas 

selectivity of PIOAcX_PL was closer to that of neat PIOAc membrane could be 

associated with the better compatibility between the PPN filler and PIOAc matrix in 

PIOAcX_PL. After thermal treatment, no significant changes in the gas separation 

properties of TROAcX_PL compared with TROAcX were observed. This finding 

confirmed that the compatibility between the PPN and PIOAcX matrix improved during 

the TR-PBO formation regardless of CO2-plasma treatment on PPN.
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Figure 7. Relative gas permeability (top) and ideal selectivity (bottom) of (a and b) PIOH- 

and (c and d) PIOAc-based MMMs before and after thermal treatment. The relative values 

in the graphs were obtained from the normalized permeability (or selectivity) with the 

corresponding reference polyimide, PIOH or PIOAc.

The gas separation performances of the MMMs were compared to those reported for 

PPN-based membranes derived from aromatic polyimides, such as Matrimid (low 

permeability and high selectivity) and 6FDA-TMPD (high permeability and low 
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selectivity).47 The results are given on Robeson plots for several gas pairs: CO2/CH4 and 

CO2/N2 in Figure 8 and O2/N2 in Figure S6 (SI section).61,62 

The incorporation of PPN particles into polyimide matrices caused a significant 

improvement in CO2 gas separation performance of the resulting membranes, which were 

closer to the 1991 Robeson upper-bound.61 Even some of these PI-MMMs, such as 

PIOH30, PIOAc30, and those prepared using the plasma-treated PPN, exceeded the 1991 

CO2/CH4 upper-bound. Gas separation performance of TR-PBO-MMMs also 

significantly improved. Particularly, their CO2/CH4 separation performance exceeded the 

1991 Robeson upper-bound, and even TROAcX slightly surpassed the 2008 upper-

bound62 but the values were far from the new Robeson upper limit  for CO2/CH4 and 

CO2/N2 separations.63 Results showed that when a low-permeable polymer matrix (e.g., 

Matrimid, P(CO2) ~8.6 Barrer) was used, the gas permeability of the resulting MMMs 

(e.g., Matrimid with 30 wt.% of PPN, P(CO2) ~61 Barrer) considerably increased without 

any reduction in gas selectivity.47 Similar gas separation behavior was observed in the PI-

MMMs derived from PIOAc and PIOH. In contrast, when a high-permeable matrix (e.g., 

6FDA-TMPD, P(CO2) ~444 Barrer) was employed, the increase in gas permeability was 

relatively smaller (e.g., 6FDA-TMPD with 30 wt.% of PPN, P(CO2) ~ 710 barrer) with 
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some loss in gas selectivity. Analogously, TROAcX showed a similar increase in 

permeability with PPN content, while very small changes in selectivity were observed.

Finally, we should note that the O2/N2 separation performance of the TR-PBO-MMMs 

also showed an evident improvement over the thermally-treated pristine membranes, such 

that some of the permeability-selectivity values of the membranes exceeded the 1991 

Robeson upper bound line, as seen in Figure S6 (SI section).
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Figure 8. Upper bound limit plot for (a) CO2/CH4 and (b) CO2/N2 separation by MMMs 

based on PIOH (solid symbols, red), PIOAc (solid symbols, purple), TROH (empty 
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symbols, red), TROAc (empty symbols, purple), Matrimid (solid symbols, dark cyan) and 

6FDA-TMPD (solid symbols, blue). The filler contents were 0 wt.% (triangle), 15 wt.% 

(square) and 30 wt.% (circle). The lines correspond to the 1991 and 2008 Robeson upper-

bounds.61,62

4. CONCLUSIONS

A series of TR-precursor MMMs were prepared by combining aromatic ortho-

hydroxypolyimide (PIOH) or ortho-acetylpolyimide (PIOAc) with different loading (15 

and 30 wt%) of a highly microporous network (PPN). SEM images of the MMMs showed 

relatively good compatibility between the polyimide matrices and the PPN filler, which 

resulted in the formation of membranes with excellent and homogeneous dispersion of 

the PPN particles, even for a high loading of 30 wt%. 

The thermal resistance of PPN was better than that of the ZIF-8 material that has been 

widely used as a filler in MMMs and was slightly lower than a very high stable polyimide 

(such as Kapton) when they were subjected to the thermal treatment used to prepare TR-

PBO-MMMs from precursor MMMs. From this finding, TR-PBO-MMMs were 

successfully prepared without substantial degradation of the loading material.
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In general, the polyimide-based MMMs exhibited an increase in gas permeability, due 

to the presence of PPN, whereas their selectivity values for diverse gas pairs, such as 

CO2/N2 and CO2/CH4 were similar. Thus, the high PPN loaded MMMs surpassed the 

1991 Robeson limit for CO2/CH4. The CO2 permeability for TROAc30 showed values 

higher than 1000 Barrer, whereas ideal selectivity was a little bit lower than the pristine 

TR-PBO materials.

Therefore, microporous high-thermal stable materials were successfully loaded in 

MMMs, which, after undergoing the thermal rearrangement processes, lead to TR-PBO-

MMMs with excellent gas separation properties. In fact, these properties are very 

competitive for TR materials, and more so when an ortho-hydroxypolyimide precursor, 

with relatively mediocre thermally rearranged gas separation, has been used as polymeric 

matrix. The results obtained in this work suggest that this filler could be incorporated into 

other better chosen ortho-hydroxypolyimides, presumably generating TR-PBO materials 

with excellent separations capabilities.
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