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ABSTRACT

The current processes used for natural gas separation and purification are considered
energy intensive which could potentially be substituted by membrane technology. Aromatic
polyimides are considered one of the most viable types of polymers used for the fabrication of
membranes for gas separation mainly due to their outstanding properties. Moreover, aromatic
polyimides could be thermally rearranged to form another class of polymers called
polybenzoxazoles which are characterized by having enhanced gas separation properties. This
research aimed to (1) synthesize and characterize three different aromatic polyimides via
polycondensation reaction of a diamine (BisAPAF) with three different dianhydride precursors
(PMDA, ODPA, BTDA), (2) fabricate free-standing polyimide membranes, and thermally
rearrange them to polybenzoxazoles and (3) compare the gas separation properties
(permeabilities and selectivities) of the membranes before and after the thermal rearrangement
and compare the results to Robeson upper bounds. The tested gas pairs tested were CO2/CHa,
N2/CH4 and CO2/Nz. All the objectives of this research were successfully achieved, and it was
found that chemical structure of the starting monomers plays a key role in the physicochemical
properties of the synthesized polyimides which, consequently affected the gas separation
properties. Among the three polyimides, APAF-BTDA showed the superior performance
followed by APAF-PMDA and finally APAF-ODPA. This is believed to be due to the stability
of the BTDA pendant group which resulted in high conversion and, hence, the best separation

performance where they surpassed the Robeson upper bound for all gas pairs.
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CHAPTER 1: EXECUTIVE SUMMARY

Natural gas is considered one of the primary fuels that currently supplies around 22%
of the world’s energy and its consumption is expected to continue increasing exponentially for
at least the coming 30 years [1]. As the raw natural gas is extracted, it is usually accompanied
with impurities such as carbon dioxide and nitrogen that need to be removed before being able
to transport it through pipelines. This separation/purification step is currently done via
conventional processes such as cryogenic distillation, pressure swing adsorption and
absorption/stripping. These processes are energy intensive, complex and rather unsustainable.
Therefore, separation using membranes is currently considered a potential viable alternative
for the current conventional processes that could contribute towards a more sustainable future.

Generally, two types of membranes can be used for gas separation: polymeric and
inorganic. Among the two, polymeric membranes are considered the most commonly used and
investigated and that is mainly due to their superior properties and relative cost effectiveness.
One of the most viable types of polymers that has been explored intensively are aromatic
polyimides. They are well known by their exceptional thermal stability, chemical resistance,
mechanical strength and electric properties. They are generally formed via a polycondensation
reaction of two monomers, a diamine and a dianhydride. It was found that the properties of
polyimides could be significantly manipulated by varying the starting monomers. These

properties include molecular weights, glass transition temperatures, degradation



Temperatures, as well as the rigidity of the chains and the extent and distribution of fractional
free volume that dictates the gas separation properties.

Furthermore, the gas separation properties of aromatic polyimides could significantly
be enhanced via a thermal treatment which converts the polyimide into polybenzoxazole.
During the conversion reaction, the polymer chains are rearranged to form a wide distribution
of fractional free volume (FFV) which represents the distance between the polymer chains and
sites through which the gases penetrate. This conversion causes the permeabilities of the gases
to increase significantly. Thermal treatment also causes the polymer chains to be more rigid
resulting in increasing the gases selectivities.

The hypothesis of this research concerns varying the dianhydride precursors would
affect the physicochemical properties of the polyimides and, ultimately, the gas separation
performance of the membranes. This was tested by using one diamine and three different
dianhydrides precursors and their chemical structures are shown in Figure. 1. This was
achieved via the following approaches:

= Synthesize the polyimide powders using the different monomers independently and
ensure the procedure is reproduceable and repeatable. Then, characterize the
polyimides using various analysis techniques and compare their properties.

= Fabricate free-standing polyimide membranes, and thermally rearrange them to
polybenzoxazoles. Then, characterize the membranes before and after the thermal
rearrangement thoroughly to verify their chemical structure.

= Preform gas permeability tests through all the polyimide membranes before and after

thermal rearrangement. The gas pairs tested were CO2/CH4, N2/CH4 and CO2/No.



Finally, compare the obtained data points to each other as well as to the Robeson upper

bound, in an attempt to assess the extent of improvement against published results.

Diamine

2,2-Bis(3-amino-4-hydroxyphenyl)-
hexafluoro-propane (bisAPAF)

Dianhydrides
(o) 0 (o) O 0 (o) o)
0] 0] |
N e P ¢ N

! / \/\g\ /W
O (0] o) O (0] (0]
4.4 -oxydiphthalic anhydnde 3,3".4,4°- benzophenone pyromellitic dianhydride

(ODPA) tetracarboxylic dianhydride (BTDA) (PMDA)

Figure 1. Chemical structures of the monomers used to synthesize the hydroxyl-polyimides (HPIs).

The thesis of research centers around the concept that among the three dianhydride
precursors, the polyimide membrane derived from BisAPAF and BTDA will provide more
improved gas separation properties. This was anticipated because the BTDA contains a very
stable bridging group which would most likely result in high polymer chain rigidity.

This thesis consists of five main chapters other than executive summary. Chapter two
is a literature review of the fundamentals of polyimide membranes for natural gas separation.
It aims to provide the foundation needed to comprehend the rest of the thesis. It starts by
discussing the main reason that drives this research and moves on to introducing all the relevant

concepts. Chapter three represents the first research paper which was published at the



International Journal of Polymer Analysis and Characterization (IJPAC) in 2018. The paper
concerns the synthesis of the polyimides using the different monomers, but its core is in the

intensive characterization of the synthesized polyimide powders. Chapter four represents the
second research paper which was submitted for publication in the Journal of Membrane
Sciences (JMS). It goes through a more detailed synthesis methodology and discusses the
fabrication of the free-standing membranes and the gas separation results. Chapter five then
moves to discuss all the major challenges that emerged while conducting the experimental
work along with all the potential solutions that were attempted. Chapter six then ends the

thesis with some brief conclusions and a list of future recommendations.



CHAPTER 2: A REVIEW OF THE FUNDAMENTALS OF POLYIMIDE
MEMBRANES FOR NATURAL GAS SEPARATION

2.1 Introduction

Natural gas is one of the world’s primary fuels that currently accounts for the largest
increase in the world’s primary energy consumption [1]. This is mainly due to the abundance
of natural gas resources and the advancement in production technologies especially hydraulic
fracturing and horizontal drilling [1,2]. Natural gas currently supplies around 22% of the
energy worldwide and more specifically, according to BP 2018 statistical review of world
energy, the world’s natural gas consumption in 2017 was 3156.0 MTOE, where the US
consumed 635.8 MTOE which means the US alone consumed 20.15% of the world’s natural
gas [1,2]. Natural gas is primarily used in the electric power sector where it generates around
a quarter of the entier sector’s electricity and that is because it has a high fuel efficiency and it
is considered cleaner than coal and other petroleum products [1-3]. For instance, natural gas
yields 50% less carbon dioxide per unit produced than coal, and 25% less than oil [1,3].
Moreover, it is predominantly used in the industrial sector where it is a key feedstock to many
processess and that is because it is used as a raw material that makes it a major ingredient for
many products [1,2]. These reasons made these two sectors account for around 74% of the total
increase in the world’s natural gas consumption from 2012 through 2040 [1]. The natural gas

future projection consumption is expected to continue increasing as shown in Figure. 2.
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Figure 2. World energy current consumption and future projection by fuel [4].

There are a series of steps associated with the transportation of natural gas from
production sites to consumers [5]. The first step is gathering the raw natural gas from the
wellhead to the processing plant. The second step is the separation/purification of the natural
gas where hydrocarbon gas liquids, water and nonhydrocarbon gases (impurities) are removed.
The third step is transmitting the purified natural gas cross state boundaries and intrastate
transmission pipelines from production and processing areas to storage and distribution
centers. Finally, local distribution companies deliver natural gas to consumers through service
lines.

The composition of raw natural gas varies considerably depending on the location from
which it is extracted [6]. Natural gas primarily consists of methane and varying amounts of
higher alkanes such as ethane, propane, butane and pentane. Moreover, it consists of impurities
that include carbon dioxide, oxygen, nitrogen, hydrogen sulfide and some rare inert gases such
as argon and helium. A typical gas composition is presented in Table. 1. As mentioned earlier,

natural gas needs to be treated before being transported through pipelines in order to meet



certain pipeline specifications (Table. 1). These specifications are mainly concerned with
impurities because separating them increase the calorific value of the fuel, prevent pipeline
corrosion, enable the transportation of higher fuel volumes and create a cleaner fuel [7]. Some
of the conventional processes used for natural gas separation/purification include adsorption,
absorption and distillation (Figure. 3) [8]. However, separation via membranes is currently
considered a potential viable alternative, especially when dealing with moderate to small gas

streams [9-13].

Table 1. Typical natural gas composition and pipeline specifications.

Compound Symbol Percentage in Natural Gas [6] Pipeline Specification [14]
Methane CH,4 60-90 -
Ethane C:Hse 0-20 -
Propane CsHg 0-20 -
Butane CsHio 0-20 -
Carbon Dioxide CO; 0-8 <2%
Oxygen 0 0-0.2 <1%
Nitrogen N» 0-8 <4%
Hydrogen Sulfide H,S 0-3 <4 ppm =0.0004%
Rare Gases Ar & He 0-2 <4%
i Raw Natural Gas
; Step 3 ‘
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Companies deliver to
consumers

Transport from wellhead to

processing plants Removal of impurities areas to storage &

distribution centers
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Figure 3. Summary of natural gas distribution scheme and technologies used for its separation [5,8].



Membranes have been studied intensively in the past few decades and that is mainly because

they have several advantages over the conventional natural gas separation processes. Some of

these advantages include: [15-17]

Less energy intensive

Small footprint

Modular and easy to scale up

Simple concept, operation and maintenance

Does not require chemical additives

Usually operate at under continuous steady-state conditions
Doesnot involve phase changes (except for perevaporation)
Potential recycling of the materials used

Realatively inexpensive raw materials

The history of membrane technology is believed to have started as early as the 1820s

and the “golden age” of membrane technology is believed to be between the 1960-1980 [15].

A detailed timeline of the development of membrane technology is presentenced in Table. 2.

The milestones in the industrial application of membrane systems specifically for gas

separation started in 1980 and continued to our present day [17] . Some of these major

milestones are presented in a time line between 1980 to 2010 (Figure. 4) [17].



Table 2. Timeline of the history of membrane technology.

Year Description Reference
1824 The osmosis phenomenon in natural membranes was discovered. [15, 17]
1845 The anisotropy of natural membranes was researched. [18]
1855 Fick’s law of diffusion, which explains the diffusion of gases through fluid (197
membranes, was introduced.
1861 The fundamentals of gases and vapor separation were investigated. [19]
1865 The first synthetic membrane was made from nitrocellulosis. [19]
1866 The solution-diffusion transport mechanism was introduced and gas (18]
separation in rubbery membranes was researched.
1867 Osmosis on synthetic membranes was researched. [18]
1877 Osmosis on ceramic membranes was researched. [18]
1887 The Van’t Hoff equation for the osmotic pressure (1r) was proposed. [20]
1907 Ultrafiltration was introduced. [18]
1911 The distribution law was introduced. [18]
1926 Dialysis was researched intensively. [18]
1931 Reverse osmosis (RO) was researched. [18]
1934 Electrodialysis was researched. [18]
1957 Gas separation on silicon rubber and pervaporation of azeotropic mixtures 1]
were studied.
The first asymmetric integrally skinned cellulose acetate RO membranes
1960 were fabricated. 22]
1962 Composite membranes were researched. [21]
1963 Capillary membranes were studies. [21]
1973 Mixed Matric Membranes (MMMs) were investigared. [15]
1975 Pressure-driven processes were classified. [18]
1977 Facilitated transport models were introduced. [18]
1980 Membranes with immobilized carriers was instigated. [18]
1989 The chain model of facilitated transport was introduced. [21]
1990 Membrane hybrid processes and nanofiltration were introduced. [18, 21]
2000 Carbon nanotube membranes were introduced. [21]
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Figure 4. Timeline representing the milestones in the industrial application of membrane gas separation systems [17].

Gas separation using membranes has two major potential candidates that could be used [15]:

»  Polymeric Membranes: The primary gas separation properties, permeability and
selectivity, of polymeric membranes are governed by the nature of the material which
includes the chemical structure of the precursors used. Moreover, the structural
characteristics of the membrane, such as the thickness and the existence or
nonexistence of pores, have a significant influence on the gas separation properties.

» [norganic Membranes: The gas separation properties of inorganic membranes are
primarily defined by the pore structure, pore size, pore volume, extent of tortuosity,
surface roughness and the existence or nonexistence of constrictions. Furthermore, the
most important properties that significantly impact the separation properties are the
grade of hydrophilicity and/or hydrophobicity.
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2.2 Polymeric Membranes

Polymeric membranes used for gas separation could be made of glassy or rubbery
polymers. Glassy polymers are generally characterized by having stiff chains and relatively
low fractional free volume (FFV), as indicated in Figure. 5, which causes the membranes to
exhibits significantly high gas selectivity but relatively low gas permeability even at elevated
pressures [15,24]. Moreover, they are usually used for applications that require polymers that
are more permeable to the smaller components in a gas mixture where the FFV tend to sieve
penetrant molecules mainly according to size [24]. More specifically, the selectivity of glassy
membranes is based on solution-diffusion mechanism where the rate of gas transport depends
on: (1) the affinity of the gas molecules to the material of the membrane together with (2) the
rate of gas diffusion through the membrane matrix [15]. Thus, the gas permeation is a product
of: (1) diffusivity which is linked to the FFV and the size of the penetrating gas molecules, and
(2) solubility which is related to the chemical affinity between the polymer matrix and the gas
molecules [15,24]. Some examples of glassy polymers include cellulose acetate (CA),
polysulfone (PSF) and polyimides (PI) [15,25-27].

One the other hand, rubbery polymers are mainly characterized by having highly
flexible chains and ultrahigh FFV (Figure. 5) which causes the membranes to demonstrate
significantly high permeability and low selectivity [24]. This makes them mostly used in
applications that require polymers that are more permeable to large components in the gas
mixture which are weakly sieved based on size and rather on solubility [24]. In other words,
the selectivity in rubbery membranes is based on the sorption phenomenon rather than gas
diffusion where the chemical affinity between the gas molecules and the polymer chains is

significant mainly due to the flexibility of the polymer chains especially for condensable gases

11



[15]. Some examples of rubbery polymers include poly(amide-6-b-ethylene oxide) (Pebax®),

polyvinylamine (PVAm) and poly(dimethyl siloxane) (PDMS) [28-30].

—

107

g
10°1 CzHs i
Z

Natural Rubber

-

o
&
T

1071°

Infinite Dilution Diffusion Coefficients, Do (cm?/sec)
| ] T

1072 1|
PVC

i \ nCq

104k *nCs ;
nC4OH

! nCe |
10—18 1 | 1 1 ' 1 L L '

0O 20 40 60 80 100 120 140 160 180

van der Waals Volume (cc/mole)

Figure 5. Permeation in glassy polymers Vs. rubbery polymers [17].

It is important to note that the transport phenomena of different gas species vary form
one polymer to another where the properties significantly depend on: (1) the free volume of
the polymer as well as (2) the segmental mobility of the polymer chains [17,31]. Additionally,
the degree of crystallinity, unsaturation and cross-linking as well as the nature of substituents
all affect the segmental mobility of the polymer chains which, consequently, affects the overall
separation properties.

There is a wide range of documented polymers that exhibit high gas separation;
however, there are only a few glassy polymers that are suitable for fabricating promising
membranes for various gas separation applications [15]. Some of the most commonly used

glassy polymeric membranes are presented in Figure. 6 [15].
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Figure 6. The chemical structures of (a) Polyimide (PI), (b) Polyetherimide (PEI), (c) Polysulfone (PSF) and (d)
Polyethersulfone (PESF) [15].

2.2.1 Mass transfer principles in membranes

Gas separation via membranes is a rate-based process where the driving force is the
pressure difference across the membrane. This pressure difference results in a corresponding
difference in the concentration of the dissolved gas between the two sides of the membrane
which causes the gas flow to diffuse through the membrane [17].

Moreover, the gas separation through a polymeric membrane is significantly affected
by a number of factors that include the solubility and diffusivity of the gas species through the
polymer matrix, chain packing of the polymer used and characteristics of the side/pendant
groups such as their polarity, complexity, orientation and crystallinity [17,32].
2.2.1.1 Mass transfer diffusion

The term “diffusion” is defined as the process by which molecules in a media spread
randomly from a region of high concentration to a region of lower concentration until a state

of equilibrium is reached when the concentrations in both regions are equal [15,17]. Fick’s
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first law of diffusion (EQ.1) [33,34] describes this process by relating the diffusive flux and

concentration assuming steady state.

dc
=_D— EQ. 1
J 0x

Where ] is the flux rate of the component (mol.s™!), , D is the diffusion coefficient (cm?.s!), ¢
is the concentration of the diffused component in the membrane (mol.m?) and x is the x-
coordinate of the direction of the flow (cm). The negative sign indicates that the flow is in the
opposite direction from the direction of increased concentration [15]. The diffusion coefficient
(D), also called diffusivity, is dictated by the diffusion mechanism that takes place through a
membrane. There are several diffusion mechanisms that could take place in membranes which
are governed by the material of construction and the method of fabrications. Generally, five
main mechanisms dominate the diffusion process across a membrane; namely: (a) Knudsen
diffusion, (b) molecular sieving, (c) solution-diffusion, (d) surface diffusion and (e) capillary

condensation [17]. These mechanisums are displayed in Figure. 7:
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Figure 7. Main types of diffusion mechanisms: (a) Knudsen diffusion, (b) molecular sieving, (c) solution-diffusion, (d)
surface diffusion and (e) capillary condensation (adapted from [17]).
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In inorganic porous membranes, the potential diffusion mechanisms are Knudsen
diffusion, molecular sieving, surface diffusion and capillary condensation [15,17]. Whereas,
in polymeric membranes, the diffusion mechanisms are Knudsen diffusion and solution-
diffusion [17] .
2.2.1.2 Knudsen diffusion

The Knudsen diffusion mechanism could occur in dense polymeric membranes through
long pores that typically have narrow diameters of less than 50 nm [17]. More precisely, this
mechanism takes place when the mean free path of the molecule is larger than the pore diameter
[35]. This causes the collision of the gas molecules with the pore wall to occur more frequently
than those collisions between the gas molecules themselves [35,36]. The Knudsen number
(Kn) is defined as the ratio of the mean free path of the gas molecules and a representable
physical length scale as shown in EQ. 2 [17].

2
Kn== EQ.2

Where 4 is the mean free path which is described as the average distance between collisions

(EQ. 3) and r is the radius [17,36].

@)

Where 7 is the viscosity of the gas, P is the pressure, Kj is the Boltzmann constant, T is the

5]

temperature and M is the molecular weight.
The Knudsen permeance is calculated using EQ. 4 where the gas transport occurs in
the gaseous state without the contribution of adsorption since the interaction between the

diffusing molecules and the pore wall is considered negligible: [35]
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Where ¢ is porosity, d,, pore diameter, 7 is tortuosity, L is the thickness of the membrane and

R is the gas constant. Moreover, the Knudsen selectivity is proportional to the ratio of the
inverse square root of the molecular weight of the gas species (A and B) being separated (EQ.
5)[17,36].

Some of the ideal separation factors of relevant gas pairs associated with natural gas based on
a Knudsen flow were calculated using EQ. 5 and are presented in Table. 3. Nonetheless, the
actual separation factors tend to be smaller and that is due to a number of reasons including:
[17,36]

= Back diffusion

= Non-separation diffusion

= Concentration polarization on the feed or the permeant side

=  Occurrence of viscous flow which mainly takes place in large pores

Table 3. Calculated separation factors based on Knudsen flow of selected binary gas mixtures associated with natural gas.

Gas Pair Ideal Separation Factor
CO,/CH,4 0.60
N»/CH4 1.07
CO»/N; 0.56
N»/O; 1.07

2.2.1.3 Solution-diffusion mechanism
The solution-diffusion mechanism (Figure. 7c) is mainly used to describe the gas

transport through dense polymeric membranes, and it mainly takes place due to the
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thermodynamic differences between the two sides of the membrane [37]. In other words, this
mechanism relates the rate of gas transport to both the affinity of the gas molecules to the
material of the membrane and the rate of gas diffusion through the matrix of the membrane
[15]. This means that gas permeability through polymeric membranes is considered a product
of both diffusivity, which is related to the fraction free volume (FFV) of the polymer and the
size of the penetrating gas molecules, and solubility, that correlates to the chemical affinity
between the polymer matric and the gas molecules [15,38,39]. Generally, gas permeation
mechanism through dense polymeric membranes takes place through the following steps:
[17,37]

= Step (1): Absorption of the permeating species into the membrane.

= Step (2): Diffusion of the gas species through the membrane.

= Step (3): Desorption of the permeating species from the surface of the membranes.

As mentioned earlier, Fick’s first laws of diffusion (EQ. 1) describes diffusion in steady
state. On the other hand, Fick’s second law (EQ. 6) described the transport process in non-
steady state which is ideal when dealing with isotropic membranes, and when the diffusion
coefficient is dependent of the concentration, time and distance [17]. Fick’s second law
considers the rate of change of the penetrant concentration at a plane within a membrane

[17,34].

oc dc?

The diffusion coefficient D is dependent on the concentration which means that the polymer-
penetrant interaction occurs strongly with many organic penetrant molecules [17,34]. Hence,

EQ. 6 becomes EQ. 7 after being modified:
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Generally, the term dD(c)/dc is considered negligible compared to D(c) and that is mainly
because relatively small intervals of ¢ are used while conducting experiments [17]. Therefore,

the diffusion coefficient integral can be expressed as (EQ. 8):

D= J 2D(c)dc/ € —Cy EQ. 8

1

Where ¢; and ¢, are the penetrant concentrations at the low and high concentration faces of
the membrane, respectively.

At steady-state, the diffusion coefficient becomes independent of concentration and the
diffusion flow is constant. This means that integrating Fick’s first law (EQ. 1) yields in EQ. 9.
[34]

_ D(c; —¢3)

, EQ. 9

J

Where [ is the thickness of the membrane. Moreover, Henry’s law (EQ. 10) is used to describe
the penetrant distribution in case of gases and vapor transport [17,37].

c=Sp EQ. 10
Where ¢ is the sorbed concentration, S is the solubility coefficient and p is the ambient
pressure. Thus, one of the most commonly known and used permeation equations can be
obtained by combining EQ. 9 with EQ. 10:

DS(p; —
j= (p1 —p2)

z EQ. 11

Where p; and p, represent the pressures on the two sides of the membrane of thickness L.
Furthermore, the term DS is the permeation coefficient (EQ. 12) which means that permeation
equation could be written in terms of the permeability coefficient as shown in EQ. 13 [17,37].
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Furthermore, the ideal selectivity, also known as permselectivity, is simply the ratio of the
permeabilities of the tested gas pairs, as shown in EQ. 14, where the overall gas selectivity of

polymeric membranes is governed by diffusivity and solubility [39].

_Pa DySy
aA/B - PB N DBSB

EQ. 14

2.3 Polyimide Membranes

2.3.1 Properties of polyimides membranes

Polyimides are glassy high-temperature polymers made of imide monomers. They are
well known for their outstanding thermal stability, chemical resistance, mechanical toughness
and electric properties [40]. Polyimides are mainly formed from diamines and dianhydrides
which are chosen to tailor the final properties of the polymer. More specifically, they consist
of aromatic rings and/or aliphatic compounds together with imide linkages which contain two
carbonyl groups attached to one nitrogen atom. There are various monomers that could be used
to form polyimides, some of which are presented in Table. 4.

Depending on the nature of the monomers used to derive polyimides, they could be
generally classified into three classes: fully aromatic, semi-aromatic and fully aliphatic
polyimides as shown in Figure. 8 [41]. Fully aromatic polyimides are derived from aromatic
diamines and dianhydrides, semi-aromatic polyimides are derived from a combination of
aromatic and aliphatic monomers (either the diamines or the dianhydrides could be aromatic

while the other is aliphatic) and fully aliphatic polyimides are those derives from aliphatic
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diamines and dianhydrides. Among the three classes, fully aromatic polyimides are the most

commercially used and for this reason, they will be discussed primarily in the rest of the paper.

POLYIMIDES
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Figure 8. Polyimides can be generally classified into three classes: fully aromatic, semi aromatic and fully aliphatic [41].

Table 4. Some of the most common monomers used to make polyimides.

Abbreviation Monomer References
6FDA 4,4’-(Hexafluoroisopropylidene) diphthalic anhydride [42-46]
BisAPAF 2,2-Bis(3-amino-4-hydroxyphenyl)hexafluoropropane [47-51]
NDA 1,4,5,8-Naphthalenetetracarboxylic dianhydride [52-54]
TABOB 1,3,5-Tris(4-aminophenoxy) benzene [55]
DATPA 4,4'-Diaminotriphenylamine [56][4-7]
ODPA 4,4’-Oxydiphthalic anhydride [48, 57-59]
BTDA 3,3’,4,4’- Benzophenone tetracarboxylic dianhydride [48, 57, 60-61]
PMDA Benzene-1,2,4,5-tetracarboxylic dianhydride [48, 57, 62, 63]
BPDA 3,3’,4,4’-biphenyl tetracarboxylic dianhydride [48, 57, 61,63,78]
DAD 2,3,5,6-Tetramethyl-1,3-phenylenediamine [65,66]
6FpA 4,4'-(9-Fluorenylidene) bis (2-methyl-6-isopropylaniline) [67,68]
6FmA 4,4'-(9-Fluoroenylidene)bis(2-isopropylaniline) [69]
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DAM 2,4,6-Trimethyl-1,3-phenylenediamine [70,71]
DDBT Dimethyl-3,7-diaminodibenzothiophene-5,5'-dioxide [72-74]
MDA Methylenedianiline [75,76]
MPD 4,4'-Phenylenediamine [77,78]
ODA 4,4'-Oxydianiline [5,6,62,64]
HAB 3,3’-Dihydroxy-4,4’-diamino-biphenyl [79,80]
DAB 3,3’-Diaminobenzidine [81,82]
BPADA Bisphenol A diphthalic anhydride [83-85]
DABP Diaminobenzophenone [86,87]
PPD p-Phenylene diamine [88,89]
DAP 2,4-Diaminophenol dianhydrochloride [90-92]
PDA p-Phenylenediamine [93,94]
TMPDA 2,3,5,6-Tetramethyl-1,4-phenylenediamine [95,96]
BDAF 2,2-bis-(Aminophenoxyphenyl)hexafluoropropane [97,98]
Durene 2,3,5,6-Teramethyl-1,4-phenylene diamine [99-101]
DAPI Diaminophenylindane [102,103]
TAPA Tris(4-aminophenyl)amine [6]
DSDA 3,3',4,4'-Diphenylsulfonetetracarboxylic dianhydride [104,105]

Aromatic polyimides are known for their exceptional thermal stability (> 500 °C) which

is mainly attributed to its heterocyclic imide rings on the backbone [41,106]. Furthermore, the

existence of rigid imides and aromatic rings in polyimides provide excellent mechanical

resistance [41,106,107]. A polymer that consists of two monomers usually contains a charge

transfer complex: a donor and an acceptor as shown in Figure. 9 [41]. The donor tends to have

plenty of electrons to move around and that is due to the existence of the nitrogen groups.

Whereas, the acceptor tends to draw away it’s electrons density due to their carbonyl groups.

This donor and acceptor dynamic allow the acceptors to draw the electrons form the donors

and hold them tightly together causing the polymer chains to stack together like strips of paper.

The formation of charge transfer complex between the adjacent units in the polymer chains
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causes the donors and acceptors to pair up, as presented in Figure. 9b, which holds the chains
very tightly together and restricts their movement. This corresponds to exceptional thermal,
mechanical and chemical properties. However, the same reasons that give aromatic polyimides
their exceptional thermal, mechanical and chemical properties causes them to be insoluble in

their fully imidized form which results in low processability [41,108].

Donor Unit
a
(9] 0O O (8] 0 0 O 0
O O O O O O O ()

Acceptor Unit

Figure 9. The underlying donor/acceptor system in polyimides and the resulting interchain locking. (a) The nitrogen molecules
have high electron density than the carbonyl groups which lends it to the acceptor while the carbonyl groups draw the electron
density away from the acceptor unit. (b) Interchain interlocking of the polyimide backbone causing the chains to stack as
shown allowing the carbonyl of the acceptor on one chain to interact with the nitrogen of the donor on the adjacent chains
[41].

In addition, the inter and intra molecular charge transfer (CT) interaction that takes
place between the aromatic ring and the five membered ring of the imide group (Figure. 10)
are responsible for the coloration of the aromatic polyimides [41,107]. Moreover, aromatic
polyimides cannot be used in areas where colorlessness is a key requirement mainly because
they absorb visible light intensely [41]. Also, the CT interactions are also the main reasons
behind the good dielectric constants of aromatic polyimides [41,106].

Aromatic polyimides are typical of most commercial polyimides where one of the most
known trademarked name is Kapton®, 4,4’-poly-oxydiphenylene-pyromellitimide, which was
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originally developed by DuPont™

Company in the late 1960s, and its chemical structure is
presented in Figure. 10 [40]. Kapton® is characterized by having high molecular weight, light
weight and exceptional thermal stability in a wide range of temperatures (-269 to +400 °C)

[41]. Some other properties of Kapton® are presented in Table. 5.

0 0]

Figure 10. Chemical structure of Kapton® [40].

Table S. The effect of gamma radiation on Kapton polyimide films [109,110].

Radiation Exposure

Property Control, 1 10* Gy, 10°Gy, @ 10°Gy, 10’ Gy,
mm Film 1h 10h 4 Days | 42 Days
Tensile Strength (MPa) 207 207 214 214 152
Elongation (%) 80 78 78 79 42
Tensile Modulus (MPa) 3172 3275 3378 3275 2903
Volume Resistivity Q-cm x 10" at 200 °C 4.8 6.6 52 1.7 1.6
Dielectric Constant 1 kHz at 23 °C 3.46 3.54 3.63 3.71 3.50
Dielectric Factor 1 kHz at 23 °C 0.0020 0.0023 0/0024 0.0037 = 0.0029
Dielectric Strength V/pm (kV/mm) 256 223 218 221 254

2.3.2 Chemistry & synthesis of polyimides membranes

Aromatic polyimides could be one of two types: condensation or addition, depending
on the type of reaction used to synthesize them. Condensation polyimides are synthesized via
step-growth polymerization and are characterized by having a linear-like structure [111]. At
first, the reaction forms a polyamic acid which is then converted into polyimide when heated

to a temperature above 150 °C [111]. On the other hand, addition polyimides are produced by
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heat activated addition polymerization of diimides and are known for having a network-like
structure [106,111]. They are synthesized from bismaleimide (BMI) and nadimide precursors
where a free-radical addition polymerization takes place at around 200 °C causing the double
bonds to form a thermosetting network polymer [107,111]. The BMI reacts differently at high
temperatures whereas the nadimide group tends to decompose first to form cyclopentadiene
and maleimide, which then copolymerize to form the network polyimide structure. Among the
two types, condensation polyimides are the most commonly used because it is well established.
For instance, Kapton® is considered a condensation polyimide since it is made via the

condensation reaction of a diamine with a dianhydride as shown in Figure. 11.
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Figure 11. The condensation reaction of Kapton® and the chemistry of the polyamic acid and polyimide [112].

The method used to prepare aromatic polyimides consists of two main steps: (1) synthesis of

poly(amic acids) and (2) conversion of the poly(amic acids) to polyimides [108,112,113] .
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2.3.2.1 Synthesis of hydroxyl poly(amic acids)

Hydroxyl poly(amic acids) (HPAA) are generally prepared via the condensation
reaction of diamines and dianhydrides in an appropriate dipolar aprotic solvent at ambient to
low temperatures because the reaction is exothermic [112-118]. Some of the most commonly
used solvents in the synthesis of HPAA are listed in Table. 6 [112,113]. It is worth mentioning
that it is critical to dissolve the diamine first followed by the dianhydride due to the moisture
sensitivity of the dianhydride [118]. The process of synthesizing HPAA overcome one of the
major issues associated with aromatic polyimides and that is their poor solubility which is
mainly due to the extended rigid planar aromatic and heteroaromatic structures, as mentioned
previously [112]. Overcoming this issue enabled the birth of the first significant commercial
polyimide film product (Kapton®) to the market and ever since it is considered the method of

choice in most of the polyimide film production [112].

Table 6. Potential solvents used for poly (amic acid) synthesis [112,113].

Solvents
N-methyl-2-pyrrolidone (NMP) Pyridine
N, N-dimethylforamide (DMF) Dimethyl sulfone
N, N-diethylformamide Hexamethylphosphoramide
N, N-dimethylacetamide (DMA) Tetramethylene sulfone
N, N-dimethylmethoxyacetamide N-acetyl-2-pyrrolidone
N-methylcaprolactam Dimethyl sulfoxide

The HPAA reaction mechanism consists of two mains steps; first, the nucleophilic
attack of the amino group present on the carbonyl of the anhydride group and, second, the
opening of the anhydride ring from the amic acid group as presented in Figure. 12. This
reaction is considered an irreversible equilibrium reaction mainly because a high-molecular
weight HPAA resin is produced readily and rapidly at ambient temperatures [112]. Moreover,

the irreversible reaction is several orders of magnitudes faster than the reversible reaction
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(Figure. 12) and that is essential because having a large difference in the reaction rates enables
the production of the high-molecular weight HPAA which otherwise would not [112]. This is
the reason it is necessary to understand and examine the driving forces that favors the forward
reaction over the reverse reaction. Furthermore, the acylation reaction of amines is an
exothermic reaction which means that its equilibrium is favored at low temperatures [112].
Additionally, the equilibrium is favored at high monomer concentrations, usually 1:1, in order
to obtain high-molecular weight HPAA and that is because the reverse reaction is a first-order
reaction whereas the forward reaction in dipolar solvents is a second-order [59,108,112,113].
Some main factors that influence the molecular weight of the HPAA include the purity of the
monomers used, the thorough exclusion of moisture, the solvent choice and maintain low to

moderate temperatures [113].
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Figure 12. The reaction mechanism of the formation of polyimides [112].
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2.3.2.2 Conversion of the polyamic acids to polyimides

The conversion of the HPAA to polyimide could be achieved by one of three main
routes: thermal, azeotropic or chemical imidization [112-118]. However, a fourth route (ester-
acid imidization) is currently considered a potential route too [118]. All the four potential
imidization routes are discussed below.
1. Thermal imidization

The thermal imidization route is considered the most commonly used pathway for
converting HPAA solutions into free-standing polyimide films [112]. Thermal imidization
takes place in three main stages: (1) solvent evaporation, (2) imidization and (3) annealing
[112,113,118]. Stage (1) starts by casting the HPAA solution on a support, usually a glass
plate, and allowing it to dry and gradually heat at low temperatures in order to evaporate the
solvent where the more solvent is removed, the higher the mechanical properties and glass
transition temperatures (Tg) of the films are [112,116]. Then, stage (2) starts as the HPAA
solution continues to be heated to around 180 °C where the imidization reaction takes place
during which the evaporation of the hydrogen-bonded solvents on HPAA as well as the
dehydration of the produced water takes place [112,113,118]. A key factor that determines the
enhancement of the mechanical properties and Tg is the interplay between the solvent
evaporation and the imidization reaction. In other words, stage (2) converts the HPAA into
polyimide. The temperature continues to increase to around 350-400 °C where stage (3) takes
place as the complete imidization is achieved by annealing to those temperatures
[112,113,118]. During the third stage, the polyimide is technically converted into thermally
rearranged (TR) polyimide known as polybenzoxazole (PBO) [118]. It is important to note that

heating the HPAA results in shifting the equilibrium towards the left (Figure. 13) since the
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polycondensation reaction of the diamine with the dianhydride is exothermic. This reversion
is usually responsible for obtaining low molecular weights and high levels of anhydride and

amino groups [112].

\7[('00“

Figure 13. The mechanism of the thermal ring-closure of amic acid to imide [112].

(3)

il. Azeotropic imidization

Similar to the thermal imidization route, the azeotropic imidization starts by preparing
the HPAA but instead of casting it, it is converted directly into polyimide in the liquid state by
using o-xylene [118]. The o-xylene forms an azeotropic mixture with the water released by the
ring-closure reaction (Figure. 14), silanol and siloxane byproducts in order to distill it easily
from the HPAA solution usually using a dean-stark extractor [48,59,108,118]. This occurs at
temperature of around 180 °C for around 6 hours where dehydration and imidization takes
place [48,59,108,118]. After that, the polyimide solution is cooled to room temperature and
precipitated in water: methanol solution and then in water for several hours resulting in a
powder polyimide [59,108]. The powder is then dried for 24 hours at 120 °C and finally re-
dissolved in a solvent, cast on a plate and thermally treated at temperature between 60 °C and
250 °C where the imidization reaction takes place. Finally, the films are converted into TR

polyimides (PBO) of temperatures of up to 450 °C [118].
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The thermal and azeotropic imidization methods are summarized in Figure. 14 and it
is important to note the final mechanical and gas separation properties of polyimides
synthesized via azeotropic imidization are more enhanced than those made via thermal
imidization. This is mainly because the azeotropic imidization route effectively removes more
water than the thermal imidization route.

Step 1

Synthesis of HPAAc
intermediate
Liquid state

Step 2
Imidization to HPI
Solid state

7

Figure 14. The synthesis of polybenzoxazole (PBO¥) via thermal imidization (Route A) (tPBO) and azeotropic imidization
(Route B) (aPBO). Ar-1 and AR-2 are the aromatic moiety of the dianhydride and the diamine, respectively [118].

1. Chemical imidization
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The main concept behind the chemical imidization process is that the cyclodehydration
of the HPAA is achieved via chemical dehydration at ambient temperature [112]. This is
commonly done using a mixture of reagents of acid anhydrides and tertiary amines in an aprotic
dipolar solvent (Table. 7) [112,119-123]. Some of the most commonly used dehydration agents

are presented in Table. 7 [112,113].

Table 7. Some dehydration agents used during the chemical imidization route [112,113].

Acid Anhydrides Amine Catalysts
Acetic anhydride Pyridine
Propionic anhydride Methylpyridines
n-butyric anhydride Lutidine
Benzoic anhydride Trialkylamines
Acetic benzoic anhydride N-methyl moroholine

Similar to the previous imidization routes, chemical imidization starts by the synthesis
of the HPAA solution. After which, the acid anhydride is introduced to the solution to react
with the amic acid moiety of HPAA. Then, the carboxylic acid is eliminated under basic
conditions from the amine catalyst at room temperature which takes place via a ring-closing
cyclodehydration reaction resulting in granular or fibrous ester-functionalized polyimides
[118] . Moreover, the acylation of the carboxylic group of the amic acid forms the imides as
shown in Figure. 15 [112]. All this results in the addition of a pair of bulky side groups at the
otho-position which will eventually be eliminated during the final stage when TR takes place
[118]. Depending on the type of acid anhydride used during the reaction, the bulky side groups
by-products will vary. As these side groups are eliminated during TR, they leave behind large
cavities in the polymer matrix which enhances the gas transport properties [118]. Some

previous studies [118-123] proved that there is a very strong correlation between the FFV of
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the thermally rearranged polyimides (PBO) and the size of the ortho-position ester group. This

means that the largest side group by-product results in the largest FFV and vice versa.
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Figure 15. The mechanism of the chemical imidization of amic acid to imide (R: ethyl; Ar: phenyl) [112].

iv. Ester-acid imidization

The poor stability of the anhydride precursors is one of the major issues associated with
polyimide synthesis. Generally, this issue could be minimized by strictly following the
sequence of adding the diamine first followed by the dianhydride when preparing the HPAA
[118]. Another potential solution is the thermal treatment of the dianhydrides which results in
the cyclization of potential o-diacid impurities that usually emerges the hydrolysis of the
dianhydrides [118,124]. Moreover, the ester-acid imidization route presents another potential
solution where it could be used to avoid the hydrolysis of dianhydrides under hydrated
conditions [118,124].

Unlike any of the previously discussed imidization routs, the ester-acid imidization

route starts by mixing the dianhydride in an absolute acid in the presence of triethylamine
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(TEA) under reflux at high temperatures in order to produce an ester-acid intermediate as
shown in Figure. 16 [118]. After that, the ester-acid intermediate is reacted with the diamine
and is allowed to imidize at elevated temperatures while using o-dichlorobenzene (0-DCB) as
the azeotrope. This finally results in the formation of a polyimide which is then thermally

rearranged into a PBO.

Step 1 o o

Synthesis of ester-
acid intermediate 4 "
Liquid state \<

o Dianhydride o

A Alcohol (R-OH)
TEA reflux

0 Q Step 2
Imidization to HPI

HO oR =t s Liquid state
RO oH +

HO OH
s 4 Hydroxy-diamine
Ester-acid NMP
O-DCB (azeotrope)
o o)
NS
HO OH
[} 0

Thermal rearrangement lA Step 3
HPI precursor thermal

conversion to PBO

° 0, Solid state
D@

TR-a-PBO

Figure 16. The synthesis of polyimide and polybenzoxazole (PBO) using the ester-acid method where Ar-1 is the aromatic
moiety of the anhydride, and Ar-2 is the aromatic moiety of the diamine [118].
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2.3.3 Thermal rearrangement of polyimides membranes

Aromatic polyimides containing ortho-positioned functional groups can undergo a
thermal conversion reaction known as thermal rearrangement (TR) to form polybenzoxazole
(PBO) as shown in Figure. 17. This new class of polymers was discovered by Lee and his team

[38,47,48,59,61,89,91,94,125-127] by accident in 2007.
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Figure 17. General mechanism of the TR of poly(hydroxyimides) [128].

During the thermal conversion reaction, the precursor polymer is converted into a rigid
unique microporous structure that is characterized by having high FFV distribution and large
cavities that are separated by narrow necks resulting in higher permeabilities [128]. More
specifically, the formed structure is known to be rod-like with high-torsional energy barriers
to rotational energy between two individual phenylene-heterocyclic rings [48,129]. 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
relatively higher selectivities [48,129]. This increase in both permeabilities and selectivities
enables TR aromatic polyimides to lower the permeability/selectivity tradeoff [130,131].
However, there is a misconception that the increase in the permeabilities and selectivities is
with same magnitude. The fact is that TR tends to increase the permeabilities significantly, as
mentioned earlier; nevertheless, TR tends to increase the rigidity of the polymer chains where
the rigid-rod benzoxazole structure is responsible for slightly increasing and mostly

maintaining a relatively unchanged selectivity [80] . Hence, polyimide membranes which

33



undergo TR witness a significant increase in permeability of gases while mainly maintaining
their selectivities.

PBOs are classified as sglassy aromatic polymers that consist of heterocyclic rings
prepared by an in situ thermal treatment of polyimides at elevated temperatures [118].
According to Park et al. [48], in order for a polyimide to thermally rearrange it should contain
a hydroxyl group where the hydroxyl-imide ring rearrange to a carboxyl-benzoxazole
intermediate followed by decarboxylation. At temperatures between 350 and 450 °C, the fully
aromatic PBO is obtained.

The exact mechanism of TR is still being investigated; however, a potential mechanism
is presented in Figure. 18 [48]. It is important to note that how exactly does the polymer
structure change with TR and what exactly is affected by it at the atomistic and molecular level
is still challenging. Specially in terms of the FFV, Tg, configuration and conformation.
Understanding the relationship between structure and properties of the starting and final
structures becomes even more complex if a chemical reaction occurs during TR [118]. This is
mainly due to the fact that the physical properties of TR polymeric membranes are significantly
dictated by the backbone structure of the polymer and the imidization route [118]. For instance,
polyimide films synthesized from the same starting diamine and dianhydride have different
morphologies when derived using the thermal and the chemical imidization routes. The films
obtained via thermal imidization showed microdomains of an almost spherical shape, while
those obtained by chemical imidization exhibited a net-like structure which are governed by

the extent of TR [112].
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Figure 18. The potential general mechanism of the TR of hydroxyl-containing polyimides to PBO [48].

2.4 Polyimide membranes for gas separation

The majority of the suggested applications of polyimide-based membranes are related
to gas separation. The mambrane gas separation depends on the material from which it is made
of which dictates: (1) the permeability and separation factors, (2) the structure and the thickness
of the membrane which governs the permeance, (3) the configuration of the membranes and
whether they are flat or hollow fibers, for instance, and (4) the module and the system design
it will be used at [17].

Membranes are used in a wide range of applications and they are most favorable when:
[17,32]

=  Moderate purity recovery is sufficient

» The component meant to be separated is in a relatively considerable concentration

= The feed is available at the desired pressure

= The residue stream is needed at higher pressure

= The feed stream does not contain substances that could compromise the integrity of the
membrane

= The selectivity of the membrane is sufficient
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The most important gas pairs associated with natural gas separation/purification
processes are CO2/CH4, N2/CH4 and CO2/N> and it has been reported that polyimide-based
membranes are considered one of the most successful for CO2/CHs and CO2/N> applications
[15,132,133]. However, they are not yet successful in the separation of N»/CH4 and it is
important to note that the separation of this gas pair is considered challenging to almost all
polymeric membrane and not only polyimide-based ones. This difficulty is mainly attributed
to the fact that N> and CHj4 are substantially similar in the sense that they have almost identical
dielectric constants of 1.0 and 1.1 respectively, which means that their solubilities are very
similar [134-137]. This is essential because the first step in the solution-diffusion mechanism
is the sorption of preferential permeate, via solubility, at the upstream surface of the membrane
[36,130]. Therefore, both species are soluble in the polymeric membranes and hence will not
separate. Moreover, both N> and CH4 have very close kinetic diameters of 0.38 nm and 0.36
nm respectively which means that the diffusion of both species through the fractional free
volume would be relatively similar [17].

Generally, membranes are associated with a permeability-selectivity trade-off
relationship where high permeabilities usually correspond to low selectivities and vice versa.
Robeson [138] suggested that every gas pair has an upper bound known as “Robeson upper
bound” or “Robeson upper limit”. The upper bound correlation curve can be calculated using
EQ (15): [138]
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Where P; is the permeability of gas species i, k is the front factor, a;} is the ideal selectivity

and n is the upper bound slope. The values of k and n for the gas pairs considered in this

research are presented in Table. 8.

Table 8. Tabulated values of the front factor (k) and the upper bound slope (n) [138].

Gas Pair k (Barrer) n

CO,/CH4 5,369,140 -2.636
CO»/N: 30,967,000 -2.888
N,/CH4 2,570 -4.507

Figure. 19 compiles the gas separation properties of some of the most known TR
polymers. Such plots could be used to demonstrate the suitability of some TR polymers for a
wide range of industrially related gas separation processes [118]. For example, looking at the
CO2/CH4 plot in Figure 19, it is clearly observed that some TR polymers exceed the upper
bound which suggests that they are excellent candidates for CO,/CH4 separation. However, it
should be noted that when most TR-polymers are exposed to natural gas in actual field
conditions, they tend to exhibit very modest separation. Moreover, real field conditions usually
deteriorate the membrane separation performance which is mainly because of the action of
CO: and higher hydrocarbons contaminants present in the natural gas. As the higher
hydrocarbons sorb into the polymeric membrane, they act as plasticizers where they increase
the chain mobility of the polymer and reduce the diffusivity-selectivity of the polymer. As
mentioned earlier, polymeric membranes are generally not suitable for the gas separation of
N2/CH4 and that could be clearly observed from Figure. 20 where there are almost no polymeric
membranes that clearly and completely exceeds the upper bound. Figures (21) were plotted in

an attempt to summarize a number of gas separation data points of dense polyimides and TR-
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polyimides that were collected from various sources. A detailed table of all the permeability

and selectivity values is in available in Appendix. 1.

1
1 10 100 1,000 10,000
CO, permeability (Barrer)
+ TR-a-PBO (thermal) TR-a-PBO (azeotropic)
« TR-a-PBO (chemical and silylation) * TR-a-PBO (ester-acid)

1
1 10 100 1,000 10,000
CO, permeability (Barrer)
« TR-a-PBO (thermal) + TR-a-PBO (azeotropic)
* TR-a-PBO (chemical and silylation) * TR-a-PBO (ester-acid)
S

Figure 19. Upper bound correlation between CO,/CH4 (top) and CO,/N; (bottom) separation for a number of TR polyimide
membranes characterized based on the their imidization route [118].
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Figure 20. The upper bound correlation for No/CHy4 separation using a number of polymeric membranes [138].
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Figure 21. Upper bound correlation between (a) CO,/CHa, (b) CO2/N; and (¢) No/CHy gas separation for a number of TR
polyimide membranes characterized based on the their imidization route.
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2.5 Surface modification of polyimides

To address some of the limitations that occur in polyimides, various surface
modifications have been performed. The ultimate goal of surface modification is improving
the separation performance of the membrane. This is done by either sealing defects or tailoring
the functional groups on the membrane surface to a particular gas species. In doing this, both
diffusivity and solubility of gases is influenced, ideally leading to improved permeability and
selectivity. Surface modification is a promising method for gas separation polyimides for that
reason.

2.5.1 Coating

Coating is one method of surface modification that is typically used to repair surface
defects such as pin holes. Pin holes in membranes can be caused by trapped gases or moisture
that escape during membrane formation, leaving behind a large hole in the membrane surface.
These defects can be sealed by coating the surface with a highly permeable but non selective
polymer. This is typically achieved by dip coating in a dissolved coating polymer. One of the
most common polymers used for membrane coating include silicone rubber, or
poly(dimethylsiloxane) [139]. Interestingly, coating with a silicon rubber has also shown to
reduce the effects of aging in polyimide membranes. Rowe et al. showed that increasing the
thickness of the coating layer resulted in higher O», N2, and CH4 permeability after aging [140].
Kim et al. [141] found success in silicone coating on 6FDA-based polyimides for CO2/N;
separation. They found a slight decrease in both CO; and N> permeance with a simultaneous
increase in CO2/N2 selectivity, confirming defects were sealed [141]. The performance of
membranes coated with the silicone was also influenced by the solvent used to dissolve the

coating, thus, care should be taken in solvent selection when coating.
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Another coating that has been explored is polydopamine. In this case, the aim is not to
seal defects, but to influence the functionality of the membrane surface. On its own,
polydopamine tends to increase the surface free energy [142]. However, polydopamine has
been used as a binding agent for other various coatings and particle phases such as silver
nanoparticles and aquaporin. Although interesting, these are different classes of membrane and
are not discussed further.

2.5.2 Crosslinking

Chemical crosslinking is one way to influence gas solubility in the polymer membrane.
New functional groups are introduced, or rearranged, by reacting with a crosslinking
compound. Crosslinking also tends to suppress plasticization, which can be especially
beneficial for natural gas processing [143]. Diamine crosslinking is the most frequently
reported chemical cross-linking reaction. For example, Chung et al. reacted linear aliphatic
amines with a 6FDA-durene polyimide to partially replace the imide groups with amide groups
[144]. This greatly influenced the presence of hydrogen bonding potential on the surface of the
polyimide, leading to greatly enhanced H2/COz selectivity. The crosslinking reaction that was
proposed is show in Figure. 22.

It is worth noting that crosslinking by reactions in the liquid phase can potentially result
in penetration of the reaction below the surface of the membrane, potentially leading to poorer
performance from increased free volume. To prevent this, the same group also achieved
conversion of imide groups into amide groups by the vapor phase reaction of ethylenediamine

with polyimide [145]. Other vapor phase cross linking agents have also been examined [146].
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Figure 22: Crosslinking reaction between diamine and 6FDA based polyimide [144].

Another major crosslinking agent for polyimides is diols, such as 1,4-butylene glycol,
ethylene glycol, and 1,40cyclohexanedimethanol to name a few [143]. Diol crosslinking is
most successful in polyimides with carboxyl groups due to the esterification reaction that can

take place shown in Figure. 23.
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Figure 23: Diol crosslinking of carboxyl containing polyimide. [143].
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Other forms of crosslinking such as thermal and UV crosslinking have also been
investigated. Instead of chemically reacting a species to the polyimide, heat of UV light is
introduced to a pristine polyimide and crosslinking takes place internally. Generally, both
methods result in bond formation between the pendant group of the polyimide with

neighboring chains.
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2.5.3 Ion Irradiation

Another polyimide surface modification method is by introduce carbon molecular
sieve-like pores in the surface of the membrane with ion beam irradiation. This method
essentially locally carbonizes the polyimide to produce amorphous molecular sieving
networks. Won et al. found that the ion beam dosage greatly influenced the gas separation
properties. Higher doses of ions seemed to turn the selective top layer of a polyimide into a
barrier layer, effectively reducing the gas permeability while greatly increasing selectivity
[147]. This ion treatment has also shown to alter the surface conductivity of polyimides.
Kakitani et al. [148] demonstrated the surface of polyimide membranes became conductive
due to carbonization with argon ion irradiation. Again, this was said to be a result of the local
carbonization of the surface, creating highly carbonaceous networks. As expected, the type of
ion used for irradiation, dose, and type of polyimide, and the desired gas separation application
are all important factors to consider as each combination can potentially produce unique
results.
2.5.4 Nanocomposites and Mixed Matrix Polyimides

Recently, the introduction of a particle phase into the polyimide membrane has shown
to yield interesting surface properties. The surface free energy tends to be influenced by the
hydrophobicity of the particle phase. The membrane surface tends to become rougher with
particle loading creating more effective surface area for gas penetration. Interesting dielectric
properties are also seen in polyimide nanocomposites, which can be manipulated by altering
particle size and particle functionality. This is a potential method to facilitate tunable
interaction between the membrane surface and a specific gas to achieve enhanced separation.

None the less, the most notable influence of particle phase on polyimide nanocomposites is the
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addition of multiple mechanistic pathways through the membrane via the particle free volume.
This typically results in improved permeability with comparable selectivity as pristine
membranes. For this reason, the most important factor to consider in mixed matrix membrane
fabrication is the compatibility between the particle phase and polymer phase. For more
information on mixed matrix polyimides, see [149].
2.6 Conclusions

Membrane technology can be used in various gas separation applications one of which
is natural gas purification to meet pipeline specifications. Aromatic polyimides are considered
one of the leading polymeric materials for membrane fabrication and gas separation
applications and that’s due to their resilient properties. There are different types of diffusion
mechanisms that take place through membranes; however, the two main mechanisms that take
place through polymeric membranes are Knudsen diffusion and solution-diffusion
mechanisms where both the size of the gas molecule and its condensability governs the
separation. Moreover, the properties of aromatic polyimides are mainly governed by the
structure and stability of the starting monomers as well as the imidization route used during
the synthesis. Another advantage for using aromatic polyimides is that they could be thermally
converted into polybenzoxazole which are known for their enhanced gas separation properties
and they allowed the gas permeabilities and selectivities to surpass Robeson upper bound
especially when dealing with CO2/CHg and CO2/N; gas pairs. Furthermore, there are multiple
surface modification techniques that could be used to mitigate the defects associated with

polyimide membranes fabrication.
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Appendix. 1

Appendix 1. Gas permeabilities and selectivities of polyimide and TR-polyimide membranes.

Polyimide Name a(CO,/CH,) | a(N/CHy) | a(CO/Ny) | Ref.
t-PBO-1-6FDA-BisAPAF 55.4 25.9 2.1 [1]
t-PBO-2-6FDA-BisAPAF 27.8 14.8 1.9 2]
t-PBO-3-6FDA-BisAPAF 44.2 23.1 1.9 3]
t-PBO-2-BPDA-BisAPAF 39.8 29.9 1.3 [4]
t-PBO-3-ODPA-BisAPAF 73 31.7 23 [1]
t-PBO-4-BTDA-BisAPAF 46.9 31.3 1.5 [1]
t-PBO-5-PMDA-BisAPAF 414 28 1.5 [1]
a-PBO-1(1)-6FDA-BisAPAF 33.2 20.9 1.6 2]
a-PBO-1(2)-6FDA-BisAPAF 46.6 215 43 [5]
aPBO-2-6FDA-BisAPAF 28.6 243 1.2 [6]
aPBO-3(1)-6FDA-pHAB 31.2 24 1.8 [7]
aPBO-3(2)-6FDA-mHAB 23.2 21.2 1.1 [7]
aPBO-3(3)-6FDA-HAB 36.9 26.8 1.4 [5]
aPBO-4-ODPA-BisAPAF 9 12.6 0.7 [8]
aPBO-5-BPDA-BisAPAF 24.7 21.1 1.2 [9]
cPBO-1-6FDA-BisAPAF 22.1 12.9 1.7 2]
cPBO-2-6FDA-HAB 22.5 16.2 1.4 [10]
cPBO-cardo-1-6FDA-95%HAB-5%BisAPAF 25.9 18.9 1.4 [11]
cPBO-cardo-2-6FDA-90%HAB-10%BisAPAF 23.7 18.4 1.3 [11]
cPBO-cardo-3-6FDA-85%HAB-15%BisAPAF 222 18.8 1.2 [11]
cPBO-cardo-4-6FDA-70%HAB-30%BisAPAF 20.5 18.2 1.1 [11]
cPBO-cardo-5-6FDA-50%HAB-50%BisAPAF 21.2 19 1.1 [11]
sPBO-1-6FDA-BisAPAF 22.7 16.9 1.3 2]
sPBO-2-6FDA-HAB 31.2 24 1.3 [12]
sPBO-3-6FDA-HAB-ACETIC ANHYDRIDE 30.1 22.6 1.3 [12]
sPBO-4-6FDA-DMAB 30 1.3 23.5 [12]
sPBO-5-6FDA-DAP-CL-MPD 37 1.9 20 [13]
sPBO-6-6FDA-DAP-CL-MPD 39.8 1.8 21.6 [13]
EA-PBO-1-6FDA-HAB 38.7 1.8 215 [14]
EA-PBO-2-ODPA-BisAPAF 333 1.3 24.1 [14]
EA-PBO-Ac-1-6FDA-HAB 34.1 2.6 12.9 [14]
EA-PBO-Ac-2-6FDA-BisAPAF 17.3 0.8 22.9 [15]
EA-PBO-Ac-3-BTDA-BisAPAF 38.2 1.8 21.1 [15]
EA-PBO-Ac-4-ODPA-BisAPAF 35 1.3 26.2 [15]
EA-PBO-PAc-6FDA-HAB 18.5 - - [16]
TR-PBI-1-6FDA-DAB 46.4 1.8 26.2 [17]
CTR-1-6FDA-HAB-Allyl 49.6 1.9 26.1 [18]
PBOI-1(1)-10%6FDA-5%BisAPAF-5%DAM 16.1 1.4 11.5 [19]
PBOI-1(2)-10%6FDA-5%BisAPAF-5%DAM 325 1.5 21.4 [5]
PBOI-2-10%6FDA-5%BisAPAF-5%DAM 13.3 0.6 12 [19]
PBOI-3(1)-10%6FDA-5%BisAPAF-5%DAM 27.6 1.3 21.1 [19]
PBOI-3(2)-10%6FDA-5%BisAPAF-5%DAM 32.5 1.3 24.7 [5]
PBOI-4-10%6FDA-5%BisAPAF-5%DAM 23.3 1.4 17.2 [19]
PBOI-5-10%6FDA-8%BisAPAF-2%DAM 43.9 1.6 273 [8]
PBOI-6-10%6FDA-8%BisAPAF-2%DAM 48.6 1.6 28.6 [8]
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PBOI-7-10%6FDA-8%BisAPAF-2%DAM 41 1.5 26 8]
TR-a-PBOI-8-10%0DPA-8%BisAPAF-2%DAM 54.7 1.98 29.7 8]
TR-a-PBOI-9-10%0DPA-8%BisAPAF-2%0T 52.5 1.90 29.5 8]
TR-a-PBOI-10-10%0DPA-8%BisAPAF-2%BAP 54.1 1.95 30.5 8]
TR-a-PBOI-11-10%0DPA-8%BisAPAF-2%TPE-R 59 2.10 29.5 8]
TR-a-PBOI-12-10%0DPA-8%BisAPAF-2%BAPP 45.9 1.55 30.3 8]
TR-a-PBOI-13-10%0DPAG6FDA-8%BisAPAF-

9 DAM 36 1.67 21.6 [5]
TR-a-PBOI-14-10%6FDA-2%BisAPAF-8%DAM 31.2 1.49 20.9 [5]
TR-a-PBOI-15-10%6FDA-8%BisAPAF-2%0DA 46.3 1.92 23.8 [5]
TR-a-PBOI-16-10%6FDA-5%BisAPAF-5%0DA 49.6 1.80 26.4 [5]
TR-a-PBOI-17-10%6FDA-2%BisAPAF-8%0DA 52.7 1.93 28.5 [5]
TR-a-PBOI-18-10%6FDA-8%HAB-2%DAM 35.1 1.39 253 [5]
TR-a-PBOI-19-10%6FDA-2%HAB-8%DAM 283 1.29 21.9 [5]
TR-a-PBOI-20-10%6FDA-8%HAB-2%0DA 41.1 1.57 26.6 [5]
TR-a-PBOI-21-10%6FDA-5%HAB-5%0DA 46.8 1.63 29.1 [5]
TR-a-PBOI-22-10%6FDA-2%HAB-8%0DA 51.4 1.67 293 [5]
TR-a-PBOI-23-10%BPDA-8%BisAPAF-2%0DA 27.8 1.29 21.6 9]
TR-a-PBOI-24-10%BPDA-8%BisAPAF-5%0DA 38.5 1.17 30.5 [9]
TR-a-PBOI-25-10%BPDA-2%BisAPAF-8%0DA 36.7 1.33 275 [9]
TR-a-PBOI-26-100%BPDA-95%BisAPAF-

S9/0DA 275 1.62 17 [20]
XTR-PBOI-1-100%6FDA-95%BisAPAF-

<Y DABA 34.4 1.54 223 [20]
XTR-PBOI-2-100%6FDA-90%BisAPAF-

L0%DABA 37.8 1.55 243 [20]
XTR-PBOI-3-100%6FDA-85%BisAPAF-

5% DABA 33.1 1.48 22.4 [20]
XTR-PBOI-4-100%6FDA-80%BisAPAF-

S0%DABA 34.1 1.57 21.7 [20]
XTR-PBOI-5-100%6FDA-75%BisAPAF-

550, DABA 28.8 0.90 20.2 [20]
XTR-PBOI-6-100%6FDA-95%BisAPAF-

(5%DABA-+diol) 375 1.49 25.2 [21]
XTR-PBOI-7-100%6FDA-90%BisAPAF-

(10%DABAdiol) 29.7 1.54 19.3 [21]
XTR-PBOI-8-100%6FDA-85%BisAPAF-

(15%DABA-diol) 34.4 1.54 22.4 [21]
XTR-PBOI-9-100%6FDA-80%BisAPAF-

(20%DABA-diol) 355 1.59 223 [21]
TR-a-PBO-co-PPL-1-10%6FDA-8%BisAPAF-

29, DB7 375 1.88 19.9 [22]
TR-a-PBO-co-PPL-2-10%6FDA-5%BisAPAF-

59.DBZ 39.2 1.85 21.2 [22]
TR-a-PBO-co-PPL-3-10%6FDA-2%BisAPAF-

29/ DBZ 78.4 2.68 29.2 [22]
TR-B-PBO-1-BPDC-BisAPAF 18.4 1.05 17.6 [23]
TR-B-PBO-2-IPCI-BisAPAF 44 0.80 55 [24]
TR-B-PBO-3-TPCI-BisAPAF 37.9 1.68 22.5 [24]
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TR-B-PBO-4-6FCI-BisAPAF 29.3 3.71 7.9 [24]
TR-a,B-PBO-1-TAC-BisAPAF 26.2 1.36 19.2 [25]
TR-B-PBOA-1-10%IPCI-8%HBA-2%0DA 37.6 1.32 26.7 [26]
TR-B-PBOA-2-10%IPCI-2%HBA-8%0ODA 52.3 3.13 17.2 [26]
PIM-TR-PBO-1-6FDA-Spiro-bis-indane 19.9 0.88 22.5 [27]
PIM-TR-PBO-2-PMDA-Spiro-bis-indane 17.5 0.73 23.9 [27]
PIM-TR-PBO-3-BPDA-Spiro-bis-indane 15.3 0.91 16.7 [27]
PIM-TR-PBO-4-BPADA-Spiro-bis-indane 16.6 0.90 19.6 [27]
TR-aCD-6FDA 21.7 1.08 19 [28]
TR-BCD-1-6FDA 17.3 1.13 15.3 [29]
TR-BCD-2-6FDA 22.2 1.19 18.7 [28]
TR-yCD-6FDA 22.4 1.23 18.2 [28]
TR-glucose-1-6FDA 27 1.30 20.8 [30]
TR-glucose-2-6FDA 24.8 1.57 15.8 [30]
TR-sucrose-6FDA 27.2 1.59 17.1 [30]
TR-raffinose-6FDA 21.1 1.44 14.6 [30]
TR-1 (6FDA+bisAPAF) 55.41 2.14 25.9 [8]
TR-2 (BPDA+bisAPAF) 39.8 1.33 29.2 [5]
TR-3 (ODPA+bisAPAF) 73 2.3 31.7 [5]
TR-4 (BTDA+bisAPAF) 46.9 1.5 31.3 [5]
TR-5 (PMDA+bisAPAF) 41.4 1.5 28 [5]
TPBO (6FDA+bisAPAF) 27.8 1.9 14.8 [5]
APBO (6FDA+bisAPA) 33.2 1.6 21 [5]
CPBO (6FDA+bisAPA) 22.1 1.7 12.9 [5]
CPBO (6FDA+tbisAPA) 22.7 1.3 16.8 [5]
TR400 (6FDA+HAB-EA) 36.4 - - [5]
TR400 (6FDA+HAB-Ac) 34.1 - - [5]
TR400 (6FDA+HAB-Pac) 18.5 - - [9]
TR450 (6FDA+HAB) 22.5 1.4 16.2 [9]
6FDA+APAF 17.3 1.3 12.9 [9]
BTDA-+APAF 38.2 1.7 22.9 [20]
ODPA-+APAF 35 1.7 21.1 [20]
PBO (6FDA+HAB) 32.2 1.5 20.8 [20]
CPBOC (6FDA+HAB (95)+bisAHPF (5) 25.9 1.4 18.9 [20]
CPBOC (6FDA+HAB (90)+bisAHPF (10) 23.7 1.3 18.3 [20]
CPBOC (6FDA+HAB (85)+bisAHPF (15) 22.2 1.2 18.8 [20]
CPBO (6FDA+bisAHAP(cardo)) 27.7 1.3 21.6 [21]
PHAB-6FDA (6FDA+HAB PI) 62.5 2.2 28.5 [21]
PTR450 (6(FDA+HAB PBO) 31.2 1.3 24 [21]
MHAB-6FDA (6FDA+mHAB PI) 66.7 2.3 29.2 [21]
MTR450 (6FDA+mHAB PI) 23.2 1.1 21.1 [22]
TR-PBO (6FDA+BISAPAF) 34.8 1.7 20.7 [22]
XTR-PBO-5 (6FDA+bisAPAF+DABA(5)) 37.5 1.5 25.2 [22]
XTR-PBO-10 (6FDA+bisAPAF+DABA(10)) 29.7 1.5 19.3 [23]
XTR-PBO-15 (6FDA+bisAPAF+DABA(15)) 34.4 1.5 22.4 [24]
XTR-PBO-20 (6FDA+bisAPAF+DABA(20)) 25.5 1.6 22.3 [30]
450-1 (6FDA+6FBAHPP) 53 29 0.98 [29]
450-3 (6FDA+6FBAHPP) 4.4 29 0.99 [38]
PBI (6FDA+DAB) 5.4 46 1 [3]
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CHAPTER 3: PHYSICOCHEMICAL AND THERMAL EFFECTS OF PENDANT
GROUPS, SPATIAL LINKAGES AND BRIDGEING GROUPS ON THE
FORMATION AND PROCESSING OF POLYIMIDES

3.1 Abstract

Aromatic polyimides are known for their remarkable thermal and chemical properties
which are greatly influenced by their precursors. In this study, we report synthesis and
characterization of four different aromatic polyimides. The four different dianhydrides
(ODPA, BTDA, BPDA and PMDA) were reacted with a diamine (BisAPAF) via azeotropic
imidization under same conditions. FTIR analysis confirmed the formation of aromatic
polyimides and all but one polyimide (HPI-BPDA) were found to be completely soluble in
common solvents. The obtained molecular weights were between 16,000-32,000 Da, glass
transition temperatures were between 250-275°C, degradation temperatures were above 550°C
and the d-spacing values were around 5A. These properties are promising and can be beneficial
for various applications such as thin films and membranes.

3.2 Introduction

Aromatic polyimides are well known for their good thermal stability, chemical resistance
and outstanding mechanical properties [1]. These properties are mainly attributed to the strong
intermolecular forces between the polymer chains such as the polar interactions, aromatic
stacking and charge transfer complexation [1, 2]. Hence, aromatic polyimides are available in
a variety of commercial forms and used in a wide range of demanding applications such as
high performance fibers, films, thermosetting or thermoplastic resins, heat-resistant adhesives
and coatings as well as foamed plastics [1, 2].
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Aromatic polyimides are prepared from aromatic diamines via a two-step synthesis
process: (1) poly(amic-acids) synthesis then (2) poly(amic-acids) to polyimides conversion.!!:
31 The poly(amic-acid) is mainly prepared by the condensation reaction of a diamine and a
dianhydride in an appropriate solvent at relatively low temperatures because the reaction is
exothermic. This step aims to prepare a soluble poly(amic acid) which is crucial because fully
aromatic polyimides have low solubilities due to their high chain rigidity and strong interchain
interactions, causing applicability limitations due to poor processability [4]. The poly(amic
acid) is then converted into polyimide through the imidization reaction which could be
performed via three routes: azeotropic (Az), thermal (7) or chemical (Ch) imidization [4-9]. It
is worth mentioning that for the three aforementioned imidization routes, the sequence of
adding the diamine first followed by the dianhydride is important due to the moisture
sensitivity of the dianhydride [10, 11]. An undesired side reaction between the dianhydride and
any trace amounts of moisture could, most likely, lead to incomplete imidization [10, 11].
Despite the imidization route chosen, the final synthesized polyimide must have identical
chemical structures. Nevertheless, the route choice has an impact on the physical properties of
the synthesized polyimides [10, 11]. Among the three imidization routes, the most commonly
used imidization route seems to be the azeotropic imidization mainly due to its simplicity and
the efficient dehydration of the water formed from the condensation reaction.

The aim of this study is to synthesize four different aromatic polyimides using four
different dianhydride precursors and investigate the potential variation in their chemical and
physical properties. One aromatic diamine (BisAPAF) is reacted with four aromatic
dianhydride (ODPA, BPDA, BTDA and PMDA) via an azeotropic imidization route to form

aromatic polyimides. These aromatic precursors were chosen based upon three primary factors:
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type of pendant group, type of spatial linkages and type of bridging groups. These factors have
a direct effect on several physiochemical and thermal properties of the polyimide.

Pendant groups are groups of molecules attached to the backbone chain of a polymer; they
have a major impact on the mobility of the polymer chains [12-14]. For instance, a precursor
with high rigidity, bulkiness or polarity mainly result in high packing efficiency which is
attributed to the stiffness of the chains which restrict their rotational freedom [12-14].
Moreover, having a high packing efficiency results in elevated 7 [15, 16]. Furthermore, the
introduction of bulky pendant side groups, or bridging groups, to a polymer backbone chain
constrains crystallinity which causes the molecular weight of the polymer to increase [15].
Additionally, the inhibition of crystallinity could result in soluble polyimides [15].

Spatial linkage groups are those that link and space the pendant group. They, like the
pendant groups, also play a role in determining the 7, [12, 17]. Para-substitutions usually have
high 7, and thus high packing efficiency because this position inhibits chain mobility [12]. On
the other hand, spatial linkages with ortho-positions are usually expected to be flexible because
the chains tend to have more freedom resulting in low 7,. However, that is not the case with
polyimides because spatial linkages with ortho-positions result in high 7, which is
substantially due to the strong dipolar attractions between the imide linkages and the diamine
[12]. Meta-spatial linkages, like para-spatial linkages, also tend to have high packing
efficiency due to the increased rigidity it imparts on the chains [18, 19] and consequently result
in high 7. It is worth mentioning that, beside the presence of spatial linkages, the number of
benzene rings in the precursors have a significant effect on the 7, as well [12, 20].

Bridging groups have major influence on electrophilicity of the dianhydrides which is

usually evaluated in terms of electron affinity (E.) of the molecules [12]. In other words,
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bridging groups govern the reactivity of the precursors which also impacts Tg. Among the four
considered dianhydrides, PMDA has the highest E, (1.90 eV) followed by BTDA (1.55 eV),
BPDA (1.38 ¢V) and ODPA (1.30 eV) [21]. Moreover, the presence of any bridging groups
in the dianhydrides have a strong impact on the glass transition because the bridging groups
change the E. which possibly promotes the formation of charge transfer complex [12].
Nonetheless, as the bridging group in the dianhydride becomes longer, the 7, becomes
insensitive to E, [12]. Generally, diamines with bridging groups that enhances crystallinity
mainly causes the packing density to decrease which consequently reduces 7, [12, 22]. The

properties of the precursors used in this study are summarized in Table. 9.

Table 9. Physical properties of used precursors [10].

Precursor Rigid Flexible Bulky Unbulky

BisAPAF v = v -
ODPA - v - \/
BTDA v - - v
PMDA v - - v
BPDA v - - v

3.3 Experimental section

3.2.1 Materials

Diamine: 2,2-Bis(3-amino-4-hydroxyphenyl)-hexafluoro-propane (bisAPAF-98%) was
purchased from Matrix Scientific (USA). Dianhydrides: 4,4’-oxydiphthalic anhydride (ODPA-
97%), 3,3’,4,4’- benzophenone tetracarboxylic dianhydride (BTDA-96%), 3,3°,4,4’-biphenyl
tetracarboxylic dianhydride (BPDA-97%), and benzene-1,2,4,5-tetracarboxylic dianhydride,
also known as pyromellitic dianhydride (PMDA-97%) were purchased from Sigma Aldrich
Co. LLC (USA). N-methyl-2-pyrrolidinone ReagentPlus (NMP-99%), o-xylene (>98%)
reagent grade, diethylene glycol anhydrous (DEG-99.5%), dimethylformamide anhydrous (DMF-

99.8%), methanol histological grade, acetone histological grade and tetrahydrofuran, HPLC grade
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(THF->99.9%) were also purchased from Sigma Aldrich Co. LLC (USA). Mineral oil and anti-
bumping granules were bought from Sigma Aldrich Co. LLC (USA). All diamines and
dianhydrides were dried in a vacuum oven for 24 hours at 60°C temperature before use. All
the glassware was dried for 24 hours in an oven at 80°C and then purged with Nitrogen for one
hour before being used. All the reagents were used as received without further purification.

The chemical structures of the used monomers are presented in Figure. 24.

Diamine

2,2-Bis(3-amino-4-hydroxyphenyl)-
hexafluoro-propane (bisAPAF)

Dianhydrides
0 0 0 o 0
(0]
o o T CLp
0 0 (0] (0]
4.4"-oxydiphthalic anhydride 3,3'.4,4’- benzophenone
(ODPA) tetracarboxylic dianhydride (BTDA)
O 0] o) 0
SR T
3,3".4.4°-biphenyl tetracarboxylic pyromellitic dianhydnide
dianhydnde (BPDA) (PMDA)

Figure 24. Chemical structures of the monomers used to synthesize the hydroxyl-polyimides (HPIs).
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3.2.2 Polymer synthesis
3.2.2.1 Hydroxyl polyamic acid (HPAA) synthesis
The polymers were synthesized using an azeotropic imidization method previously

describes by several articles [23, 24]. 10 mmol of APAF was inserted into a 500 ml round
bottom flask which was purged with dry nitrogen for 1 hour prior to the reaction. The final
monomer solution concentration is 20 wt%; hence, half of the total amount of the solvent
(NMP) was added to the AFAP and was allowed to dissolve completely using a magnet stirrer
for 1 hour under a nitrogen atmosphere. The diamine solution was then cooled to below 10°C
in an ice bath. Next, 10 mmol of the dianhydride was gradually added in three batches each 2-
3 minutes apart and then the remaining NMP was added for an overall 20 wt% monomer
solution. The diamine and dianhydride were allowed to react below 10°C for 48 hours resulting
in the formation of a viscous yellow HPAA solution. This procedure was repeated for each of
the dianhydrides.
3.2.2.2 Hydroxyl polyimide (HPI) synthesis

In this stage, the water resulting from the condensation reaction was distilled off
continuously under o-xylene reflux in the form of a water/o-xylene azeotropic mixture. First,
an equivalent volumetric amount of o-xylene as NMP was added to the HPAA solution. Then,
a couple of anti-bumping agent granules were added to the round-bottom flask to sooth the
boiling of the solution. After that, a dean-stark trap with a circulated condenser was equipped
on top of the round-bottom flask containing the HPAA solution and o-xylene. The solution
was then placed in a 700 mL mineral oil bath which was heated to a temperature between 160-
180°C for around 6 hours. This resulted in an orange to brown solution that was then cooled

to room temperature. This solution was then precipitated in an 800 mL beaker filled with 3:1
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water:methanol solution (600 mL and 200 mL respectively) that was cooled to around 13°C.
A vortex was then created in the water:methanol solution using a stirrer and the orange to
brown solution was slowly poured into the solution. This resulted in a precipitant that floated
at the top of the beaker and was left for 12 hours at a temperature of around 13°C. Afterwards,
the precipitant was filtered and soaked again in deionized water for another 12 hours. Finally,
the precipitant was filtered using a vacuum filter and dried in a vacuum oven for 24 hours at

around 70°C.
3.2.3 Characterizations

3.2.3.1 Solubility

About 100 mg of each HPI was put in contact with 3 mL of various solvents under
continuous mixing for 48 hours, or until completely dissolved, at room temperature. Polymer
solubility was determined to be either soluble, partially soluble, or insoluble. This was
determined visually, where completely soluble polymers were completely dissolved before 48
hours, partial solubility refers to a noticeable dissolution, but undissolved polymer remaining
after 48 hours, and insolubility refers to no visible dissolution after 48 hours. The solubility

parameters were calculated according to EQs (15) to (18):

5y = 2 EQ. IS
_

6p =~ EQ. 16

5 = [Eo EQ. 17

8, = \/55 + 862+ 82 EQ. 18



Where 84, 8,, 8, are the dispersive, polar, and hydrogen bonding solubility parameters

respectively. F, E and V are polar attractive constant, cohesive energy and molar volume

respectively. Also, &, is the total solubility parameter.

3.2.3.2 Fourier transform infrared spectroscopy (FTIR)

The chemical compositions of the HPIs were investigated using the Thermo Scientific
Nlcolet NEXUS 460 FTIR equipped with a ZnSe crystal and DTGS detector. The samples
were tested in attenuated total reflection mode with a resolution of 2 cm™ and 16 scans per
sample.
3.2.3.3 Differential scanning calorimetry (DSC) & thermogravimetric analysis (TGA)

The glass transition temperatures (7;) of the HPIs were initially investigated using
PerkinElmer DSC. The DSC method consisted of three cycles each started at 25°C and ramped
up to 300°C at a rate of 20°C.min"! and the temperature was held for 2 minutes at 300°C. The
obtained temperatures were then confirmed and corrected using TA Instruments SDT Q 600
TGA from room temperature to 900°C at a heating rate of 10°C.min"! under nitrogen

atmosphere with flow rates of 100 mL.min"! using around 15 mg of HPI powder samples.

3.2.3.4 Gel permeation chromatography (GPC)

The molecular weight of the HPI powders were evaluated using a Varian Prostar GPC
with a TSK™ SuperMultipore HZ-M column and a refractive index detector in THF.
3.2.3.5 X-ray diffraction (XRD)

The XRD analysis was conducted using a diffractometer with Cn Ka radiation of A =
1.5406 A, voltage of 60 kV and current of 30 mA. The samples were scanned in 20 from 5° to
40° at arate 1°.min"!. The d-spacing values of the HPIs were calculated using the XRD patterns

via Bragg’s law [25]:
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nAd = 2dsinf EQ. 19
Where # is the order of reflection (n=1), 4 is the X-ray wavelength, d is the d-spacing and 6 is
the X-ray diffraction angle.

3.4 Results and discussion

3.4.1 Solubility

All the HPIs were found to be completely or partially soluble in the organic solvents tested
as seen in Table. 10. Their solubility can be attributed to bulky hexafluoroisopropylidene
monieties in the diamine monomer as well as the flexibility of the HPI chains [21]. The
solubility is also a result of intermolecular interactions between the main chains of the HPIs
and the solvents. Specifically, there are three intermolecular interactions present between the

polymers and solvents, dispersion, polarity, and hydrogen bonding forces.

Table 10. Solubility of HPIs in common organic solvents: (+) represents complete solubility and (+/-) represents partial
solubility.

Solubility in Organic Solvents

Solvent ODPA = BPDA BTDA PMDA
NMP + +- + +
DEG + +/- + +
DMF + +- + +

MeOH + +/- + +
THF + +- + +

To gain insight into the solubility and the level of interaction between HPIs and the solvents
selected, the solubility parameters were calculated. The dispersive, polar, and hydrogen
bonding solubility parameters were determined by the group contribution approach based on
Krevelin [26]. The functional groups present in the HPIs, their frequency in the polymer

monomers, and their energy contribution are recorded in Table. 11.
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Table 11. Solubility parameter component group contributions from Hoftyzer-Van Krevelen method [26].

Components

) Functional
Material Frequency
Group
< 4
>N- 2
HPI-ODPA

1270

20

100

220

110

800

400

5000

3000

HPI-BPDA

>N-

>C>

1270

20

210

110

800

500

5000

20000

HPI-BTDA

Ring

-C=0-

190

270

220

770

2000

HPI-PMDA

>N-

1270

20

110

800

5000

>C>

210

500

20000
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The dispersive, polar, and hydrogen bonding solubility parameters, molar attractive
constant and cohesive energy used in the solubility calculations were taken from Table. 11,
and the molar volumes were calculated by dividing the monomer molecular weight by the
density. It is important to note that the molar volumes were determined to be 457.379, 445.950,
465.957, and 391.621 for HPI-ODPA, HPI-BPDA, HPI-BTDA, and HPI-PMDA, respectively.

Table. 12 shows the calculated parameters for each HPI and solvents.

Table 12. Hoftyzer-Krevelen solubility parameters of HPIs and various solvents.

Name 34 (MPa'?) 3, (MPa'?) on (MPa'?) 3:(MPa'?) Source
HPI-ODPA 18.256 8.003 11.549 23.037 This work
HPI-BPDA 18.500 8.159 11.404 23214 This work
HPI-BTDA 18.285 9.250 11.348 23.424 This work
HPI-PMDA 17.823 9.262 12.170 23.485 This work

NMP 15.970 16.281 8.520 24.346 [25]

DEG 15.603 8.455 7.953 19.447 [25]

DMF 14.853 20.277 9.508 26.874 [25]

MeOH 15.2 12.3 223 29.7 [26]

THF 16.8 5.7 8.0 19.5 [26]

The solubility parameters for each HPI are similar to each other, and similar to
experimentally determined, and calculated parameters for other polyimides [27-29].
Interestingly, due to the closeness of the total solubility parameters of each HPI with the
solvents, all HPIs are expected to be soluble in each solvent investigated. However, HPI-
BTDA was only partially soluble in all solvents, indicating intermolecular interactions were
not completely responsible for solubility. The chain rigidity is the probable cause for the partial
solubility of the HPI-BTDA as it has a rigid bridging group. Another potential explanation is
the extent of cross-linking that takes place at 160-180°C while distilling the water formed
during the reaction (prior to precipitation). As the degree of cross-linking increases due to the
elevated temperatures, the solubility tends to decrease [30]. Moreover, considering that the
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solubility parameters for each HPI are similar to each other, they would be viable options for
polymer blends and would interact well in solution together. Due to the partial solubility of
HPI-BPDA in THF, GPC analysis was not carried. Also, XRD analysis was not shown due to
incompatibilities between the sample and sample preparation requirements.
3.4.2 FTIR analysis

The chemical structures and the completion of the imidization processes were revealed
via the FTIR analysis. Figure.25 represents the IR spectra for HPI-ODPA, HPI-BTDA, HPI-
PMDA and HPI- BPDA powders imidized azeotropically. The four dianhydride precursors
have very similar structures which resulted in homopolymers with relatively similar structures
in terms of characteristic vibrational bands [4]. Therefore, no significant differences between
the HPIs were observed and only some minor differences in composition were detected. For
all HPIs, an incomplete cyclization was evident due to the presence of amides at wavelengths
of ~1515 cm! [4]. Moreover, all the HPIs have O-H stretching (~3400 to ~2400 cm™) and the
C-F stretch (~1300 to ~1000 cm!) which are mainly attributed to the diamine. Additionally,
the presence of the C-N stretch in all HPIs (~1518 cm!) indicate the presence of imide
functional groups demonstrating that the polyimide is cured and the more abundant the C-N
stretch is, the more fully cured the polyimide is. Also, the presence of C=0 stretching (~1778
cm! and ~1714 cm™) could indicate the presence of anhydrides and ketones. For instance, in
the case of HPI-BTDA, the C=0 stretch most likely indicates the presence of ketones due to
the presence of the clear aryl ketone in its structure. Whereas, the C=0 stretch in the HPI-
PMDA most likely indicates an anhydride functional group not a ketone again due to its
structure that lacks of a clear ketone functional group. Finally, C-H stretch at <1000 cm'!

corresponds to aromatic functional groups such as benzene. Moreover, somewhere at ~714 cm-

71



" usually corresponds to imide ring deformation. Therefore, the FTIR analysis indicates the
formation of polyimides form the different dianhydride precursors and the similarity between
the spectra is significant. The minor differences in the HPI-ODPA are mainly due to the

presence of the ether functional group in its structure.

HPI-ODPA

HPI-BTDA

HPI-PMDA

% Transmittance

HPI-BPDA

1 2 345 6

9

3900 3700 3500 3300 3100 2900 2700 2500 2300 2100 1900 1700 1500 1300 1100 900 700 500

Wavenumber (cm'!)

Figure 25. FTIR spectra of HPI-ODPA, HPI-BTDA, HPI-PMDA and HPI-BPDA.

Table 13. HPI-ODPA wavelengths and corresponding functional groups and molecular motion.

Peak Wavelength () [em™]

Functional Group

Molecular Motion

1 3400-2400 Carboxylic Acids OH Stretch
2 2352 & 2328 Hydroxyl Group OH Stretch
3 1778 Anhydride C=0 Stretch
4 1714 Ketone C=0 Stretch
5 1645 Alkenes C=C Stretch
6 1518 Amides N-H Bend (1°)
7 1375 Alkenes C-C In-Plane Bend
8 1300-1000 Halogenated Organic Molecules C-F Bond
9 <1000 Aromatics (Benzene Rings) C=C
at 1608 & 1473 Aromatics C=C Stretch
b 1435 Carboxylic Acids OH Stretch
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3.4.3 Proton NMR analysis '

The 'H NMR studies provided an in-depth analysis regarding the success of the
imidization process as well as the final structures of the synthesized HPIs. Figures (26-28)
represent 'H NMR spectra for the HPI-ODPA, HPI-BTDA and HPI-PMDA. The structures of
the HPIs were identified; however, there was a major overlap between some peaks between
2.7 to 4 ppm resulting in a broad peak which caused some uncertainties regarding the final
structure of the HPIs. The peaks at 9.59 ppm, 9.67 ppm and 9.79 ppm in HPI-ODPA, HPI-
BTDA and HPI-PMDA respectively could be assigned to the appearance of the —OH group
indicating that the functionalization of the hydroxyl group was incomplete. The expected
structures of the HPI have 14, 15 and 10 protons in HPI-ODPA, HPI-BTDA and HPI-PMDA
respectively and all the protons were assigned to given peaks as shown in Figures (26-28).
Nevertheless, those same peaks could also be assigned to aromatics protons of dianhydrides
and diamines that typically appear at 8.6 to 7.3 ppm and 7.6 to 7.1 ppm respectively. If this is
the case, it is an indication that the imidization process was incomplete.'® Hence, '*C NMR is

needed in order to eliminate those possibilities.

! Please note that the 'H NMR results and discussion were not included in the published virsion due to page limit
where FTIR and NMR mainly provide similar information.
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Figure 28. 'H NMP for HPI-PMDA.

3.4.4 GPC, DSC, TGA & XRD analyses

The two main properties of a polymer that significantly affect their performance are
molecular weight and glass transition temperature (7). For instance, in order for polymers to
be used in gas separation membranes, they need to have medium to high molecular weights
because higher molecular weights usually correspond to better mechanical properties [31]. The
molecular weights of the HPI powders, displayed in Table. 15, are discussed in terms of My,.
Homopolymers, like the ones synthesized in this study, generally have low M,, of below 50,000

Da [23]. In this case, this is mainly attributed to the presence of several bulky 6 fluorine (6F)
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groups that originate from the BisSAPAF diamine. These bulky groups restrict the amine group
and make it harder for the amine group to react with another dianhydride [25]. Moreover, it is
clearly observed that the M,, of the HPI-ODPA is significantly lower than the others and that
is attributed to the flexibility of dianhydride pendant groups. All in all, the obtained M,, are
consistent with previously reported values [23, 31, 32].

The rigidity of the polymer chains, or flexibility, could be directly measured using 7.
This becomes crucial in the application of HPIs when they are fabricated into films or
membranes, for example, because the rigidity or flexibility affects the thermal rearrangement
kinetics and could consequently affect the gas permeabilities and selectivities [23]. The glass
transition temperatures presented in Table. 14 are consistent with those in the literature since
the average expected 7, of other polyimides is in the range of 230-330°C [23, 33]. As
mentioned earlier, precursors with rigid and bulky groups tend to result in high 7. Hence, the
high 7, could be attributed to the rigidity of the dianhydrides and the presence of several bulky
6F groups that originate from the BisSAPAF diamine. Moreover, the synthesized polymers
showed fairly high thermal stability where no weight loss was detected before a temperature
of around 550°C in nitrogen [34]. This could be observed from the degradation temperatures

(Ty) in Table. 14.

Table 14. Properties of the HPI powders.

GPC GPC GPC DSC TGA* TGA XRD
Polymer Mn Mw PDI T,(°C) T,(C) Ta(C) d-spacing (A)
HPI-ODPA | 10,124 16,281 | 1.6082 230 246 566 4.9734
HPI-BTDA | 14,187 30,648  2.1603 226 266 561 5.1394
HPI-PMDA | 20,369 32,243 | 1.5829 233 274 566 5.5764
HPI-BPDA - - - 271 277 557 -

* Based on mass corrected heat flow due to moisture losses.
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A broad and undefined peak was observed between 26 values of 10° and 22° for HPI-
ODPA, HPI-BTDA and HPI-PMDA indicating an amorphous structure. The 26 values at the
maximum peaks found from the XRD analysis are expected to be positioned somewhere in the
centre with the d-spacing, or average interchain distance, of around 5 A [35]. The 20 values
for HPI-ODPA, HPI-BTDA and HPI-PMDA were found to be 17.82°, 17.24° and 15.88°
respectively. This corresponds to d-spacing values of 4.9734 A, 5.1394 A and 5.5764 A
respectively as shown in Table. 14. Among the three HPIs, HPI-PMDA was found to have the

highest d-spacing which is a measure of the molecular distance between chains.

3.5 Conclusions

Four different dianhydride precursors (ODPA, BPDA, BTDA and PMDA) and a
diamine (BisAPAF) were used to synthesize four different aromatic HPIs at a 1:1
dianhydride:diamine molar ratio via two-step method of hydroxyl poly(amic acid) and
azeotropic imidization. Three dianhydrides (ODPA, BTDA and PMDA) out of the four were
successfully synthesized into soluble HPIs. HPI-BPDA was not soluble potentially due to the
occurrence of intensive crosslinking during the azeotropic imidization stage. The chemical and
physical properties of the three soluble HPIs were investigated intensively. It was found that
the chemical composition of the HPIs indicate the formation of polyimides with a likely
incomplete cyclization due to the presence of amide functional groups. Moreover, the obtained
molecular weights, glass transition temperatures, degradation temperatures and d-spacing
values agree with other polyimides. Therefore, this detailed analysis provides sufficient

characterization that would facilitate implementing these polyimides for various applications.
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CHAPTER 4: GAS SEPRATION USING POLYBENZOXAZOLE (PBO)
MEMBRANES DERIVED FROM BISAPAF POLYIMIDES AND THE INFLUENCE
OF DIANHYDRIDE PENDANT GROUPS

4.1 Abstract

Soluble aromatic polyimide membranes were synthesized via azeotropic imidization
and fabricated into membranes using three different dianhydrides (PMDA, ODPA and BTDA)
with the same diamine (BisAPAF). Those membranes were then characterized before and after
thermal rearrangement (TR) in order to investigate the influence of the chosen precursors on
the ideal selectivity properties. The molecular weights of the polyimides were found to be
between 25,000 and 94,000 g/mol. Moreover, the glass transition temperatures varied between
250 °C and 270 °C, and the degradation temperatures were at an average of 550°C.
Furthermore, the gas separation performance of all membranes improved after TR especially
APAF-BTDA polyimide which surpassed the 2008 Robeson upper bound while testing
CO,/CHa, N2/CH4 and CO»/N; gas pairs.
4.2 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
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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
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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-
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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 properties.
Testing the fabricating membranes was conducted to assess their gas separation performance

before and after TR in order to investigate the change in properties due to the thermal treatment.
4.3 Experimental Section

4.3.1 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.
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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. 15.

Table 15. Chemical structures and physical properties of the monomers used to synthesize the hydroxyl-polyimides (HPIs)
[11,23].

APAF ODPA BTDA PMDA

Precoursors T 1\ — O. o} 4_;? U i ,f‘) c_i\ ; Jf')
o Wy u Wl P U dLLp

“] F 0 o} o. vO 4 A

F o) o)

Rigid Flexible Rigid Rigid

Properties

Bulky Unbulky Unbulky Unbulky

4.3.2 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 (Figure. 29) 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.
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Figure 29. Solvent distillation setup.

4.4 Polymer Synthesis
4.4.1 Hydroxyl polyamicacid (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%
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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.

4.4.2 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 o-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,
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rinsed with deionized water until it was odorless, and then dried in an oven at 120°C for 24
hours.
4.5 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 Figure. 30 and the resulted HPISs,

polyimide membrane and TR polyimide (PBO) membranes are presented in Figure. 31.
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Figure 30. Polymer synthesis and membrane fabrication scheme.

Figure 31. The obtained (a) HPI, (b) polyimide membrane and (c) PBO.

4.6 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
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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 (7) 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 (7y) of the
polyimide membranes.

A Rigaku SmartLab X-Ray Diffractometer (XRD) with Cu Ka radiation of A =
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 (20) [26]:
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nA = 2dsiné EQ. 20
Where n is the order of reflection (n = 1), 4 is the X-ray wavelength, d is the d-spacing and

0 is the X-ray diffraction angle.

4.7 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 (21) at
steady-state conditions [26, 27]:

p— 22,414 l p, dV EQ. 21
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 % is the the volume displacement rate of the soap-bubble in

the bubble flow meter.

The gases tested were CH4, N2 and CO2 which have kinetic diameters of 0.380 nm,
0.364 nm and 0.330 nm respectively [2] and the setup used is shown in Figure. 32. 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 (22): [26,27]
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P;
Xifj= pj EQ. 22

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].
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Figure 32. Sketch of the permeation test setup.

4.8 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 TR is shown in Figure. 33
and all the membranes were thermally synthesized and treated to 250°C and they have fairly
similar composition. The most important peaks are labelled in the figure where a strong broad
absorption band is observed at a wavenumber of around (a) 3200 and 3600 cm™ and it
corresponds to an OH-phenyl functional group which could be attributed to the diamine.
Moreover, there is some indication that thermal imidization of the polyimide started taking

place during the membrane synthesis which is evident by wavenumbers at around (b) 1788 cm-
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"and (¢) 1718 em™ which correspond to symmetric and asymmetric C=0O stretching

respectively. Actually, the chemical composition of the HPI powders discussed in our pervious
paper [11] , shows the presence of peaks (b) and (c) indicating that the thermal treatment of
the polyimide seems to have started earlier during the azeotropic distillation of the HPAA

solution.

APAF-BTDA Before TR

Transmittance

APAF-BTDA After TR

€

3400 2900 2400 1900 1400 900
Wavelength (cm™)

Figure 33. FTIR spectra of APAF-BTDA membranes before and after TR.

The FTIR spectrum of the APAF-BTDA membrane after TR is also presented in
Figure. 33 and the most important peaks are labelled. During this step, 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 and is attributed to the diamine
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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 imide and hence emphasizes that polyimides
were synthesized successfully [28].

SEM was used to investigate the morphology of the polyimide membranes before and
after TR (Figures. 34). All of the synthesized membranes had similar morphology of a dense
layer. Further observation reveals that there are slightly different morphologies 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 atmosphere, of the
membrane. The surface side shows a rougher morphology which could be due to sample
preparation, however, this is 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 some 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). Looking at 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.
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Figure 34. SEM images of polyimide membrane, (a) before TR and (b) after TR, showing the dense cross-section.

Polymeric properties for each membrane are displayed in Table. 16. Glass transition
temperatures (7) of the synthesized polyimide membranes were determined by DSC. The T,
is considered one of the most significant properties when dealing with polymer synthesis
primarily because it directly measures the extent of rigidity or flexibility of the polymer chains
[8,11,25]. Knowing the extent of rigidity is crucial when fabricating membranes for gas
separation because it affects the kinetics of thermal rearrangement and ultimately the gas
separation properties of the membranes [11,25]. The APAF-PMDA polyimide membrane was
found to have the highest Tg (271°C), followed by APAF-BTDA (268°C) and APAF-ODPA
(250°C), making the average Tg 263°C which is consistent with other polyimides [11,25,29].
The APAF-ODPA has the lowest 7, mainly due to the flexibility of the dianhydride pendant
groups whereas the other polyimides have rigid pendant groups that usually result in higher 7,

values [25,29].
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Table 16. Properties of the synthesized polyimides membranes.

DSC GPC GPC GPC TGA
Polymer
Tg (°C) Mw (g/mol) Mn (g/mol) PDI Ta (°C)
APAF-PMDA Pre TR 271 35,642 16,000 2.2 556.07
APAF-ODPA Pre TR 250 25,337 11,072 2.2 547.45
APAF-BTDA Pre TR 268 94,417 47,912 2.0 548.91

GPC was used to determine the molecular weight (Mw) of the synthesized HPI
powders. Testing the powders instead of the membranes ensured a more accurate measurement
since the HPIs are highly soluble compared to the insoluble thermally treated membranes due
to the crosslinking that takes place during membrane fabrication. It was found that the Mw
values of APAF-PMDA and APAF-ODPA (35,642 g/mol and 25,337 g/mol) are within the
expected Mw values for homopolymers [11,25]. Such Mw is considered relatively low mainly
due to the bulkiness of the diamine limiting its reaction with the dianhydride together with the
less stable pendant groups [26]. Among the two, APAF-ODPA has the lowest Mw which is
believed to be due to the flexible nature of this dianhydride which makes the dianhydride
unstable causing low conversion efficiencies. The APAF-PMDA polyimide is more stable than
ODPA but not as stable at BTDA, meaning it has more freedom to interact with the diamine
which leads to a higher Mw. The Mw value for APAF-BTDA is considered very high (94,417
g/mol) which could be attributed to both its rigid nature and its very stable pendant group. The
combination of rigidity and stability potentially led the reaction to higher conversion
efficiencies and could explain the increase in Mw. Generally, polymers with higher Mw values
often correspond to enhanced mechanical properties, hence, APAF-BTDA has the best
mechanical properties among the three polyimides. This has a significant impact on the TR of
the membranes as discussed later. Moreover, the average polydespersity index (PDI), or the

distribution of polymer chain molecular weights in a given polymer, is around 2.1 which is a
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typical value for condensation polymerization [30]. A PDI that is greater than 1 usually means
that the polymer growth was not controlled and is not monodisperse.

Comparing the results of this paper with our previous work [11] generally shows that
the values of 7y and Mw obtained in this work are higher. This was expected and is mainly
attributed to the drying step of the NMP solvent where it was not dried in our previous work
[11]. Drying the NMP solvent reduces the amount of moisture considerably which is
significant because dianhydrides are highly sensitive to moisture where side reactions between
the dianhydride and moisture are more likely to take place than the main reaction [23,31]. This
does not allow the polymerization reaction to reach high conversion efficiencies and, thus,
incomplete polymerization takes place. The fact that 7, and Mw values are higher indicate that
the condensation polymerization reaction indeed reached higher conversion efficiencies.

The degradation temperatures (74) of the polyimide membranes refers to the
temperature at which the functional groups break off and they were determined using the TGA.
In other words, 74 could be used to determine the thermal stability of the polymers which
ultimately dictates their applications. Again, APAF-PMDA was found to have the highest 7,
(556.07°C), followed by APAF-BTDA (548.81°C) and finally APAF-ODPA (548.45°C).
These values are considered very high for glassy polymer like polyimide. This means that these
polyimide membranes can be used in various applications that require thermal resilience.

The TGA was also used to investigate the extent of TR of the synthesized membranes
as they thermally convert from polyimides to polybenzoxazole. This conversion is determined
by monitoring the weight loss which is due to CO; evolution as the hydroxyl-imide rings
thermally rearrange to benzoxazole rings [2,31]. Generally, it seems like all the polyimide

membranes are stable up to 300-350°C where afterwards weight loss is observed to occur
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mainly between 400°C and 450°C (Figure. 35) at which point CO> evolution is at maximum.
These temperatures indicate both that the thermal cyclization reaction takes place to form
polybenzoxazole [2] and that this is the optimum temperature to convert polyimide to
polybenzoxazole. Since the TR in this work was done at temperature up to 400°C, it is safe to
assume that the membranes were not thermally rearranged completely. However, the extent of
TR was found to be very close to completion as shown in Table. 17 which presents both the
theoretical and experimental weight loss percentages of polyimide membranes. The
experimental values obtained in this work found to be relatively close to the theoretical values,

indicating that the thermal conversion was near completion.
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Figure 35. The weight (%) of the polyimide membranes under N2 atmosphere.
Table 17. 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%
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The separation properties of the synthesized polyimide membranes before and after TR
(Table. 18) are compared to the 2008 Robeson upper bound [32] (Figures.36-38). Generally,
TR enhanced the gas separation performance of polyimide membranes due to the fact that the
backbone segments of thermally rearranged polymers have limited mobility, giving them

strong selective functions [2].

Table 18. Gas permeation data of polyimide membranes before and after TR.

Polymer PNy P(CH) - P(CDs) (CO,/CH,) o (Np/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 33 133 39.9 1.6 254
APAF-ODPA Post TR 3.6 1.3 101 80.8 29 28.2
APAF-BTDA Pre TR 6.3 3.1 133 433 2.1 21

APAF-BTDA Post TR 17 13 676 51.9 3.1 39.2

In the case of CO2/CH4 gas pair, it is clearly observed that the gas separation
performance of the three polyimide membranes are significantly enhanced where they exceed
the 2008 upper bound, which is consistent with literature [2,5,7]. This is mainly due to the
kinetic diameter difference between CO2 (0.330 nm) and CH4 (0.380 nm) which favors the
diffusion of CO; explaining its higher permeability compared to CHs.Moreover, the polarity
of CO; is higher than that of CHs which makes it more soluble in the polyimide membrane.

The separation of N> and CHy is very challenging mainly because the two species have
very similar kinetic diameters and dielectric constants. Among the two gases, nitrogen has a
slightly smaller kinetic diameter of 0.364 nm compared to methane (0.380 nm) which means
that nitrogen is more favored to diffuse through the membrane [2,33]. Nevertheless, methane
has a slightly higher dielectric constant of 1.1 compared to nitrogen (1.0) which means that

methane is more condensable and hence solubility favors methane since the dielectric constant
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of polyimide films is typically around 3.4 [34,35]. This means that the low selectivity of the
membranes is due to this solution-diffusion mechanism. Since the difference between the
kinetic diameters is more significant than that of the dielectric constants, gas diffusion plays a
leading role than that of the solubility which explains the higher permeabilities of nitrogen
compared to methane. Among the three membranes tested, only the APAF-BTDA polyimide
membrane barely crossed the upper bound. This noteworthy performance could be linked to
the high Mw of APAF-BTDA which has a significant impact on the kinetic of TR and thus the
final separation performance.

Examination of the CO2/N> gas pairs reveals a noticeable increase in selectivity, where
all of the membranes have ideal selectivities above 10. Furthermore, there is a significant
increase in CO; permeation for APAF-PMDA and for APAF-BTDA, which additionally
brushes the upper bound.

Comparing the data obtained in this paper to that presented by Park et al. [2], it is
observed that our work resulted in slightly better sepation properties and that is primarly
attributed to the imidization routes used. While they [2] used the thermal imidization routes,
we used the azeotropic imidization route. Between the two routes, azeotropic usually results in
higher permeabilities_because the polymer chains during azeotropic imidization have higher
freedom to mobilize [7]. This results in better packing of polymer chains and thus a higher

diffusivity selectivity parameter, which is clearly evident in the CO2/CH4 gas pair [7].
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Figure 36. CO,/CHy4 selectivity and CO2 permeability performance of polyimide membranes before and after TR plotted with
the 2008 upper bound.
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Figure 38. CO,/N; selectivity and CO2 permeability performance of polyimide membranes before and after TR plotted with
the 2008 upper bound.

Among the three polyimide membranes, APAF-BTDA showed superlative
performance followed by APAF-PMDA and APAF-ODPA. The noticeable increase in gas
permeabilities could potentially be attributed to the percentage of hydroxyl group (-OH)
present in each of the polyimides which depends on both the percentage of diamine used

[7,31,36] and on the molecular weight of the polyimides according to EQ. 23 [7]:

(2 XII\\/I/I;]/ 311;1;;100) X APAF content (%)

MW of the polymer

mol % OH groups = EQ. 23

Since a 1:1 ratio of diamine to dianhydride was used in this work, the content of APAF
is 50% and the Mw of the synthesized membranes are presented in Table. 1. It was found that
mol % of OH groups in APAF-BTDA is 0.5%, APAF-PMDA is 1.3% and APAF-ODPA is
1.8%. This means that a higher OH percentage lead to lower performance, which explains the

ranking of the polyimides membranes studied in this work.
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The preformance of the membranes could also be expalined by investigating the d-
spacing which is the average intersegmental distance of the polymer chains or, in other words,
the FFV [26]. The greater the shift in the broad peak X-ray pattern, the greater the change in
d-spacing and hence FFV which effects the gas permeabilities significantly. Table. 18 shows
that APAF-BTDA has the highest change in d-spacing followed by APAF-PMDA and APAF-
ODPA. Form Figure. 39, it is clear that the broad peak of APAF-BTDA shifted to the left after
TR indicating that the FFV increased which explains its much improved prefoemance.
Moreover, the extent of the peak shift could also be linked to the extent of TR where APAF-
BTDA had the highest weight loss and thus the highest conversion from polyimide to PBO, as
previously shown in Table. 18. This shows that the higher the conversion from polyimide to

PBO, the higher the d-spacing and, consequently, the higher the pemeation values are.

Table 19. Calculated d-spacing from polyimide membranes before and after TR.

XRD Before TR XRD After TR % Change in d-
Polyimide
d-spacing (A) d-spacing (A) spacing
APAF-PMDA 4.924 5.535 12.4
APAF-ODPA 4.973 5.132 3.2
APAF-BTDA 4.544 5.211 14.7
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Figure 39. XRD pattern of APAF-BTDA before and after TR.

4.9 Conclusions

Three different dianhydride precursors were reacted azeotropically with diamine to form
polyimide membranes. These membranes were then thermally converted to polybenzoxazole
via a mechanism known as thermal rearrangement (TR), which is a mechanism that involves a
random chain configuration of dense polymeric membranes resulting in refined microvoids
which significantly improved selective molecular gas species transport. In this work, the gas
separation performance of synthesized polyimide membranes using CO2/CHa4, N2/CH4 and
CO2/N; gas pairs was improved between 1.5 to 2 orders of magnitude through TR. The
chemical characterization of the membranes before and after TR showed that first polyimide
and then polybenzoxazole were successfully synthesized. Furthermore, other characterization
properties such as the molecular weight, glass transition temperature, degradation temperature,
permeation tests and d-spacing provide detailed information explaining the reasons behind the
improved performance. In conclusion, the TR mechanism enables the synthesis of membranes
that have outstanding thermal, mechanical and chemical properties which makes them viable

candidates for various applications under a wide range of conditions.
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CHAPTER 5: SUPPLEMENTARY INFORMATION
Completing this research project was challenging because a lot of issues emerged while
preforming the experiments. As previously mentioned in the executive summary, this research
project consisted of three main goals which demonstrated the three main stages of this research:
= Stage (1): Synthesis of the polyimide powders
= Stage (2): Fabrication of free-standing polyimide membranes
= Stage (3): Conducting gas permeation tests using the fabricated membranes
The major issues encountered during each stage and the attempted potential solutions for each
of the issues are discussed in this chapter.
5.1 Stage (1): Synthesis issues
Synthesizing the polyimide powders was the most challenging part of this project and
that is mainly because the resulting product was not a flaky powder but rather a hard chunk of
solids. Moreover, the resulting hard chunk of solids were in most cases insoluble in any of the
solvents used (NMP or DMF) which made continuing to stage (2) impossible because the
processability of the polymer was very poor. It is important to note that each experiment took
an average of 5 days to be completed and the first 187 experiments failed. This corresponds to
around 80% of the experiments. Only the last 72 experiments were successful (20%). In an

attempt to address this major issue, the following potential solutions were tested:
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5.1.1 Changing the amount of solvent

Changing the amount of solvent used during the condensation reaction was the first
variable that was tested because the literature papers that were considered were not very clear
regarding the exact amount of solvent to be used. Therefore, the procedure followed was
revised again with the assistance a chemist. There was one main part of the procedure that was
confusing which states: ‘... enough NMP was added to dissolve the diamine’ and then later in
the procedure it states that ‘Additional NMP was then poured into the flask until a 20 wt%
monomer solution is obtained’. But the main question is, does the ‘enough’ amount added
initially count towards the 20 wt% or not? If it does account for it, then the total amount of
NMP put is around 26.4 mL only. Whereas, if it does not account for it, the total amount is
77.8 mL of NMP. To test this, three different solvent amounts (70, 50 and 26 mL) were used
to synthesize one polyimide (BisAPAF-ODPA). The resulting HPI powders using the three
different amounts of solvent had different morphologies (Figure. 40) and they were visually
different too (Figure. 41). When only 26 mL was added, the resulting HPIs were very hard to
a point where a ball mill had to be used to crush it. Whereas, when 77 mL of NMP was added
the resulting HPIs were softer and could be crushed by hands which made it dissolve better

than the other one. However, both HPIs would not synthesize a membrane.

(a) (b) (©)
Figure 40. SEM image of: (a) HPI-ODPA made using 70 mL of NMP, (b) HPI-ODPA made using 50 mL of NMP and (c)
HPI-ODPA made using 26 mL of NMP.

110



(a) (b)
Figure 41. Photographs of: (a) HPI-ODPA made using 70 mL of NMP, (b) HPI-ODPA made using 50 mL of NMP and (c)
HPI-ODPA made using 26 mL of NMP.

However, the chemical composition of these HPI indicated that polyimides were indeed
synthesized. From the spectrums presented in Figure. 42 and peaks identified in Table. 20 it is
clearly noticed that all of the HPI-ODPAs are similar but have slightly different intensities.
The peaks in region (a) (2900 cm™ to 3500 cm™) in Fig. 4, are assigned to the hydroxyl group
that comes from the BisAPAF. The peaks at 1788 cm™! and the peaks in region (b) (1720 cm™!
to 1735 cm™!) both indicate the presence of C=0 stretching. In region (c), the peaks at around
1108 cm™ to 1230 cm™ represent C-C stretch and C-C(O)-C stretch respectively. Whereas,
peaks in region (c) at around 1475 cm! is mostly O-H bend. All of these peaks show that the
HPI samples have characteristic structures of polyimide. This means that the condensation

reaction of the diamine with the dianhydride did indeed take place and resulted in polyimide.
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Table 20. Infrared spectra of HPI-ODPA powders made in different amounts of NMP.

Functional group Wave number recorded (cm™)
Hydroxyl group (OH) 2900-3500
C=O0 stretching 1720-1735 and 1788
C-C stretch 1108
C-C(0)-C stretch 1230
O-H bend 1475

Moreover, the molecular weights of the synthesized polyimides using the three different
amounts of solvents ranged between around 2900 to 4200 which is considered extremely low
as shwon in Table. 21. The main thing that did not make sense was that the low molecular
weights obtained should result in soluble polymers; however, that was not case. This was
finally expalied by the wrong precipitation method initially used and the high temperature that

was used to dry the HPI which might have encourouged cross-linking to some extent.

Table 21. Properties of BisSAPAF-ODPA HPI synthesized using three solvent amounts (70, 50 and 26 mL).

Polymer Amount of NMP (mL) M, My PDI Tg (°C)
HPI-ODPA 70 2787 4206 1.51 150
HPI-ODPA 50 1989 2939 1.48 145
HPI-ODPA 26 2015 2929 1.45 150

5.1.2 Changing the reactant ratios

Changing the reactant ratios was the second approuch tested in an attempt to ge soluble
polyimide powders. The reactant ratios of the monomers used were changed form 1:1 to 1:0.5
of diamine: dianhydride. The resulting HPIs dissolved and casted better but no membranes
were fabricated because the caseted membrane looked as shown in Figure. 43. The membranes
alomost disappeared potentailly because the casted solution had s lot of water and solvent in it

which evaporated at the elvated temperatures leaving parts of the polyimide behind.
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Figure 43. Resulting polyimide "membrane" synthesized form reactant ratio of 1:0.5 of diamine: dianhydride.

5.1.3 Diamine purification

The third and final approach attempted was the recrystallization of the diamine in order
to purify it because the impurities present it could lead to branching or cross-linking of the
polymer. The purity of the used diamine BisAPAF is 98% which might have affected the
reaction and hence it was recrystallized in an attempt to boost the purity to about 99.9% and
that was done using different non-polar solvents such as toluene, benzene and hexane as well
as some polar solvents such as methane, deionized water and THF. Since diamine is more
polar, a nonpolar solvent had to be used and among the three solvents used, toluene seemed to
result in a diamine that is whiter in color compared to the yellowish initial color and hence it
was used (Figure. 44). The resulting membrane was slightly modified (Figure. 45) but were
very fragile. The moment they were picked up, they broke down into small pieces a shown in

the circled part of Figure. 45.
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(b)

Figure 44. Photographs of the same diamine (a) before and (b) after recrystallizing in in Toluene.

Figure 45. Image of the membrane fabricated using the recrystallized diamine with ODPA.

5.1.4 Precipitation method

The issue of getting a soluble polyimide powder was finally overcome by using another
precipitation method. The initial precipitation method used involved adding the HPAA
solution after the azeotropic imidization to a small beaker (50 mL) of water: methanol and then

water at room temperature. This always resulted in hard insoluble chunks of polyimide.
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However, by using more solvent (700 mL) of water: methanol that was cooled to around 10 °C

in combination with creating a vortex resulted in flaky soluble polyimide (Figure. 46).

(b)
Figure 46. Physical structure of BisAPAF-ODPA (a) precipitated in the 50 mL and at room temperature, (b) precipitated in
700 mL, at 10 °C and with vortex.

5.1.5 Drying the solvent

Even after solving the solubility issue, the membranes would not form and the last
approuch used was drying the NMP solvent using a drying agent as described in details in
section (4.3.2). This finally solved the issue of polyimide that were brittle, evaporating leaving
behind bits and easily tearing into very small pieces. The issue was found to be the amount of
mositure in the solvent used which caused undesiered side reactions with the dianhydrides to
take place. This resulted in low conversion efficiencies and incomplete polymerization. The
polymers obtained after drying the solvent were close to those expected from polyimides as
discussed perviously in sections (3.4) and (4.8). Samples of the powders produced are

presented in Figure. 47.
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Figure 47. Samples of the synthesized polyimide powders: (a)APAF-PMDA, (b) APAF-ODPA and (c) APAF-BTDA.

5.2 Stage (2): Casting issues

After overcoming the issues associated with the synthesis stage of the research, a new
issue emerged and that is fabricating the membrane. After obtaining the HPIs, they were
dissolved in NMP and casted on different support materials. However, they would adhere to
the material they were cast on very hard and any attempt of peeling them resulted in taring the
membrane into small pieces. The materials used as a support included quartz plates, Pyrex

plates, silicon sheets, Teflon paper and Teflon thick sheet.

5.2.1 Changing the support material

When quartz plates and the Pyrex plates were used, the membrane would stick
completely as shown in Figure. 48. This was later believed to be due to the harshness of the
NMP solvent used during the casting stage in combination with the elevated temperature might
have triggered a bond between the membrane and the support material. This issue was
attempted to be solved by used the silicon sheets, Teflon paper and Teflon thick sheet.
Nevertheless, the solution would seem to show a hydrophilic-like behavior would it could

break into smaller droplets all over the sheet.
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Figure 48. The dissolved polyimide powder solution adhered to the Pyrex glass after being thermally treated.

5.2.2 Functionalizing the support material

Another method used to overcome the issue of the membrane sticking to the support
material was the functionalizing of the support material (i.e. the plat on which the membrane
is cast) using sodium hydroxide (NaOH). This was done by submerging a Pyrex plate in NaOH
and then drying it, washing it and drying it again. The membrane solution was then casted and
thermally treated as usual. By doing this, only a part of the membrane did not stick but the rest
of it was adhered. Therefore, the whole plate containing the membrane was then submerged
into the NaOH for several hours as shown in Figure. 49a. The membrane was successfully
detached from the plate as shown in Figure. 49b. However, the membrane obtained started

developing cracks which made it impossible to test.
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(a) (b)
Figure 49. Polyimide membrane (a) submerged in NaOH for several hours detaching and forming (b) free-standing
membrane with many defects.

5.2.3 Changing the solvent and using Kapton®

The final approach used was changing the solvent used to dissolve the polyimide
solvent from NMP to DMF. The is mainly because DMF is one of the most commonly used
solvents in polymer synthesis and because it is considered a less harsh solvent with a boiling
point of around 153 °C compared to NMP which has s boiling point of around 202 °C. In
addition to that, Kapton® was used as a supporting base on which the solution is poured onto
which provided a guaranteed on-stick medium (Figure. 50). This finally resulted in intact free-

standing membranes that were easily peeled off as shown in Figure. 51.

Figure 50. Casting the polyimide dissolved in DMF on a piece of Kapton®.
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(b) (©

Figure 51. Fabricated free-standing polyimide membranes: (a) APAF-PMDA, (b) APAF-ODPA and (c) APAF-BTD.

5.3 Stage (3): Premeation tests issues

One of the main issues faced during preforming the permeation tests was testing thin
membranes (less than 50 um). This was addressed by maintain a membrane thickness of
between 50-75 um and that was achieved by pouring an exact amount of 5g of solution for
every membrane. Most of the membranes produced via this method were in good condition
which enabled moving to the third stage where the permeation test was run. Another issue that
emerged was while attempting to test mixed gases which resulted in the failure of the
membranes due to plasticization. This caused the membranes to tear very easily although the

withstood high pressures and testing time when testing the pure gases.
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CHAPTER 6: CONCLUSIONS AND FUTURE RECOMMENDATIONS

The main objective of this thesis was to study the effect of varying the dianhydride
precursors on the synthesis and gas separation properties of polyimide membranes where one
diamine and three different dianhydrides were used to synthesize hydroxyl-polyimides and
thermally rearrange them to polybenzoxazoles. The synthesis of the hydroxyl-polyimide
powders was the most challenge stage of this project because polymer synthesis is very
sensitive. The polyimide powders were synthesized successfully via the azeotropic imidization
route and they were characterized intensively using FTIR, GPC, TGA, SEM, NMR and XRD.
The powders were then fabricated into free-standing membranes which were tested before and
after their thermal rearrangement to polybenzoxazoles. The characterization analysis proved
that polyimides and polybenzoxazoles were indeed synthesized and the gas permeabilities and
selectivities obtained were within the expected range according to literature. Among the three
used precursors, the membranes made from BTDA showed superior physiochemical and gas
separation properties followed by those made from PMDA and finally ODPA. Moreover, it is
important to note that ideal selectivities using pure gases were used during the permeation
testing and when mixed gases were used, the membranes failed.

Some of the future recommendations that could further this research are listed below:

= Avoid in-lab synthesis of polymers because the reactions are very sensitive and tricky
and requires a lot of experience and more advanced equipment. Some of the main

equipment needed to make the synthesis easier and more consistent include a proper
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glass glove-box that is kept at constant conditions at all times and that detects both air
and moisture contents. Moreover, having an automated casting equipment would
overcome some of the issues associated with the consistency of the membrane
fabrication. Buying off-shelf polymers will ensure that the integrity and consistency of
the polymer is good and will save a lot of time since engineers are interest more in the
applications side of this project.

Explore new combination of monomers (some of which were listed in Table. 8) because
the ones tested in this project are already considered very well established.

Try experimenting co-polymer and blends because that would allow for more

manipulation of properties and will result in even more superior performances.
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