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SUMMARY

To provide an impetus for a green technology like membranes for carbon
dioxide (CO,) capture, the trade-off relationship between gas permeability and
selectivity in membranes must be overcome. An elegant and simple approach
to overcome this trade-off relationship is to transform the chemical structures of
current polymeric materials in a fashion that enhances both gas permeability

and gas selectivity.

In this work, the trade-off relationship between gas permeability and selectivity
in glassy polymeric materials for e.g. polyimides is abated via an innovative
technique — vapor phase modification that is traditionally used in lithography
and nanotube alignment.  Traditionally, solution crosslinking is used to
overcome the aforementioned trade-off between gas permeability and
selectivity. The main problem with solution cross-linking is its inability to
maintain structural integrity in hollow fiber membranes, the preferred physical
configurations of membranes in the industry. By converting the polyimide
structures into dense polyamide structures via the vapor of crosslinking agents,
gas selectivity was enhanced whilst retaining structural integrity in hollow fiber

membranes.
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In another part of this work, material design and hybridization was used to
improve the CO, permeation properties of polyethylene oxide (PEO), a well-
known material with high CO. affinity. Silicate nanoparticles were fabricated in-
situ a PEO-based matrix via a sol-gel approach. The CO; transport and CO./H»
separation properties of this organic-inorganic material resemble current state-
of-the-art cross-linked PEO rubbers. However, the CO. transport properties of
this organic-inorganic material remain inferior to polydimethylsiloxane — the
preferred gas separation material in current industries. To enhance its CO, and
CO./H, transport and separation properties, alkyl chains were grafted onto the
main chains of the organic-inorganic material. The resultant nanohybrid
material possesses CO. permeability that is similar to polydimethylsiloxane.
However, the CO./H, selectivity of this material is much higher than those
observed in polydimethylsiloxane, and is comparable with state-of-the-art cross-

linked PEOQ rubbers.

Synthesis parameters like water/silicon ratio, organic/inorganic ratio, graft
content and sol-gel synthesis conditions like hydrolysis durations and
condensation durations were discovered to be fundamental to attune the CO,
transport and separation properties of the nanohybrid materials. To obtain
optimal nanohybrid membranes, an intricate combination of synthesis
parameters and conditions is required. This work reveals that by combining 30

minutes of hydrolysis duration with 1 hour of condensation duration for the

Xii
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synthesis of nanohybrid membranes consisting 80 wt.% polyether diamines, 20
wt.% alkoxysilanes and 20 wt.% alkyl chain grafts (with respect to the weight of
the base material) could yield a CO, permeability of about 2000 Barrer and
COy/H> and CO2/N; selectivities of 10.5, and 55.6 respectively. The high CO;
transport and separation properties of these nanohybrid membranes have
pushed the boundaries of using polymeric membranes for CO, capture to newer

heights.

Xiil
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1.1 CO; capture for gas purification

The main cause of global warming is greenhouse gas emissions, in particular,
CO. emissions. To mitigate the greenhouse effects of CO, emissions,
strategies to achieve zero-emissions must be adopted. More than 50% of CO-
emissions result from hydrocarbon combustion in power plants, industrial
processes and transportation fuels [1]. In the short term, it is unlikely to replace
hydrocarbons with alternative clean energy/fuel sources. Hence, the current
emphasis is focused on clean, green techniques that can reduce the carbon
footprint of existing energy/fuel production technologies. This objective can be
achieved by integrating carbon capture technologies into high footprint industrial
applications like hydrogen production, and the purification of nitrogen in flue

gases.

Currently, 95 % of global hydrogen production is achieved via the steam

reforming of hydrocarbons [2]:

C,H,, +nH,0 Y nCco + (% +n)H, (Steam methane reforming)
ea

followed by a water-gas shift reaction that converts CO to CO,, while increasing

H. content [2]:

CO+ H,0—-CO,+ H, (Water gas shift reaction)
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To obtain high purity H, for other applications like hydrocarbon cracking and
ammonia production [3], the CO, byproduct in the water-gas shift reaction must
be sequestered. Prior to using industrial applications of green hydrogen
production techniques, steam methane-reforming remains the preferred
approach for industrial hydrogen production. As H, has been identified as an
alternative for petroleum and heavy hydrocarbons as a mainstay fuel and
energy source, hydrogen usage is expected to increase exponentially in the
next few decades [4]. Thus, it is important for researchers to improve on
current purification techniques that facilitate simultaneous CO, capture and H,
purification. Meanwhile, in coal-fired power plants, CO, is commonly found in
the gaseous byproduct of flue gas. The CO,concentration in this low-pressure
(1 atm) flue gas is typically 10 - 15%, while N> concentration is usually 67% [5].
The N> can be isolated from the flue gas, purified, and recycled as a raw
material for the food preservation industry [6]. A common characteristic of
these industrial processes is the need for CO, capture prior to further
applications of the desired gas stream. CO, capture is categorized into post-
and pre- combustion capture, and can be achieved using effective techniques
like pressure swing adsorption [7], amine absorption [8], and cryogenic carbon

capture [9].
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In most amine absorption systems, monoethanolamine (MEA) is usually used to
selectively absorb CO,. Figure 1.1 shows a standard CO, capture process
using amine absorption [10] whereby the flue gas comes into contact with
aqueous MEA in the absorber. The CO,-rich MEA is subsequently heated in a
stripper to release high purity CO, while the CO,-lean MEA solution is then
recycled to the absorber. Typically a compression step is mandatory to
facilitate CO, transport and storage, where CO, is compressed to 100 atm or
more. The main limitation of amine absorption systems is high-energy
consumption during the recycling of MEA solution, and the mandatory post-
compression step. However, this post-combustion CO. capture approach is still
widely used in power plants because of its high compatibility and flexibility with
current technology and the slow development of green power plants. Recently,
pressure swing adsorption systems have also been identified as a replacement

for these absorption-based post-combustion CO, capture techniques [7].

[ T

Solvent cooler

Absorber

‘} Stripper

Economizer

Rich sovent pump Lean solvent pump

Figure 1.1 A typical post-combustion CO, capture process [10].



Material Design And Hybridization For Green Carbon Dioxide Capture LAU CHER HON

Pressure swing adsorption (PSA) systems are commonly used for pre-
combustion CO, capture [11].  In these PSA systems, a high pressure feed
gas; in this case, a CO, and H, gas mixture, comes into contact with a bed of
microporous-mesoporous solid adsorbents. CO, is preferentially adsorbed onto
the heterogeneous solid adsorbents while a COj-lean H, gas stream is
produced. A low-pressure desorption process is usually required to release the
adsorbed CO,. This desorption process does not require any external heat
sources [12]. Figure 1.2 illustrates a double-bed PSA swing system [13]. Due
to its capability to work with low CO, concentrations, pre-combustion CO;
capture is preferred over post-combustion methods. The main limitation of pre-
combustion CO, capture technologies is the requirement for very high gas

separation efficiencies and high-energy consumption.

CARBON SIEVE
CONTAINERS

---------------

| NITROGEN
1 RECEIVER

FEEDAIR
COMPRESSOR

DRY
" NITROGEN

AIR
FILTERS

SERIES 2
DUAL PSA OXYGEN
SYSTEM ENRICHED AIR

Figure 1.2 A double bed PSA system [13].

A common trait amongst the aforementioned traditional CO,-capture techniques

is the large energy requirements by the CO,-capture processes. Additionally,
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the amine-regeneration process does not guarantee 100% regeneration.
Exorbitant fuel costs and depleted hydrocarbon resources, raise energy prices
that significantly increase the operating costs of CO.,—capture techniques.
Hence, there is an impending need to identify alternative and affordable
technologies that can capture CO, with low carbon footprints, whilst alleviating
our over-reliance on hydrocarbons. Moreover, using high carbon footprint
techniques to aid in the production of a green energy and fuel source like
hydrogen becomes a futility of identifying which requirement is more important
i.e. a circular reference. Therefore, it is of paramount importance that an

affordable, green technique for gas purification is identified and improved on.

1.2 Membrane technology

Alternatively, CO, capture can be realized using membrane technology [14-19].
The advantages of membrane technology over traditional CO. capture
techniques are low cost, ease of application, a lack of moving parts and most
importantly, low carbon footprint [16, 17, 19]. Thus, averting high-energy costs
that are associated with adsorption and desorption processes. Moreover,
membrane characteristics can be specifically tailored to application
requirements. For example, in the case of CO./H, separation, if low purity (~ 80
%) H, is desired as a combustion fuel, size-selective membranes can be used
to purify the feedstock gas mixture so that the desired smaller H> gas molecules

product end up in a low pressure permeate, while retaining the CO, at high
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pressures that are ideal for CO, transportation and storage. This way, the H,
decompression step prior to combustion becomes invalid. In a different
manner, high purity (~ 99.99999 %) H, for transportation fuel can be obtained
using reverse-selective membranes in several stages so that CO, permeates to
low pressures while H; is retained in high pressures that are similar to the feed
pressure. This approach voids the mandatory recompression step for Hz

transportation and storage.

Since the first commercial application of polymeric membrane systems for Hy
purification via gas separation in 1980 [17], the use of gas separation
membranes has been well-established and documented [20]. Although the
market share for gas separation polymeric membranes applicable is relatively
small when compared to other applications (Figure 1.3) [21], it accounted for
about US $170 million/year with an expected growth rate higher than 7 % per

annum [20].

Figure 1.3 Market share of membranes for different applications like reverse
osmosis (RO), ultrafiltration (UF), microfiltration (MF), electrically driven
membrane processes (ED), pervaporation (PV) and gas separation (GS) in
1998 [21].
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Gas separation membranes can be fabricated using organic polymers [22-25],
inorganic materials [26, 27], or a combination of both [28, 29]. Gas separation
membranes mainly exist in the forms of (1) flat, dense sheet membranes, (2)
hollow fiber membranes, (3) spiral wound membranes and (4) tubular
structures. Self-supporting hollow fiber membranes are much preferred in the
industries. Hollow fiber membranes possess large surface area to volume ratios
i.e. gas separation can be achieved using less material and they can also be
easily assembled into module systems. Flat sheet dense membranes can be
used in spiral wound membranes. Commercially available inorganic
membranes consist of palladium, an expensive rare metal, while
nanocomposites are rarely used in commercial gas separation. Ascribing to
good moldability and inherent gas selectivities, organic polymers are the
preferred choice over other membrane materials. The main disadvantage of
current commercial polymeric membranes over traditional CO;-capture
techniques is their inabilities to achieve efficient gas separation. Compared to
traditional CO, capture techniques, the gas permeability and selectivity of
current commercial membranes remain inadequate. Hence, it is evident that
gas selectivities and permeabilities of membranes must be significantly
enhanced prior to widespread commercial applications of gas separation

membranes.
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1.3 Objectives and Organization of the Thesis

Imperative to industrial applications of gas separation membranes, high gas
permeability and excellent permselectivity in membrane materials are highly
desired. Naturally, such materials do not exist i.e. gas permeability and
selectivity exist in a trade-off relationship. Alternative approaches to fabricate
such membrane materials are (1) to molecularly design new materials so that
gas transportation can be achieved at desired rates alongside excellent
separation capabilities, (2) modify existing membrane materials to improve their
gas separation capabilities, and (3) material hybridization using organic and
inorganic materials. Adopting the latter two strategies, the objective of this
dissertation is to develop multi-purpose gas separation membranes that can be
used for the purification of H, and N» for various applications ranging from
combustion fuel to transportation fuel to food preservation, while capturing CO,

ina green manner.

Inclusive of this introduction chapter, this dissertation consists of ten chapters.
The background and theory of gas transport and separation in glassy and
rubbery materials, and different modification approaches that can be used to
enhance gas transport and separation properties of membranes are presented
in Chapter 2. Chapter 3 reveals the experimental methods used in this work.
Chapters 4 and 5 discuss the effects of vapor phase modification on flat sheet

and hollow fiber gas separation membranes made up of glassy materials,
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respectively.  The industrial application of the vapor phase modification

technique is also discussed in Chapter 5.

The subsequent chapters focus on organic-inorganic nanohybrid rubbery
materials synthesized from a sol-gel process. Chapter 6 expounds the
modification of a base organic-inorganic nanohybrid material via wet ozonolysis
and the gas (CO., and H,) permeations and CO./H, selectivity of these
nanohybrid membranes. Chapter 7 details effects of the ratio between organic
and inorganic components on the pure gas permeation, solubility and diffusivity
coefficients and ideal CO./H, selectivity. Chapter 8 describes the effects of
hydrolysis, condensation, and ozonolysis durations on the structural
conformation of the inorganic phase, the phase dispersion between the organic
and the inorganic phases and how these physical differences attribute to pure
(CO2, and Hy) and mixed gas (CO2/H,) permeations. Chapter 9 investigates the
effects of different modification types and the side chain length on the gas
permeation properties of these nanohybrid membranes. Additionally, the Nz
permeability of these nanohybrid membranes is also revealed in Chapter 9.
Chapter 10 summarizes this dissertation with the conclusions and

recommendations for future work.

10
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CHAPTER TWO:

BACKGROUND AND THEORY

11



Material Design And Hybridization For Green Carbon Dioxide Capture LAU CHER HON

2.1 Theory

2.1.1 Fundamentals of membrane gas separation

In membranes, gas molecules can be transported via (1) Poiseuille flow, (2)
Knudsen diffusion, (3) molecular sieving, (4) surface diffusion, and (5) solution-
diffusion [14, 30]. Poiseuille flow occurs in porous membranes whereby the
pore radius size (r) is larger than the mean free path (A) of the gas molecules.
Collisions between gas penetrant molecules are more likely to happen than
collisions between gas penetrant molecules and pore walls in Poiseuille flow.
Knudsen diffusion happens in smaller pore sizes of porous membranes

r
whereby the flow of gas penetrants are independent of one another. The Py

value differentiates Poiseuille flow (% >> 1) from Knudsen diffusion (% << 1).

Molecular sieving is common in membranes consisting of pore sizes that are
narrow enough to allow small-sized gas penetrants to diffuse across the
membrane while physically retaining the larger gas penetrants. The operating
mechanism of molecular sieving is based on the higher diffusion rate of small-

sized gas penetrants.

Solution-diffusion, whereby gas sorption plays an equally important role as
diffusion rates, is the preferred approach to separate gases of similar sizes.

Surface diffusion takes place when surface gas adsorption reaches its threshold

12
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value. Ascribing to a pressure gradient, adsorbed gas molecules preferentially
diffuse across the membrane. Solution-diffusion ensues in the absence of
direct, continuous gas transportation pathways (pores) in dense, non-porous
polymeric membranes. In solution-diffusion transport, the transport of small gas
molecules is governed by diffusion rates while the transport of condensable gas

molecules is determined by dissolvability rates.

2.1.2 Permeability and selectivity
The steady-state permeability of gas A (Pa) across a membrane with a film

thickness, L, is defined as [30, 31]:

Equation 2.1

where N, is the steady-state gas flux across the membrane, p; and p; are the
downstream (low) and upstream (high) partial pressures, respectively, and L is
the thickness of the membrane. Membrane permeability is expressed in Barrer,

where 1 Barrer equates to 107'° cm® (STP)-cm / cm? sec cm Hg [32, 33].

Fick’s Law describes the one-dimensional flux of a gas (Gas A) through a

membrane film in the x direction [30]:
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D/ac dCA

= Equation 2.2
4 l-wA 174 g

where D, is the gas local diffusion coefficient in the film, Ca, is the
concentration of gas A dissolved in the polymer matrix i.e. local concentration,

and wa is the weight fraction of gas A in the membrane film.

The integral of Equation 2.1 combined with Equation 2.2 from x=0 (C = C,) to x

= | (C = C) yields Equation 2.3.

£ =D ——— Equation 2.3

Dn is the average effective diffusion coefficient between C; to C.. Gas
permeation experiments are usually set up in a way that p; << p> and Ci << C;

so that Equation 2.3 reduces to:

Pa = Da X Sa Equation 2.4

where Sp, the apparent sorption coefficient or the solubility of penetrant A in the

membrane material at the upstream pressure is expressed as:

Sa=Co/ po Equation 2.5
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The ideal selectivity of a membrane for gas A over gas B is the ratio of their

ideal gas permeabilities that can be expressed as a product of the diffusivity

D Y
—4 | and solubility | -2 | selectivities:
D S

B B

o, =D =""Ax_A Equation 2.6
A/B % DB SB q

2.1.3 Solubility

Gas solubility in polymeric membranes rely on gas condensability that is closely
related to the critical temperature of the gas, interaction between the gas
penetrant and polymer matrix, and weakly with polymer free volume. Table 2.1
shows the critical temperature of some common gases. Depending on polymer
type, gas sorption can be described using Henry’s law (rubbery polymers) [34]

and the dual sorption model (glassy polymers) [35, 36].

Table 2.1 Critical volumes and temperatures of some common gases [37].

Size Condensability (critical
(critical volume (cm®mole)) temperature (K))
He 57.4 5.19
Ha 65.1 33.24
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O- 73.4 154.6
N2 89.8 126.2
CO: 93.9 304.21
CH, 99.2 191.05

Gas solubility in rubbery polymers are independent of the gas penetrant
concentration in the polymer and is usually expressed using the Henry’s law

[34]:

C=k,p Equation 2.7
where kp (cm® gas (STP)/ cm® polymer bar) is the solubility coefficient, or
Henry’s law constant. Gas sorption obeying the Henry’s law usually occurs via
swelled existing free volume or newly created sorption sites in rubbery

polymers.

The dual sorption model is defined as [35]:

c’ bp
1+5p

C=kp+ Equation 2.8
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where C’4 (cm® gas (STP)/cm® polymer) is the Langmuir capacity and b (1/bar)
is the Langmuir affinity. C’y describes the sorption capacity of the equilibrium
excess free volume related to the glassy state of the polymer while b is an
equilibrium constant that includes the penetrant affinity for Langmuir sorption
sites in the polymeric matrix. In the dual sorption model, glassy polymers are
considered to comprise a homogeneous dense polymer matrix (akin to a
rubbery polymer) with embedded cavity pockets. Gas sorption in the
homogeneous dense polymer matrix is described using Henry’s law while the
cavities are fixed independent sorption sites that correspond to non-equilibrium
excess free volume. Sorption in these cavities is described as Langmuir

sorption.

2.1.4 Diffusivity
The local effective diffusion coefficient, Des, describes the penetrant diffusivity in

the polymer at a penetrant concentration of C, and is expressed as [38]:

aP dp .
D (C)H=|2P, + A = Equation 2.9
@/f( 2) [ 4T @,0 ]P (QICZ )p q

From Equation 2.9, it is obvious that D+ can be calculated using measured
values of gas permeability and solubility. Gas diffusivity can be described as a

function of the fractional free volume (FFV) in the polymer (as shown in
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Equation 2.10) and the polymer chain flexibility that is often characterized using

the polymer glass transition temperature (Tg):

V3
D =4 exp|l-—— Equation 2.10
S p( FFV) g

where Ap is a pre-exponential factor, and B is a constant dependent on

penetrant size.

2.2 Background

2.2.1 Glassy polymers for gas separation

The T4 of polymers is the predominant factor that differentiates glassy polymers
from their rubbery counterparts. Glassy polymers are generally rigid and brittle
below T4, while becoming rubbery-like above T4. This behavior is intrinsically

linked with material structure.

The molecular structure of glassy polymers is typically formed from long
polymer chains, and complex networks of atoms or molecules. Below T4, most
bonds remain intact and the molecules or atoms vibrate slightly in their fixed
positions. Hence, glassy polymers with high T4 remain hard, rigid, and possibly
brittle at room temperature. Glassy polymers that are commonly used as gas

separation membranes possess a T4 higher than 25 °C. These materials are
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used in most industrial membrane gas separation applications because of good
selectivity and high durability. In most glassy materials, gas separation is
mainly achieved through size selection i.e. smaller gas penetrants are
preferentially allowed to permeate across the membrane [39-41]. Interesting
examples of glassy materials used in gas separation membranes are poly (1-
trimethylsilyl-1-propyne) (PTMSP), poly (4-methyl-2-pentyne) (PMP), polymers

of intrinsic porosity (PIMs), thermally re-arranged polymers and polyimides.

PTMSP and PMP are super glassy polymers with high free volume content that
display outstanding gas permeability and high vapor/gas selectivity. Merkel et
al. reported a butane/methane mixed gas selectivity of 22 with butane
permeability reaching 26,000 Barrer in PMP nanocomposites consisting of
fumed silica nanoparticles [28]. The introduction of fumed silica nanoparticles
to PTMSP also enhanced methane permeability by 180 % [39]. Although these
materials are highly condensable and permeable to vapors, the physical aging

effects on polymer structure circumvent industrial application [16].

PIMs are obtained by inhibiting chain packing through minimal contortion to a
backbone with little conformational movement [42]. Unlike other glassy
polymers, interconnectivity between small pores (less than 2 nm) in PIMs can
be tailored using polymer chemistry. The permeability order in PIMs is CO, >

Ho > He > O, > Ar > CH4 > N» > Xe, while in most glassy polymers He > CO»
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[43]. Another type of glassy polymer suitable for gas separation is a thermally
re-arranged polymer. Using dense glassy polybenzoxazoles and
polybenzothiazoles, Park et al. fabricated gas separation membranes
possessing outstanding molecular and ionic transport [44]. In these “thermally
rearranged polymers”, free volume concentration is enhanced via a thermal
decarboxylation of precursor polyimides that induces changes in chain
conformations and spatial location of free volumes. Small gas penetrants are
allowed to permeate through hourglass-shaped pores while these uniquely
shaped pores hinder the gas transport avenues of bigger gas penetrants, in

particular, CO. separation from CHj.

Attributing to excellent thermal, chemical, and mechanical properties,
polyimides can be used to fabricate gas separation membranes. Compared to
other glassy materials like polysulfones and polycarbonates, polyimides display
higher gas selectivity for most gas pairs. As polyimides are synthesized over
the polycondensation of dianhydrides and diamines, membrane gas
transportation properties can be tailored to application requirements via
monomer selection. Homopolyimides can be prepared from a variety of
dianhydride and diamine combinations, while copolyimides are usually
synthesized using two or more dianhydrides and/or diamines. Prior to

widespread usage of polyimides as gas separation membranes, the free volume
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of this material must be increased so that gas transportation can be enhanced

while maintaining good gas selectivity.

Two important parameters that determine the gas transport characteristics of
polyimide membranes for gas separation are chain packing density and local
polymer chain mobility [19]. The packing density of polyimides depends on
chain stiffness (a rough measure of Tg), strength of polymer chain-chain
interactions and chain bulkiness. For example, stiff aromatic moieties with low
degrees of conformational freedom cause less efficiency in chain packing.
Moreover, aromatic moieties exert strong steric hindrance effects [45] that
weaken the chain-chain interaction and consequently inefficient chain packing.
Besides van der Waals and polar interactions, charge transfer interactions
between the dianhydride and diamine moieties contribute significantly to the
chain-chain interactions in aromatic polyimides [46, 47]. These interactions are
dependent on the electron affinity of the dianhydride and the ionization potential
of the diamine and are facilitated in the presence of electron-withdrawing
substituents on the benzene ring in the dianhydride moiety e.g. a CF3; moiety.
Stronger charge transfer interactions enhance chain packing efficiency. A
method to reduce the strength of charge transfer interactions is to reduce the
electron affinity of the dianhydride moiety by disrupting its t-electrons via the
introduction of —C(CF3).- moieties [41, 48].  Bulky -C(CF3)2- moieties also

contribute to inefficient chain packing. Kink units i.e. units that are nonplanar to
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main polymer chain also reduce chain packing. For example, when moieties
are located at the ortho positions to each aromatic ring, the internal rotation
around the bond between the diamine and imide ring is sterically inhibited [49].
Chain packing density determines the FFV i.e. the empty space in between the
functional groups in the polymer chains that is unoccupied by the electron
clouds; and size distribution of free volume holes. With inefficient chain packing
i.e. low chain packing density, FFV content increases [50]. For example,
inefficient polymer chain packing is prevalent in 2,2'-bis (3,4-dicarboxyphenyl)
hexafluoropropane dianhydride (6FDA) -based polyimides. Diffusivity selectivity
depends on the local mobility of polymer chains. Local motions of polymer
chain and side groups are fundamental for the generation and spatial
confinement of small free volume holes in the glassy state. Restricted local
motion rigidifies gas transport channels and prevents the diffusion of large gas
penetrants. The presence of bulky groups in the polymer chains constricts local
motion e.g. CF3 moieties in 6FDA-based polyimides restrict torsional motion of

neighboring aromatic rings.

2.2.2 Modifications of glassy polymer membranes

Although the advantages of using glassy materials as gas separation
membranes are highlighted in Section 2.2.1, its widespread usage in industrial
membrane gas separation is uncommon when compared to the benchmark

industry gas separation polymer, silicone rubber. This is ascribed to physical
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aging effects on gas permeability (that is already inadequate for industrial
applications when compared to silicone rubber) and plasticization.
Plasticization of glassy materials significantly affects gas selectivity [19, 51, 52].
For example, in CO./H, separation, CO, sorption swells a polymeric membrane
and accelerates the permeation of H.. Consequently, the membrane loses its
CO./H, selectivity. Modifications to the chemical structure of these materials

can overcome aging [53] and plasticization [47, 52].

Cross-linking, a polymer modification process that covalently or ionically binds
polymer chains together, first came into prominence in the 19" century. In
1839, rubber was thermally cross-linked with sulfur by Charles Goodyear [54].
Since then, cross-linking has been used in synthetic polymer chemistry and
biological sciences. Cross-linking can also be used to modify gas separation
membranes [52, 55-57]. For example, to address the issue of aging in PTMSP,
Jia et al. cross-linked PTMSP with 1- 5 wt.% of bis(aryl azide) via UV irradiation
or thermal annealing at 180 °C [58]. Compared to pristine PTMSP, O, and N>
permeabilities of cross-linked PTMSP decreased while O./N, selectivity
increased. This comparison is consistent with free volume reduction that is a
result of cross-linking. Photochemical modifications induced higher increments
in O2/N2 selectivity when compared to thermally modified PTMSP. Upon cross-
linking, the chemical resistance of PTMSP in toluene and tetrahydrofuran (THF),

both good solvents for PTMSP, was enhanced. These observations were

23



Material Design And Hybridization For Green Carbon Dioxide Capture LAU CHER HON

evident in the works of Kelman et al. when the cross-linking of PTMSP was
achieved using fumed silica [59], and polysiloxysilsesquioxanes [60]. A
common trait of these cross-linked PTMSP membranes is their ability to
withstand aging only in a vacuum environment. When exposed to air, aging still
occurs in cross-linked PTMSP membrane, albeit at a reduced rate when
compared to pristine PTMSP membranes. Aging in PTMSP can be attributed to
its unstable chemical structure and impurities in the atmosphere that can react

with PTMSP. Hence, the use of PMP is preferred over PTMSP.

Shao et al. cross-linked PMP with 4-4’(hexafluoroisopropylidene) diphenyl azide
(HFBAA) to improve chemical and physical stability over time [61]. Gas
permeation decreased with longer cross-linking durations. The reduced gas
permeabilities are caused by the reductions in gas diffusion coefficients,
consistent with reduced free volume content. However, the introduction of
nanoparticles like fumed silica and TiO, enhanced gas permeability while
maintaining gas selectivity similar to cross-linked PMP membranes [62].
Meanwhile, chemical and physical stability were maintained over time in these
nanoparticle-filled cross-linked PMP membranes. The cross-linking of PMP and
PTMSP is achieved typically via photochemical or thermal means. These
approaches are impractical for large-scale membrane modifications. Another
straightforward cross-linking method that has been commonly used by

researchers to modify glassy materials is solution cross-linking.
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Liu et al. developed a clear-cut technology that chemically modifies polyimide
membranes at room temperature [53]. In Liu et al.’s approach, a 6FDA-1,2,4,5-
tetramethylbenzene (durene) polyimide flat-sheet membrane was immersed in a
solution comprising methanol and p-xylenediamine for stipulated times.
Subsequently, the polyimide membranes were washed with fresh methanol and
dried at ambient temperature under vacuum. Imide groups were converted into
amide moieties via solution cross-linking. Gas permeability decreased while
gas selectivity increased as a function of cross-linking degree. Upon cross-
linking, the concentration of larger N> penetrants in the permeate decreased;
indicating that the constricted gas transport channels only permitted smaller gas
penetrants like He and O, to pass through. Polyimide membranes have also
been solution cross-linked using other forms of diamines e.g. 1,3-
cyclohexanebis (methylamine) (CHBA) [63], ethylenediamine (EDA), 1,3-
propane diamine (PDA), and 1,2-butane diamine (BuDa) [56], dendrimers [64],
and polymers [65]. Low et al. demonstrated that the immersion of polyimide
membranes into methanol solutions comprising diamines results in
simultaneous occurrence of chemical grafts, cross-links and etching on

polyimide membranes i.e. a solution phase modification [57].
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2.2.3 Rubbery polymers for gas separation

As glass transition occurs when free-volume is created to permit a number of
polymer chains to move together as a unit in the presence of sufficient
vibrational (thermal) energy in the polymeric matrix, low T4 (< 0 °C) materials
are usually soft and flexible at ambient temperatures i.e. rubbery materials [66].
Classic examples of rubbery materials that are commonly used as gas
separation membranes are polydimethylsiloxane (PDMS) and polyethylene

oxide (PEO).

PDMS is a polymer with unique properties owing to the inorganic siloxane
backbone and organic methyl groups attached to the silicon. The fundamental
structural properties of PDMS include low intermolecular forces between the
methyl groups, unique flexibility in the siloxane backbone and high bonding
energy of the siloxane bond, in particular to acidic gases. Such properties
attribute to high gas permeabilities, and high selectivities for condensable gases
in PDMS membranes [67]. Prior to using PDMS as membranes, cross-linking
must be carried out first [38]. Merkel et al. reported the gas sorption, diffusion
and permeation properties of cross-linked PDMS [38]. Gas permeabilities of
fluorinated gases in PDMS are approximately an order of magnitude lower than
those of their hydrocarbon analogs. This is primarily due to the lower solubility
and diffusivity coefficients of perfluorinated carbons in PDMS [38]. Besides

using cross-linked PDMS for gas separation membranes, PDMS-based
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membranes can also exist in the forms of nanocomposites [68], block

copolymers [69], and coatings [70-72].

Kim et al. fabricated a gas separation membrane consisting of single-walled
carbon nanotubes embedded in a poly (imide siloxane) copolymer [68]. The
poly (imide siloxane) component was synthesized using an aromatic
dianhydride and diamine, and amine-terminated PDMS. The purpose of PDMS
in this membrane was to facilitate good adherence of the polymer matrix to the
carbon nanotubes. Park et al. used a sol-gel reaction to synthesize a imide-
siloxane block copolymer/silica hybrid membrane that displayed increasing He,
CO,, O, and No gas permeabilities with increasing PDMS content [69]. The
increase in siloxane content in these membranes retarded the decrease in gas
selectivities at an elevated temperature while plasticization of the organic matrix
was restricted. Dal-Cin et al. applied PDMS as a caulking layer to alleviate
structural defects in a polyetherimide-polyethylene glycol interpenetrating
network (PEI-PEG-IPN) membrane [73]. Owing to its high gas diffusivities,
PDMS is an ideal choice as a caulking material as it does not hinder the intrinsic
gas transportation and consequently gas separation capabilities of the

membrane material.

Polyethylene oxide (PEO) is polyethylene with high concentrations of polar

ether oxygens separating each pair of carbon atoms. Polar ether oxygen
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moieties are thought to be the only polar moieties that can improve CO./H,
selectivity [74]. This is attributed to the dipole-quadrapole interaction between
the polar ether oxygen (EO) units and the acidic CO, [24, 74, 75]. The CO.-
affinity of the ether oxygen moiety depend on the nature of the monomeric unit,
polymerization degree, end group effect and ether oxygen concentration [76].
For example, EO units in the propylene oxide analog are more CO.-philic than
its counterparts in the form of ethylene oxide and THF [76]. The CO;-affinity
properties of polyether-based polymers can be tuned via modifications to the
entropy and enthalpy of mixing. The entropy of mixing of a chain molecule
increases with chain flexibility while the enthalpy of mixing is dependent on the
number and strength of solute-solute, solvent-solvent, and solute-solvent
interactions. Solute-solute and solvent-solvent interactions must be weak while
solute-solvent interactions must be strong to favor CO, mixing. With low steric
factors and glass transition temperatures, PEO is one of the candidates for

CO,-philic rubbery membranes.

The CO. permeability of semi-crystalline PEO can reach 12 Barrer and a
CO./H, selectivity of 6.7 while the estimated CO, permeability and CO./H,
selectivity of amorphous PEO is expected to be 143 Barrer and 7, respectively
[77]. Polymer crystallinity reduces chain molecule flexibility and solute-solvent
interactions that consequently reduce CO. permeability. Using photochemical

reactions, Lin et al. cross-linked low molecular weight PEO-based acrylates to
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fabricate rubbery membranes with low crystallinity [24, 74, 75]. CO:
permeability of these rubbery membranes reached 400 Barrer while achieving a
CO./H, selectivity of 30 at -20 °C. These highly amorphous membranes are

considered to be state-of-the-art CO»/H» selective membranes.

2.2.4 Modifications of rubbery polymer membranes

Besides cross-linking low molecular weight PEO-based monomers to form
rubbery membranes [78-80], other alternatives include the synthesis of PEO
copolymers [81-85], physical blends of PEO-based additives into membranes
[23, 86, 87], and integration of nanoparticles into PEO-based polymers via

chemical bonds [25, 88, 89].

Common PEO-copolymers that are frequently studied in other works consist of
hard and soft segments. Hard segments can comprise of polyamides,
polyimides or other glassy polymers e.g. poly(butylene-terephthalate) (PBT). A
commercially known polyamide-PEO block copolymer is Pebax® MH 1657
(poly(amide-b-ethylene oxide)). Car et al. reported that the CO, permeability of
this commercial PEO-based copolymer reached 73 Barrer with a COy/H>
selectivity of 9.1 [86]. The CO, transport properties of Pebax® can be described
using the solution-diffusion model [90]. In another work, Car studied PEO-PBT
block copolymers also commercially known as Polyactive that possessed CO,

permeabilities reaching up to 120 Barrer while achieving a CO./H; selectivity of
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11 [81]. The CO. permeabilities of these PEO-based copolymers were
enhanced by blending low molecular weight PEG additives [23, 81].
Membranes containing physically blended low molecular weight PEG additives
are unsuitable for industrial gas separation applications as the presence of

water causes leaching i.e. removal of these PEG additives.

Mixed-matrix PEO-based membranes can overcome the shortcomings of
physically blended materials. Patel et al. reported that the incorporation of
functionalized fumed silica (FS) nanoparticles (up to 14 nm in diameter) reduced
CO, permeability while improving CO./light gas selectivity [88]. The chemically
bonded FS nanoparticles reduced chain mobility and subsequently penetrant
diffusivity. However, as the chain length of the PEO-based oligomer increased,
penetrant diffusivity and solubility increased. Consequently, CO, permeability
increased as well. Wilder et al. cross-linked PEG with dibenzylidene sorbitol, a
low molecular weight organic molecule [91] while Mu et al. fabricated
interpenetrating networks (IPNs) consisting of poly (ethylene oxide) and
polyhedral oligomeric silsesquioxane (POSS) nanoparticles [92]. Although the
gas permeation and separation properties of these nanohybrid materials are not
reported in these works, the reported physic-thermal and rheological properties
of these nanomaterials are aptly suitable for gas separation. Mixed matrix
membranes can also be fabricated using catalyzed sol-gel processes using low

to mid-range molecular weight organic monomers and inorganic molecules [29,
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93-95]. The gas separation properties of these organic-inorganic materials can

be tailored by tuning synthesis conditions [96-98].

2.3 Summary on membrane technology

CO, separation using polymeric membranes can be achieved using glassy or
rubbery materials.  Material modifications are cost-effective methods to
enhance the gas separation and transportation properties of currently known
membrane materials. Depending on application, glassy and rubbery materials
can be utilized to separate CO, from light gases while achieving purification
purposes. In this work, the use of both materials for CO. separation is
explored. A glassy material is modified using a novel vapor modification
technique. The industrial applicability of this approach is also highlighted.
Rubbery materials are studied in the form a nanocomposite that consists of
CO.-philic organic and inorganic components. Using a straightforward sol-gel
chemistry technique, organic-inorganic materials are first fabricated, followed by
a modification via an ozone treatment. Material modifications yield promising

CO. separation results in both classes of materials.

31



Material Design And Hybridization For Green Carbon Dioxide Capture LAU CHER HON

CHAPTER THREE:

EXPERIMENTAL METHODS FOR MEMBRANE

CHARACTERIZATION
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3.1  Field emission scanning electron microscopy (FESEM)

The morphology of hollow fiber membranes was observed using a field
emission scanning electron microscope (FESEM JEOL JSM-6700LV). An
operating voltage of 15 kV and a capture angle of 90° were used. The hollow
fibers were immersed and fractured in liquid nitrogen; and coated with a thin
layer of platinum using a current of 30 mA over a period of 10-30 seconds prior

to FESEM.

3.2 High resolution transmission electron microscopy (HRTEM) &
scanning transmission electron microscopy (STEM)

HRTEM and STEM were used to characterize organic-inorganic materials. To
prepare the samples for these characterizations, solutions containing 2 wt.% of
organic-inorganic materials or nanohybrid materials were diluted to 0.01 wt. %.
Subsequently, the diluted solution was pipetted onto a copper grid and allowed
to dry (solvent removal). HRTEM was done using a JEOL HRTEM 3010 with
an operating current of 113 pA and an accelerating voltage of 40 keV. The
high-angle annular dark field scanning-TEM (HAADF-STEM) studies and EDX
analysis were carried out on a FEI Titan 80-300 electron microscope that was
equipped with an electron beam monochromator, an energy dispersive X-ray
spectroscopy (EDX) and a Gatan electron energy loss spectrometer. The
accelerating voltage of the electron beam was 200KeV. The scanning electron

beam size of EDX measurement was around 0.3 nm.
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As the HAADF operation principle relies on atomic number (Z)- contrast
imaging, HAADF images show little or no diffraction effects while the brightness
intensity of these images is approximately proportional to Z? [34]. Hence, the
bright shapes in STEM tomographs comprise of elements with a large Z number
i.e. inorganic elements in contrast to those in the organic polymer matrix.
Additionally, the intensity of these bright shapes is also related to the

concentration of inorganic elements.

3.3 Fourier transform infra-red spectroscopy (FTIR)

A Perkin Elmer Fourier transform infrared (FT-IR) spectrometer (Spectrum
2000) was used to characterize changes in the chemical structure of the
working materials. Prior to measurements, the spectrometer was purged with
nitrogen gas for 30 minutes. After placing a sample into the FT-IR
spectrometer, the system was purged with nitrogen gas for another 30 minutes.
FTIR measurements in the attenuated total reflectance (ATR) mode were
performed over 64 scans in the range of 400 to 4000 cm™. The resolutions of
the spectra were 4 cm™. The data was analyzed using Spectrum Version 5.3

(analytical software).
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3.4 Solid state nuclear magnetic resonance spectroscopy (NMR)

The chemical structures of the organic-inorganic materials were characterized
using solid-state #*Si and *C NMR. The #Si (79.5 MHz) and '*C (100.6 MHz)
NMR with magic angle spinning (MAS) at 7.5 kHz was performed with a Bruker

DRX 400 spectrometer. Samples were ground prior to analysis.

3.5 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) measurements were performed using
a Thermo Fisher Scientific Theta probe XPS spectrometer with monochromatic
Al Ka (E= 1486.6 eV) radiation. The X-ray source was operated at 15 kV and
100 watt. The spectra were first recorded in the fixed analyzer transmission
mode of the electron energy analyzer (pass energy = 200 eV). For high
resolution scans of peaks of interest, a pass energy of 40 eV was used. The
pressure in the chamber was about 5 x 10"° mbar. The photoelectron take-off
angle of 50° was applied. The binding energies were referenced to C 1s peak
at 285.0 eV. The raw data was quantified and analyzed using Thermo

Avantage 4.12 software.

3.6 Differential scanning calorimetry spectroscopy (DSC)
Differential scanning calorimetry (DSC) was performed using a DSC822°
(Mettler Toledo) calorimeter. The temperature range was from —100 °C to 100

°C with a heating rate of 10 °C/minute in a N2 environment. The raw DSC data
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was processed using the STAR® evaluation software from Mettler Toledo. The
second heating curve was used for the analysis of organic-inorganic materials.
The polymer crystallinity in these hybrid materials was derived using the

following equation:

Crystallinity (%) = AH; / (Xp x AH%) x 100% Equation 3.1

whereby AH;is the apparent heat of fusion per gram of the materials, AHY is the
thermodynamic heat of fusion per gram of a perfect PEO crystal with the value
of 188.9 J/g [99] and ¥, is the weight percentage of PEO in the nanohybrid

membranes.

3.7 Bulk positron annihilation lifetime spectroscopy (PALS)

PALS was used to characterize the relative fractional free volume content (FFV)
in the organic-inorganic membranes. To prepare the nanohybrid samples for
PALS characterization, a positron source (diluted from a ?NaCl purchased from
DuPont Pharmaceutical Division, Delaware) was sandwiched in between two
pieces of the membrane samples (1 cm x 1 cm), which was sealed in between
two 12 pm thick Kapton films. The assembled samples were exposed to
different temperatures and CO, pressures in a specially designed set-up that
was described in references [100, 101]. CO. pressure in this set-up was

monitored using an Omega transducer pressure gauge (Model 302-1KGY). The

36



Material Design And Hybridization For Green Carbon Dioxide Capture LAU CHER HON

positron annihilation lifetime (PAL) spectra were recorded using a fast-fast
coincident PAL spectrometer (resolution = 280 ps) at the University of Missouri-
Kansas City. The acquired PAL spectra (1 million counts) were analyzed into 3-
mean lifetimes and also into lifetime distributions using PATFIT and MELT
computer programs. The longest lifetime from these analyses (13 in ns) is due
to the pick off annihilation of ortho-positroniums (o-Ps) in free volume cavities
(V). The V¢ mean radius and volume were tabulated using well-established
semi empirical equations based on the spherical infinite potential-well model

[102-104].

3.8 Slow-beam positron annihilation lifetime spectroscopy (PALS)

Slow-beam PALS was conducted using a slow-positron beam setup in the
National University of Singapore. Figure 3.1 shows the basic design of the
slow-positron beam setup in NUS. The vacuum in the sample chamber was
about 107 torr at room temperature. The PALS spectra were recorded at two
well-defined positron energies of 1 keV and 5 keV. The slow positrons were
generated from a 50 mCi #Na source, moderated by tungsten foils and
electromagnetically transported to the organic-inorganic materials. The spectra
were detected and recorded by a BaF, crystal scintillator at a counting rate of
about 150 cps. The acquired PAL spectra (1 million counts) were analyzed into
3-mean lifetimes and into lifetime distributions using PATFIT and MELT

computer programs. The longest lifetime from these analyses (13 in ns) is due
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to the pick off annihilation of ortho-positroniums (o-Ps) in free volume cavities
(V). The V¢ mean radius and volume were tabulated using well-established
semi-empirical equations based on the spherical infinite potential-well model

[102-104]. In this dissertation, only the values obtained from MELT are reported.

Positron source . .
Filter Shielding Gamma-ray
Moderator y . Detector
T  , , — e Accelerator

== ngr%

Slow e D l.l.l.u.Mono-

|

» <

‘ 1 Acceleration 'I
Production Filtration and Focusing

Figure 3.1 The basic setup of the slow-positron beam in NUS.

3.9 Gas transportation and separation capabilities

3.9.1 Pure gas permeability of dense flat sheet membranes

The pure gas permeabilities were determined using a constant volume and
variable pressure method. Figure 3.2 shows a schematic of the gas
permeation cell used in this work. The diffusion cell was separated into two
compartments by the sample membrane film. Before measuring the gas
transport properties, the system was kept under a constant vacuum for 24 hours
to remove residual air or other gases. Contact between the gas penetrant and

the membrane is made via upstream. The upstream pressure, p., was kept
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constant at 3.5 atm in the input chamber, while increments in the downstream
pressure, py, in the permeation chamber was monitored using a MKS Baratron
pressure transducer. At steady state, the pressure increments were linear with

time t. The Hyand CO, permeability at 3.5 atm were determined from Equation

3.2:
273x10" VL d
P=DxS= 720 = (d—ft’ Equation 3.2
AT[P2 2]
14.7

where P is the permeability of a membrane to a gas and its unit is in Barrer (1
Barrer = 1 x 107° ¢cm® (STP)-cm/cm® sec cmHg) [32, 33], dp/dt is the
downstream pressure build-up rate when permeation reached a steady state, D
is the average effective diffusivity (cm?/s), S is the apparent sorption
coefficient/solubility (cm® (STP)/cm® polymer cmHg), V is the volume of the
downstream chamber (cm®), L is the film thickness (cm). A refers to the
effective area of the membrane (cm?), T is the experimental temperature (K)

and the pressure of the feed gas in the upstream chamber is given by p» (psia).
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Figure 3.2 A schematic of the gas permeation cell that was used to
characterize pure gas transport properties of working materials in this work
[105].

The ideal separation factor of a membrane for gas A to gas B, which was a
product of diffusivity selectivity and solubility selectivity, was evaluated as

follows:

o, =a
A/B_P
B

) ‘}U

w

DA
=—2x
Dy Equation 3.3

3.9.2 Pure gas permeance of dual layer hollow fiber membranes

The H, and CO, permeance of pristine and modified hollow fibers were
characterized using a variable-pressure constant-volume gas permeation cell.
The permeation cell set-up that was described previously in Section 3.9.1 was

modified to measure the gas permeance of hollow fibers assembled in a test
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module. Each module consisted of 2 or more fibers with an effective length of
approximately 7.5 cm. In the upstream side, fibers were sealed at the end with
fast curing epoxy. Hence, allowing gas to permeate into the membrane from
the feed side only. The upstream pressure was 20 psig and the operating
temperature was 35 °C. The permeance (P/L) of each fiber was determined

using Equation 3.4:

P _273x10" 14 [dpl

L 760 AT[p,x76/14.7] | dt Equation 3.4

whereby P is the permeability of the separating layer (Barrer); L is the
thickness of the apparent dense-selective layer (cm); V the volume of the
permeation side (cm®); A is the effective separating area of the membrane
(cm?); T is the operating temperature of the permeation cell (K); dp/dt is the
rate of pressure increase at steady state as a function of time (mmHg/s) and p,
is the gas pressure difference across the membrane (cmHg). The unit of the
permeance is GPU (1 GPU = 1x 10° c¢cm®(STP)/cm?s cmHg). The ideal

separation factor, aas, can be determined from Equation 3.5:

Equation 3.5
O = @A

(P/L)y
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3.9.3 Mixed gas permeability of dense flat sheet membrane

A schematic of the mixed gas test setup is shown in Figure 3.3. Mixed gas
mixtures were used as the feed gas and the measurements were conducted at
35 °C with a CO, partial pressure of 3.5 atm. The sampling process was
initiated by evacuating the line from the receiving volume (the lower chamber:
downstream) to a gas chromatograph (GC) by vacuum. The compositions of the
feed and permeate were analyzed by gas chromatography. Similar to the pure
gas permeability, the mixed gas steady state permeation rate were then

determined by Equations 3.6 and 3.7:

b _273x10" (1-¥eo, VL « (301
= 760 AT(76/14.7)[(1- xco,)p,] — dt Equation 3.6
273x10" Yeo, VL dp,
Pco2 = x(=)
760 AT(76/14.7)(xco,p,)  dt Equation 3.7

where Pco, and Pu, are respectively the gas permeability of CO. and H:

(Barrer), p2 is the upstream feed gas pressure (psia), p; is the downstream

permeate gas pressure (psia), Xco, is the molar fraction of CO; in the feed gas
(%) and yco, is the molar fraction of CO. in the permeate (%), V is the volume

of the downstream chamber (cm®), L is the film thickness (cm). Subsequently,
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the separation factor of mixed gas can be simplified into the calculating
equation as described in Equation 3.5 due to the negligible downstream
pressure. The mixed gases consisted 20, 50, 80, 70 and 90 mol.% of Hy in

COs..

US=Upstream ; INT-DS=Internal Downstream
DS=Downstream ;GC= Gas Chromatograph
PT=Pressure Transducer; PG=Pressure Gauge
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Figure 3.3 The mixed gas test set-up used in this work [106].

3.10 Gas sorption

Carbon dioxide sorption tests were conducted using a Cahn D200 microbalance
sorption cell at 35 °C over a pressure range of 0-250 psi (0-17.24 bar). Figure
3.4 shows a schematic of the microbalance sorption cell used in this work. For
each sample, films with thickness of 300 um, sides of 1 cm, and total mass of
approximately 80-100 mg were placed on the sample pan. The system was
evacuated for 24 hours prior to testing. The gas at a specific pressure was fed
into the system. The mass of the sorbed gas in the membranes at equilibrium

was recorded. Subsequent sorption experiments were performed at increased
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gas pressures. The buoyancy force corrected the equilibrium sorption value

obtained. CO. solubility coefficients of each sample were obtained from the

gradient of the sorption isotherms. Subsequently, CO, diffusivity coefficients

were calculated using Equation 3.2.

Gas release

Pressure gauge >
NS
- :X: QGas inlet
Microbalance
/\ /’/
Computer ; 1 )
Pressure vessel
Data acquisition
Sample |

Vacuum

Figure 3.4 A schematic of the microbalance sorption cell.
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CHAPTER FOUR:

A STRATEGY FOR SURFACE MODIFICATION OF
POLYIMIDE MEMBRANES BY VAPOR PHASE
ETHYLENEDIAMINE (EDA) FOR HYDROGEN

PURIFICATION

Reduced in part with permission from the International Journal of Hydrogen
Energy, published in 2010. Work copyright 2010 Elsevier
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4.1 Introduction — The need for polyimide modification

CO. removal from syngas (Hz) streams can be achieved using “H. selective”
[19, 22, 51, 57] or “CO. selective” membranes [24, 25, 29]. This chapter
focuses on Hy-selective membranes that are suitable for energy production in
power plants, which requires a H, purity of 70 - 80% at low pressures of
approximately 5 bar. Hs-selective membranes are usually fabricated from
glassy polymers like polyimides whereby gas separation is achieved by

penetrant size variation [19].

Polyimides possess strong mechanical properties and superior chemical
resistance at elevated temperatures; especially in harsh, chemical
environments. Like most other polyimides, 6FDA-based polyimides suffer from
poor intrinsic Ho/CO, selectivity [41] and CO. plasticization that further retards
Ho/CO, separation [107]. To better capitalize on the advantages of 6FDA
polyimides, chemical modifications of these glassy materials may improve the

H./CQO. separation characteristics and suppress CO»-induced plasticization.

Extensive research on post-treatment modifications of 6FDA-based polyimide
gas separation membranes has previously been done [22, 41, 51, 55, 107,
108]. Traditionally, a polyimide gas separation membrane is modified via a post-
treatment cross-linking technique that is facilitated by the immersion of

polyimide membranes in diamine/alcohol solutions [41, 51, 53, 64, 106, 109].
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The modification results in the formation of amide groups through a favorable
cleavage of an imide ring by the NH, groups of amine-containing compounds
[53, 57, 110]. However, a limitation of this solution phase modification
technique is methanol swelling that may inevitably induce some degrees of
undesirable alteration to the polymeric structure [55], especially for asymmetric
membranes with an ultrathin selective skin. In addition, there is a lack of re-
usability of the cross-linking solutions due to the likely contamination after use
and considerable time is required to dry solution cross-linked membranes.
These factors render the method of solution-phase modification unsuitable for

large-scale membrane modification.

Meanwhile, vapor modification has been widely used in various applications
[111-114]; and can potentially be a cost-effective technique to modify
membrane materials for improving targeted gas separation properties while
overcoming the effects of solvent swelling in gas separation membranes.
Although this technique has not been applied in membrane modification prior to
this work, solvent vapors are known to achieve desirable results in applications
ranging from surface modification [111] to nanowire alignment [112] to polymer
chain alignment [113]. For example, Piworiski and llink functionalized titania
surfaces using a series of fluoroalkylsilane vapor [111]. Ryu and Park used
aniline vapor to vertically align nanowires of self-assembled peptides [112],

while Lu et al. applied solvent vapor to treat and orientate poly (3-
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butylthiophene) (P3BT) backbones as an advanced fabrication approach for
new semiconducting materials [113]. Voicu et al. used solvent vapor to induce
polymer swelling during nanoimprint lithography to obtain operation flexibility
[114]. To effectively use vapor-phase modification to enhance gas selectivity in
gas separation membranes, the pairing of appropriate cross-linking reagents
with specific membrane materials must be carefully designed. In this chapter, a
6FDA-based polyimide dense film membrane was chosen to demonstrate the
viability of the vapor-phase modification method using ethylenediamine (EDA).
Although flat sheet membranes are usually confined to lab-scale research,
membranes of such a physical configuration demonstrate the gas transport and
separation properties of a membrane material, prior to possible

commercialization.
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4.2 Materials and Experimental details

4.2.1 Materials

The ethylenediamine (EDA) was purchased from Aldrich, Singapore and used
as received. The 6FDA-durene polyimide was synthesized using the chemical
imidization synthesis procedure deployed by Chung et al. [40]. 2,2-bis(3,4-
carboxylphenyl)hexafluoropropane dianhydride (6FDA) was purified via
sublimation, while 1,2,4,5-tetramethylbenzene (durene) diamine was
recrystallized from methanol. N-methyl-pyrrolidone (NMP) was first dried with
molecular sieves and distilled at 42 °C and 1 mbar. The durene diamine was
dissolved in NMP via magnetic stirring at room temperature. Subsequently,
stoichiometric amounts of 6FDA was added to the diamine solution and stirred
magnetically in a nitrogen environment at 25 °C. After 24 hours of reaction,
acetic anhydride and triethylamine (4:1 molar ratio) were slowly added to the
solution to perform imidization for 24 hours. Subsequently, the polymers were

precipitated in methanol, filtered and dried at 150 °C for 24 hours.

4.2.2 Dense film membrane preparation

A pre-determined amount of 6FDA-durene polyimide was dissolved in
dichloromethane to yield a 2% (w/v) polymer solution that was cast on a silicon
wafer at 25 °C. Upon controlled evaporation of the 6FDA-

durene/dichloromethane solutions, the nascent fiims were dried in vacuum at
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250 °C for 24 hours to remove the residual solvent. Polyimide films with
thickness of 50 + 5 yum were chosen for further vapor phase modification. The

6FDA-durene polyimide chemical structure is shown in Figure 4.1.

O Fac CF3

\ \/

/o HaC. CHs
C
\
N N
/
2\
(o) H3C CH3

Figure 4.1 Chemical structure of 6FDA-durene polyimide

4.2.3 Vapor-phase EDA modification on dense film membranes

Vapor-phase EDA modification was carried out in a homemade container as
shown in Figure 4.2. Pre-determined amounts of EDA in the covered
containment were stabilized after 30 minutes at 25 °C. Thereafter, 6FDA-
durene membranes were quickly exposed to the vapor-phase EDA
environment. There was no contact between the 6FDA-durene polyimide
membranes with the EDA solution. In this work, 6FDA-durene membranes
were exposed to EDA vapor for 1, 2, 5, 10, and 30 minutes. To remove residual
EDA, the vapor modified 6FDA-durene membranes were then washed with
deionized water immediately upon removal from the containment.
Subsequently, these modified membranes were annealed at 70 °C for about 1

day to ensure a complete reaction.
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Figure 4.2 Experimental set-up for the vapor-phase modification process of flat
sheet membranes.

4.2.4 Membrane characterization

FTIR (ATR mode) spectroscopy and x-ray photoelectron spectroscopy (XPS)
was used to characterize the imide conversion process. XRD was used to
quantitatively measure the ordered dimension and inter-chain spacing of
polyimide membranes at room temperature. The gel content of these vapor-
phase modified polyimide membranes was measured by extracting the films in
dichloromethane for 24 hours. The insoluble fractions were vacuum dried at
120 °C for about 1 day. The weight of these polyimide films before and after
extraction were measured and the gel content was calculated by the following

equation:

% Gel content = % x100% Equation 4.1
0
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where Wy and Wy are the insoluble fraction weight and original weight of the
cross-linked polymer films, respectively. The pure and mixed gas permeability
of these vapor-phase modified membranes were characterized using the
experimental procedures detailed in Chapter 3. The mixed gas used to
characterize these membranes comprised 50 mol.% of H, in CO.. Prior to
mixed gas permeation test characterizations, the vapor-phase modified
membranes were conditioned at 35 “C with a CO, partial pressure of 3.5 atm for

at least 3 days.
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4.3 Results and discussion

4.3.1 Physicochemical characterizations of membranes
Based on calculations using the Antoine equation — Equation 4.2 [115], the
vapor pressure of EDA at 25 °C is 11.99mm of Hg and the air in the covered

containment consists of 1.577 % v/v EDA vapor.

logiop =4 - Equation 4.2
where p is the vapor pressure, T is temperature and A, B, and C are

component-specific constants. For EDA, A= 4.22, B=1302.26 and C = -81.79

when T =299 — 390 °K [116].

The chemical structure of the EDA vapor modified polyimide membranes was
determined using FTIR-ATR. Figure 4.3 shows the ATR-FTIR spectra of these
EDA-vapor modified materials. Bands indicating the C=0 asymmetric stretch of
imide groups (1785 cm™), C=0 symmetric stretch of imide groups (1718 cm™)
and C—N stretch of imide groups (1352 cm™) belong to the original polyimide
[117]. Upon EDA vapor modification, new bands are formed due to the
presence of CONH groups; a C=0 stretch band, a N-H bend and a C—N stretch

appearing at around 1644 cm™, 1617 cm™, and 1520 cm™, respectively.
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Figure 4.3 ATR-FTIR analyses of the original and EDA vapor-phase modified
6FDA-durene polyimides.

Based on the FTIR-ATR results, Figure 4.4 describes the chemical reaction
mechanism occurred during vapor-phase modification. The main chemical
reaction during this process is the conversion of imide groups in polyimides into
amide groups alongside simultaneous cross-linking between polymer chains
due to the strong nucleophilicity of EDA [56]. Although the current new strategy
utiizes EDA vapor, the chemical reaction between the diamines and the
polyimides is similar to those observed in other works [51, 53, 55, 57, 64, 106,

109, 110].
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Figure 4.4 Reaction mechanism of vapor-phase EDA modification on the

surface of 6FDA-durene membranes.
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By comparing the elemental composition differences before and after EDA
vapor treatment, the XPS results also validate the chemical modification of
imides to amides. The fluorine content in the membranes should remain
unaffected (due to non-reactivity between - CF3; moieties and amines) while the
nitrogen content should be increased by the vapor-phase EDA modification.
Hence, the nitrogen to fluorine (N/F) ratio can be used to quantify this chemical
reaction. After EDA vapor modification, the N/F ratio increases significantly
from 0.31 (original) to 0.83 (5-min of EDA-vapor modification). Coupled with the
enriched nitrogen content, the shift in FTIR spectra validates the effectiveness
of the vapor-phase surface modification of polyimide membranes using vapor-

phase EDA.

The d-space of the polyimide membranes before and after EDA vapor
modification was examined using XRD. Figure 4.5 shows that a decrease in d-
space from 6.18 A of the original polyimide membrane to around 6.02 A of the
EDA-vapor modified polyimide membranes was observed. The cross-linked
structures in Figure 4.4 may alter chain-packing that subsequently reduces the
d-space. These findings indicate a tighter microstructure in EDA vapor-
modified polyimide membranes. The effects of altered chemical structures and
physicochemical changes in vapor-modified polyimide membranes on the

H./CO, separation performances are discussed in the following section.
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Figure 4.5 XRD spectra of vapor-phase modified 6FDA-durene membranes.

4.3.2 H; and CO, separation properties of vapor-phase EDA modified
polyimide membranes

Due to the trade-off between Hy/CO. solubility selectivity and diffusivity
selectivity, the separation of H, and COs- is challenging while Ho/CO, selectivity
of most Hs-selective polymeric membranes is usually less than 10 [19]. The
trade-off between solubility and diffusivity selectivity is ascribed to the difference
in molecular size (Hz (2.89 A) vs. CO; (3.30 A) in kinetic diameter) that favors
H. transport and the higher solubility of carbon dioxide that favors CO,

transport. These competing effects lead to low Ho/CO. permselectivity.

To evaluate the Ho/CO. selectivity of vapor-modified polyimide membranes,
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pure gas tests were carried out in the initial stages and the results are
demonstrated in Figure 4.6. As vapor-phase modification leads to cross-
linking and the densification of polymer chains, the permeabilities of both Hy
and CO. continuously decrease with longer vapor-phase EDA treatments.
However, the decrease in H, permeability is less than that of CO, permeability.
With a tighter microstructure in vapor-phase modified polimide membranes,
bigger-sized CO. molecules are predominantly prevented from permeating
across the membrane while the small sized H> molecules continue to permeate
across the membrane, albeit at slower rates. The significant increase in H»/CO,
selectivity from around 1 (original) to 102 (10 min EDA vapor modification)
validates the aforementioned hypothesis. The significantly enhanced H,/CO;
separation performance of vapor-phase modified polyimide membranes can be
subscribed to the reduction of CO, diffusive pathways as vapor-phase EDA

modification transforms these membranes into barriers against CO, [56, 118].

Besides, the vapor-phase EDA modification strategy results in a higher H»/CO,
selectivity (around 37) compared with that (around 5) by the previous solution
approach with 5 minutes of modification time [22], indicating a highly effective
modification strategy. This phenomenon is due to (1) intensive EDA-vapor
modification on the surface of polyimide membranes, (2) minimal solvent-
induced swelling in the substructure as often occurred in the solution immersion

method. In retrospect to previous studies on the solution modification of
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polyimide membranes with various diamine/methanol solutions, the surface
modification effects of propane-1,3- diamine (PDA) and butane-1,4-diamine
(BuDA) should potentially further enhance H./CO. selectivity of polyimide
membranes compared to EDA [22]. Therefore, further studies on the effects of
various vapor-phase diamines are expected to yield much more impressive

results.
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Figure 4.6 Effect of vapor-phase EDA modification time on H, and CO.
separation performance of 6FDA-durene polyimide membranes.

As mentioned, one of the advantages of the vapor-phase EDA modification
approach is its convenience to apply a highly effective surface-intensive
modification on hollow fiber membranes. However, this surface-intensive
modification (as shown in Figure 4.1) also induces structural heterogeneity in

flat membranes. A three-layer structure (visualized in Figure 4.7) is thought to
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exist in vapor-modified flat polyimide membranes. Hence, the intrinsic Ho,/CO,
separation properties of the vapor-phase modified layer in polyimide

membranes cannot be estimated by simplistic pure gas permeation tests.

s Vapor modified
layer (L,)

Total sandwich < Unmodified layer
Layer (L,) t (L,)

=  Vapor modified
layer (L,)

Figure 4.7 Schematic layer structure of vapor-phase EDA modified polyimide
membranes

To determine the intrinsic Ho/CO, separation performance of the EDA-vapor
cross-linked layer, the resistance model was applied and single-sided EDA-
vapor modified membranes were prepared for predicting the true modified
(cross-linked) layer of membranes. The procedure for the single-sided
modification has been elaborated in details in Ref. [57]. According to the
resistance model [119], the relationship between the EDA-vapor modified layer
thickness (L1) and the permeability of the modified layer (P1) can be calculated

using the following equation:

L L L .
—t =214 2 Equation 4.3
PtAr  P1A1  PAz

where P refers to the permeability, L refers to the thickness and A refers to the
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effective membrane area. The subscripts 1 and 2 refer to the EDA-vapor
modified and unmodified layers, respectively. T refers to the total/overall
property. Equation 4.3 is further simplified by ensuring that the effective

membrane area is the same i.e. A;= A; = A..

The gel content of the vapor modified-side can be used to approximate the
thickness of the EDA-vapor modified layer (L1). The L1 of a 6FDA-durene-
polyimide membrane modified by 5 minutes of EDA vapor modification is 10.8 +
0.9 um. Using Equation 4.3, the intrinsic H, and CO, permeability of the vapor-
phase EDA modified layer are calculated to be 40.1 and 1.02 Barrer,
respectively; while achieving a Hx/CO. selectivity of 39.3. H, and CO.
permeability in the EDA-vapor modified layer is lower than those of a 5-min
EDA-vapor modified membrane that contains three layers (H.: 73.4 Barrer; COo:
1.97 Barrer) as seen in Figure 4.6. However, the Ho/CO- selectivity in a vapor-
phase EDA modified polyimide layer is slightly higher (39.3) when compared to
a three-layered vapor modified polyimide membrane (37.3). These indicate a
denser structure and enhanced H./CO. separation ability of the “real” cross-

linked layer.

Furthermore, to meet the practical requirements of hydrogen purification, the
mixed gas separation performance of the EDA-vapor modified polyimide

membrane is evaluated by an equal molar (H. and CO,) binary system. The
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results of mixed gas test are shown in Table 4.1. For all polyimide membranes
before and after EDA-vapor modification, the H> permeability in mixed gas tests
is significantly lower than that in pure gas tests, which should be due to the slow
CO. gases with higher condensability dominating the sorption site, thus

reducing fast Hx gas transport through the membranes.

Conversely, the CO, permeability in mixed gas tests is comparable to or higher
than that in pure gas tests, which is attributed to the assisted CO, transport by
the fast gas of H, [120-122]. Consequently, the interplay between a fast gas
(Hz) and a slow gas (CO,) lowers H,/CO, selectivity in mixed gas tests
compared with that in pure gas tests. However, comparing to other
conventional polymers [19], the Hx/CO, selectivity of 16.6 for the 10-min EDA-
vapor modified polyimide membrane in the mixed gas tests is still higher.
Finally, the Ho/CO. separation performances before and after the vapor-phase
EDA modification in both pure and mixed gas tests are compared with the
Robeson’s trade-off line [123] in Figure 4.8. From Figure 4.8, it is apparent that
longer vapor-phase EDA treatment durations enhance the H,/CO, separation
performance of membranes. The dominant CO. sorption and the enhanced
CO, transport by the “fast” gas of H. lowers the H./CO. separation
performance in mixed gas tests when compared to the pure gas tests. The truly
cross-linked layer after a 5-min EDA-vapor treatment, can be considered as a

pseudo homogeneous dense membrane [57], also demonstrates superior
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Ho/CO, separation performance in pure gas tests compared to the high-
performing conventional polymers [123]. This is due to the enhanced
separation ability after vapor phase modification, which further confirms the
validity of the vapor phase EDA modification strategy as an economically-viable
technique for hydrogen purification by the use of highly effective polyimide

membranes.
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Figure 4.8 H./CO., separation performance of vapor-phase modified
membranes in comparison with Robeson’s upper bound line [124].

4.4 Summary
Vapor-phase EDA has been conveniently used to tailor the supramolecular
structure of dense, flat sheet polyimide membranes for Ho/CO, separation. Due

to the strong nucleophilicity of EDA, the imide groups in polyimides have been

63



Material Design And Hybridization For Green Carbon Dioxide Capture LAU CHER HON

converted into amide groups alongside simultaneous cross-linking between
polymer chains, which is validated by FTIR-ATR and XPS analyses. The
densified structure of the cross-linked membrane surface is also confirmed by
XRD. The enhanced separation capability of polyimide membranes after the
EDA-vapor modification is indicated by a significant increase in Hy/CO-
selectivity from around 1 (original) to 102 (10-min vapor treatment). This can be
attributed to a reduced diffusive pathway after intensive vapor-phase
modification on the surface. Based on the resistance model, the intrinsic
Ho/CO, separation properties of a vapor-modified polyimide layer were
calculated to be higher than that of vapor-modified three-layered polyimide
membranes. For vapor-phase modified membranes, the Ho/CO, selectivity in
mixed gas tests is much lower than that in pure gas tests. However, the H»/CO,
separation performance in mixed gas tests is still much higher than that of
conventional polymers [19]. The current results indicate that the vapor phase
approach can potentially modify polyimide membranes for hydrogen purification.
Together with intensive surface modification and the minimization of solvent
swelling process of conventional solution approach, the vapor-phase
modification technique is believed to be a much more suitable method to modify
hollow fiber membranes for hydrogen purification, which will be disclosed in the

next chapter.
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CHAPTER FIVE:

A NOVEL STRATEGY FOR SURFACE MODIFICATION

OF POLYIMIDE HOLLOW FIBER MEMBRANE BY

VAPOR-PHASE DIAMINES FOR HYDROGEN

PURIFICATION

Reduced in part with permission from the International Journal of Hydrogen
Energy, published in 2010. Work copyright 2010 Elsevier
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5.1 Introduction — The vapor phase modification technique

Gas separation membranes exist in the forms of plate and frame, spiral wound,
and hollow fibers [17]. Ascribing to high aspect ratios and flux, hollow fibers are
preferred as commercial gas separation membranes. Additionally, hollow fiber
membranes have self-mechanic support and are easy to handle and scale up.
Primarily, hollow fibers are categorized into single layer and dual layer hollow
fibers. Although single layer hollow fiber gas separation membranes are
relatively easier to fabricate, dual layer hollow fibers maximize gas separation
performance by providing lower substructure resistances while minimizing
material costs, as only the selective layer is made up of expensive materials
that provide gas selectivity [16]. Moreover, a thin selective layer eliminates
tedious post-treatment processes like silicon rubber coating that is mandatory to

enhance gas separation performances [125].

Methanol swelling renders the technique of solution cross-linking to be
unsuitable for chemically modifying hollow fiber membranes [55, 109, 126];
especially for dual layer hollow fibers with an ultrathin selective skin as
delamination may occur. Moreover, cross-linking solutions are typically non-
recyclable due to contamination after use and considerable time is required to
dry solution cross-linked membranes. Thus, in order to enhance the gas
separation properties of polyimide hollow fibers while avoiding the

disadvantages of solution cross-linking; a practical and cost-effective surface
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modification technique must be deployed. Vapor-phase modification can
potentially replace the solution-phase modification technique as this innovative
process has the advantages of (1) a minimal swelling process; (2) surface-
restrictive modifications; (3) the reusability of original diamines for economical

considerations; and (4) modification process at room temperature [127].

This chapter demonstrates the effective use of a vapor-phase surface
modification technique to enhance the H./CO. separation capability of
polyimide/polyethersulfone (PES) dual layer hollow fibers via alterations to the
chemical structure of the dense, selective polyimide outer layer. In addition to
designing a batch process for vapor-phase modification, a continuous process
has also been explored. To further demonstrate the versatility, other polyimide-
based hollow fibers, polybenzimidazole (PBI)-Matrimid®/polysulfone (PSf) dual
layer hollow fibers and Torlon® poly (amide imide) single layer hollow fibers
were modified using the vapor-phase modification technique for Hy/CO,
separation. The polyimide membranes modified by vapor-phase EDA were
characterized using FTIR-ATR, XPS and XRD. Pure gas tests were performed
to explore the Ho/ CO. separation ability of vapor-phase EDA modified

polyimide membranes.
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5.2 Materials and Experimental Methods

5.2.1 Materials for hollow fiber fabrications

Prior to polymer synthesis, the monomers 4,4’-(hexafluoroisopropylidene)
diphthalic anhydride (6FDA) from Clariant (Germany) and 1,5-
napthalenediamine (NDA) from Acros Organics were purified via vacuum
sublimation. Polybenzimidazole (PBI) was purchased from Aldrich Chemical
Company Inc. (Milwaukee, USA) and Matrimid® 5218 was bought from Vantico
(Luxemburg). Radel A-300P polyethersulfone (PES), Udel® 3500 polysulfone
(PSf), and Torlon® 4000T-MV poly (amide imide) were purchased from Amoco
Polymers Inc (Marietta, OH). The chemical structures of 6FDA-NDA, Matrimid®,
PBI and Torlon® are depicted in Figure 5.1. N-Methyl-2-pyrrolidone (NMP) and
dimethylacetamide (DMAc) were purchased from Merck. THF was purchased
from Fisher Chemicals. All the solvents were used as received unless
otherwise stated. Ethylenediamine (EDA) was purchased from Sigma Aldrich

and was used as received.
AT

(i) 6FDA-NDA

botod-o3
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(il)Matrimid® 5218

(iii) PBI
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(iv) Torlon® 4000T-MV
Figure 5.1 Chemical structures of various polyimides that were used to

fabricate the dense, selective layer of dual hollow fibers studied in this work. (i)
6FDA-NDA, (i) Matrimid® 5218, (iii) PBI, and (iv) Torlon® 4000T-MV.

5.2.2 Synthesis of 6FDA-NDA and preparation of PBI/Matrimid® blends

A viscous poly(amic acid) solution was formed by dissolving equimolar amounts
of 6FDA (dianhydride) and NDA (diamine) (total solid concentration is 20% by
weight) in distilled NMP, under a nitrogen atmosphere. 3-picoline and acetic
anhydride (molar ratio of 1:4) were added to the solution to form the polyimide.
Polymer precipitation occurred in methanol, and the resultant solid polymer
fibrils were dried under vacuum at 120°C prior usage. To prepare the
PBI/Matrimid® (weight ratio of 1:1) blend, the polymers were dissolved together

in DMAG.

5.2.3 Hollow fiber spinning

The dope compositions were determined according to a similar procedure
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ascribed elsewhere [128, 129]. Briefly, the polymeric dopes were prepared by
dissolving the respective polymers in the solvent under high-speed agitation to
ensure complete dissolution [71, 128, 130, 131]. The solutions were degassed
for 24 hours under atmospheric conditions prior to spinning. The dope
compositions and spinning conditions for fabricating different hollow fiber

membranes are shown in Table 5.1.

Table 5.1 Spinning conditions for different polyimide hollow fibers

Sample Name 6FDA- PBI-Matrimid/PSf Torlon single

NDA/PES dual dual layer layer

layer
Outer layer dope 27 wt.% 6FDA- 22 wt.% PBI- 28 wt.%
composition NDA, Matrimid® (1:1), 78 Torlon®, 72

73 wt.% wt.% DMAc wt.% NMP
NMP/THF: 5:3
(V/V)

Inner layer dope 30 wt.% PES, 75 wt.% PSH, -
composition 70 wt.% 25 wt.% NMP

NMP/H.O: 10:1

(w/w)

Bore fluid 95/5 NMP/H,0 95/5 NMP/H,O 90/10
composition NMP/H>O
External Water Water Water
coagulant
Outer layer dope 0.2 0.3 2
flow rate (ml/min)
Inner layer dope 0.8 2 -
flow rate (ml/min)
Bore fluid flow 0.3 1 1
rate (ml/min)
Coagulation bath 25 25 25
temperature ("C)
Spinneret 50 25 50
temperature ("C)
Take-up Free fall Free fall 20

rate(cm/min)

Air gap (cm) 8 1 5
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Solvent exchange of the as-spun fibers using three consecutive 30-minute
methanol circulations was done. Subsequently, n-hexane was used to replace
methanol in the solvent exchange procedure. These hollow fiber membranes
were ready for use after drying in air at ambient temperature (25 °C). The
physical configurations of the hollow fiber membranes studied in this work are

shown in Figure 5.2.

6FDA-NDA PBI-Matrimid Torlon

PES

Figure 5.2 Physical configurations of hollow fiber membranes studied in this
work. (i) BFDA-NDA/PES dual layer hollow fiber, (i) PBI-Matrimid® (blend)/PSf
dual layer hollow fiber, (iii) Torlon® single layer hollow fiber

PSf

5.2.3 Vapor-phase EDA modification on hollow fiber membranes

All the vapor-phase modification techniques used in this work were done at 25
°C =1 °C. Prior to vapor phase modification, the ends of fibers were sealed
with fast curing epoxy. This was to prevent chemical modification in the fiber
lumen by the EDA vapor. After vapor-phase chemical modification, the test
modules or hollow fibers were outgassed in a vacuum environment for 2 h at
30°C [132]. In this work, two vapor-phase modification techniques were utilized.

Method A was a batch method similar to the original vapor-phase modification
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technique as described in the previous chapter [127]. Method B was a
continuous method whereby a stream of inert gas (nitrogen) was used to

generate a continuous flow of EDA vapor.

The effect of vapor-phase modification time on H./CO, transport properties of
the resultant fibers was investigated. For the 6FDA-NDA/PES and PBI-
Matrimid®/PSf dual layer hollow fibers, the vapor-phase modification times were
2 and 5 minutes. For Torlon® single layer hollow fibers, the modification
durations were 30 and 60 seconds. The different modification durations for
Torlon® fibers were due to the poor mechanical integrity of the fibers with

prolonged modification duration. This will be accounted for in Section 5.3.

5.2.3.1 Method A (batch vapor-phase modification)

Method A is based on the vapor-phase modification technique used in our
previous work (detailed in Chapter 4) [127]. The setup of Method A is shown in
Figure 5.3 (a). In a covered containment, 100 mL of EDA was allowed to
stabilize over 30 minutes. Using Equation 4.2, the EDA vapor pressure at 25 °C
was calculated to be 12.0 mmHg and 1.6 v/v% of EDA vapor was present in the
confined volume. Upon stabilization, the epoxy-sealed fibers were quickly
exposed to the vapor-phase EDA. After stipulated vapor-phase modification
durations, the surface modified fibers were removed from the containment and

placed in a vacuum environment of 3 torr for 2 hrs at 30 °C.
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Stainless steel frame to suspend
hollow fiber in EDA vapor

EDA |/ 3
Vapor

S
~,

e - — g =g+~ Hollow fiber with both ends sealed
{ M with fast curing epoxy

Homemade containment

Figure 5.3 (a) Batch vapor-phase modification technique. The suspended
hollow fibers are modified upon exposure to ethylenediamine (EDA) vapor.

5.2.3.2 Method B (continuous vapor-phase modification)

The set-up of Method B is shown in Figure 5.3 (b). A steady stream of nitrogen
(99.9995 % purity) purchased from Soxal Pte. Ltd. was channeled into the liquid
EDA via polytetrafluroethylene (PTFE) fibers obtained from Markel Corporation,
at a continuous flow rate of 10 std liters/min. An N»-calibrated Aalborg GFC 17
mass flow controller was used to control the nitrogen flow rate into the liquid
EDA. In Method B, fibers were assembled into a test module prior to surface
modification. The ends of each fiber were sealed with fast curing epoxy to
prevent chemical modification from the lumen side. The test module containing
the fibers was attached to a silicone tubing that connected to the homemade
containment. A stop-plug along the silicone tubing was used to control the EDA
vapor exposure time. The main difference between Method A and Method B is
the ability of the latter approach to specifically modify fibers that have been
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assembled into modules, which is more attractive for the fabrication of
commercial membranes for gas separation. After vapor-phase modification, the
modules were removed from the silicone tubing and placed in a vacuum

environment of 3 torr for 2 hrs at 30 °C.

Stopper to control EDA

vapor flow \,—‘

<« Home made

A A
TT4

N
ﬂ’lﬂ EDA vapor containment
o - 0
o o —)

A test module made up of
two hollow fibers with
both ends sealed with

€poxy.

°
°
EDA® .

.o, N, gas @ 10
liquid :.i ,7 std liters/min

PTFE fibers to obtain better saturation of EDA vapor
in the N, stream

Figure 5.3 (b) Continuous vapor phase modification technique.

5.2.4 Membrane characterization

ATR-FTIR spectroscopy performed over 64 scans in the range of 400 to 4000
cm was used to characterize the chemical modifications in the polyimide
selective layers. The resolutions of the spectra were 4 cm™'. The area of
interest indicating the conversion of polyimide to polyamide lies in the region of
1400 — 1800 cm™ [133]. The data was analyzed using Spectrum Version 5.3
(analytical software). XPS was used to validate the chemical modifications
while FESEM was used to observe the morphological changes upon chemical

structure modifications. The H, and CO. permeance of pristine and modified
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hollow fibers were characterized using a variable-pressure constant-volume gas
permeation cell. The detailed description of the permeation cell set-up was
described previously [134]. Each module consisted of 2 fibers with an effective
length of approximately 7.5 cm. The upstream pressure was 20 psig and the
operating temperature was 35 °C. The permeance (P/L) of each fiber was
determined using the technique described in Section 3.9.2. The ideal separation

factor, aas, can be determined from the following equation:

Equation 5.1
Qs = g—)AP/L

(P/L)g
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5.3 Results and discussion

5.3.1 Chemical characterizations of hollow fibers before and after
modification

After vapor-phase modification using Method B, changes in chemical structure
at the outermost region of hollow fibers can be observed. Figure 5.4 describes
the underlying chemical reaction between the 6FDA-NDA polyimide and EDA
during vapor phase modification. Other reactions occurring during modification

include grafting and etching i.e. main chain scission [57].

Figure 5.4 EDA induced vapor-phase modification of 6FDA-NDA.
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The FTIR spectra in Figure 5.5 (a) shows the signatory peaks of imide groups
in the pristine 6FDA-NDA polymer. The peaks at 1788 and 1720 cm™ belong to
the C=0 group constituting the imide ring [133]. The peak denoting the C-F
group in 6FDA appears at 1245 cm™. The peak at 1360 cm™ is due to the C-N
stretch of the imide group whilst the peak at 1069 cm™ corresponds to the
transverse C-N-C stretch of the imide group [133]. To add on, the naphthalene
moiety of the NDA group contributes to the signatory peaks of the 6FDA-NDA
polyimide. The C=C stretch of the naphthalene structure is signified by a weak
peak at 1548 cm™; and a doublet at 1603 cm™and 1629 cm™; whilst the di-
substituted naphthalene structure results in strong peaks at 783 cm™ and 1419
cm” [133]. The amidization conversion process depicted in Figure 5.4 yields
from the strong nucleophilicity of EDA [56]. From Figure 5.5 (a), the weakening
or disappearance of imide signatory peaks alongside the formation of amide
characteristic peaks at 1644 cm™ (C=0 stretch of amide group) and 1560 cm™
(C-N stretch of amide group) validates the chemical reaction between
polyimides and EDA. In Figures 5.5 (b) and (c), imide characteristic peaks at
around 1788 cm™ and 1720 cm™ (C=0 group), 1360 cm™ (C-N stretch of the
imide group) are observed for PBI-Matrimid®/PSf and Torlon®, respectively. In
pristine Torlon®, characteristics peaks of amides are seen at 1644 cm™ (C=0
stretch of amide group) and 1520 cm™ (C-N stretch of amide group). The
conversion of imides in pristine PBI-Matrimid®/PSf and Torlon® into amides has

occurred during the vapor phase modification. The FTIR spectra of vapor
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modified PBI-Matrimid® and Torlon® fibers display weakened imide peaks and
appearance or strengthening of amide peaks at 1644 cm™ (C=O stretch of
amide group) and 1520 cm™ (C-N stretch of amide group). With longer vapor-
phase modification durations, the intensity of the peaks representative of amide
groups increases. This relationship between the greater extent of conversion
from imide to amide groups and the increments in vapor phase modification

timings can be similarly inferred from XPS analyses.

(a)
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Figure 5.5 FTIR spectra of (a) 6FDA-NDA/PES dual layer hollow fiber, (b) PBI-
Matrimid®/PSf dual layer hollow fibers, and (c) Torlon® single layer hollow fibers
before and after vapor phase modification (VPM) using Method B.

The elemental compositions of nitrogen and fluorine were determined using
XPS. With longer vapor-phase modification durations, the nitrogen content in
these fibers increases with imide-to-amide conversion. Like 6FDA-durene, the

fluorine content in 6FDA-NDA/PES hollow fibers remains unchanged during
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vapor-phase modification. Hence, the N/F ratio is a good indication of imide-to-
amide conversion. The theoretical N/F ratio for pristine 6FDA-NDA is 0.32. In
this work, the N/F ratio of pristine 6FDA-NDA/PES hollow fibers is 0.52. The
difference between experimental and theoretical values is possibly attributed to
the presence of residual NMP solvent in the membranes [135]. After 2 and 5
minutes of vapor modification using method B, the N/F ratio increases to 1.71
and 3.95, respectively. For Torlon® fibers, the N/O ratio is used, as the
concentration of oxygen remains unchanged after the vapor phase modification.
The theoretical N/O ratio of Torlon fibers is 0.08. The N/O ratio in Torlon® fibers
increases from 0.10 (pristine) to 0.11 (2 minutes) to 0.14 (5 minutes). Assuming
that negligible amounts of unreacted diamine remained in the membranes, the
increasing trend of nitrogen content alongside the results obtained from FTIR

analysis supports the conversion of imides into amides.

5.3.2 Physical characterization of hollow fibers before and after
modification

The intersegmental distance, d-space, between polymer chains before and after
vapor-phase modification was determined using XRD. Figure 5.6 shows that
The XRD peak of the 6FDA-NDA/PES fibers is shifted to larger 26 values after
vapor phase modification. The 20 value increased from 17.64° for the pristine
fibers to 18.22° for the 5 minute modified fiber. Based on Bragg’s Law (nA= 2d

sin 0), larger 26 values lead to smaller d-spaces between the polymer chains
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over longer vapor-phase modification durations. The d-space between the
pristine 6FDA-NDA polymer chains is calculated to be 5.08 A. Upon vapor-
phase modification, the d-space decreases from 4.97 A to 4.93 A when vapor
phase modification time increases from 2 to 5 minutes. This slight decrease in
d-space can be attributed to the tightening of the 6FDA-NDA polymer chains via
vapor-phase modification and the space filling effects of diamine molecules.
Similar trends of decreasing d-space with increasing vapor phase modification
time have been observed for hollow fibers fabricated from PBI-Matrimid®/PSf
and Torlon®. The d-space in pristine PBI-Matrimid®/PSf hollow fibers is 5.17 A
Upon vapor-phase modification for 2 and 5 minutes, the d-space values
between the PBI-Matrimid® polymer chains become 5.13 A and 5.07 A,
respectively. The d-space in pristine Torlon® hollow fibers is 4.35 A. The d-
space decreases to 4.32 A and 4.30 A after 30 and 60 seconds of the vapor-

phase modification, respectively.
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Figure 5.6 XRD spectra of 6FDA-NDA/PES dual layer hollow fibers before and
after vapor phase modification (VPM) using Method B.
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Figure 5.7 shows the morphology of hollow fibers before and after vapor-phase
modification using Method B. In pristine hollow fibers, the polymeric structure of
the outermost regions consists of overlapping nodules. After vapor-phase
modification, the nodular structure of the outermost layers transforms into a
continuous and uninterrupted dense layer. Further examination reveals that the
thickness of the dense layer increases with an increase in vapor phase
modification time. In 6FDA-NDA/PES hollow fibers modified using Method B,
the dense layer thickness increases from 3.7 pm (2 minutes) to 4.7 um (5
minutes). In 6FDA-NDA fibers modified using Method A, the dense layer
thickness increases from 0.5 um (2 minutes) to 2 um (5 minutes). A thicker
dense layer was formed on 6FDA-NDA hollow fibers modified using Method B.
This observation can be ascribed to different amide conversion rates. The
presence of an inert gas flow enhances the flow rate of the reactant (EDA),
which will consequently increase product formation [136]. In Method B, the
nitrogen gas flow increases the flow rate of EDA molecules. Consequently,
enhancing amide conversion. Faster moving EDA molecules are able to
penetrate further into the inner regions of the 6FDA-NDA polymers. On the
other hand, in Method A, the flow rate of the EDA molecules is much slower.
Slow moving EDA moieties tend to adsorb on the surface rather than penetrate
into the inner regions of the 6FDA-NDA polymer. As a result, only the outer

layers experience intense amine conversion; thus the dense layer in hollow
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fibers modified by Method A appears to be denser than those observed in fibers
modified by Method B. The smaller but denser layers in fibers modified by
Method A appear to have a similar effect on gas permeance and selectivity
when compared to fibers (modified by Method B) that possess larger but less
dense regions. This is an effect of substrate resistance as mentioned in the
previous chapter and in reference [127]. For PBI-Matrimid®/PES hollow fibers,
the thickness of the dense layer increases from 2.4 um (2 minutes) to 7.7 um (5
minutes). In Torlon® fibers, the dense layer thickness increases from 2.3 um
(30 seconds) to 3.6 um (60 seconds). From Figure 5.6, the formation of this
dense layer appears to be in a radial mode, indicating that the vapor-phase
modification method alters the surface of hollow fibers uniformly. Another
observation made is the overall reduction in the outer layer thickness of dual
layer hollow fiber membranes, which is possibly attributed to the densification

process and etching i.e. main chain scission [57].
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Figure 5.7 (a) FESEM images of 6FDA-NDA/PES before vapor-phase
modification using Method B

1 um

Figure 5.7 (b) FESEM images of 6FDA-NDA fibers after 2-min vapor-phase
modification. Formation of a dense, uninterrupted layer of 3.7 um at the
outermost layer and a 2 um layer of relatively un-densified area.
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10 um

1 um
Figure 5.7 (c) FESEM images of 6FDA-NDA fibers after 2-min vapor-phase
modification. Formation of a dense, uninterrupted layer of 4.7 um. Only
densified areas are seen in the outermost layer.

Figure 5.7 (d) FESEM images of PBI-Matrimid® 5218/PSf fibers before vapor-
phase modification using Method B
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1 um
Figure 5.7 (€) FESEM images of PBI-Matrimid® 5218/PSf fibers after 2-min
vapor-phase modification using Method B. Formation of a dense, uninterrupted
layer of 2.4 um at the outermost layer and a 7um layer of relatively un-densified
area remain.

1 um

Figure 5.7 (f) FESEM images of PBI-Matrimid® 5218/PSf fibers after 5-min
vapor-phase modification using Method B. Formation of a dense, uninterrupted
layer of 1.5 ym at the outermost layer and a 7.7 um layer of relatively un-
densified area remain.
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I pm

Figure 5.7 (g) FESEM images of Torlon® 4000T-MV fibers before vapor-phase
modification.

(h)

1 um

Figure 5.7 (h) FESEM images of Torlon® 4000T-MV fibers after 30 seconds of
vapor-phase modification using Method B. Formation of a dense, uninterrupted
layer of 2.3 um at the outermost layer.
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(i)

10 um

1 um
Figure 5.7 () FESEM images of Torlon® 4000T-MV fibers after 60 seconds of

vapor-phase modification using Method B. Formation of a dense, uninterrupted
layer of 3.6 um at the outermost layer.

88



Material Design And Hybridization For Green Carbon Dioxide Capture LAU CHER HON

The 6FDA-NDA/PES and PBI-Matrimid®/PSf dual layer hollow fibers were
subjected to vapor-phase modification for an optimal duration of 5 minutes,
while Torlon® single layer fibers were vapor-phase modified for an optimal
duration of 60 seconds. Vapor-phase modifications beyond the optimal duration
were ineffective and detrimental to fiber structure. In dual layer hollow fibers,
the densified outer selective layer apparently delaminates from the inner core
when the vapor-phase modification time exceeds 5 minutes and after the
vacuum drying process. This may be attributed to (1) the occurrence of
“tensional stresses” [137, 138] induced within the spatial periphery of the pores
in the fibers during the out-gassing of excessive unreacted EDA, (2) amidization
and different isobaric expansivities [139] inducing evaporative stresses between
the dense selective layer and inner core, and (3) contraction of the outer dense
polymeric layer as a result of the vapor-phase modification process [140] as
evidenced by the XRD and FESEM data. Meanwhile, in single layer Torlon®
hollow fibers, when vapor-phase modification duration exceeds the optimal
duration of 60 seconds, these fibers start to bend. As mentioned previously, the
diamine modification causes the polymer structure to contract. As the imide-to-
amide conversion propagates from the outmost layer to the inner regions, the
polymer structure in the outmost regions contracts whilst the polymer structure
in the inner regions remains the same. The inward propagating contraction

forces act on the undisturbed inner regions and may cause the fiber to bend.
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5.3.3 H; and CO, separation properties of vapor-phase modified hollow
fibers

To evaluate the Ho/CO. selectivity of hollow fibers, pure gas tests were carried
out. Tables 5.2 and 5.3 summarize the gas permeance and selectivity of fibers
modified using Method A and B, respectively. Resulting from the formation of a
new dense layer and tightened polymer chains, both H, and CO, permeance
decrease as a function of longer vapor-phase modification durations. As the
inter-chain distance between the polymers decreases (evident from XRD data),
the space for gases to pass through becomes constricted. The magnitude of
decline in CO, permeance for 6FDA-NDA/PES fibers is more pronounced than
the decrease in H, permeance. This is attributed to their difference in kinetic
diameter. The kinetic diameter of CO, is 3.3 A whereas the kinetic diameter of
H, is 2.89 A [41]. The tightened polymer chains create smaller transport
channels that prevent larger gases like CO, from passing through. This
accounts for the more drastic decline in CO, permeance and the corresponding
higher Ho/CO; selectivity after vapor phase modification. In Tables 5.2 and 5.3,
the Ho/CO; selectivity of 6FDA-NDA/PES dual layer hollow fibers increases with
longer vapor-phase modification duration. Similar trends in gas permeance and
H./CO, selectivity are also observed for PBI-Matrimid®/PSf and Torlon® fibers

as the vapor modification duration increases.
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Table 5.2 H, and CO, permeance and selectivity of 6FDA-NDA/PES, PBI-
Matrimid® 5218 (blend)/PSf, Torlon® 4000T-MV hollow fibers before and after
vapor phase modification using the batch method (Method A)

Sample Name H, (GPU) CO,(GPU) a (H2/CO,)
6FDA-NDA/PES (original) 72.6 43 1.69
6FDA-NDA/PES VPM 2 min 12.1 4.05 2.98
6FDA-NDA/PES VPM 5 min 3.41 0.098 34.80
PBI-Matrimid®/PSf original 27.7 6.88 4.02
PBI-Matrimid®/PSf VPM 2 min  18.6 3.42 5.44
PBI-Matrimid®/PSf VPM 5min  11.9 1.56 7.62
Torlon® - original 7.07 1.03 6.86
Torlon® VPM 30 secs 1.64 0.158 10.4
Torlon® VPM 60 secs 0.135 0.028 4.82

Table 5.3 H, and CO, permeance and selectivity of 6FDA-NDA/PES, PBI-
Matrimid® 5218 (blend)/PSf, Torlon® 4000T-MV hollow fibers before and after
vapor phase modification using the continuous method (Method B).

Sample Name H, (GPU) CO,(GPU) a (H2/CO,)
6FDA-NDA/PES (original) 72.6 43 1.69
6FDA-NDA/PES VPM 2 min 15.4 4.13 3.74
6FDA-NDA/PES VPM 5 min 4.44 0.13 35.52
PBI-Matrimid®/PSf original 27.7 6.88 4.02
PBI-Matrimid®/PSf VPM 2 min  21.7 3.77 5.75
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PBI-Matrimid®/PSf VPM 5 min  13.8 1.77 7.78
Torlon® - original 7.07 1.03 6.86
Torlon® VPM 30 secs 1.32 0.12 11

Torlon® VPM 60 secs 1.03 0.16 6.44

The formation of a dense layer with varying thickness can be attributed to the
different amounts of imide groups present in the different materials used in this
work. Comparing 6FDA-NDA with PBI/Matrimid® and Torlon®, the 6FDA-NDA
polymers have more imide units. With more imide groups available for
conversion, the extent of modification and amount of cross-linking activity are
higher when compared to PBI/Matrimid® and Torlon®. With a greater degree of
diamine modification, the magnitude of decline in the d-space becomes more
pronounced. Therefore, the improvement in Ho/CO, selectivity of these fibers

follows the trend of 6FDA-NDA/PES > PBI/Matrimid®/PSf > Torlon®.

Tables 5.2 and 5.3 also compare the gas separation performance of hollow
fibers modified by these two methods. For each type of hollow fiber
membranes, Method B produces hollow fibers with comparable or slightly better
H./CO, selectivity than Method A. These minor differences in separation
performance may be attributed to the different extent of amide conversion and
modification thickness. Clearly, both methods are effective for diamine

modification of hollow fiber membranes for hydrogen purification. However,
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since the continuous process is more industrial and environmental friendly than
the batch process, it has great potential for scale up and industrialization on

polyimide membranes for H, and CO, separation.

5.4 Summary

The two vapor-phase modification techniques have been examined on various
polyimide membranes for H, and CO., separation. During vapor-phase
modification, imides were converted into amides alongside a decrease in
polymer chain spacing. Resulting from such physiochemical changes, the
H./CO. separation capabilities of these different hollow fibers are enhanced.
Both batch and continuous modification methods are effective. Although the
continuous vapor-phase modification method can simplify post-treatment
process and reduce solvent wastage while significantly enhancing H»/CO;
selectivity, the gas permeance or permeability of glassy polymers like

polyimides are inadequate for industrial applications.

Materials with high permeability and permselectivity are preferred for industrial
gas separation membranes. Another approach to capture CO. from light gases
using polymeric membranes is by using CO.-philic materials and
nanocomposites. The next few chapters will concentrate on the synthesis of
COqz-philic nanocomposites that are highly permeable with good CO./H,

selectivity at near ambient operating conditions.
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CHAPTER SIX:

ORGANIC-INORGANIC MEMBRANES FOR CO;

CAPTURE FROM LIGHT GASES

Reduced in part with permission from the Marcomolecules, published in 2011.
Work copyright 2011 ACS Publications
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6.1 Introduction to reverse-selective membranes

Gas permeability (P) in membranes is governed by the product of solubility (S)
and diffusivity (D) coefficients, i.e. P = S x D. Gas separation membranes can
be classified as conventional membranes that operate based on gas diffusivity
selectivity, i.e., size selection, and reverse-selective membranes that rely on gas
solubility selectivity. Conventional membranes (size selective) are typically
fabricated using glassy materials while reverse-selective membranes are
usually made up of rubbery materials. CO./H, separation is ideally achieved
using reverse-selective membranes that preferentially allow larger CO. gas
molecules to permeate to low pressures while retaining the smaller Hy gas
molecules in the retentate at high pressures [17, 24, 28, 29]. Most membranes

are expected to have Sco,/Sh, > 1 and Dco,/Dn, < 1 based on size and

thermodynamic differences between CO, and H,; however, reverse-selective
membranes have a sufficiently high solubility selectivity that overcomes the
adverse diffusivity selectivity. An effective strategy to fabricate reverse selective
membranes is to use high CO. affinity materials [24]. For instance, in
amorphous PEO membranes, a CO./H, selectivity of 10 at 35 °C was achieved
by enhancing Sco, via a dipole-quadrapole interaction between the acidic CO;
and the polar ether oxygens [74, 77]. Industrial-scale CO./H, separation for
green hydrogen production by membranes would be more practical if the CO,
permeability of current state-of-the-art PEO-based membranes are significantly

increased while maintaining similar or achieving higher selectivity.
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Organic-inorganic membranes synthesized from simple fabrication processes
have shown high CO affinity that leads to good CO, permeability and CO./light
gas separation [94]. Sforca et al. demonstrated that polyether-silicate organic-
inorganic membranes synthesized using sol-gel processes possessed CO.
permeability of 125 Barrer. The Hy and Ny permeability reached 18 and 2.1
Barrer, respectively. Acid-catalyzed sol-gel methods vyield organic-inorganic
materials that possess finely dispersed inorganic nanoparticles in the organic
phase [141, 142]. Shao and Chung reported that organic-inorganic membranes
fabricated using polyether diamines and silicate nanostructures [29] display
comparable CO./H, separation properties to the membranes synthesized from
cross-linked organic PEO-acrylate monomers [24]. At 35°C, the CO.
permeability of this organic-inorganic membrane reaches 370 Barrer with a
CO./H; selectivity of 9 [29]. At the expense of good mechanical properties, the
CO. permeability of these organic-inorganic materials can be enhanced with
more polyether diamines [29]. To enhance CO, permeability while inhibiting the
side effects of excessive polyether content, short polyether side-chains can be
grafted onto the main chains of the organic-inorganic material. The PEG side-
chain grafts can minimize chain mobility in the main chains, thus, retaining
mechanical strength while enhancing the interaction of the resultant nanohybrid

material with highly condensable gas penetrants.
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6.2 Materials and Experimental Methods

6.2.1 Starting materials for organic-inorganic materials

Jeffamine® ED-2003 (M, = 2000 g/mole) was used in this part of the work; it is a
commercially available water soluble polyether diamine derived from a
propylene oxide end-capped polyethylene glycol i.e., the polyether segment
structure is polypropylene oxide — polyethylene oxide — polypropylene oxide
(PPO-PEO-PPO). Polyethylene glycol methacrylate (PEGMA: M,, = 360 g/mole),
ethanol (HPLC grade) and 3-glycidyloxypropyltrimethoxysilane (GOTMS: M,, =
236 g/mole) were purchased from Sigma Aldrich, Singapore. Hydrochloric acid
(HCI) was purchased from Fisher Scientific. All chemicals and solvents, except
for PEGMA, were used as received. These chemicals were also used to
fabricate the base materials that are described in Chapters 7, 8, and 9. The
inhibitors in PEGMA were removed using activated carbon. For every 100 mL
of PEGMA, 4 grams of activated carbon was added and stirred for 1 hour, after
which, the activated carbon was filtered from this mixture. These procedures
were repeated 3 times. The purified PEGMA was stored at 4 °C. Figure 6.1

shows the monomers used for the work described in this chapter.
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Figure 6.1 Chemical structures of the monomers used in this work. (a)
Jeffamine ED-2003 — a commercially available PPO-PEO-PPO diamine, (b) 3-
glycidyloxypropyltrimethoxysilane (GOTMS), and (c) polyethylene glycol
methacrylate (PEGMA).

6.2.2 Synthesis of organic-inorganic and nanohybrid material

A catalyzing aqueous solution containing 37.5 wt.% HCI was used to hydrolyze
GOTMS. After 30 minutes of hydrolysis at room temperature, the alkoxysilane
solution was immediately added to a solution consisting of 2 wt.% polyether
diamine dissolved in 70 wt.% ethanol and 30 wt.% distilled water. An epoxy-
amine reaction was facilitated by stirring the resultant mixture at 750 rpm at 60
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°C for one hour. The solution consisted of the organic-inorganic polyether
diamine-silicate (PEDS) material was allowed to cool to room temperature prior
to 60 seconds of wet ozonolysis. The synthesis procedure of the PEDS base
material is shown in Figure 6.2. Wet ozonolysis was carried out using an AC
Faradayozone — high concentration ozone generator (L10G). 10 psi of high
purity oxygen (contained in a 10 L cylinder) obtained from SOXAL, Singapore
was converted into ozone (ozone flow was limited to 0.5 litres per minute). After
wet ozonolysis, PEGMA was added to the ozonolyzed mixture and stirred at 70

°C for 24 hours to facilitate PEGMA grafting.
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Figure 6.2 Synthesis route of the polyether diamine-silica (PEDS) base material
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6.2.3 Fabrication of organic-inorganic and nanohybrid membranes

The nanohybrid PEDS-PEGMA membranes were fabricated using a slow
casting method. After transferring the solution into a Teflon dish, the solvent
was evaporated at 30 °C for 24 hours. Subsequently, the temperature was
raised to 40 °C for further evaporation. Nascent films were peeled off and dried
at 70 °C for 24 hours to remove residual solvent whilst undergoing full
condensation. Prior to characterization, all membranes were immersed in
deionized water for 5 days to remove unreacted monomers. The deionized
water was changed everyday. These nanohybrid membranes were stored in a

dry box with 27 % humidity at 25 °C prior to testing and characterization.

6.2.4 Characterization of organic-inorganic and nanohybrid materials

The chemical structures of the organic-inorganic and nanohybrid membranes
were characterized using solid-state ?°Si and '*C NMR. HRTEM and STEM
were used to observe the morphology and dispersion of the inorganic
nanostructures in the membrane materials. EDX analysis was carried out to
determine the elemental composition of the inorganic nanostructures. Bulk
PALS at different CO, pressures and temperatures were used to characterize
the relative fraction free volume (FFV) content in the organic-inorganic and

nanohybrid materials.
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The pure gas (H> and CO,) permeability was determined by the constant
volume-variable pressure method discussed in Section 3.9.1. Additionally,
water vapor-saturated pure gas permeation tests were also conducted to
observe the effects of water vapor on gas permeation. In this part, the gas
bubbles through water prior to feeding. The relative humidity of the permeating
gas is detected using a Vaisala HMT330 transmitter and calculated using the
Vaisala Veriteg vLog software. Relative gas humidity is about 90 %. For mixed
gas permeability tests (as detailed in Section 3.9.2), a mixed gas mixture
containing x-mol. % of Hy in CO, was used as the feed gas mixtures and the
measurements were conducted at 35 °C with a CO, partial pressure of 3.5 atm.
The molar concentrations of H, tested in this work were 50 mol.%, 40 mol.%,
and 10 mol.%. Carbon dioxide sorption tests were conducted using a Cahn
D200 microbalance sorption cell at 35 °C over a pressure range of 0-250 psi (0-
17.24 bar). Subsequently, CO, diffusivity coefficients were calculated using

Equation 3.2.

102



Material Design And Hybridization For Green Carbon Dioxide Capture LAU CHER HON

6.3 Results and Discussion

6.3.1 Chemical structures of working materials

Following detailed procedures from Shao and Chungs’ work [29], together with
wet ozonolysis, CHy sites in the base PEDS organic-inorganic material can be
converted into peroxide moieties [143]. Subsequently, PEGMA is grafted onto
the ozone-modified base PEDS organic-inorganic material via free radicals,
produced by the thermal decomposition of the peroxide moieties, initiating a
propagation reaction that increases the side-chain length as shown in Figure
6.3. Unreacted PEGMA is leached from the resultant product that is
subsequently dried at 70 °C under vacuum for 24 hours. The PEGMA graft
content is determined by comparing the weight of the membranes before and
after washing. Results indicate that 11, 15, and 20 wt.% of PEGMA is grafted
onto the base materials when 27, 33 and 43 wt.% of PEGMA is initially added to
the solution mixture consisting of 80 wt.% PPO-PEO-PPO diamine and 20 wt.%
epoxysilane. Throughout this chapter, the terminology “PEDS-PXX” refers to
organic-inorganic materials comprising XX wt.% of PEGMA (with respect to the
total amount of the base material) grafted onto a PEDS base material

comprising 80 wt.% PPO-PEO-PPO diamine and 20 wt.% GOTMS.
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Figure 6.3 Chemical reaction scheme for grafting PEGMA side chains onto the
main PEDS chains.

The '®C NMR spectra in Figure 6.4 validate the presence of PEGMA grafts in
these nanohybrid membranes. By comparing the *C NMR spectra of PEDS-
P00 (Figure 6.4(a)) and PEDS-P20 (Figure 6.4(b)), peaks belonging to the CH
(6 =55.05 ppm) and CHs (& = 9.58 ppm) moiety of PPO [117] resonate to lower
O values at & = 54.49 ppm and 8.92 ppm upon ozonolysis and the addition of
PEGMA. Additionally, a peak (& = 51 ppm) correlating to an OCOR terminal
group is observed in the '*C NMR spectrum of PEDS-P20 [117]. This

ascertains the grafting of PEGMA onto the main PEDS chains. The absence of

104



Material Design And Hybridization For Green Carbon Dioxide Capture LAU CHER HON

peaks corresponding to C=C (between & = 115 - 140 ppm) [117] indicates that

unreacted PEGMA is successfully removed from the nanohybrid membranes.
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Figure 6.4 Solid-state *C NMR spectra of (a) PEDS-P00, (b) PEDS-P20, and
29Sj NMR spectra of (c) PEDS-P00, (d) PEDS-P20.

The inorganic networks in the PEDS-based organic-inorganic and nanohybrid
materials have the same chemical composition as confirmed by ?°Si solid-state

NMR. The #Si NMR spectra of PEDS-P00 and PEDS-P20 show a peak (3 = -
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67 ppm) that correlates to T® resonances arising from fully condensed silicons

(Figure 6.5), indicating complete condensation of GOTMS [94, 141].

(a) (|)CH3 (b) OCH,4 OCHj
J N N OCH, ", l_.i o Sli o
(|)CH3 c|>CH3 C|)CH3

Figure 6.5 Different condensation states of silicon atoms (a) T° — no siloxane
bonds (peaks of resonance ~ - 42 ppm), (b) T'- 1 siloxane bond with 2 ethoxy
or methoxy groups (peaks of resonance ~ - 53 ppm), (c) T? — 2 siloxane bonds
with 1 ethoxy or methoxy group (peaks of resonance ~ - 59 ppm), (d) T° — 3
siloxane bonds (peaks of resonance ~ - 67 ppm) [94, 144].

6.3.2 Fractional free volume content of working materials
The free volume (V9 and relative fractional free volume (FFV) contents of
PEDS-PXX materials are elucidated using bulk PALS. The V; radii size

distribution correlates to the lifetime (13 in ns) of ortho-positroniums (o-Ps) while
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o-Ps intensity (lzin %) correlates to o-Ps formation i.e. V; content [44, 75, 145].
The V¢ radii distributions of PEDS-P00, PEDS-P15, and PEDS-P20 nanohybrid
membranes at 35 °C are shown in Figure 6.6. Compared to PEDS-P00
membranes, all PEGMA-grafted nanohybrid membranes display higher FFV
content. PEGMA grafts of up to 15 wt.% increase I3 and 13 values of PEDS
materials while 20 wt.% of PEGMA grafts slightly reduce I3 and T3 values of
PEDS-materials. These observations are similar to the work of Dlubek et al.
[146], whereby the hole content and hole size in an alkyl-branched
polypropylene material are dependent on branch length and concentration. In
the case of PEDS-P15 materials (short branches at multiple sites), the
increments in I3 and T3 values denote enhanced hole content, which are slightly
bigger in size [146]. The PEGMA side chains may sterically hinder effective
packing between the main PEDS chains resulting in higher hole content [146].
Meanwhile in the case of PEDS-P20 materials, we may assume that the
branches are longer due to the reaction scheme shown in Figure 6.3. Longer
branches may improve the molecular packing of the main chains, thus

potentially reducing hole content and size [146].
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Figure 6.6 Distribution of free volume radius in PEDS-Pxx nanohybrid
materials. (a) PEDS-PO0O0 (black), (b) PEDS-P15 (blue), and (c) PEDS-P20 (red).

In Figure 6.7, the lower hole content at temperatures ranging from - 100 °C to -
20 °C is ascribed to severe inhibitions on polymer chain mobility; while the
higher hole content at higher temperatures between 0 °C to 80 °C is attributed to
enhanced chain mobility [145]. A glass transition temperature (T4) characterized
by the intersection point of the high and low temperature regions is also
observed in Figure 6.7. The low Tgs of these materials indicate that these
materials are amorphous at room temperature. Compared to Shao and Chung’s
DSC data [29], T4 measured using PALS in the current work is significantly
lower. Longer measurement times (approximately tens of minutes) in PALS
allowed polymer chains to further relax during measurement when compared to

the shorter measurement times in DSC, thus the T4 measured by PALS is lower.
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The hole content and V¢ size at different temperatures is important as these data

could be used to predict the gas transport and separation performance of these

nanohybrid membranes. Lower hole content and smaller V; size at lower

temperatures would yield low gas permeability but high gas permselectivity;

whereas at higher temperatures, higher hole content alongside larger V; sizes

yield high gas permeability with low gas permselectivity. Using the I3 and T3

values, the relative free fractional volume (FFV) content of these materials are

estimated by AV ls, whereby A is an empirical constant and V; = 41tR%/3 [145].
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Figure 6.7 FFV content of PEDS-P0O0 (solid) and PEDS-P20 (empty) materials

at (a) different CO, pressures and (b) different temperatures.
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The penetrant diffusion coefficient of a material increases as a function of
relative FFV content. A linear relationship between CO, pressure (up to 20 atm)
and relative FFV content indicate that CO, sorption in PEDS-P00 and PEDS-
P20 materials obey Henry’s law, whereby CO, sorption occurs via the swelling
of existing free volume or the creation of new CO, sorption sites. The trends
observed in I3 and Ttz values as a function of PEGMA content are also observed
in PEDS-P0O0 and PEDS-P20 materials. In PEDS-P20, longer hydroxyl (OH)-
terminated PEGMA chains increase the tendency to form hydrogen bonds with
neighboring ether moieties in PEDS main-chains or PEGMA side-chains, thus
further reducing chain mobility that consequently reduces free volume content
[75]. Another reason that could attribute to lower FFV content in PEDS-P20
materials is the reduced hole content and V¢ size, resulting from improved main
chain packing [146]. Although FFV content in PEDS-P20 membranes is lower
than that of PEDS-P15 membranes, the CO. permeability of a PEDS-P20

membrane is the highest amongst other PEGMA-grafted PEDS membranes.

6.3.3 Dispersion of inorganic silicates in polyether matrix
HRTEM images in Figure 6.8 reveal crystalline nanostructures within an
amorphous matrix. EDX analyses indicate that these nanostructures are

primarily made up of silicon and oxygen.
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Figure 6.8 HRTEM images of (a) PEDS-PO0 material and (b) PEDS-P20
material

10 nm:

STEM images in Figure 6.9 provide clearer images of the distribution of these
silicate nanostructures. The well-defined silicate nanostructures in PEDS-P00
organic-inorganic material range from 5 - 10 nm in diameter sizes while bigger
silicate nanostructures ranging from 40 - 100 nm are observed in PEDS-P20
nanohybrid materials. The size increment in silicate nanostructures can be
ascribed to the change in HxO/Si ratio (R-ratio) in the sol-gel process during
synthesis [96]. Unreacted PEGMA additives in the synthesis solution of PEDS-
P20 can form hydrogen bonds with water, thus reducing the R-ratio value that
subsequently induces roughness in the larger inorganic nanoparticles [96]. It is
important to note that additional PEGMA causes only structural changes to the
inorganic network while maintaining chemical composition integrity, as

evidenced by #° Si solid-state NMR.
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50 nm

Figure 6.9 HAADF-STEM images of (a) PEDS-PO0 and (b) PEDS-P20
membranes.

6.3.4 Gas permeability and permselectivity of nanohybrid membranes

Figure 6.10 shows that the ideal CO, and H, permeabilities of the PEDS-P20
nanohybrid membrane can reach 1,950 Barrer and 185 Barrer, respectively,
with an ideal CO./H, selectivity of 11. Compared to PEDS-PO0 membranes,
ideal CO, and H, permeability coefficients are augmented by 5.2 and 4.7 fold,
respectively. The larger increment in ideal CO, permeability causes the CO./H»
selectivity to increase from 9 to 11. Compared to highly amorphous PEO-based
CO, selective membranes [24, 81, 86, 147], the nanohybrid membranes studied
in this thesis possess better CO, transport properties with lower EO content.
This indicates that contributions from the inorganic silicate phase are more
significant than the organic polyether phase. Ideal CO, permeability subtly
increases with increasing CO, pressure (from 2 to 20 atm). At 3.5 atm, the

effects of plasticization are negligible in these nanohybrid membranes. The
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mixed gas permeation properties of these nanohybrid membranes are

determined using different mixed gases comprising 50 mol.% CO,: 50 mol.% Ha,

60 mol.% CO,: 40 mol.% H,, and 90 mol.% CO,: 10 mol.% Ho.

The COz

permeability of a PEDS-P20 nanohybrid membrane can reach 1990 Barrer with

a CO./H, selectivity of 11. The mixed and ideal gas permeation tests results

are identical.
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Figure 6.10 (a) Comparison between pure gas permeability(e - CO,, = - H,) and
mixed gas permeability (O- CO,, 0 - Ho) of PEGMA-grafted PEDS membranes
with different PEGMA graft content. All gas permeation tests are tested at 35
°C, while ideal gas pressures and CO, partial pressures are maintained at 3.5
atm. (b) Comparison of pure gas permeability and mixed gas permeability of
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PEDS-P20 nanohybrid membrane at different total gas pressures. (c) The
effects of 1, 3.5 and 5 atm of CO, partial pressures using mixed gases with
different feed compositions on a PEDS-P20 membrane. Mixed gas feed
compositions (CO2 mol.%: Ho mol.%) are represented by o(50:50), A(60:40),
and <(90:10). Uncertainty in permeability measurements is + 10%. The lines are
provided to guide the eye.

6.3.5 Effects of water vapor on gas permeation

To mimic industrial CO./H, separation (whereby water vapor is present), primary
studies on the effects of water vapor on pure CO, and H, permeation and
COy/H» separation reveal that H, permeation is reduced (Figure 6.11), resulting
an increase in CO2/H; selectivity. Although Brands et al. attributed the decrease
in Hy permeability to water vapor-induced densification of silica in silica-coated
membranes [148], the actual reason behind this phenomenon remains
unknown. While the CO., transport and separation properties in PEDS-based
nanohybrid membranes have not surpassed the upper bound limit for CO2/H,
separation [123], these nanohybrid membranes represent a tremendous
improvement from current state-of-the-art membranes. Besides larger FFV
content, the significant gas separation performance observed in alkyl
methacrylate grafted PEDS materials can be ascribed to the crucial
enhancement in CO, solubility coefficients caused by the CO,- affinity of the

inorganic silicate phases.
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Figure 6.11 A comparison of pure gas permeabilities and mixed gas
permeabilities of PEDS-P20 nanohybrid membrane at different gas pressures in
the presence of water vapor. Red symbols represent CO, permeability while

blue symbols represent H, permeability. Mixed gas feed compositions (CO»
mol.%: Ha mol.%) are represented by 0(50:50), A(60:40), and <(90:10).

6.3.6 Sorption isotherms of working materials
The concentration of alkyl methacrylate added during synthesis strongly

influences the CO; solubility (Sco,) and diffusivity (Dco,) coefficients of these
nanohybrid membranes. CO. solubility coefficients calculated from sorption
isotherms of PEDS-based membranes shown in Figure 6.12 indicate that Sco,

increases as a function of PEGMA content. Table 6.1 shows that the activation

energy of CO, permeation (Ee), ) decreases as the content of PEGMA

O
increases. It can be argued as follows that the trends in Sco, and in (Ep)CO2 are

related. The activation energy for permeation is the sum of the activation
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energy of diffusion and the enthalpy of sorption of the gas in the polymer; the
latter consists of the enthalpy of condensation of the gas plus the enthalpy of
mixing gas and polymer. Increasing the content of units with good CO; affinity
i.e. EO units and siloxane units enhances the interaction of CO, with the
polymer; this means a more negative heat of mixing of CO, with the polymer

and, thus, a lower activation energy of permeation for COs..
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Figure 6.12 CO, sorption isotherms of (i) PEDS-PO0O, (ii) PEDS-P11, (iii) PEDS-
P15, and (iv) PEDS-P20. The solid dots represent experimental data while the
empty squares refer to theoretical 8002 coefficients of O - semi-crystalline PEO

[77, 149], 0 — PDMS [38], and 00 — PTMSP [150]. Solubility coefficients are
measured in cm®(STP)/cm® polymer atm.
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Table 6.1 Ideal CO., permeability, solubility and diffusivity coefficients of PEDS-
based nanohybrid membranes, semi-crystalline cross-linked PEO [77, 149],
PDMS [38], and — PTMSP [150]. Diffusivity coefficients are measured in cm?/s.

Pco Sco Dco Erco aco /H
2 2 2 2 2 2
(Barrer) (cm°STP/ (10

cm® atm)  cm%s) (kJ/mol)
PEDS-P0O0O 378 1.5 1.92 22.4 +0.28 9.5
PEDS-P11 1550 1.7 6.92 13.4 +0.45 9.69
PEDS-P15 1690 1.8 7.14 11.9 +£0.32 10.24
PEDS-P20 1950 2.3 6.44 10.5+0.22 10.54
Semi-
crystalline i
PEO 300 1.6 1.43 21 -23.45 9.4
[77, 149]
PDMS [38] 3800 1.3 2021 - 3.1
PTMSP
[150] 28000 3.9 54.56 - 1.3

Interestingly, the sorption isotherms of PEDS-P00 and PEDS-P20 membranes
closely resemble the sorption isotherms of polydimethylsiloxane (PDMS) and
poly (1-trimethylsilyl-1-propyne) (PTMSP), respectively. The solubility
coefficients of PEDS-based membranes can be described as a summation of all
the contributions of individual components; namely, the amorphous polyether

(organic phase), the silicate inorganic network, and the amorphous PEGMA

117



Material Design And Hybridization For Green Carbon Dioxide Capture LAU CHER HON

grafts. Based on the composition of PPO-PEO-PPO diamines (80 wt.%) and

epoxysilanes (20 wt.%) in PEDS-PO0 membranes, the theoretical Sco,

coefficient may be calculated using the solubility coefficients of amorphous PEO

(A-PEOQO) [149], PDMS [38], PTMSP [150], and the following equation:

Sco, of PEDS-PXX = (1-X) [0.8 (Sco, A-PEO) + 0.2 (Sco, PDMS or PTMSP)] + x

(Sco, A-PEO) whereby x = amount of grafted PEGMA Equation 6.1

The theoretical (1.54 cm®.STP/ cm®.atm) and experimental Sco, coefficients of

the PEDS-P00 organic-inorganic membrane (1.5 cm®.STP/ cm®.atm) are very

close when the Sco, coefficient of PDMS is used. The inorganic phase of a

PEDS-P00 nanohybrid membrane behaves like a PDMS network that consists
of Si-O bonds. The high CO, affinity of Si-O bonds [151] that are present in

PEDS-PO0 nanohybrid membranes yields a higher Sco, coefficient when

compared to amorphous, cross-linked PEO rubbers [75]. In the case of PEDS-
P11 and PEDS-P15 nanohybrid membranes, the identical experimental and

theoretical Sco, coefficients also indicate that inorganic networks in these

nanohybrid membranes possess PDMS-like CO, sorption capabilities. For a

PEDS-P20 nanohybrid membrane, the calculated theoretical Sco, coefficient is

very close to the experimental value when the CO; solubility coefficient of

PTMSP [150] is used. The difference in solubility contributions is due to
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structural differences (caused by different R-ratios in the sol-gel processes) in
the silicate-based networks that affect the interaction between CO, penetrant

and COz-philic moieties like Si-O moieties and ether oxygen units.

6.4 Summary
CO, permeability and CO./H, selectivity enhancements in PEGMA-grafted

PEDS materials can be ascribed to markedly improved Dco, and Sco,

coefficients. The presence of non-reactive additives in the pre-synthesis mixture
solutions induced structural changes in the inorganic phases. The ultra-high
CO. permeability and gas selectivity of these nanohybrid membranes render
this material exceptionally effective in facilitating a low-cost, clean technique for
industrial-scale H, purification while performing CO. capture. Moreover,
preliminary studies indicate that the COy/H, selectivity of these nanohybrid
membranes is further enhanced in the presence of water vapor. Large-scale
utilization of this material for CO./H, separation can positively contribute huge
economical savings based on the elimination of H, recompression. Moreover,
these materials are able to effectively purify H> from syngas feeds that contain

up to 50% CO,. These materials can also be used for CO, removal in flue gas.

Although a superior membrane material has been fabricated, the effects of
different synthesis conditions and parameters on the CO, transport and gas

separation performance of this material remain unknown. It is of interest to
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elucidate the factors that determine the gas separation properties of this
membrane material. The next chapter will focus on tuning the gas separation
performance of this membrane material by varying the organic-inorganic ratio,

the graft type, and the nature of material modification.
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CHAPTER SEVEN:

EFFECT OF SILICATE AGGLOMERATIONS ON THE

GAS TRANSPORT AND SEPARATION PROPERTIES OF

ORGANIC-INORGANIC MATERIALS

Reduced in part with permission from the Marcomolecules, published in 2011.
Work copyright 2011 ACS Publications
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7.1  Introduction to material hybridization

The inherent gas transportation and separation capabilities of polymeric
membranes can be attuned via material designing. Chen et al. designed block
copolymers consisting of polyimides and polyethylene oxide (PEO) [152]. This
combination harnesses the advantages of both materials, namely, mechanical
strength of polyimides and high CO. affinity of PEO resulting from dipole-
quadrupole interactions between acidic CO, and polar ether oxygen units. The
gas transportation and separation capabilities of these block copolymers
depend on the interaction between the PEO and polyimide content. Alternative
to PEO-based block copolymers, Patel et al. cross-linked a series of low
molecular weight polyether-acrylate monomers to form CO.-philic gas
separation membranes [25]. The CO. permeability of Patel's membranes
reached 83 Barrer with a CO./H; selectivity of 11. Meanwhile, Lin et al. reported
the cross-linking of low M,, PEO-methacrylates that forms a rubbery membrane
material with a CO, permeability of 400 Barrer and a CO./H, selectivity of 10
[24]. The methyl moiety enhanced the FFV content in Lin’s rubbery
membranes, thus the increased CO. permeability when compared to Patel’s

membranes.

In these cases, higher FFV content and enhanced interaction between
membrane material and gas penetrant i.e. CO,, significantly enhance gas

penetrant permeability i.e. enhancements in both diffusivity and solubility
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coefficients are required to increase CO. permeability. Incorporating
nanoparticles into an organic polymer matrix to form nanocomposites can
enhance diffusivity coefficients. Merkel et al. and Patel el al. incorporated fumed
silica (FS) nanoparticles into poly (4-methyl-2-pentyne) (PMP) [28] and cross-
linked diacrylate-terminated PEG [153], respectively. In Merkel’s work, PALS
and pulse field gradient NMR data show that silica nanoparticles improve the
inter-connectivity between larger concentrations of large free-volume elements.
Hill's quantitative theoretical model captures the correct dependence of gas
permeability of polymeric nanocomposites on nanoparticle size and free volume

content that explains the reverse-selectivity observed in Merkel’s work [154].

In Patel’s work, the enhanced free volume content is attributed to pore size
increments in the inorganic nanoparticles [155] and extra free volume content at
the polymer-nanoparticle interface [154]. Nanoparticles also strengthen the
mechanical properties of membranes and suppress polymer crystallinity. The
CO, transportation and separation capability of Merkel and Patel’s membranes
and the validity of Hill’'s theory rely on the fine dispersion of nanoparticles in the
polymeric matrix i.e. nanoparticle agglomeration is detrimental for gas
permeability and separation. The in situ synthesis of inorganic nanoparticles in
a polymeric matrix can overcome agglomeration imparted by the incorporation

of ready-made nanoparticles.
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Organic-inorganic materials can be synthesized using an acid-catalyzed sol-gel
process [29, 94, 96]. In such processes, the dispersion and growth of the
inorganic nanostructures are controlled by the reaction kinetics of the sol-gel
process. The pioneering works by Sforca et al. [94] and Shao and Chung [29]
did not investigate the relationship between the dispersion of inorganic
nanostructures and CO, transport in these nanohybrid materials. However,
Shao and Chung primarily attributed the mechanical stability in their membranes
to the inorganic nanostructures [29]. Meanwhile, findings from Chapter 6 of this
dissertation clearly demonstrate that the inorganic phase enhances the CO;
sorption capability of nanohybrid membranes and consequently increases CO»
permeability. Little work has been done to elucidate the relationship between
the dispersion and morphology of the silicate nanostructures and CO.

permeability and permselectivity.

In this chapter, silicate growth and dispersion, and CO. permeability is studied
as a function of organic-inorganic ratio (that also affects water/silicon ratio) and
modification type. PEDS base materials were modified via short alkyl side chain
grafts and physical blending. The size and morphology of the silicate
nanostructures determine the CO. solubility coefficients of the resulting
nanohybrid membrane. Size heterogeneity in the silicate nanostructures
correlates to synthesis conditions, presence of additives in the synthesis

solutions, and the thermal properties of the resultant nanohybrid membranes.
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7.2 Materials and Experimental Methods

7.2.1 Materials

The base PEDS organic-inorganic material was synthesized using the same
monomers described in Chapter 6. In this part of the work, butyl methacrylate
(BUuMA: M,, = 142 g/mole), and PEGMA (M,, = 360 g/mol) were grafted onto the
main PEDS chains. The chemical structure of butyl methacrylate (purchased
from Sigma Aldrich, Singapore) is shown in Figure 7.1. The inhibitors in these
alkyl methacrylates were removed using activated carbon and the procedure

mentioned in Section 6.2.1.

Butyl methacrylate (BuMA M,, 236 g/mol)

CHs

O\/\/CH3
H,C

0]

Figure 7.1 Chemical structure of butyl methacrylate

7.2.2 Membrane fabrication

The base organic-inorganic PEDS materials were synthesized using the same
method detailed in Section 6.2.2. In this chapter, the organic-inorganic ratios in
PEDS base materials were also attuned to 50:50 and 75:25, respectively. This
facilitates the investigation of the effects of organic-inorganic ratio on CO,

permeability and CO./H, separation. These base materials are coded after their
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organic-inorganic ratio, namely, PED75S25 and PEDs¢Sso.

To determine the effects of side-chain functionality on CO, permeability, 20
wt.% of BUMA was grafted onto PEDs,Sso and PED75S,s materials. The gas
transport and separation properties of PEDS membranes containing BuMa
grafts were compared to PEGMA-grafted PEDS materials. The organic-
inorganic materials with PEGMA (M,, 360) and BuMA grafts are known as
PEDxxSxx-Pvy, and PEDxxSxx-Byy, respectively. YY refers to the wt.% of
grafts. The graft concentrations were determined by comparing the weight of
the membranes before and after washing. The difference in weight

measurements infer to unreacted PEGMA present in the membranes.

7.2.3 Membrane characterization

The chemical structures of the organic-inorganic and nanohybrid membranes
were characterized using solid-state #°Si and '*C NMR. STEM was used to
observe the morphology and dispersion of the inorganic nanostructures in the
membrane materials. EDX analysis was carried out to determine the elemental
composition of the inorganic nanostructures. Bulk PALS at different CO;
pressures and temperatures were used to characterize the relative FFV content
in the organic-inorganic and nanohybrid materials. The pure gas permeabilities
were determined by the constant volume-variable pressure method discussed in

Section 3.9.1. For mixed gas permeability tests (as detailed in Section 3.9.2), a
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mixed gas mixture containing x-mol. % of Hz in CO, was used as the feed gas
mixtures and the measurements were conducted at 35 °C with a CO. partial
pressure of 3.5 atm. The molar concentrations of H, tested in this part of the
dissertation were 50 mol.%, 40 mol.%, and 10 mol.%. Carbon dioxide sorption
tests were conducted using a Cahn D200 microbalance sorption cell at 35 °C
over a pressure range of 0-250 psi (0-17.24 bar). The CO. solubility coefficients
were determined from the CO. sorption isotherms of these materials.
Subsequently, CO, diffusivity coefficients were calculated using Equation 3.2 i.e.

D =P/S.
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7.3 Results and discussion

7.3.1 Characterization of Organic-Inorganic Material Structure.

The ideal molar ratio of the base PEDS material is 1:4 whereby each polyether
diamine molecule reacts with four molecules of alkoxysilanes i.e. the ideal wt.%
ratio is 68 wt.% of polyether to 32 wt.% of alkoxysilanes. The non-stoichiometric
molar ratio between the organic polyether diamines and the inorganic
alkoxysilanes in a PED;sS2s membrane results in excess polyether diamines.
Hence, in the *C NMR spectrum of a PED75S2s membrane (Figure 7.2(a)), the
peak at & = 43.9 ppm correlates to C-N bonds found in -CHoNH> moieties [117].
In the case of a PEDsoSso membrane, the non-ideal molar ratio yields excess
inorganic alkoxysilanes. Thus, in the '®)C NMR spectrum of a PEDsSso
membrane, the peak corresponding to a C-Si bond at & = 79 ppm is more
obvious in the ®)C NMR spectrum of a PEDs,Sso membrane, indicating the

presence of excess alkoxysilanes.
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(i) PED75S25 (ii) PED75S25 — P20

43.9 ppm
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(iii) PEDs0Ss0 (iv) PEDsoSso — P20
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Figure 7.2 (a) '*C solid state NMR spectra of (i) PED75S2s, (i) PED75S25-Pao,
(III) PED50850, and (IV) PED50850-P20

s
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Figure 7.2 (b) ?°Si solid state NMR spectra of (i) PED75Szs, (i) PED75S25-Pao,
(III) PED50850, and (IV) PED5oS5o -P>o membrane
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In the ®C NMR spectrum of a PED75S2s-P2g membrane, the peak at & = 170
ppm corresponding to a C=0 terminal group [117], validates the presence of
PEGMA grafts on the PEDS main chains. Peaks corresponding to C=C
(between & = 115 - 140 ppm) are absent in the PEGMA-grafted nanohybrid
membranes i.e. unreacted PEGMA is successfully removed from the
nanohybrid membranes after washing. The T?and T° resonance peaks (3 = -
59 ppm and - 67 ppm) in the # Si solid-state NMR spectra indicate that the
inorganic networks in the PEDS-based organic-inorganic materials consist a
mixture of silicons that consist of two siloxane and one ethoxy or hydroxyl
bonds (T?) or are fully condensed with three siloxane bonds (T°) [93, 94] (Refer

to Figure 6.5 for graphical depiction).

The C 1s peak at ~ 287 eV corresponds to the carbon atoms in an epoxy ring
[156]. This peak is prominent only in the XPS spectra of PEDsoSso membranes
(Figure 7.3), validating the presence of excessive epoxysilanes. The excessive
epoxysilanes are completely hydrolyzed and condensed into silicons with two or
three siloxane bonds. This is evidenced by the absence of T°, and T' peaks in
the solid-state ?°Si NMR spectra. In the case of PED75S2s membranes, all
epoxysilanes reacted with polyether diamines hence the C 1s peak that belongs
to the C 1s atom of an epoxy ring at 287 eV is not obvious. The peaks between
287 — 288 eV in the XPS spectra of PEDsoSs0—P2 and PED75S25—P2g

membranes indicate the presence of C=0 moieties (present in PEGMA). As
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these PEDsoSs0—P2o and PED,5S-s—P>; membranes are characterized after the

removal of unreacted PEGMA, the presence of C=0O moieties result from the

PEGMA grafts in the materials.
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Figure 7.3 XPS spectra of PEDS-based nanohybrid membranes

7.3.2 Morphology of PEDS and PEDS-P,x Organic-Inorganic Materials
The morphology and dispersion of the inorganic phase in organic-inorganic
materials synthesized via an acid-catalyzed sol-gel process [29, 94, 96] are

controlled by sol-gel reaction kinetics. The sol-gel process involves two
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reactions involving the silicon atom as follows [96]:

OR Hydrolysis OH

RO—Si—OR + H—O—H g HO—Si—OH + R—O—H

OR Esterification OH
OH OH Water condensation OH OH

HO—Si—OH + HO—Si—OH ‘_—‘ HO—Si—O—Si—oOH + H—O—H
OH OH Hydrolysis OH On

Hydrolysis occurs over a nucleophilic attack by the oxygen in water on the
silicon atom. As an acid-catalyzed hydrolysis promotes the protonation of
alkoxides in alkoxysilanes, the withdrawal of electron density in the silicon atom
makes it more electrophilic and more susceptible to an attack by water. With
increased electrophilicity, the water molecule attacks and imparts a positive
partial charge to the protonated alkoxides [157]. A subsequent reduction of this
partial charge facilitates an alcohol departure from the silicon tetrahedron.
Water condensation removes water from the system and minimizes
depolymerization, thus resulting in an insoluble three-dimensional siloxane
network. When depolymerization is least likely to re-occur, condensation
becomes irreversible and the hydrolysis of siloxane bonds after formation is

impossible.

Condensation involves a nucleophilic attack on the deprotonated silanol in a
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neutral silicate species and is essential for siloxane network development [158].
The siloxane network formation is a sequential product of hydrolysis,
condensation, and the reverse reactions and is therefore dependent on the
H.O/Si ratio [96], the organic/inorganic ratio, and the glass transition

temperature (T,) of the organic phase [141].

7.3.3 Effects of different organic/inorganic ratio on gas transport
properties of organic-inorganic membranes

In Table 7.1, the CO, and H permeability, and the Sco, and Dco, coefficients

of the base organic-inorganic materials increase somewhat with higher
polyether content. The CO. affinity of the organic-inorganic material is
enhanced with higher polyether content as well [149]. The similarities between

the Sco, coefficients of these organic-inorganic membranes and PDMS [159,

160] indicate that the silicate nanostructures also contribute to the high CO,
affinity in the organic-inorganic materials. However, if the size of the silicate
nanostructure becomes too large, CO, permeability will be reduced. Hence, it
is important to obtain an optimal silicate nanostructure size. Larger CO,
diffusion coefficients are attributed to higher relative FFV content that is a
consequence of higher polyether content and larger silicate nanostructures.
The extra methyl group in PPO increases the relative fractional free volume
(FFV) content of resultant membranes [161], while the growth mechanism of

the inorganic silicate nanostructure, steric and kinetic constraints circumvent
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the interpenetration and condensation of inorganic silicon-based nanostructure,
leaving spaces in between the clusters of silicate nanostructures [96]. Larger

Sco, and Dco, coefficients enhance the CO. permeability. H, permeability

enhancements are solely attributed to the increase in relative FFV content.

Table 7.1 Gas permeability, CO. diffusivity and solubility coefficients, and gas
permselectivity of base organic-inorganic membranes studied in this work.

Sample Code P002 Sco PH2 CO2/H2

Dco
>

(Barrer)  (cm®.STP/ (10°cm?/s) (Barrer)

cm®. atm)
PEDs50Ss0-Poo 193 1.43 1.02 26 7.4
PED75S25-Pqo 241 1.48 1.24 27 8.9
PEDgoS20-Poo 378 1.5 1.9 40 9.5

7.3.4 Effects of water/silicon (H.O/Si) and organic-inorganic ratio on the
morphology of organic-inorganic materials

STEM images in Figure 7.4 indicate that the inorganic phase exists as
nanostructures in the organic-inorganic materials. EDX analysis has shown that
these inorganic nanostructures are primarily made up of silicon and oxygen.
With reference to Figure 6.5, the silicon atoms in these nanohybrid materials
are fully condensed with three siloxane (Si-O-Si) bonds or partially condensed
with two siloxane bonds and an ethoxy or methoxy moiety. Hence, these

nanoparticle-lookalike structures can be classified as silicate agglomerations.
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The acid-catalyzed, two-step sol-gel process leads to the formation of silicate

structures in a polyether matrix.

a) PEDg,S5 b) PED5Ss0 —Py

c) PED,5S,s d) PED75S55 =Py

Figure 7.4 HAADF-STEM images of PEDS nanohybrid membranes

In the initial hydrolysis step of this approach, complete hydrolysis ensued as the
H.O/Si ratio < 4 i.e. hydrolysis and condensation are rate limiting and

depolymerization rates are low [96]. The relatively low depolymerization rate
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results in rate limiting cluster-cluster aggregation that forms weakly branched,
rough-edged silicate nanostructures [97]. In the second synthesis step, the
hydrolysis solution is mixed with a solution of polyether diamine dissolved in
ethanol/water (70 wt.% / 30 wt.%) i.e. HoO/Si ratio >> 4. With a large H>O/Si
ratio, condensation and reconstruction proceeds concurrently at comparable
rates. The silicate network growth process becomes similar to a nucleation and
growth process i.e. a monomer-cluster aggregation and results in smooth
looking silicate nanostructures when water is absent from the system [96].
Smooth-looking silicate nanostructures are observed in PED5,Sso and PED75S25
nanohybrid membranes. Unreacted short alkyl chains e.g. PEGMA and BuMA
can also decrease the H>O/Si ratio and increase hydrolysis rates during
depolymerization. As polyethers form hydrogen bonds with water easily, the
reduction in the concentration of “free” water molecules that engage in siloxane
network development lowers the H,O/Si ratio. With lower a H>O/Si ratio, the
silicate nanostructures evolve from a smooth-looking nanostructure (in PEDS
nanohybrid membranes) to rough clusters (in PEGMA-grafted PEDS nanohybrid
membranes) [96]. The siloxane network growth at a low H>O/Si ratio is
governed by the cluster-cluster aggregation mechanism. Additionally, the

presence of unreacted PEGMA also increases the organic/inorganic ratio.

Silicate nanostructure sizes increase as a function of increasing polyether

content i.e. when organic-inorganic ratio increases by the incorporation of more
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polyether diamines or by grafting short alkyl chains. In PEDsySsp organic-
inorganic membranes, the average silicate size is 5 nm while in PED75S2s
organic-inorganic membranes; the average silicate size is 7 nm. When PEGMA
is grafted onto the PEDS main chains, silicate agglomerations become larger
and more obvious. With 20 wt.% PEGMA grafts, silicate agglomerations
increase from ~ 5 nm to 140 nm in PEDsoSs0—P2o membranes, while silicate
agglomerations increase from ~ 7 nm to 190 nm in PED75S25—P29 membranes.
In this chapter, the increase in organic/inorganic ratio is facilitated with the
engagement of more polyethers during synthesis and reducing epoxysilane
content. This dilution effect affects silicate network dispersion in the polymer
matrix. In the PEDsS2s series, all the diamines and epoxy undergo the epoxy-
diamine reaction in the presence of excess diamines. Consequently, the
excess diamines result in a reduced water/silicon ratio and promote reaction-
limited cluster-cluster agglomeration. Thus, forming bigger silicate

agglomerations.

7.3.5 Effects of Ostwald ripening and organic phase T,

Ostwald ripening is the effect of nanostructure agglomeration in which small
nanostructures form a few large clusters with lower surface energy that is
thermodynamically favored and is prevalent when depolymerization takes place
[93]. As depolymerization is widespread in the process of water removal,

Ostwald ripening in these organic-inorganic materials can be common, hence
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leading to the larger silicate networks observed in Figures 7.4 (c) and (d).
Another factor that may contribute to silicate agglomeration is the vitrification of
the sol-gel reaction. Sol-gel vitrification is dependent on the glass-transition
temperature (Ty) of the organic phase that governs the morphology growth
mechanism in organic-inorganic materials. Lower T4s attribute to a larger
condensation extent that consequently leads to bigger silicate nanostructures
[141], as seen in Figure 7.4. From Figure 7.5, it is evident that higher PEGMA
graft contents reduce the Tq4 of these nanohybrid membranes. The combination
of lower H>O/Si ratios, higher organic-inorganic ratios, and Ostwald ripening
leads to the agglomeration of siloxane networks that may also affect the relative

fractional free volume content in the membrane material.
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Figure 7.5 DSC spectra of PED50850, PED50850-P11, PED50850-P15 and
PEDs0Ss0-P20 nanohybrid membranes.
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7.3.6 Relative Fractional Free Volume Content in Nanohybrid Membranes
Figure 7.6(a) shows that the relative FFV content determined using bulk PALS
in PEDsoSso materials is lower when compared to PED;5S;s materials. In
PEDsoSso membranes, excess alkoxysilanes may result in some mobile silicate
nanostructures that are not immobilized by the polyether chains. Hence, when
silicate agglomeration takes place in PEDsoSso materials, main chain contortion
may be less severe when compared to the main chain contortion in PED75S25
materials. In PED;5S2s membranes, all alkoxysilanes are involved in the epoxy-
diamine reaction with polyether diamines and the silanes are immobilized in
fixed positions by the polyethers. When the silanes are condensed into silicate
nanostructures, main chain contortions in PED75S2s membranes become more
pronounced when compared to those in PEDs,Sso membranes. Ascribing to
more pronounced main chain contortions and possible steric and kinetic
constraints that inhibit silicate interpenetration and condensation; the spaces in
between silicate nanostructures in PED75S.5 materials are not as filled up as
those in PEDsySso materials i.e. higher relative FFV in PED7sS,s materials.
According to Equation 2.10, a lower relative FFV content leads to lower
diffusivity coefficients. Consequently, gas diffusivities and permeabilities of
PEDsySs0o membranes are predicted to be lower when compared to PED75S2s5

membranes that possess a higher relative FFV content.
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Figure 7.6 (a) Relative FFV content of PED75S2s (solid circle) and PEDsoSso
(empty square) nanohybrid membranes as a function of PEGMA graft content
(wt. %). b) Relative FFV content of PED75S25 (circle), PED75S25-P11 (triangle),
PED;sS25-P1s (square) and PED75S25-P»o (diamond) as a function of CO»
pressure.

The linear relationships between relative FFV in both PED75S25 and PED75S25 —
P2 nanohybrid materials and CO, pressure in Figure 7.9(b) indicate that
Henry’s law dominates CO, sorption below 20 atm in these nanohybrid
membranes i.e. CO, sorption is achieved via the swelling of existing free
volume or the creation of new CO, sorption sites [145]. Additionally, the relative
FFV content increases as PEGMA graft content increases from 0 wt.% to 15
wt.%. The relative FFV content in PED75S25-P15s membranes is higher than that
in PED75S25-P2o membranes. With higher PEGMA graft content in PED75S25-P2g
membranes, the PEGMA side chains are possibly longer. Longer PEGMA side

chains can form hydrogen bonds with neighboring PEDS main chains or
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PEGMA side chains. This inhibits chain mobility and thus reduces relative FFV
content. Another reason that may lead to the observed trends in relative FFV
content is the reduced main chain packing efficiency in grafted materials with
large number of side chain grafts or longer side chains [146]. Coupled with the
morphology of the inorganic phase, the relative FFV content plays an important
role in determining the gas permeation and separation properties of the organic-

inorganic materials.

7.3.7 Gas permeability measurements of the organic-inorganic materials
The ideal CO. (200 Barrer) and H. (28 Barrer) permeabilities of PEDsoSso
membranes are similar to membranes with the same chemical composition in
Shao and Chung’s work [29]. Compared to the Pco, and Py, of PEDsoSso in
Figure 7.7, Pco, and Py, of PEDsoSso -P2o increase by 5.3 and 4.4 fold. In the
PED75S25—P20 nanohybrid membrane series, Pco, and Py, increase by 7.5 and
5.7 fold, respectively. The mixed gas permeabilities of PED75S25-Pxx

membranes are similar to ideal gas permeabilities. The CO./H, permselectivity

data is shown in Table 7.2. The larger increment in Pco, permeability of the

PED75-S25-P2o can be ascribed to higher polyether content and higher relative

FFV content, while the higher relative FFV content also enhances P,

permeability. Nanohybrid membranes with alkyl methacrylate grafts comprising

5-10 EO units (PEGMA) display higher Pco, and Py, compared with
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membranes with alkyl methacrylates consisting of one EO unit (BuMA).

Congruent with other works [29, 94, 159], the observed larger Pco, jumps in

PED75S25—Pxx nanohybrid membranes correlates to higher ethylene oxide

content and more importantly, morphological changes in silicate nanostructures.

Gas permeability (Barrer)

101 o 1 o 1 o 1 o 1

0 5 70 75 0 25
PEGMA graft content (wt.%)

Figure 7.7 Pure gas permeabilities of PEDsoSso(squares), PED7sSzs(circles),
PEDgoSxo(triangles) [159] nanohybrid membranes with different PEGMA graft
content and PED75S25- BuMAyy(empty circles). The solid and empty symbols
represent CO, and H, permeability, respectively. The lines are drawn to
provide a guide to the eye. Uncertainty in gas permeabilities is around + 10 %.

Table 7.2 Gas permeability and selectivity of PEDspSs0-Pxx and PED75S25-Pxx
membranes studied in this work

Sample Code P002 (Barrer) PH2 (Barrer) CO./H>
PEDs0Ss0-Poo 193 26 7.4
PEDs0Ss0-Pos 678 91 7.5
PEDs0Ss0-P11 829 101 8.2
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PEDs0Ss0-P1s 943 113 8.4
PEDs0Ss0-P2o 1060 122 8.7
PED75S25-Poo 241 27 8.9
PED75S25-Pos 994 108 9.2
PED75S25-P11 1100 116 9.5
PED75S25-P1s 1600 156 10.3
PED75S25-P2o 1810 166 10.9
PED75S25-BuMA2g 305 33 9.5

Compared with base PEDS membranes i.e. without PEGMA grafts, the SCO2

coefficients of PEGMA-grafted nanohybrid membranes are enhanced by
approximately 1.4 fold. As ethylene oxide moieties preferentially interacts with
CO. penetrants, the higher EO content in PED75S25—Pxx nhanohybrid membranes

results in larger Sco, coefficients when compared to PEDsoSs0—Px« nanohybrid

membranes.  Additionally, the morphology of the silicate networks also

contributes to enhanced Sco, and Pco, coefficients. Ostwald ripening and

changes in organic-inorganic ratio cause the agglomeration of silicate networks
(5 — 10 nm) into well-dispersed bigger siloxane networks (140 — 190 nm). As
Si-O bonds possess good CO. affinity [162], the silicate nanostructures can
significantly contribute to CO, sorption. In Figure 7.8, the CO. sorption

isotherms of PED75S>5—Pyxx and PEDsoSs0—Pyxx membranes resemble the CO»
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sorption of polydimethylsiloxane (PDMS) and the Sco,coefficients increase as a

function of PEGMA-graft content (from 0 wt.% to 20 wt.%). These signify that
the inorganic phase is fundamental for enhanced CO. permeabilities in these
nanohybrid membranes. Interestingly, CO, permeability and solubility increases

as a function of silicate nanostructure size. The 1.4-fold increase in SCO2

coefficients of PED75S25—Pxx membranes is insufficient to register a 7.5-fold

increase in Pco2 coefficients. It is evident that increments in Dco2 coefficients

lead to the significant jumps observed in Pco,,.
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Figure 7.8 Sorption isotherms and solubility coefficients of PEDS nanohybrid
membranes. The colored squares denote the sorption isotherms and solubility
coefficients of semi-crystalline PEO (blue), PDMS (pink), PTMSP (green). The
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empty colored circles represent nanohybrid membranes containing 0 wt.%
(black), 11 wt.% (green), 15 wt.% (blue), and 20 wt.%(red) PEGMA grafts.

DCO2 coefficients are determined using Equation 2.4 i.e. D = P / S and are
shown in Figure 7.9. Similar to Sco, coefficients, Dco, coefficients increase as

a function of PEGMA content (from 0 wt.% to 20 wt.%). In situ fabrication of
organic-inorganic materials usually yields a morphology that is similar to a
polymeric phase filing up the open pores of a silica aerogel [96]. In these
nanohybrid membranes, the opposite polarity between the organic and
inorganic phases prohibits complete filling up of the open pores [79]. Moreover,
the agglomeration of the silicate nanostructures prohibits interpenetration and
condensation that can fill up the space between the silicate nanostructures.
These lead to open-porosity that consequently enhances relative FFV content
across all PEGMA-grafted nanohybrid membranes. In nanohybrid membranes

with 20 wt.% PEGMA grafts, Dco, coefficients are lower than the Dco,

coefficients of nanohybrid membranes with 10 and 15 wt.% PEGMA grafts.
Higher PEGMA content i.e. 20 wt.% of PEGMA grafts leads to larger or longer
PEGMA side chains that are more susceptible to form hydrogen bonds (via —
OH moieties) with neighbouring PEDS main chains or other PEGMA side
chains; resulting in reduced chain mobility that decreases FFV content. As
diffusivity coefficients are inversely related to FFV content, enhanced relative
FFV content increases diffusivity coefficients i.e. gas transport channels for gas

diffusion. Dco, coefficients increase by 5.2 times and by 3.5 times in PED75S,5—
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Px and PEDsoSso—Pxx membranes, respectively. As the working materials have
good CO:; affinity, Ho, permeability increments can be ascribed to the increase in

relative FFV content and diffusivity coefficients.

DCO2 (1076 cm?/s)

0 M 1

M 1 M 1 M
0 5 10 15 20
PEGMA graft content (wt.%)

Figure 7.9 Diffusivity coefficients of PEDS nanohybrid membranes. Solid circles
and triangles represent PED7sSy;s and PEDsoSso nanohybrid membranes,
respectively.

7.4 Summary

The incorporation of ethylene oxide-based side chains reduces the overall
concentration of moieties with good CO; affinity in relation to those without CO»
affinity. This highlights the influence of inorganic phase morphologies on gas
permeability, in particular CO, permeability. The underlying reason behind the
observed significant jumps in CO, permeability is the increase in both solubility
and diffusivity coefficients. Larger silicate nanostructures lead to higher CO,
solubility while significantly enhancing free volume content in the nanohybrid
membranes. The CO, permeability values of nanohybrid membranes studied in

this work are in the same magnitude as the CO, permeability values of PDMS,
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the most permeable rubbery polymer, while H, permeability of these nanohybrid
membranes is much lower than that of PDMS. This marks an improvement in
CO./H, selectivity. The remarkable CO, transportation capabilities of these
nanohybrid membranes facilitate possible large-scale nanohybrid membrane

applications.
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CHAPTER EIGHT:

MOLECULAR DESIGN OF NANOHYBRID MEMBRANES

FOR OPTIMAL CO. CAPTURE

Reproduced in part with permission from Polymer, published in 2011. Work
copyright 2011 Elsevier
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8.1 Introduction

At near ambient operating conditions, organic-inorganic materials derived from
polyethylene oxide (PEO), polypropylene oxide (PPO) and silicate
nanostructures comprise high CO, affinity components and possess high CO,
permeability with good CO./H, separation capabilities [29, 93, 94, 159] that are
comparable to pure polymeric rubbery membranes [24]. In these organic-
inorganic membranes, the polyether matrix influences the Si-O-Si network
connectivity, while building up an alternative polyether network via
polymerization or polycondensation that enhances COy/light gas selectivity.
Additionally, the polar ether oxygens in PEO interact favorably with acidic CO;
penetrants via a dipole-quadrapole interaction [149], while the pendant methyl
group in PPO enhances CO, permeability by increasing the relative fractional

free volume [161].

These organic-inorganic materials are synthesized via an acid-catalyzed sol-gel
process that involves the hydrolysis of Si-OCH; moieties to Si-OH bonds,
followed by condensation of the Si-OH bonds to form irreversible Si-O-Si cross-
links [96, 163]. The Si-O-Si networks increase the mechanical stability of these
organic-inorganic materials [29] and impart higher CO affinity to the organic-
inorganic materials [159]. The grafting of short alkyl chains onto the main
chains of these organic-inorganic materials yield nanohybrid materials with CO,

permeability comparable to the CO, permeability of PDMS (same order of
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magnitude), while obtaining a CO./H, selectivity value that is ~ 5 times larger
than that of PDMS [159]. The distribution of the inorganic nanostructures is the

key to ultrahigh CO, permeability and high CO2/H; selectivity.

To determine the actual mechanisms behind the significant improvements in
membrane properties, the morphology of the inorganic phase in this nanohybrid
material must be more extensively characterized. This chapter addresses the
relationship between the synthesis conditions and the inorganic phase
morphology and consequently, the CO, permeability and CO./H, separation of
these nanohybrid materials and will focus on the effects of synthesis parameters
for e.g. hydrolysis durations, condensation durations, and modification durations

on gas permeability and gas separation properties of nanohybrid membranes.
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8.2 Materials and Experimental details

8.2.1 Materials

The materials used for the work detailed in this chapter were the same as
those used in Chapter 6. Briefly, the base organic-inorganic material was
synthesized using a propylene oxide end-capped polyethylene glycol that is
commercially known as Jeffamine® ED-2003 (M. = 2000 g/mole). Poly
ethylene glycol methacrylate (PEGMA: M,, = 360 g/mole), ethanol (HPLC
grade) and 3-glycidyloxypropyltrimethoxysilane (GOTMS: M,, = 236 g/mole)
and hydrochloric acid (HCI) were used. All chemicals and solvents, except for
PEGMA, were used as received. Inhibitors in PEGMA were removed

according to the procedure detailed in Chapter 6.

8.2.2 Synthesis and modification of organic-inorganic membranes

First, the hydrolysis times were varied from 30 minutes to 1440 minutes. The
ratio between the polyether diamine and epoxysilane was maintained at 80
wt.%: 20 wt.%. GOTMS was first hydrolyzed for a stipulated time (30 to 1440
minutes) at room temperature using a catalyzing aqueous solution containing
37.5 wt.% HCI. Subsequently, the hydrolyzed alkoxysilane solution was added
to a solution consisting of PPO-PEO-PPQO diamine dissolved in 70 wt.% ethanol
and 30 wt.% deionized water. The epoxy-amine reaction and preliminary

condensation occurred during magnetic stirring at 750 rpm at 70 °C for 1 hour.
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These organic-inorganic materials are coded PEDgoS2-H*, whereby H
represents the hydrolysis process; the superscript denotes the hydrolysis

duration ranging from 30 to 1440 minutes.

In the second part, the effects of condensation duration on gas permeation in
organic-inorganic materials were studied using PEDg;S20H*® nanohybrid
materials. PEDgyS2o solutions were synthesized using the aforementioned
protocol (in Chapter 6) for different condensation durations, ranging from 1 to
24 hours. These materials are coded PEDgS20-Cxh, whereby “xh” denotes the

condensation duration in hours.

In the third part, the effects of ozone pre-treatment times on gas permeation
were studied for organic-inorganic materials with optimal CO./H, selectivity i.e.
PEDgoS20-C1h materials with 30 minutes of hydrolysis. PEDgpS20-C1h
solutions were first synthesized and allowed to cool to room temperature prior
to 30, 60, 180 and 300 seconds of ozone pre-treatment. Ozone pre-treatment
was carried out using an AC Faradayozone — high concentration ozone
generator (L10G). High purity oxygen contained in a 10L bottle was obtained
from SOXAL, Singapore and was converted into ozone (ozone flow was limited
to 0.5 liters per minute). Upon ozone pre-treatment, 43 wt.% of PEGMA were
added to the ozone pre-treated mixture and the resultant solution was stirred at

70 °C for 24 hours to facilitate PEGMA grafting onto the PEDS main chains.
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The ozone modified PEDgpS2-C1h materials are coded PEDgyS20-0Xs,
whereby “0” represents the ozonolysis process and “Xs” stands for the pre-

treatment duration in seconds.

8.2.3 Membrane fabrication

Protocol details for membrane fabrication can be found in Chapter 6. In brief,
organic-inorganic membranes were fabricated using a slow casting method in
a Teflon dish via an initial solvent evaporation process and a subsequent
evaporation process. Residual solvent was removed via vacuum drying.
Unreacted monomers were removed by immersing these membranes in
deionized water for 5 days and dried. The deionized water was changed
everyday. These nanohybrid membranes were stored in a dry box at 27 %

humidity and 25 °C prior to testing and characterization.

8.2.4 Membrane characterization

ATR-FTIR was used to characterize the chemical structures of the working
materials. The data were analysed using Spectrum Version 5.3 (analytical
software). The presence of Si-O-Si networks in the working membrane
materials were validated using solid-state 2°Si. Prior to solid-state NMR
analysis, the organic-inorganic materials were ground via freeze milling. To
determine the crystallinity, glass transition (Tg) and melting (Tm) temperatures of

the organic-inorganic membranes, differential scanning calorimetry (DSC) was

153



Material Design And Hybridization For Green Carbon Dioxide Capture LAU CHER HON

performed using a DSC822° (Mettler Toledo) calorimeter. HAADF-STEM was
used to observe inorganic phase morphology and dispersion. EDX was used to
verify the elemental composition of the inorganic nanostructures in the organic-

inorganic membranes.

8.2.5 Gas permeation and sorption measurements

The pure gas permeabilities were determined using the constant volume-
variable pressure method discussed in Section 3.9.1. For mixed gas
permeability tests (as detailed in Section 3.9.2), a mixed gas mixture containing
x-mol. % of Hy in CO, was used as the feed gas mixtures and the
measurements were conducted at 35 °C with a CO, partial pressure of 3.5 atm.
The molar concentrations of H, tested in this work were 50 mol.%, 40 mol.%,
and 10 mol.%. Carbon dioxide sorption tests were conducted using a Cahn
D200 microbalance sorption cell at 35 °C over a pressure range of 0-250 psig
(0-17.24 bar). Subsequently, CO, diffusivity coefficients were calculated using

Equation 3.2.
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8.3 Results and Discussions

8.3.1 Chemical structure of working materials

Figure 8.1 shows the chemical structure of a base material fabricated via an
epoxy-diamine reaction in aqueous solutions and the modification of this base
material using ozone pre-treatments. The chemical structure of this organic-

inorganic material has been confirmed using ATR-FTIR.
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Figure 8.1 Chemical structure of PEDS base material

Ether segments from the 165-atom PPO-PEO-PPO backbone, and Si-O-Si
networks dominate the spectra shown in Figure 8.2. In the FTIR spectrum of a
PEDsgoS20-C3h material, the signature bands are the ether C-O-C stretching
band at 1105 cm™ and the CH, scissoring and stretching bands at 1465 and
2868 cm’', respectively [164]. Other peaks in the fingerprint region at 1248,

1283, 1345 cm™ correspond to the CHx-CH, anti-symmetric twisting, CHo-CH>
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quasi-symmetric twisting, and CH,-CH, asymmetric wagging, respectively [133].
At 848 cm™, the peak corresponds to a coupled quasi-antisymmetric CHo
rocking and quasi-symmetric C-O stretching mode, while the peak at 945 cm’™
correlates to a C-C stretching. Additionally, the non-stoichiometric ratio of
polyether diamine and alkoxysilane used in this work leads to the strong peak at
1656 cm™' resulting from the N-H scissoring vibration of unreacted diamines
[117]. Compared to the ATR-FTIR spectrum of the neat polyether diamine, the
peak at 1100 cm™ in the FTIR spectrum of PEDgyS20-C3h is more asymmetrical.
This indicates that overlapping bands are present in the FTIR spectrum of
PEDgoS20-3h. The asymmetrical band at 1100 cm™ can be attributed to a
combination of the antisymmetric stretching mode Si-O-Si [165] and the
characteristic ether C-O-C stretching band. The presence of a Si-O-Si network
is evidenced by the presence of the shoulder peak at 1258 cm™ that signifies
the asymmetric stretching vibrations of the Si-O-Si bridging sequence [165].
The peak at 1038 cm™ corresponds to the propyl chain attached to the silicon
[165]. Weak shoulder peaks at 1088 cm™ and the peak at 886 cm™ relates to
stretching vibrations of SiOCH; and the stretching mode of SiOH [165],
indicating that hydrolysis is nearly complete. The solid-state *°Si NMR analysis
that will be discussed later confirms this observation. The absence of a strong,
obvious peak at 910 cm™ indicates that all epoxy rings are opened up and
partake in the cross-linking process between polyether diamines and

alkoxysilanes [165].
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Figure 8.2 ATR-FTIR spectra of PEDgyS, materials that were synthesized
using 3 hours of condensation (PEDgpS20-3h), and PEDgpS2p materials that were
synthesized using 1 hour of condensation and different ozone pre-treatment
durations ranging from 30 to 300 seconds (PEDgoS20-0Xs with “0” indicating that
these PEDgoS2o materials were modified with ozone pre-treatment while “X”
denotes the ozone pre-treatment duration).

In the FTIR spectra of PEDgyS20—C1h nanohybrid membranes that were
modified with different ozone pre-treatment times, the peak at 1708 cm

correlates to the O-C=0 ester stretch of PEGMA [166]. The intensity of this
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peak increases when ozone pre-treatment time increase from 30 seconds to
300 seconds, indicating that more PEGMA is grafted onto the PEDS main
chains. The intensity and shape of the N-H peaks at ~ 1646 and 1633 cm’
remain intact. The absence of peaks ranging from 1658 — 1648 cm™ indicate
the absence of C=C bonds in these ozone-modified PEDgyS2,—C1h nanohybrid
membranes i.e. PEGMA is successfully grafted onto the PEDS main chains.
Additionally, the occurrence of two new peaks at 2917 and 2851 cm’
correspond to the asymmetrical and symmetrical stretching modes of a methyl
(CHs) group [117]. These peaks are more obvious in PEGMA-grafted PEDS

materials that contain higher contents of CHs.

In Figure 8.3, the presence of only T? (-59 ppm) and T° (-67 ppm) peaks in the
29Gi solid-state NMR of PEDgSz0 synthesized from different condensation and
ozone pre-treatment durations indicate Si atoms that are fully condensed with
siloxane bonds as well as some partially condensed Si atoms with one ethoxy
or methoxy bonds and two siloxane bonds. This validates the ATR-FTIR
analysis on the hydrolysis state of the alkoxysilanes.  Additionally, EDX
analyses in Figure 8.4 show that the elemental composition of these bright
inorganic nanostructures consists of silicon and oxygen. The evidence yielded
by EDX, ATR-FTIR and *Si NMR concur that the inorganic nanostructures are

primarily made up of silicates.
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Figure 8.3 Solid-state 2°Si NMR of (i) PEDgyS20-C3h, (i) PEDgoS20-C24h, (iii)
PEDgoS20-030s, and (iv) PEDgoS20-0300s organic-inorganic membranes. T2
peaks represent partially condensed Si atoms that consist of 2 siloxane bonds
and a methoxy or an ethoxy bond; while T° peaks represent fully condensed Si
atoms with 3 siloxane bonds.
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Figure 8.4 EDX analyses of (i) PEDgyS2-1h, (ii) inorganic phase of the
PEDgoS20-24h material, (iii) organic phase of the PEDS-24h material, (iv)
PEDgoS20-0300s
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8.3.2 Effects of hydrolysis duration on gas permeation properties of
organic-inorganic membranes

As hydrolysis duration increases from 30 minutes to 1440 minutes, the acidic
aqueous solution (sol) comprising of GOTMS gradually evolves into a gel that
is undissolvable in solvents. The gelation process is indicative of an extensive
network formed by interconnected discrete colloids in the solvent [167]. Figure
8.5 shows a pictorial depiction of the colloidal gel formation. This extensive
network contributes to the non-dissolvability of the gel in common synthesis
solvents like ethanol, acidic aqueous medium, THF, dimethylformamide (DMF),
NMP and DMAc. The gelation process can also be viewed as the formation of
particles that are big enough to overcome mutual repulsion i.e. Ostwald
ripening effects [96]. Gas adsorption is stronger in smaller particles that
possess larger surface areas [168, 169]. Hence, it can be hypothesized that
with longer hydrolysis durations, larger silicate nanoparticles are formed; and
CO, adsorption in larger silicate nanoparticles is weaker. The lower CO,
adsorption i.e. lower CO. solubility of larger silicate nanoparticles consequently

leads to lower CO; permeability.
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Figure 8.5 The gelation process involves the agglomeration of colloidal silicates
during hydrolysis.

Figure 8.6 shows the CO. permeability PEDgiS2-C1h organic-inorganic
membranes synthesized from different hydrolysis durations. The CO»
permeability of these organic-inorganic membranes decreases as hydrolysis
duration increases from 30 minutes to 720 minutes. Although these
observations support the aforementioned hypothesis, more characterization

work is required to validate this hypothesis.
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Figure 8.6 Pure gas permeabilities of PEDgyS20 membranes synthesized with
different hydrolysis durations from 30 to 720 minutes and 1 hour of
condensation. Circles represent CO, permeability, H, permeability is

represented by squares, and while CO./H, selectivity is represented by
triangles.

8.3.3 Effects of condensation duration on gas permeation properties of
organic-inorganic membranes

Figure 8.7 compares the effects of the condensation duration from 1 hour to
24 hours on the morphology of the inorganic networks of PEDgyS2o materials.
During the first 1 to 6 hours of condensation, loose clusters of silicate
nanostructures grow from 15 nm to 500 nm. The solid looking 15 nm silicate
nanostructures randomly agglomerate to form 500 nm loosely clustered,
irregular-shaped silicate nanostructures. As condensation duration increases to
12 and 24 hours, the 500 nm loosely clustered, irregular shaped silicate
nanostructures evidently transform into small, compact (~ 60 nm) polyhedral

silicate nanostructures surrounded by small silicate nanostructures (5 - 15 nm).
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At lower magnifications, silicate structures with sizes up to 1 — 2 um can be

observed in PEDgpS20-C24h samples (refer to STEM image in Figure 8.5).

PEDgoS20-C12h PEDgoS20-C24h

Figure 8.7 STEM images of PEDgSz materials synthesized using
condensation durations ranging from 1 to 24 hours with no ozone modification.
The sizes of the silicate nanostructures grow from 15 nm (1h) to a network of
220 nm (3h) to 500 nm (6h). Subsequently, after 12 hours of condensation,
silicon-based structure sizes decrease to 60 nm. Meanwhile, there are 5 nm
silicate nanostructures surrounding the 60 nm nanostructure. After 24 hours of
condensation, the silicate nanostructure size doubles to 150 nm.

Figure 8.8 shows that CO, and H, permeability increase as the condensation
duration is increased from 1 to 3 hours; however, after this maximum, there is
a steady decline out to 24 hours of condensation. The highest CO, and H>
permeability values are achieved at 3 hours of condensation, while the highest
CO./H, selectivity is obtained at 1 hour of condensation; selectivity steadily
declines with condensation time out to 24 hours. As FTIR and NMR analyses

164



Material Design And Hybridization For Green Carbon Dioxide Capture LAU CHER HON

have indicated that there are no chemical structure changes in these
nanohybrid materials over different condensation durations, the only variable
among these organic-inorganic materials is the morphology and distribution of
the silicate nanostructures. The inorganic phase morphology in PEDgpS20-C3h
consists of loosely clustered silicate (size ~ 300 nm) surrounded by smaller
silicates (size ~ 5 nm). High concentrations of these small silicates appear to
be essential for high CO, permeability. The materials formed using longer
periods of condensation have fewer of these small nanostructures and lower
CO. permeability. It appears that the larger silicate nanostructures also affect
CO. permeability. Loose clusters of silicate nanostructures in PEDgpS20-C3h
materials yield the highest CO. permeability while polyhedral silicate
nanostructures that appear to possess some sort of crystallinity lead to lower

CO, permeability.
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Figure 8.8 Pure gas permeability of PEDgoSz0 materials synthesized with 1 — 24
hours of condensation and no ozone pre-treatment modification. The solid
circles and squares represent CO, and H. permeability, respectively. The

165



Material Design And Hybridization For Green Carbon Dioxide Capture LAU CHER HON

triangles represent the CO./H, gas selectivity of these materials. The lines
provide a guide to the eye. Uncertainty in permeability measurements is + 10%.

EDX analyses in Figure 8.4 indicate that the vicinity of silicate microstructures
contain negligible amounts of Si in the polyether matrix. This correlates to a
lack of silicate nanostructures that can disrupt polyether chain packing that
consequently leads to higher polyether crystallinity that are observed in Table
8.1. Hence, the lowest gas permeability is seen for the PEDg;S20-C24h
material. Meanwhile, the inorganic phase in the PEDgyS2-C1h material only
consists of well-distributed small clusters of silicate nanostructures (~ 15 nm).
Hence, a fine balance in size heterogeneity in silicate nanostructures is
important in enhancing CO. permeability while achieving good COy/H>
selectivity in these organic-inorganic materials that are effectively amorphous

at 35 ‘C. Permeation activation energies, E,, were calculated using the

Arrhenius equation P=P0e;‘7, where Py is a pre-exponential factor gas [29,

170], from gas permeability data obtained over the limited temperature range of
30 °C to 45 °C. The apparent activation energy, E,, is the sum of the activation
energy required for diffusion and the heat of sorption. The E, values in these
organic-inorganic materials are 31— 62 kd/mol for H, and 41 — 51 kJ/mol for

CO,, which are smaller than those of semi-crystalline PEQO [77].

Table 8.1 Ty, T, crystallinity values (%) of working materials studied in this
work. Crystallinity values were calculated with the STAR® Excellence software
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and using an equation Crystallinity(%) = AH , /(;(PxAH(/’_)xIOO% , Whereby AH;

is the apparent heat of fusion per gram of the materials, AH’% is the
thermodynamic heat of fusion per gram of perfect PEO crystal with the value of
188.9 J/g [99] and Axp is the weight percentage of PEO in the PEDgySxo
membranes.

Sample Code Tg (OC) Tm (OC) CrySta”Inlty (O/O) PC02 (Barrer) P H2 (Barrer) a COZ/ H2

PEDgoS2-C1h  -47°C 30°C 26 % 373 36 10.1
PEDgoS2-C3h  -52°C 34 °C 29 % 928 154 6.0
PEDgoS2-C6h  -56 °C 35 °C 30 % 698 127 5.7
PEDgoS2-C12h  -60°C 37 °C 32 % 357 75 4.8
PEDgoS2-C24h  -55°C 37 °C 34 % 286 65 4.4
PEDgoS2-030s -65°C 28 °C 25 % 984 102 9.6
PEDgoS2-060s -65°C 24 °C 27 % 1950 185 11
PEDgoS2-0120s -63 °C 25 °C 31 % 1363 149 9.1
PEDgpS20-0300s -61°C 26 °C 32 % 813 80 10.1

PEO crystallinity can affect gas transport and separation performance [171,
172]; however owing to the low melting temperature of these PEO-based
materials (see Table 8.1) relative to the measurement temperatures used here,
crystallinity plays no significant role in the results shown here. As seen in
Figure 8.9, the condensation duration also influences the glass transition (Tg)
and melting temperatures (Tn,) of these materials as well as the inorganic phase
morphology. When condensation time increases from 1 to 12 hours, Ty

decreases from — 47 °C to — 60 °C. In these materials, polyether chain mobility
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is enhanced by the well-distributed small silicate nanostructures that reduce
chain packing organization [173]. As most silicate nanostructures agglomerate
to form microstructures after 24 hours of condensation, the lack of well-
dispersed small silicate nanostructures facilitates hydrogen bonding between
the organic phases and slightly increases T4 to — 55 °C. The well-dispersed
small silicate nanostructures in PEDgoS20-C1h, PEDgoS20-C3h, and PEDgyS2o-
C12h materials act as obstacles that disrupt polyether chain organization, thus
the low Ts. In PEDgpS20-C24h materials, the inorganic phase consists of large
silicate microstructures that only promote localized chain packing disruptions.
Overall, organization in the latter materials is more efficient, thus the higher
organic phase crystallinity. High organic phase crystallinity increases the
diffusion path tortuosity for gas molecules and will reduce gas permeability at

temperatures below Ty,.
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Figure 8.9 DSC plot of the 2" heating curve of PEDg,Sz materials synthesized
using 1 — 24 hours of condensation times. Ty and T, values were analyzed
using the STAR® Excellence software.

8.3.4 Effect of ozone pre-treatment duration on gas transport properties
of organic-inorganic materials
Modifications of the PEDS base materials via ozone pre-treatment and
subsequent grafting of alkyl chains significantly enhance gas permeability. The
purpose of the ozone pre-treatment is to introduce peroxide moieties onto the
main PEDgyS2y main chains, so that subsequent thermal decomposition of
these peroxide functional groups can facilitate PEGMA grafting. The degree of
modification can be controlled over the ozone pre-treatment duration. The
concentration of graft initiation sites, i.e., peroxide moieties on the base PEDS

material, decreases with shorter ozone pre-treatment durations [143]. Fewer
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graft initiation sites reduce the PEGMA graft content, i.e., the amount of
unreacted PEGMA in the synthesis solution will increase. The —OH moieties in
these unreacted PEGMA can easily hydrogen bond with water molecules, thus
reducing the interaction between water and silicon i.e., reducing the
water/silicon ratio [160], thus resulting in agglomerations of silicate
nanostructures that are observed in Figure 8.10. With lesser graft initiation
sites, the only way to increase PEGMA graft content is via a chain propagation
mechanism that should yield longer PEGMA chains [159]. Increasing the
ozone pre-treatment duration leads to smooth-looking, and compact silicate
nanostructures that seem to be regularly spaced apart. Higher PEGMA graft
content with longer pre-ozone treatment time [143] reduces the amount of
unreacted PEGMA in the synthesis solution, i.e., more water molecules are
engaged by the sol-gel reaction during the synthesis procedure [96, 159, 160].
This maintains a high water/silicon ratio that favors a hydrolytic
depolymerization, whereby the “nucleation and growth” mechanism is

dominant and yields small compact silicate nanostructures [96].
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Figure 8.10 STEM images of PEDg;Spo materials synthesized with 1 hour of
condensation; then ozone pre-treatments for 30 to 300 seconds, followed by
reaction with 43 wt.% of PEGMA. As ozone pre-treatment durations increase,
the silicon-basde nanostructure morphology transforms from a nanocluster that
resembles like a flower (after 30 and 60 seconds of ozone pre-treatment) to
regularly spaced nanodots (after 120 seconds) and to high intensity nanodots in
the background of a large low intensity silicon-based patch.

Attributing to the morphological changes in the inorganic phase, the CO.
permeability of ozone-modified membranes increases with longer ozone pre-
treatment durations in Figure 8.11. The ideal ozone pre-treatment duration is
60 seconds whereby 15 nm silicate nanostructures randomly agglomerate into
flower-like 50 nm silicate nanoclusters. Such silicate nanoclusters seem to
surround some organic material and are required for enhancing CO.

permeability. The increment in Hy permeability is larger in proportion to the
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enhancements in CO, permeability; thus, the lower CO./H, selectivity that is
observed in materials that have undergone prolonged periods of ozone pre-
treatments. The ideal synthesis protocol for high CO, permeability and good
CO./H, selectivity appears to be the combination of 1 hour of condensation, 60
seconds of ozone pre-treatment and 20 wt. % of PEGMA grafted onto a base

PEDgoS>o material.
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Figure 8.11 Pure gas permeability of PEDgySz materials synthesized with 1
hour of condensation; then ozone pre-treatments for 30 to 300 seconds,
followed by reaction with 43 wt.% of PEGMA. The solid squares and circles
represent CO, and H, permeability, respectively. The empty inverted triangles
represent the CO./H, gas selectivity of these materials. The lines provide a
guide to the eye. Uncertainty in permeability measurements is + 10%.

8.4. Summary

In Figure 8.12, the CO, transport properties of optimized nanohybrid
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membrane exceed those of other rubbery CO.-philic membranes [24, 29, 82,
123, 147, 174], while maintaining similar CO./H, selectivity. The CO,
permeability of this ideal nanohybrid membrane is in the same range of CO,
permeability as PDMS [38], thus it is comparable to PDMS, albeit with a higher
CO./H; selectivity. The effects of hydrolysis, condensation and modification
durations greatly impact the silicate nanostructures morphology and
distribution that consequently play important roles in determining CO.
permeability.  Silicate structure size heterogeneity in these nanohybrid
membranes appears to be the key to high CO, permeability and good CO./H,
selectivity. Ideally, silicate nanostructures with sizes up to 50 nm surrounded
by 5 — 15 nm silicate nanostructures is the preferred inorganic phase
morphology that yields optimal nanohybrid membranes. As this work illustrates
the relationship between synthesis and modification conditions, and gas
permeability, tailored nanohybrid membranes can be easily fabricated
according to requirements. Moreover, this work has also provided an insight
on inorganic phase morphological changes in sol-derived materials that are

commonly used in many other applications.
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Figure 8.12 A comparison of the CO./H, separation performance of our

nanohybrid membranes with Robeson’s upper

bound

[123]

and other

membrane materials described in recent literature [24, 29, 82, 123, 147, 174].
Although the performance of these nanohybrid membranes lies below the upper
bound line, the tremendous improvement in CO, permeability whilst maintaining
high CO./H, selectivity renders these materials attractive for industrial

applications.
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CHAPTER NINE:

THE EFFECTS OF MODIFICATION NATURE AND SIDE

CHAIN LENGTH ON GAS PERMEABILITY IN

NANOHYBRID MEMBRANES FOR FLUE GAS

APPLICATIONS
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9.1 Introduction

Sol-derived nanohybrid membranes display desirable CO. transport properties
whilst overcoming the issue of nanoparticle agglomeration [29, 93, 94, 159,
160]. Nanohybrid membranes with high CO,-affinity are useful for applications
like CO. capture while purifying syngas (Hz) and possibly, flue gas (N>).
Additionally, the sol-gel approach facilitates easy control over synthesis
parameters that consequently determine the gas transport and separation
properties of the nanohybrid membrane. These synthesis parameters include
the organic-inorganic ratio, the water/silicon ratio, the hydrolysis, condensation
durations and pertaining to this dissertation, modification durations, and the

nature of the graft type.

Attuning these synthesis parameters yields nanohybrid membranes with varying
gas separation performances. For instance, Shao and Chung demonstrated
that higher CO, permeability is a function of increasing organic-inorganic ratio
i.e. higher polyether content [29]; while Sforca and Lim demonstrated that the
effects of the polyether content on gas permeability [29, 93, 94, 159, 160].
Mogri and Paul studied the effects of side-chain length on gas permeation in
poly (alkyl (meth) acrylate)s membranes [175, 176]. A permeation switch that is
dependent on crystallinity at different temperatures was observed. Meanwhile,
Chapters 6 and 8 of this dissertation have demonstrated the effects of side-

chain grafts and the nature of the side-chain grafts on CO, and H, permeability,
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respectively.  Other synthesis parameters that play important roles in
determining the gas transport and separation properties of sol-derived

nanohybrid membranes are the modification nature and the side chain length.

The nature of material modification depends on changes in the molecular
structure. Grafting, functionalization [159, 160, 177, 178], and cross-linking [24,
75, 78-80] chemically modifies the molecular structure, while physical blending
mainly affects the physical attributes of the membrane material, leaving the
molecular structure intact [86, 179]. Yave et al. investigated the effects of
blending low molecular weight polyether-based plasticizers in PEBAX®, a
commercially available (poly(amide-b-ethylene oxide) copolymer) [179]. The
plasticizers enhanced CO, permeability by increasing relative FFV content and
CO. solubility coefficients. In this chapter, the effects of modification nature and

side chain length on CO,, Hz, and N> permeability are studied.
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9.2 Materials and experimental details

9.2.1 Materials and membrane fabrication

The base organic-inorganic membrane material was derived from a sol-gel
approach detailed in Chapter 6, whereby hydrolysis and condensation durations
were 30 minutes and 1 hour, respectively. The base membrane consisted of a
propylene oxide end-capped polyethylene glycol that is commercially known as
Jeffamine® ED-2003 (My = 2000 g/mole) and 3-
glycidyloxypropyltrimethoxysilane (GOTMS: M, = 236 g/mole). The base
material consisted of 80 wt.% polyether diamine and 20 wt.% alkoxysilane and
is coded PEDgoS20. Other organic-inorganic ratios used in this chapter of the
work include 75wt.% polyether diamine and 25 wt.% alkoxysilane, and 50 wt.%
polyether diamine and 50 wt.% alkoxysilane. These base materials were coded

PED75S25 and PEDsoSs0, respectively.

For the physically blended membrane material, poly ethylene glycol
methacrylate (PEGMA: M,, = 360 g/mole) was used. Prior condensation, 43
wt.% of PEGMA was mixed with the base PEDgySz material in the solution
phase and stirred for 1 hour at room temperature. Upon condensation and
solvent evaporation, an organic-inorganic membrane was formed. This
membrane is coded PEDg;S20-Paz(blend) in this dissertation. The subscript
represents the amount of PEGMA blended into the PEDgySo0 base material.

PEGMA (M, = 360 g/mole) was also physically blended with PED75S,5s and
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PEDsoSso base materials. These membranes are coded PED75S25-P4s(blend)

and PEDsoSso-P4s(blend), respectively.

In the case of chemically grafted membranes studied in this chapter, 20 wt.% of
poly ethylene glycol methacrylate (PEGMA: M,, = 550 g/mole) was grafted onto
the PEDs5oSso, PED75S25, and PEDgpS2y base materials using the protocol
described in Chapter 6. Membranes grafted with PEGMA: M,, = 550 g/mole are
coded PEDsSs0-P20®®?, PED75S20-P25®°”, PEDgoS20-P20>*?, respectively. The
superscript denotes the molecular weight of PEGMA used. Additionally, all
other organic-inorganic materials and nanohybrid materials studied in Chapters

6, 7, and 8 were also characterized for flue gas applications.

9.2.2 Membrane characterization

ATR-FTIR and XPS were used to validate the chemical structure of PEDgySz0-
Pxo(blend) and PEDgS20-P20*®*® membrane materials.  The subscript
represents the amount of PEGMA grafted onto the PEDg;So0 base material,
while the superscript denotes the molecular weight of the PEGMA. Bulk PALS
was used to characterize the relative FFV content of these materials. The pure
gas permeabilities were determined using the constant volume-variable

pressure method discussed in Section 3.9.1.

179



Material Design And Hybridization For Green Carbon Dioxide Capture LAU CHER HON

9.3 Results and Discussion

9.3.1 Chemical structure of membrane materials

The chemical structures of the membrane materials studied in this chapter were
verified using XPS and ATR-FTIR analyses. Table 9.1 shows the XPS data of
these membrane materials. The C-C peak is referenced at 285 eV. The
presence of PEGMA grafts in PEDgoSz20-P20®*® nanohybrid materials is verified
by the detection of a binding energy peak at 288 eV. This corresponds to the
non-carbonyl carbon atom in C-O-C=0 [156]. The peak at 285.5 eV denotes
the presence of small amounts of C=C bonds [156]. C=C bonds are found in
acrylate groups in this work. Hence, indicating a small amount of unreacted
PEGMA in the PEDgyS20-P20*°” nanohybrid materials. Meanwhile, in the XPS
data of PEDS-P4;(blend) materials, there is a higher content of C=C bonds. This
is ascribed to the unreacted acrylate bonds in PEGMA that were physically

blended with the PEDS base material.

Table 9.1 XPS analysis of PEDgySz0, PEDgoS20-P20®*”, and PEDgoS20-Pas
(blend) membrane materials.

Binding Functional group  PEDS PEDS- PEDS-
energy P, %0 P.s(blend)
V) % % %

285 eV cC—C 30.3 28.2 17.3
0855 6V C=—C - 1.2 8.6
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From the ATR-FTIR spectra in Figure 9.1, signature peaks of C-O-C bonds in
the PPO-PEO-PPO segment and Si-O-Si bonds in the silicate nanostructures
appear at 1105 cm™ and 1258 cm™, respectively [164, 165]. A peak at 1700
cm™ can be observed in the FTIR spectra of PEDgyS20-P20, PEDgoS20-P2o*%”
and PEDgoS20-P43(blend) materials. This peak correlates to the O-C=0 ester
stretch of PEGMA [166]. The asymmetrical peak at around 1650 cm™ in the
PEDgyS20-P43(blend) materials could be ascribed to unreacted C=C bonds in

acrylate moieties [156].
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Figure 9.1 ATR-FTIR spectra of PEDgS20, PEDgoS20-P20, PEDgoS20-P20>*” and

PEDgoS20-P4s(blend) materials. PEDgpS20-P2o materials

are included for

comparison. The inset shows an enlarged area of the FTIR spectrum of a

PEDS-P43(blend) material.
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9.3.2 Blends VS grafts - Gas permeability and permselectivity

Table 9.2 shows that gas permeability in PEDgoS20-P43(blend) materials is lower
than that of pristine PEDgyS2o materials. The lower CO, permeability can be
attributed to the lower relative FFV content in physically blended materials. As
the unreacted PEGMA additives occupy the empty spaces within the host
matrix i.e. the base material (as shown in Figure 9.2), the relative FFV content
will be reduced. Bulk PALS data in Table 9.3 validates the aforementioned
hypothesis. The relative FFV content and V; size is smaller in PEDgpSzo-
P4s(blend) membrane materials. can potentially reduce diffusion pathways gas

molecules, in particular the large CO, gas molecules.

Table 9.2 Pure gas permeability of PEDgoSzo, PEDSOSQO'PQO, PEDgosgo-Pgo(SSO)
and PEDgyS20-P4s(blend) materials.

Sample code Pco, Ph, P, CO./H,  CO2/N2
(Barrer) (Barrer) (Barrer)

PEDgoS> 377 39 9.8 9.7 38.5

PEDgoS20-P2o 1950 185 35 10.5 55.7

PEDgoS20-P20®*” 2080 198 37 10.5 56.2

PEDgoS20- 307 32 7.9 9.6 38.9

P43(blend)
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Figure 9.2 A cartoon depicting the filling up of free volume content in PED2ySzo
base materials by physically blending low molecular weight PEGMA additives.

Table 9.3 Average free volume sizes and relative FFV content in (i) PEDgoS2o,
(i) PEDgoS20-P20, (iii) PEDgoS20-P20®*% and (iv) PEDgoS20-Pas(blend) materials.

T3 (ns) Ave. \O/fsize I3 (%) Relative
(A) FFV content
(%)
[ 2.45 3.33 12.7 3.2
i 2.59 3.35 12.7 3.6
ii 2.65 3.39 13.7 3.8
iv 2.37 3.17 7.6 1.9

Compared to PEDgoS20-P2o materials, CO, permeability in PEDgpS20-P43(blend)
materials are lower by nearly 6 folds. STEM images in Figure 9.3 reveal that

the silicate nanostructures in PEDgoS20-P4s(blend) membranes are similar to
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those observed in PEDgpS20-P2o materials (Figure 6.9) i.e. the effects of Si-O-Si

networks on 8002 coefficients should be similar as well. Hence, the DCO2

coefficients in PEDgoS20-P4s(blend) membranes should be significantly lower.
This can be validated by comparing the relative FFV content of these two
materials. The relative FFV content in PEDgpS2-P43(blend) membranes is

approximately half the amount in PEDgpS20-P2o materials.

Figure 9.3 STEM image of PEDgyS2-Pas(blend) membrane materials. A
magnification of the image shows the dispersion of small silicate
nanostructures.

The higher CO, permeability in PEDgyS20—P2o materials (when compared to
PEDg0S20-P43(blend) materials) is correlated to the difference in the role of
PEGMA. With chemical grafting, the PEGMA side chains inhibit the packing of

PEDS main chains i.e. suppressing crystallinity while creating more free volume
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content (Figure 9.4); while in physical blending, PEGMA chains fill up the free
volume content (Figure 9.2). Therefore with longer PEGMA grafts i.e.
PEDg0S20-P20°°” materials, the relative FFV content and consequently the gas
diffusivity coefficients will be larger when compared to PEDgS20-P2o materials.

50

Thus, the largest gas permeability is observed in PEDgyS20-P20**? materials

(Table 9.2).

L Silicate nanostructures
N~~~ PPO-PEO-PPO
AN~ PEGMA M,, 550g/mol

Chemical grafting
of PEGMA

Figure 9.4 PEGMA grafts can increase the relative FFV content in PEDS
materials. Additionally, it can also influence the morphology of the silicate
nanostructures.

9.3.3 N2 permeability of nanohybrid materials

Thus far, nanohybrid rubbery membranes studied in this dissertation have been
characterized for CO./H, separation i.e. syngas purification. Figure 9.5
compares the CO, permeability and CO,/H, selectivity of these nanohybrid

membranes with Robeson’s upper bound line [123]. Although the CO.

186



Material Design And Hybridization For Green Carbon Dioxide Capture LAU CHER HON

permeability of these nanohybrid membranes are significantly higher than other
rubbery materials [24, 75, 78, 79, 82, 94, 147, 179, 180], the CO./H,
permselectivity of these nanohybrid membranes remain at similar levels to
those observed in other rubbery materials. The significantincrease in CO;
permeability can be ascribed to enhanced CO; solubility and diffusivity
coefficients. CO. solubility coefficients are enhanced via sorption with Si-O-Si
bonds [160]; while CO, diffusivity coefficients are improved by inhibiting the
crystallinity in the organic phase [159] i.e. a higher relative FFV content. The
higher relative FFV content also contributes to significant increase in Hz
permeability. Thus, CO/H, selectivity values remain similar to other rubbery

materials.

Robeson's COy/H, upper bound [123]

CO,/H, selectivity

" Y-V N N ST BRI R
1 10 100 1000 10000

CO, permeability (Barrer)

Figure 9.5 A comparison of CO./H, separation of nanohybrid materials studied
in this work with other materials. The blue squares represent the PED50S50-Pxx
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series; green squares represent the PED7sSps- Py series; and the red squares
represent the PEDg;Sz0- Pxx series. The black diamond and triangle represent
PEDgoSz20- Pas (blend) and PEDgoSz0- P2 ©°° membranes, respectively.

Figure 9.6 compares the CO./N, permselectivity of the nanohybrid rubbery
membranes studied in this dissertation with Robeson’s upper bound for CO2/N2
separations [123]. The CO./N, separation performance of these nanohybrid
membranes surpasses most other membranes in the Robeson plot. This can
be attributed to significant enhancements in CO, permeability whilst minimizing
the increment in N permeability. The condensability of N> gas molecules is
significantly lower than that of CO., gas molecules (Table 2.1); hence Ny
solubility coefficients should be generally lower. Xia et al. have shown that N»
sorption is significantly lower than CO. sorption in identical nanohybrid
membranes [174, 181]. As gas separation in rubbery reverse-selective
membranes, in particular CO, separation is primarily governed by solubility
coefficients; enhanced CO. solubility coefficients alongside low N solubility
coefficients in the nanohybrid membranes studied in this dissertation yield high

CO4/N; selectivity.
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Figure 9.6 A comparison of CO2/N, separation of nanohybrid materials studied
in this work with other materials. The blue squares represent the PED50S50-Pxx
series; green squares represent the PED75S2s- Py series; and the red squares
represent the PEDgoS20- Pxx series. The black diamond and triangle represent
PEDgoSz20- Pas (blend) and PEDgoSz0- P2 ©°° membranes, respectively.

9.4 Summary

The physical blending of large amounts of PEGMA additives into organic-
inorganic materials does not improve gas permeabilities of the organic
membranes. High contents of PEGMA additives reduce the relative FFV
content and may possibly lower gas diffusivity coefficients. On the other hand,
by chemically grafting longer PEGMA monomers onto the main chains of an
organic-inorganic material, gas permeabilities can be significantly improved.
This is largely due to the inhibition of material crystallinity and the influence of

PEGMA grafts on silicate nanostructures that also contribute to CO;

189



Material Design And Hybridization For Green Carbon Dioxide Capture LAU CHER HON

permeation. With enhanced CO. permeation and comparatively low H;
permeation, these nanohybrid membranes are capable of performing high
levels of CO./H, separation. Meanwhile these membranes can also be used for

CO. /N2 separation.
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CHAPTER TEN:

CONCLUSIONS AND RECOMMENDATIONS
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10.1 Conclusions

Optimal CO, separation membranes can be obtained by innovative material
modifications on traditional polymeric materials. Modified glassy materials
display efficient CO, transport and separation capabilities, whilst the work on
modified organic-inorganic rubbery materials sheds new light on the relationship
between synthesis and modification conditions and gas separation. The mild
modification technique used on organic-inorganic rubbery materials yield
nanohybrid membranes with high CO, permeability and CO./light gas

selectivity.

10.1.1 Vapor phase modifications on dense film glassy membranes

Although vapor phase modifications have been used on a range of materials for
other applications, this project pilots the use of this simple and elegant
modification technique to enhance the gas separation performances of a
fluorinated polyimide dense film gas separation membrane. Upon vapor phase
modification, the membrane structure adopts a physical configuration similar to
asymmetric membranes, whereby only the topmost layer is densified while the
inner layers remain intact. Compared to pristine fluorinated polyimides, the

H./CO; selectivity of vapor phase modified membranes is higher.

192



Material Design And Hybridization For Green Carbon Dioxide Capture LAU CHER HON

10.1.2 Vapor phase modifications on hollow fiber glassy membranes

To demonstrate the viability of the vapor phase modification technique, this
modification technique was also used to modify hollow fiber gas separation
membranes fabricated from different types of polyimides. The vapor phase
modification technique minimized the deterimental effects of solvent swelling in
hollow fiber membranes, hence maintaining structural integrity and gas
separation performances. Additionally, a variation of the batch vapor phase
modification technique was also used to modify various polyimide hollow fibers.
Results showed that both techniques produced identical gas permeability and

gas separation performances.

10.1.3 Effects of alkyl chain content on gas separation in rubbery
nanohybrid membranes

The combination of high COz-affinity organic and inorganic components via a
sol-gel approach has yielded an organic-inorganic material with superior CO,
permeability and CO./H; selectivity that is comparable to state-of-the-art organic
rubbery materials [24]. Through simple material modifications, the CO.
permeability of the base organic-inorganic material was significantly enhanced
from 378 Barrer to 1950 Barrer (an increment of 5 folds). The significant

increment in CO, permeability could be ascribed to larger Sco, and Dco,

coefficients due to the changing morphology of the silicate nanoparticles.
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Morphological changes in the silicate nanoparticles can be ascribed to changes

in the synthesis parameters and conditions.

10.1.4 Effects of water/silicon ratio, organic/inorganic ratio, and graft
content on gas separation in rubbery nanohybrid membranes

With increased PEGMA content during the synthesis solution of the nanohybrid
materials, the morphology of the inorganic phase transforms from smooth
looking nanoparticles into rough-edged flowery nanoclusters. The presence of
unreacted PEGMA in the synthesis solution forms hydrogen bonds with water
molecules present in the solvent. Hence, reducing the concentration of “free”
water to engage in the sol-gel process i.e. water/silicon ratio is reduced.
According to Brinker’s work, a reduction in water/silicon ratio shifts the growth
mechanism of the inorganic phase from a nucleation and growth process that
yields smooth nanoparticles to an agglomeration process that yields rough-
edged nanoclusters [96]. As the inorganic phase becomes larger, the CO,
transport behaviors of the silicate structures resemble that of highly permeable
silicon-based rubbery (PDMS) and glassy (PTMSP) polymers. Hence, the
observed high CO, permeability in the nanohybrid membranes studied in this

project.

Gas permeability increases with increments in the organic/inorganic ratio of

these nanohybrid membranes. In this work, 1) increasing the polyether diamine
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content during the synthesis of the base organic-inorganic material, or 2)
increasing the PEGMA graft content tunes the organic/inorganic ratio. Higher

polyether content yields higher gas permeability and CO./light gas selectivity.

10.1.5 Effects of alkyl chain and modification nature on gas separation in
rubbery nanohybrid membranes

The gas permeability of these nanohybrid membranes is also dependent on the
nature of the alkyl chain. When short alkyl chains like butyl methacrylate were
grafted onto the organic-inorganic base material, gas permeability and
selectivity decreased. The lower gas transport and separation performances
are due to the lower ether oxygen content in butyl methacrylate when compared
to PEGMA. With lower ether oxygen content, CO> solubility coefficients will be
reduced. Additionally, hydrogen bonding between unreacted butyl
methacrylates and water molecules during synthesis is significantly reduced
with lower ether oxygen content. As a result, the growth process of the
inorganic phase remains nearly unchanged i.e. a nucleation and growth process
that forms smooth-looking nanoparticles. With longer PEGMA monomers (M,
526), gas permeability is further enhanced to about 2080 Barrer, whilst

maintaining a CO./H; selectivity of 10.5.

Meanwhile, the modification nature of the nanohybrid membranes also plays an

important role in determining gas transport and separation properties. When
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high contents of PEGMA are physically blended with the base organic-inorganic
material, excessive PEGMA could occupy the free volume in the base material.
This was validated using bulk and slow beam PALS. With reduced relative FFV
content, CO, diffusivity coefficients that are consequently reduced leads to
lower CO, permeability. As light gas permeation across these materials are
mainly dependent on free volume content, lower relative FFV content would

lead to the observed lower H, permeability.

10.1.6 Effects of hydrolysis, condensation, and modification duration on
gas separation in rubbery nanohybrid membranes

Besides altering the molecular structure or chemical composition of the
nanohybrid membranes, a simple and straightforward approach to attune gas
transport and separation properties of these hybrid materials is to vary the
hydrolysis and condensation durations during the synthesis of the base organic-

inorganic material.

By increasing the hydrolysis duration from 30 minutes to 24 hours, cross-linking
occurs between the Si-O-Si bonds i.e. gelation, inferring the growth of silicate
nanoparticles.  Gas permeability and selectivity decreased with longer
hydrolysis periods. In relation to the theory of Ostwald ripening, larger
nanoparticles tend to possess lower surface energy, which may consequently

lead to lower CO, sorption capabilities. As Patil et al. reported that cross-linking
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reduces the free volume content in materials [182], the cross-linking in the
silicate nanoparticles may also lead to lower free volume content. Hence, lower
CO, permeability resulted from reduced solubility and diffusivity coefficients.
The decrease in Hy permeability can be accounted by the possible decrease in

free volume content.

When condensation durations increased from 1 hour to 3 hours, gas
permeability increased. Subsequently, with longer condensation durations (up
to 24 hours), gas permeability decreased. From HAADF-STEM tomographs of
materials synthesized from 1-3 hours of condensation durations, small silicate
nanoparticles are finely dispersed alongside larger silicate nanoclusters within
the polyether matrix. This dispersion of heterogeneously sized silicate

nanopatrticles is the key to attaining high CO, permeability.

The intricate combination of synthesis conditions and mild modification
conditions are important to obtaining nanohybrid membranes with high CO,
permeability at near ambient conditions. Although the uses of rubbery materials
in industrial gas separations are rare, the results of this work have pushed the
boundaries of CO, permeation using rubbery materials. With the emphasis on
green technology, it is strongly believed that with superior CO, transport and

CO./N, separation properties such membranes are potentially important for
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futuristic gas separation applications, especially in the field of flue gas

separations.
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10.2 Recommendations

10.2.1 Extension of vapor phase modification to other materials

Through the use of a common technique like vapor phase modification, this
project has demonstrated its advantages to enhance gas separation properties
of various polyimides. The choice of cross-linkers is dependent on the
membrane material. In this project, only one combination (amine-based cross-
linker and a polyimide) has been studied. To further extend this modification
technique to an industrial application, other combinations must be studied as
well. For instance, it would be interesting to study the effects of vapor phase
modification on PDMS-the most permeable rubbery material, or PTMSP-one of
the most permeable polymer known. In these cases, the choice of cross-linkers
would have to be varied according to the respective polymer’s chemistry with

various cross-linkers.

10.2.2 In-depth studies on effect of water vapor and other acidic gases on
CO, permeability in modified materials

Most of the gas permeation characterization tests in this project were done
using pure gases or mixed gases containing two gaseous components. Such
ideal cases are only confined to lab-scale research. In real-life applications,
water vapor is common in gas mixtures that contains CO, and more than two
gaseous components including toxic and acidic gases like CO, NOy, SO4 and

H.S. The presence of other acidic gases may alter the CO, permeability of
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these nanohybrid membranes. Meanwhile, it would also be interesting to
characterize these materials at higher operating temperatures (that resemble
real-life operating conditions). Although there were some preliminary
characterizations on the effects of water vapor on gas permeability in some
nanohybrid membranes in this work, these results are insufficient to conclude
the actual gas separation performances of these materials in real-life

applications.

10.2.3 The role of silicate nanoparticles in nanohybrid membranes

This work has identified that the silicate nanoparticles contribute to CO.
transport properties. However, the combination of two CO.-philic components
(alkoxysilane and polyether) makes it difficult to isolate the effects of silicate
nanoparticles on CO. permeation. To study the independent effects of silicate
nanoparticles on CO, permeation, a polymer with low CO, permeability should
be used. Additionally, different types of alkoxysilanes could be used to fabricate
nanohybrid membranes. The different functional moieties may result in different

silicate morphologies that subsequently affect gas permeation.

10.2.4 Hollow fiber membranes fabricated from nanohybrid materials
There are limited literature working on the development of PEO-based materials
into hollow fiber membranes, which are more favorable for industrial

applications due to its high flux and self-supporting structure. The slow phase
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inversion of PEO in most solvents makes it challenging to fabricate it as
asymmetric or composite membranes via dry-jet wet-spinning. To date, only
Suzuki et al. have fabricated PI-PEO composite hollow fiber membranes via
dry-jet wet-spinning process [183]. As these nanohybrid membranes are
insoluble in most solvents after condensation, there is a possibility that these
materials are fabricated in the form of hollow fibers. Perhaps this could be
achieved by electrospinning. However, to electrospin individual fibers with

diameters up to 10 um, a very strong electric field must be used.
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