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ABSTRACT

AMH-3 layered silicate is chosen for this study as its 3D structure with
crystallographic pore size of 3.4 A makes it an attractive material for gas separation
applications. AMH-3 layered silicate was synthesized via hydrothermal synthesis
method and then functionalized using octyl(methyl)dimethoxysilane to enhance its
hydrophobicity for good adhesion and dispersion in mixed matrix membrane. In this
work, high permeability polysulfone (PSf) was incorporated with AMH-3 for
fabrication of mixed matrix membranes. The critical polymer concentration of PSf was
studied to suppress the formation of macrovoids in mixed matrix membranes. Flat
sheet PS{/AMH-3 membranes were then prepared by dry/wet phase inversion
technique with different loadings of AMH-3 in PSf matrix. The synthesized AMH-3
layered silicate is verified by FT-IR and XRD analysis. Structural changes of AMH-3
after functionalization are observed in FT-IR, XRD and SAP analysis. Functionalized
AMH-3 shows higher surface area and reduced pore size. The MMMs of pristine and
functionalized AMH-3 have similar surface and cross-sectional morphologies,
showing good distribution and dispersion of inorganic filler. AMH-3 shows improved
hydrophobicity after functionalization, resulting in better adhesion and compatibility

with polysulfone.
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CHAPTER 1

INTRODUCTION

1.1 Background

Natural gas has emerged as an important energy resource due to the increasing
attention and demand to seek more environmental friendly fuel sources. Methane is
the primary component of natural gas accompanied by other light alkanes and
impurities. Table 1.1 shows the chemical composition of Malaysia crude natural gas,
analysed using gas chromatography-mass spectroscopy (Abu Bakar et al., 2012). High
content of impurities including carbon dioxide (CO2) and hydrogen sulphide (H2S)
contribute to sour natural gas and the purification process known as natural gas

sweetening is necessary to remove the acid gases.

TABLE 1.1 Chemical Composition of Crude Natural Gas from Telaga Bergading,
PETRONAS Carigali Sdn. Bhd.

Gases Composition (%)
CHas 47.0
CO2 23.5
H2S 5.4
Others (CO, Oz, N2) 24.1

Carbon dioxide, one of the major contaminants in natural gas is also a
prominent greenhouse gas contributing to global climate change. The presence of CO2
reduces the energy content and compressibility of natural gas and thus affects the
selling price of the natural gas. Furthermore, COz2 in the natural gas stream is acidic
and corrosive in the presence of water and subsequently contributes to the corrosion
of equipment and transport pipelines (Zhang et al., 2013). While cooling down natural

gas to low temperature, the carbon dioxide freezes and blocks pipelines and causes



difficulties in transportation. Thus, COz2 concentration of 2% and below is required to

meet the typical pipeline specifications for natural gas (Othman et al., 2009).

Therefore, the separation of CO; from CHs is necessary and various
technologies have been employed for natural gas purification including absorption,
adsorption, cryogenic, and membrane process. Membrane technology has shown
promising features of energy efficiency, simplicity of operation, economical

processability and separation performance.

1.2 Problem Statement

Membranes have been extensively used in gas separation. Polymeric
membrane possesses high economical processability and good mechanical properties.
However, the limitation of trade-off between permeability and selectivity restrained
the gas separation performance of the polymeric membrane. On the other hand,
inorganic membrane exhibits high chemical and thermal stability, high permeability

and selectivity but requires high cost.

This leads to the development of mixed matrix membranes (MMMs) which
combines the advantage of both types of membrane. MMMs comprising of molecular
sieve materials embedded in a polymer matrix, are expected to exhibit improved gas
separation performance and economically viable. However, poor interfacial contact
between polymer and inorganic filler results in the formation of voids and
subsequently deteriorates the membrane separation performance (Bakhtiari & Sadeghi,

2014).

Generally, polymeric membrane has high hydrophobic characteristic while
layered silicate such as AMH-3 has strong hydropilicity due to the cations between the
layers (Tsapatsis et al., 2005). Therefore, the surface modification of layered silicate

is necessary in order for the inorganic filler to be compatible with the polymeric matrix.



1.3 Objectives and Scope of Study

1. To synthesize AMH-3 layered silicate via hydrothermal synthesis method

2. To modify AMH-3 layered silicate by silane condensation method

3. To fabricate PSf/AMH-3 mixed matrix membranes (MMMs) using dry-wet
phase inversion method

4. To characterize the AMH-3 particles and MMMs by using various analytical

tools

14 Relevancy and Feasibility

Mixed matrix membrane (MMM) is an emerging technology for gas separation
applications. There is a continuous ongoing process of selecting the best pair of polymeric
and inorganic materials for MMM with better separation performances. Thus, this research
project is highly relevant as the focus on the project is to synthesize and modify the

inorganic filler for fabrication of MMM.

The proposed project is subjected to completion within a time frame of 28
weeks. A feasible and detailed plan with specific time allocated for each part of the
whole project are determined. All chemicals and equipment needed are available in the

laboratory and the characterization equipment are available in the university.

TABLE 1.2 Estimated Time Required for Each Experimental Task

Task Duration Duration
(hours) (days)
Synthesis and purification of AMH-3 78
Swelling and functionalization of AMH-3 43
Fabrication of MMM 90
TOTAL 211 9

The experiments can be carried out concurrently which would significantly
reduce the total time required for the experimental works. Therefore, this research is

feasible within the scopes identified and the time allocated.



CHAPTER 2

LITERATURE REVIEW

2.1 Gas Separation Technology

Various technology have been developed for removal of CO; from natural gas

including absorption, adsorption, cryogenic distillation and membrane. Figure 2.1

summarizes the current gas separation technologies.

Gas Separation Technology

v k4 r

k.
Absorpii Adsorpii Cryogenic Memb
P epes Distillation AR
r v Y
Polymeric Inorganic Mhe:d
Memb: - 4 Matrix
Viemm orane MNiem orane h‘[embrane

FIGURE 2.1 Summary of Gas Separation Technologies



2.1.1 Absorption

Absorption is a process where the gas mixture is contacted with the selective
solvent in a plate or packed column. Absorption process is classified into physical and
chemical absorption based on the interaction of the solvent and the absorbed gas
component. Physical absorption occurs when the desired gas component is more
soluble in the solvent compared to other components in the gas phase. On the other
hand, for chemical absorption, the gas component forms weakly bonded intermediate
compound with the solvent. The solvent requires regeneration after reaching its

saturation level by heating or pressure reduction (Shimekit & Mukhtar, 2012).

Chemical absorption process using amine solutions is one of the state of art
technology implemented industrial process. The common amine based solvents
utilized for the absorption process includes monoethanolamine (MEA),
diethanolamine (DEA), diglycolamine (DGA) and methyldiethanolamine (MDEA)
(Rufford et al., 2012).

Some of the major disadvantages of current amine absorption technology
includes amine regeneration requires large amount of energy, equipment corrosion by
amine solutions and solvent degradation problems in the presence of oxygen (Fryxell

& Cao, 2012).



2.1.2 Adsorption

Adsorption is defined as the adhesion of the gas components on the surface of
solid adsorbent. Activated carbons, silica gel, ion-exchange resins, zeolites, meso-
porous silicates, activated alumina, metal oxides, and other surface-modified porous

media are the conventional adsorbents used for adsorption process (Li et al., 2011).

Regeneration of the adsorbent by desorption of the adsorbed gas is important as
it may affect its adsorption capacity. Typical adsorption process is performed by looping
in two beds of adsorbents simultaneously where one bed adsorbs and the second bed
desorbs at the same time. Since the adsorption equilibrium is given by specific operating
conditions (composition, temperature and pressure), the adsorbent can be regenerated
by changing one of the process parameters. The two common industrial adsorption
process for gas separation are pressure swing adsorption (PSA) and temperature swing

adsorption (TSA).

In PSA, the gas mixture flows through a packed bed of adsorbent at elevated
pressure until the concentration of the desired gas approaches equilibrium. The bed is
regenerated by reducing the pressure and thereby releasing the selectively adsorbed
components. As in TSA, the adsorbent is regenerated by raising its temperature
(Kenarsari et al., 2013). TSA is energy and time consuming due to the repeated heating
and cooling process whereas PSA requires high operating cost for high pressure

process.



2.1.3 Cryogenic Distillation

Cryogenic distillation uses a principle of separation based on cooling and
condensation, and has been used in liquid separations for a long time. In the
conventional cryogenic separation process, n-butane is added into the condenser of the

distillation column to prevent solidification of carbon dioxide (Holmes et al., 1982).

Cryogenic separation is widely used commercially for streams with high CO2
concentrations (typically >90%) but it is not practical to be used for more dilute CO2
streams (Kenarsari et al., 2013). Cryogenic separation is able to produce natural gas

of pipeline-quality, directly from sour gas stream.

One major drawback of cryogenic separation of COz2 is the massive amount of
energy required to provide the refrigeration necessary for the process, particularly for
dilute gas streams. Also, some components such as water, have to be removed before

the gas stream is cooled, to avoid blockages (Xu ef al., 2014).



2.1.4 Membrane

A membrane acts as a physical barrier which is capable of separating molecular
mixture selectively by allowing certain compounds to pass through depending on their
physical or chemical properties. The components that pass through are known as
permeate whereas the retained solute is the retentate. Figure 2.2 illustrates the

membrane separation principle (Schmeling ef al., 2010).
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FIGURE 2.2 Principle of Membrane Separation

Initially, membranes and membrane processes were employed as analytical
tool in chemical and biomedical laboratories (Elvers et al., 2003). The technology
eventually developed rapidly into industrial applications in various fields such as
chemicals processing, food industry, gas separation, water purification,

pharmaceutical industry, medical use and wastewater treatment.

Due to the transport selectivity of the membrane, the application of membrane
technology in gas separation developed vastly in recent years. Furthermore, membrane
processes are typically more energy efficient, easy to operate and scale up and have

low environmental impact.

The driving force of membrane operation for gas separation is the pressure
difference. Permeability and selectivity are the key factors in membrane transport
performance (Sanders ef al., 2013). Permeability is a measure of the volume of gas the
membrane can process while selectivity is a measure of the membrane’s ability to
separate components. The success of the membrane unit operation is also influenced
by other factors such as chemical, thermal and mechanical stability, fouling tendencies,

working lifetime, production costs and modularity (Rufford et al., 2012).



Permeability (P) = Solubility (S) x Diffusivity (D)
For an ideal binary mixture, the selectivity is defined as

Qg = Py / Pg
Where
Pa permeability of component A

Ps permeability of component B
The typical unit for permeability is Barrer (Stern, 1968).

cm3(STP) - cm

1B =10"1°
arrer cm?-cmHg - s

(1)



2.2 Polymeric Membrane

The major membrane materials for gas separation technologies are polymers
due to their easy processability with asymmetric structures, good mechanical
properties, low cost and ease of operation (S. Kim & Lee, 2013). The common
polymer materials employed to fabricate polymeric membrane includes cellulose
acetate (CA), polyimide (PI), polycarbonates (PC), polyethersulfone (PES), and
polysulfone (PSf) (Zhang et al., 2013). These polymers exhibits a variety of structural
and dynamical behavior which results in wide range of molecular permeation
properties (W.-g. Kim & Nair, 2013).

The solution-diffusion model is the most widely used to describe the transport
mechanism for gas permeation in polymeric membrane. The permeants first dissolve
in the membrane material and then diffuse through the membrane down a
concentration gradient. A separation is achieved between different permeants due to
the differences in the amount of material that dissolves in the membrane and the rate
of the material diffusing through the membrane (Wijmans & Baker, 1995). According
to the model, the diffusivity coefficient and the solubility coefficient are the two
dominant parameters controlling the permeation of molecules through membranes

(T.-S. Chung et al., 2007).

The intrinsic trade-off relationship between selectivity and permeability which
is known as Robeson’s upper bound limit, has become a significant limitation in
industrial applications of polymeric membranes (Robeson, 2008). The inverse
relationship is where higher permeability polymeric membrane are usually less
selective and vice versa. The revisited upper bound relationship by Robeson for
CO»/CH4 separation is illustrated in Figure 2.3 (Robeson, 2008). Table 2.1 shows the

separation performance of polymeric membranes for CO2/CHa.

Furthermore, most polymeric membranes are susceptible to high temperatures
and chemical degradation. Some polymers tend to swollen or plasticized when exposed
to hydrocarbons or CO> at high partial pressure (Brunetti et al., 2010). The
CO: — induced plasticization is a phenomenon where CO> permeability increases with
pressure but the selectivity declines (Ismail & Lorna, 2002). Plasticization is a swelling
of the membrane structure due to sorption of a penetrant within the polymer matrix. It

generally leads to an increase in the fractional free volume of the membrane which

10



increases the diffusion of all gas species through the membrane (Kentish, 2011). This
results in an increase in permeability but a loss of selectivity and the loss of mechanical
strength Thus, the performance of the polymeric membrane deteriorates significantly

and the membrane is susceptible to failure (Scholes et al., 2010).

On the other hand, ageing of membrane is the reverse of plasticization. It is the
compaction of membrane structure over time and leads to loss of fractional free
volume (Kentish, 2011). As a result, the permeability of the membrane decreases while

the selectivity increases.

Therefore, the use of polymeric membranes in gas separation are still limited
due to the low gas separation performance of the existing polymeric materials coupled

with their poor chemical and thermal stabilities.

10
1000 |-bhiE
P
"1 i
TO 100
8 o
<0
10
0.0001 0.01 1 100 104

P(CO7) Barrers
FIGURE 2.3 Upper Bound Correlation for CO,/CHas Separation
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Polymeric membrane is commonly prepared by phase inversion technique. It
can be described as a demixing process whereby a homogeneous polymer solution is
converted from liquid to solid state in a controlled manner. The most widely used phase
inversion technique is the immersion precipitation. The polymer solution is casted on
a supporting layer and immersed in a non-solvent coagulation bath (typically water).
The solvent exchange between polymer solution and non-solvent coagulation bath

results in precipitation and solidification of polymer film (Lalia et al., 2013).

Pinnau and Koros (1993) introduced the dry/wet phase inversion technique for
fabrication of ultra-thin defect free membrane. The cast film is subjected to convective
and free standing evaporation prior to immersion in coagulation bath. The convective

evaporation step is crucial to produce ultra-thin defect free asymmetric membrane.

Most of the industrialized membranes are asymmetric in structure which have
high permeability and good mechanical strength. It is formed by two layers consisting
of'a very thin dense top layer, porous sublayer at the bottom. The permeation properties
of the membrane is determined by the top dense layer while the porous sublayer only

provides mechanical support to the membrane (Khulbe ef al., 2007).

The membrane morphologies and performances rely on many experimental
parameters, including polymer concentration, type of solvent and non-solvent,
condition of membrane casting and solvent exchange conditions (Hotda et al., 2013).
Polymer concentration has been identified as one of the most influential parameters on
the membrane performance and morphology (Yampolskii, 2011). Preparation of the
polymer membranes with different concentrations is a method for optimizing the effect
of the polymer concentration but it 1is costly and time-consuming
(Shamsabadi ef al., 2013). Therefore, viscometric test can be carried out to determine

the optimum concentration of PSf for fabrication of mixed matrix membranes.

Formation of macrovoids is an unfavorable common defect in solution-cast
membranes. Macrovoids jeopardize the mechanical integrity of a polymeric membrane
support by acting as sites of increased local stress (McKelvey & Koros, 1996).
Peng et al. (2008) suggested that the formation of macrovoids can be suppressed at a

critical polymer concentration.

12



TABLE 2.1  CO2/CHj4 Separation Performance of Polymeric Membrane

Membrane Material Pressure Tempoerature CO2 Permeability Selectivity Reference
(bar) (°C) Value Unit (CO2/CHa4)

Cellulose acetate (CA) 8 35 2.5 GPU 20.0 Visser et al. (2007)
Polybenzimidazole (PBI) 20 35 0.16 Barrer 89.0 Kumbharkar et al. (2006)
Polycarbonate (PC) 20 30 2.0 Barrer 27.2 Sridhar et al. (2007)
Polyetherimide (PEI) 15 25 0.76 GPU 43.1 Hashemifard et al. (2011)

Polysulfone (PSf) 4 35 6.3 Barrer 29.0 Ahn et al. (2008)

13



23 Inorganic Membrane

Various types of inorganic materials are used to synthesize membranes for gas
separation which include ceramic (eg. silica, zeolite), metal organic frameworks,
carbon, ionic liquids and amorphous metal oxides. Inorganic membranes are generally
categorized into two groups based on their structure which are the dense membrane
and porous membrane. Porous inorganic membranes vary greatly in pore size, support
material, and configuration. They usually exhibit higher permeability compared to
polymeric membranes. On the other hand, dense inorganic membranes are very
specific in their separation behaviours and usually show lower permeability (Ismail &
David, 2001).

Inorganic membranes offer high thermal and chemical stability, high
mechanical strength and high separation performances (Rezakazemi et al., 2014).
Besides that, inorganic membranes have higher throughput and longer lifespan compared

to polymeric membrane.

However, large scale fabrication of inorganic membrane is laborious and costly
due to its fragile structure and low surface-to-volume ratio (Koros, 2002). Also,
difficulty in preparing defect-free membrane also hindered the large scale

implementation of inorganic membrane.

14



2.3.1 Layered Silicate

Layered silicates are inorganic materials that are naturally layered in structure
and the layers are usually separated by gallery space which is occupied by water
molecules and alkaline-earth metal cations. Typically, their basic building blocks are
tetrahedral sheets in which silicon is surrounded by four oxygen atoms, and aluminium

octahedral sheets (Pavlidou & Papaspyrides, 2008).

The layer thickness is around 1 nm and the lateral dimensions may vary from
300 A to several microns, and even larger, depending on the particulate silicate, the
source of the clay and the method of preparation. Some of the properties of layered
silicates include high cation-exchanged capacities, large surface area, high surface

reactivities and adsorptive properties (Tsapatsis et al., 2005).

Layered silicates are found in both natural clays and synthetic minerals. Some
of the common natural layered silicates are montmorillonite (MMT), hectorite and
kaolinite. On the other hand, a few synthetic layered silicates that are developed in
recent years include MCM-22 and AMH-3. Table 2.2 lists some of the properties of
AMH-3 and MCM-22 layered silicate.

TABLE 2.2 Properties of AMH-3 and MCM-22

AMH-3 MCM-22
Chemical ) )
Structure NagSrgSiz; 076 - 16H,0 [H74Na31][Alo 4Bs.1Si66.50144]
Pore Structure 8 membered ring 10 membered ring
Structure
(Dimension) 3D 2D
Pore Aperture (A) 3.4 54%4.0

15



24 Mixed Matrix Membrane

Mixed matrix membranes (MMM) are hybrid membranes formed by
incorporating dispersed inorganic fillers into continuous polymer matrix. Figure 2.4
illustrates the schematic of a MMM (T.-S. Chung et al., 2007). The bulk phase
represented by phase A is the polymer matrix while phase B is the dispersed inorganic
fillers.

A. Polymer —__

phase | H
H [~ H B u

n® o ¥ =
B.Inorganic/

particle phase

FIGURE 2.4 Schematic Diagram of a Mixed Matrix Membrane

Mixed matrix membrane is introduced with the aim of overcoming the
limitations of polymeric and inorganic membranes. It offers the potential to achieve
good adhesion properties between organic and inorganic composite, improved gas
separation performance and enhanced mechanical properties of conventional
polymeric membrane (Ahmad et al., 2012). Table 2.3 summarizes the comparison of
properties between polymeric membrane, inorganic membrane and mixed matrix

membrane.

The gas transport performance of mixed matrix membrane is altered by various
factors including the properties of polymer and inorganic materials, the compatibility

of the materials, morphology and the membrane formation process (Ahn et al., 2008).

The dominant mechanism in MMMs is the combination of the solution
diffusion and Knudsen diffusion (Rezakazemi ef al., 2014). The effective permeability
of the MMM can be calculated using the Maxwell model, as shown in equation 2
(Noble, 2011). This equation is valid for spherical particles in dilute suspensions where
the interaction between the particles is negligible.

P = [Pd+2PC—2®d(PC—Pd)
eff T TC¢| py+2P,+04(Po—Py)

(2)

Where

16



Per  effective permeability of the MMM
P permeability of the continuous polymer phase
Pq permeability of the dispersed inorganic phase

D4 volume fraction of the dispersed phase

Various combinations of polymer and inorganic materials have been studied in
the recent years as different combinations results in different gas separation
performances. The inorganic fillers used in MMMs are mostly porous molecular sieve
type materials as this generally leads to higher permeability and selectivity in MMMs
(Hashemifard et al., 2011). In many cases, the selectivity is significantly improved by
addition of a small amount of molecular sieves to the polymeric matrix

(Rezakazemi et al., 2014).

Choi, Coronas, Lai, ef al. (2008) made a comparison on the performance of
mixed matrix membranes incorporating MCM-22, proton exchanged AMH-3 (PAMH),
and swollen AMH-3 (SAMH) respectively into polybenzimidazole (PBI) matrix. Both
PBI/PAMH and PBI/PSAMH mixed matrix membranes presented significantly
improved selectivity for H»/CO; separation compared to pure PBI membranes. On the
other hand, PB/MCM-22 did not show improvement on selectivity for H2/CO;
separation (Choi, Coronas, Lai, ef al., 2008).

One of the major problems in the making of MMM is the inorganic material
agglomeration. Ideally, the dispersed inorganic phase should be evenly distributed in
the continuous polymer phase. Overloading of inorganic fillers will result in the
agglomeration of inorganic fillers in the MMM and subsequently reduces the gas
permeability (Khan et al., 2012). Therefore, an optimum loading of inorganic fillers is

important to maintain the morphology of the membrane.

The incompatibility between the inorganic fillers and the polymer matrix is
another major concern of MMM formation. This condition will create the separate
phases in MMM and deteriorate the gas performance of the membrane. The poor
interfacial contact between the dispersed phase and the continuous phase will lead to
the formation of void volume. The formation of non-selective voids at the interface
will allow the bypassing of gases, which in turn decreases the membrane selectivity
(Goh et al., 2011). Figure 2.5 illustrates the ideal morphology of MMM and the MMM
with interface voids defect (T.-S. Chung et al., 2007).

17
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FIGURE 2.5 Schematic Diagram of Mixed Matrix Membrane Morphology

TABLE 2.3 Comparison of the Properties for Polymeric Membrane, Inorganic

Membrane and MMM
Properties Polymeric Inorganic MMM
membrane membrane
Cost Low High Moderate
Chemical and . .
thermal stability Moderate High High
Mechanical
Strength Good Poor Excellent
Solvgn_t_ Limited Wide range Limited
compatibility
Swelling Frequently occur Free of swelling Free of swelling
Separation Moderate Moderate Exceeds Robeson
performance upper boundary
Handling Robust Brittle Robust




2.5 Material Selection
2.5.1 AMH-3

AMH-3 is a 3-dimensional microporous layered material with eight membered
ring (8 MR) pores, built of silicate layers and interlayered spaces occupied by
strontium cation, sodium cation and water molecules. The silicate layers contain
plurality of tetrahedral SiO4 units and channels extending from a top side of the one
layer to a bottom side of the layer. The channels are formed from the eight membered
rings (rings of eight =Si-O-Si= units) and contributes to the porosity of the material.
A plurality of cations including sodium ions and strontium ions are located between
the layers (Tsapatsis ef al., 2005). The structure of the AMH-3 layered silicate is shown
in Figure 2.6 (Jeong et al., 2003).

The layered silicate was first synthesized and characterized in year 2003. The
formula for unit cell of AMH-3 is NagSrgSiz, 04+ 16H,0. In addition to its good
thermal and acid stability, its crystallographic pore size of 3.4 A is particularly useful
for gas separations such as CO2/CH4 and H2/N> (Jeong et al., 2003). Table 2.4 lists the

kinetic diameters of several gases (Poling et al., 2001).

TABLE 2.4 Kinetic Diameters (in Angstrom) of Various Gases

Gas He H:2 CO? O N2 CHa4

Kinetic Diameter

2.6 2.89 3.3 3.46 3.64 3.8
(A)

Choi, Coronas, Lai, et al. (2008) reported the fabrication of MMM by
dispersing AMH-3 into polybenzimidazole (PBI) matrix. The membrane showed a
twofold enhancement of selectivity for Ho/CO: separation. On the other hand,
W.-g. Kim et al. (2013) delaminated swollen AMH-3 into flakes and incorporated it
into cellulose acetate matrix. Enhancement in the CO» permeability and CO>/CH4 gas

separation performance were observed.
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FIGURE 2.6 Structure Model of AMH-3
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2.5.2 Polysulfone

Polysulfone (PSf) are an important class of engineering thermoplastics. The
polymer backbone consists of para-linked aromatic groups connected by ether and
sulfone and in some cases alkyl groups (Elvers et al., 2003). The structure of a PSfis
shown in Figure 2.7. PSf is one of the most widely studied polymeric membrane

materials for CO,/CHg4 separation.

Referring to Table 2.1, polysulfone shows the highest CO> permeability with
good selectivity. Polysulfone is an ideal polymer phase for mixed matrix membrane as
it exhibits good mechanic strength, resistance and chemical stability and cost effective
(Hachisuka & Ikeda, 1999). PSf are highly resistant to hydrolysis and stable in dilute
acid. The polar groups in the PSf chain contribute to the high flexural modulus while
the excellent thermal stability is due to strong bonds in the backbone (Elvers ef al.,
2003). Besides that, PSf also exhibits high resistance to plasticization at a pressure
about 30 bars. Table 2.5 shows the physical properties of polysulfone (Harper, 2000).

O

C|:H3 11
SatsaTas
CH;

O

FIGURE 2.7 Structure of a Single Unit Polysulfone

TABLE 2.5 Physical Properties of Polysulfone

Properties Value
Density (g/mL) at 25°C 1.24
Elastic Modulus (MPa) 2691
Flexural Modulus (MPa) 2553
Tensile Strength (MPa) 79
Glass Transition Temperature (°C) 190
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2.6 Structural Modification of Inorganic Filler

Although the layered silicate materials showed excellent properties for MMMs,
they are usually hydrophilic which results in poor interfacial interactions with non-
polar polymers (Rezakazemi et al., 2014). Therefore, the layered silicate materials
should be made compatible with the polymer phase by surface modifications to

enhance the miscibility of the layered silicate with the polymer before embedding.

Takahashi and Kuroda (2011) introduced a different covalent modification
methods for the layered silicates. The modification can be carried out with different
silylation reagents such as amino, thiol, and alkyl groups. The most popular type of
modifier agent are silane coupling agents which have hydrolysable and

organofunctional ends.

Structural modification such as swelling is necessary to enhance the interlayer
spacing. However, the properties of silanol groups on AMH-3 surface and charge-
balancing cations in the interlayer spaces rendered the conventional procedures for
clay swelling ineffective (W.-g. Kim et al., 2013). Subsequently, Choi, Coronas,
Sheffel, et al. (2008) introduced the AMH-3 swelling process by means of proton
exchange in the amino acid followed by sequential intercalation of primary amine

molecules.

Furthermore, ‘priming’ technique is suggested to be able to improve the
compatibility of the inorganic filler with the polymer (Koros ef al., 2003). Priming
requires adding of a small amount of the total polymer required to form a membrane
(typically 5-10 wt.-%) to a suspension of inorganic particles in a proper solvent.
Priming of inorganic particles before dispersing in the bulk polymer can reduce stress
at the interface between polymer and inorganic particles. This technique minimizes the
agglomeration of inorganic particles and promotes interaction between the bulk
polymer and polymer primed inorganic particles which subsequently minimizes

defective interfaces (Hillock et al., 2008).
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CHAPTER 3

METHODOLOGY

3.1 Flow Chart of Project Activities

Synthesis of AMH-3

l

Proton exchange & swelling of AMH-3

l

Functionalization of ANMH-3

l

Determination of critical P5Sf concentration

l

Fabrication of PSf/AMH-3 mixed matrix
membrane (MMM)

l

Characterization of AMH-3 & MMM

FIGURE 3.1 Flowchart of Overall Project Activities
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3.2 Materials and Equipment

3.2.1 Materials

The chemicals and materials used are as follow:

e Sodium hydroxide pellets (NaOH, > 99% purity, Merck)

e Strontium chloride hexahydrate (SrClz - 6H20, > 99% purity, Sigma-Aldrich)

e Sodium silicate (= 99% purity, Sigma-Aldrich)

e Titanium (III) chloride (TiCls, 20% w/w solution in 2N HCI, Acros Organics)
e Polysulfone pellets (MW~35000, Sigma-Aldrich)

e N-Methyl-2-pyrrolidinone (CsHoNO, > 99% purity, Merck)

e DL-histidine (CsHoN3O2,> 99% purity, Sigma-Aldrich)

e Hydrochloric acid (HCI, fuming 37%, Merck)

e Dodecylamine (Ci2H27N, > 98% purity, Sigma-Aldrich)
e Toluene (C¢HsCH3, > 99.9% purity, Merck)

e Octyl(methyl)dimethoxysilane (C11H2602S1, > 95.0% purity, Sigma-Aldrich)

3.2.2 Equipment

TABLE 3.1 List of Equipment

Equipment

Function

Magnetic hotplate stirrer

Teflon-lined autoclave

Vacuum oven
Ultrasonic cleaner

pH meter
Centrifuge

Electronic balance

Rotational viscometer
Model: Fungilab Alpha L

To heat and stir the solution

For hydrothermal synthesis of AMH-3

To dry the solid chemicals

To degas the dope solution and washing of AMH-3
solids

To measure the pH of the solution
To purify the swollen AMH-3

To measure the weighs of the necessary chemicals

To measure the viscosity of PSf dope solutions
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3.3

3.3.1

© N o’

3.3.2

Experimental Procedure
Synthesis of AMH-3

0.704g of sodium hydroxide pellets are dissolved in 28.24g of deionized water.
After 30 minutes of stirring, 1.502g strontium chloride hexahydrate is added
into the solution while heating the solution at 80°C.

After 30 minutes of stirring, 6.26g sodium silicate is added drop wise to
produce a white, cloudy solution.

After another 30 minutes of stirring, 2.17g titanium (III) chloride solution is
added drop wise to obtain a dark purple, cloudy solution.

The solution is stirred vigorously for 60 minutes.

The solution is then poured into a Teflon-lined stainless steel autoclave.

The hydrothermal synthesis is carried out for 3 days at 200°C.

Crystalline AMH-3 is obtained along with colloidal amorphous material.

Purification of AMH-3

The content of the autoclave is diluted to 200ml with deionized water and kept
for 1 hour in an ultrasonic bath.

The suspension is then decanted and the sediment is washed again with 200ml
of deionized water. After 5 minutes, new sediment is obtained.

The washing is repeated 5 times and the precipitate is filtered.

The AMH-3 solids are dried overnight at 80°C in vacuum oven to obtain pure

AMH-3 crystals.
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3.3.3

Proton Exchange & Swelling of AMH-3

0.776g of DL-histidine is dissolved in 25ml of deionized water at 60°C under
vigorous stirring until a clear solution is obtained.

The solution is cooled down to room temperature with continuous stirring.

A few drops of concentrated hydrochloric acid are added until the pH of the
solution is adjusted to pH 6.0.

0.2g of as-made AMH-3 is added to the buffer solution and stirred vigorously
to allow proton exchange.

The swelling agent solution is prepared by dissolving 2.061g of dodecylamine
in 50ml of deionized water at 60°C and continuously stirred for 30 minutes.
After 1 hour from the start of proton exchange, the swelling agent solution is
added drop wise.

After 12 hours of stirring at 60°C, the swollen AMH-3 is obtained.

The product is purified by washing with deionized water and centrifugation for
3 times.

The product is then air dried at room temperature for two days.
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3.3.4 Functionalization of AMH-3

1. 0.2g of swollen AMH-3 is dried overnight in a vacuum oven at 80°C.

2. The swollen AMH-3 is added to a mixture of 4g anhydrous toluene and 0.4g of
octyl(methyl)oxysilane.

3. The functionalization reaction is then carried out under reflux condition for 16
hours.

4. Pure toluene is added into the reaction vessel and agitated to wash the product.

5. The upper solvent of the suspension is decanted after the sedimentation of
AMH-3 particles.

6. The washing is repeated for 3 times.

7. The product is then dried overnight at 60°C in an oven.

| Water out
Condenser
A%:.:l
Water in
(=
; Round bottom flask
Oil bath

Hotplate

L

FIGURE 3.2 Experimental Setup for Functionalization of AMH-3 at Reflux Condition
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3.3.5 Determination of Critical Polymer Concentration

1.

o B~

PSft pellets are dried at 60-80 °C in a drying oven for 24 hours to remove
moisture.

10, 15, 20, 25, 28 wt.-% PSf and corresponding wt.-% NMP solvent are used.
The NMP solvents are stirred on a hot plate at a temperature of 50 °C.

The dried PSf pellets are slowly added into NMP while stirring.

Heating is stopped after all the PSf are added into the solutions. The mixtures
are leaved to continuous stirring for 20 hours.

The viscosity of each PSf/NMP solutions are determined using the Fungilab
Rotational Viscometer (Model Alpha L) at 30 rpm.

The readings are taken and the viscosity curve is plotted based on the readings.
Extrapolated lines are plotted to obtain the critical polymer concentration of

PSf/NMP.
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3.3.6 Fabrication of Polysulfone (PSf) Polymeric Membrane

1.

o B~

10.

11.

12.

13.

14.
15.

16.

PSft pellets are dried at 60-80 °C in a drying oven for 24 hours to remove
moisture.

23 wt.-% PSf and 77 wt.-% NMP solvent are used.

NMP solvent is stirred on a hot plate at a temperature of 50 °C.

The dried PSf pellets are slowly added into NMP while stirring.

Heating is stopped after all the PSf are added into the solution. The mixture is
leaved to continuous stirring for 24 hours.

The dope solution is then transferred to a centrifugal tube and sealed with
parafilm for degassing purpose.

Degassing is carried out for 4 hours to remove the gas bubbles in the dope
solution.

After degassing is done, the dope solution is left for standing in the lab at room
temperature for 24 hours.

The dope solution is again put for degassing for 30 minutes and leave for
standing 30 minutes to fully remove additional gas bubbles if necessary.

A clean glass plate is washed with acetone and dried completely using
compressed air.

The dope solution is now ready to be casted. The homogenous mixture is
poured onto the glass plate.

Membrane casting is then performed with the casting knife and film thickness
1s 200 pm.

The casting knife is pulled from upper to lower of the glass plate to form the
membrane film. Speed should be consistent to prevent defects.

After casting, the film is left to evaporate for 60 seconds on the glass plate.
The glass plate with the film is immersed into coagulation bath which is half
filled up with distilled water for 24 hours.

Membrane is finally dried at room temperature for another 48 hours.
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3.3.7

© N o O

Fabrication of PS{/AMH-3 MMM

1 wt.-% /3 wt.-% / 5 wt.-% of AMH-3 is dissolved in NMP solvent.

The solution is put into an ultrasonic bath for 30 minutes to break the
aggregates of AMH-3.

10% of the required PSf is added into the solution and stirred for 6 hours.

The remaining of the PSf pellets is added into the solution and stirred for 12
hours.

The solution is sonicated for 30 minutes to remove bubbles.

The solution is poured on a glass plate and casted using casting knife.

After casting, the film is left to evaporate for 60 seconds on the glass plate.
The glass plate with the film is immersed into coagulation bath which is half
filled up with distilled water for 24 hours.

Membrane is finally dried at room temperature for another 48 hours.
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3.3.8 Characterization of AMH-3 and MMM

TABLE 3.2 Characterization Techniques

Technique

Description

Fourier Transform Infrared
Spectrometer (FT-IR)
Model: Perkin Elmer
Spectrum One

X-Ray Diffraction (XRD)
Model: Bruker AXS D8
Advance

Surface Area Analyzer and
Porosimetry System (SAP)

Model: Micromeritics
ASAP 2020
Scanning Electron

Microscopy (SEM)
Model: Hitachi TM 3030

Energy Dispersive X-Ray
(EDX) Spectrometry
Model: Bruker Quantax 70

Thermal Gravimetric
Analysis (TGA)

Model: Perkin Elmer

STA 6000

Contact Angle Analysis
Model: ramé-hart Model
290

Purpose: To determine the functional groups and the
silane modified grafting in the AMH-3 layered
silicate.

Procedure: Samples are pulverized and pelletized
with KBr. Range of wavelength: 4000-2500 cm™ and
1300-400 cm?

Purpose: To study the crystallographic structure of
AMH-3.

Parameters:

Cu Ka radiation in (10° — 40°) 26 range, step size 20
=0.02

Purpose: To determine the surface area and pore size
of the AMH-3.

Procedure: Samples are degassed overnight.
Nitrogen adsorption isotherms were performed at
—196 °C.

Purpose: To study the surface and cross-section
morphology of MMM.

Procedure: Samples are freeze-fractured in liquid
nitrogen, coated with platinum and viewed under
operating acceleration voltage of 15 kV.

Purpose: To identify the presence and dispersion of
inorganic filler in MMM.

Purpose: To investigate the thermal stability of
MMM.

Procedure: Samples are heated from 30°C to 800°C
with N2 purging at a heating rate of 10°C/min.

Purpose: To determine the hydrophobicity of the
MMM.

Procedure: Images of water droplets on the
membrane surface were captured and the contact
angle is measured using drop shape analytical system.
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3.4

Gantt Chart

TABLE 3.3 Gantt Chart

Final Year Project |

No. Project Activities Week
1 3 4 6 7 8 9 10 | 11 | 12 | 13 | 14

1 | Confirmation of project topic

2 | Preliminary research work and literature review

3 | Experimental planning

4 | Acquisition of chemicals, glassware and equipment

5 | Submission of extended proposal

6 | Viscometric test

7 | Proposal defense

8 | Submission of interim draft report °

9 | Submission of interim report ]
10 | Synthesis of AMH-3

* Milestone
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Final Year Project 11

No. Project Activities Week
1 6 7 8 9 |10 | 11 | 12 | 13 | 14
1 | Synthesis of AMH-3
2 | Modification of AMH-3
3 | Fabrication of AMH-3/PSf MMM
4 | Fabrication of modified AMH-3/PSf MMM
5 | Characterization of AMH-3
6 | Characterization of MMM
7 | Validation of experimental data
8 | Submission of progress report )
9 | Pre—SEDEX
10 | Submission of draft final report °
11 | Submission of dissertation (soft bound) °
12 | Submission of technical paper °
13 | Viva -
14 | Submission of dissertation (hard bound) °
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Determination of Critical Polymer Concentration

10000 -
Shear rate: 30 rpm
9000 -
8000 -
7000 -
6000 -
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Viscosity (cP)
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3000 +

2000 +

1000 -

0 . =
0 5

Polysulfone Concentration (wt.-%)

FIGURE 4.1 Viscosity vs. Polymer Concentration for PS/NMP Dope Solutions

The viscosity curve of PSf/NMP is shown in Figure 4.1. A sharp slope is
observed as the PSf concentration increases above 20 wt.-%. According to
T. S. Chung et al. (1997), the critical concentration for a polymer/solvent binary system
can be determined by the intersection of extrapolation lines of the two linear parts of
the viscosity curve. Based on Figure 4.1, the critical concentration of PS{/NMP dope

solution is determined to be 23 wt.-%.
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Referring to Peng ef al. (2008), the critical polymer concentration obtained for
PS{/NMP was 29 wt.-%. However, the critical concentration obtained from this
experiment is 23 wt.-%. This is most likely due to the difference in molecular weight
of the PSf used. The polysulfone pellets used by Na Peng et al is Udel P-3500 which
has an average molecular weight 78000 g/mol with polydispersity index of 3.51, while
the average molecular weight of PSf pellets used in this project is only around
35000 g/mol with polydispersity index of 2.19. Yeo et al. (2002) proposed that the
critical polymer concentration increases with the increase of the average molecular
weight and polydispersity of the polymer. Therefore, the result obtained is justified as
the average molecular weight and polydispersity of the PSf used are lower compared

to Peng et al. (2008).

The critical concentration exists due to the intimate intermolecular interactions
and significant polymer chain entanglements (Peng et al., 2008). Chain entanglement,
a nonpermanent structural interaction among polymer chains occurs at high polymer
concentration and the entanglement releases gradually as the solvent concentration
increases (Bird et al., 1987; Lin, 2003). Below the critical concentration, polymer
chains are loosely packed and have high degree of freedom. As a result, the nonsolvent
tend to diffuse and penetrate into the chain spaces of polymer solution and
subsequently form macrovoids. When the polymer concentration exceeds the critical
value, the polymer chains form entanglements as they become closely packed, which
makes the polymer to be more solid-like. Such entangled network structure makes
membranes stronger to balance shrinkage stress, hinders the nonsolvent intrusion, and

hence suppress defects such as the macrovoids formation (Peng et al., 2008).

Thereafter, all the mixed matrix membranes are casted using 23 wt.-% PSf

while varying only the AMH-3 loadings.
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4.2 Characterization Results of Pristine and Functionalized AMH-3

4.2.1 Fourier Transform Infrared (FT-IR) Analysis

Framework 4 membered Si-O0 (i)
Bend

. Si-O asymmetric
stretch crystallinity _ ring (S4R)

Absorbance

T T |:I T IE' T T T :I ::I [I 1
1300 1200 4100 1000 900 800 (700 {600 500 | 400

Wavelength (cm)

(i)

Absorbance

——
—
b —

4000 3800 3600 3400 3200 3000 2800 2600 2400
Wavelength (cm-1)

FIGURE 4.2 FT-IR Spectra of (a) Pristine AMH-3 and (b) Functionalized AMH-3 at
Wavelength of (i) 1300 to 400 cm™! and (ii) 4000 and 2500 cm™'.
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Figure 4.2 shows the FT-IR spectra of the pristine and functionalized AMH-3.
Vibrational bands of nanoporous oxide materials measured between 1300 and
400 cm™ represent the internal Si-O linkages of the SiOs tetrahedral as well as the
external linkages interacting with other tetrahedral or chemical species
(Nair et al., 2005). On the other hand, the spectra in the range of 4000 to 2500 cm’!
provide information on the interlayer hydroxyls and can be used to identify different

types of silanol protons (Morrow & Gay, 2000).

Layer structure of pristine AMH-3 is built of single four-membered rings (S4R)
including four silicon atoms (Sil, Si2, Si3, and Si4) (Jeong et al., 2003). The S4Rs are
assigned to the bands between 650 and 500 cm™!, while the bands between 1150 and
1050 cm are ascribed to the external linkages of Si-O asymmetric stretch
(Nair et al., 2005). Bands shown around 3600 cm™ can be attributed to the hydroxyl
stretching frequencies of the lattice water which is situated in the interlayer space of
original framework (Jeong et al., 2003). The FT-IR spectra for pristine AMH-3
corresponds to the band assignments obtained from literature, indicating the successful

synthesis of AMH-3 layered silicate.

Structural changes can be observed in FT-IR spectra after the functionalization
of AMH-3 layered silicate. The absorption bands between 500 and 420 cm
corresponding to Si-O bend are replaced by only a single band after functionalization.
The absorption bands between 650 and 500 cm™ corresponding to S4Rs become

insignificant after functionalization.

Furthermore, functionalized AMH-3 shows absorption bands of lower intensity
in the range of 720 and 650 cm™. As the intensity of these bands are pertained to the
crystallinity of frameworks, thus the decrease in signal intensities indicates that the

crystallinity decreases (Lezcano et al., 1997).

The pristine and functionalized AMH-3 show considerable differences in the
bands between 4000 and 2500 cm™!. The absorption band around 3600 cm™! for lattice
water is no longer noticeable after the functionalization of AMH-3 as it is being
replaced by the swelling or functionalization agent. Also, the functionalized AMH-3
shows absorption bands between 3000 and 2850 cm™, similar to swollen AMH-3
which are suggested to be the C—H stretching of -CH»— aliphatic chains and CH3. The
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FT-IR spectra of functionalized AMH-3 showed good agreement with the spectra of
swollen AMH-3 in the paper by Choi, Coronas, Sheffel, ef al. (2008).

4.2.2 X-Ray Diffraction (XRD) Analysis

(b)
s -
>
S
O
(a)
10 20 30 40

2 Theta (degree)
FIGURE 4.3 XRD Pattern of (a) Pristine AMH-3 (b) Functionalized AMH-3

Figure 4.3 shows the XRD patterns of as-synthesized AMH-3 and
functionalized AMH-3. The characteristic peaks of as-synthesized AMH-3 in
FIGURE 4.3a indicate the crystalline structure of AMH-3 layered silicate, which is in
good agreement with the previous study by Choi, Coronas, Sheftel, ez al. (2008).

According to Choi, Coronas, Sheffel, et al. (2008), the AMH-3 layered silicate
becomes amorphous after the proton exchange step. Furthermore, the amorphous
structure of the proton-exchanged AMH-3 is maintained throughout the swelling and
functionalization steps (W.-g. Kim ef al., 2011). Consistent with the FT-IR results, the
XRD pattern of functionalized AMH-3 in Figure 4.3b illustrates the decrease in

crystallinity as it becomes amorphous in structure.
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4.2.3 Surface Area and Pore Size (SAP) Analysis
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FIGURE 4.4 N; Physisorption Isotherms for Pristine and Functionalized AMH-3

Figure 4.4 shows the N> physisorption isotherms for pristine and functionalized
AMH-3. With respect to IUPAC classification of adsorption isotherm, the pristine
AMH-3 exhibits an adsorption behavior corresponding to type III, whereas the
isotherm of the functionalized AMH-3 is associated to type II. Both materials of
type II and type III isotherms are categorized as macroporous (Sing ef al., 1985). The
low porosity of the material is possibly due to the small size of 8§ MR apertures and the

blocking of pore by intra and interlayer cations (Choi, Coronas, Sheffel, ef al., 2008).

The specific surface areas are determined using the Brunauer—Emmett—Teller
(BET) technique and the pore size averages are calculated using the Barrett—Joyner—
Halenda (BJH) method. The specific surface area of pristine AMH-3 is obtained to be
18.75 m?*/g and the pore size is 145.27 A. The functionalized AMH-3 showed a BET
surface area of 37.16 m?/g and pore size of 63.35 A.

The increase in surface area after functionalization is most likely due to the
attachment of alkoxysilane to the layer of the inorganic filler (W.-g. Kim et al., 2011).
On the other hand, the decrease of pore size of functionalized AMH-3 might be
resulted by the pore space of the layered silicate being occupied by the bonded alkyl
phase (Jal et al., 2004).
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4.3 Characterization Results of Mixed Matrix Membranes

4.3.1 Scanning Electron Microscopy (SEM) Analysis

2015/08/07 HL D9.0 x200 500 um

2 ?

2015/08/07 HL D9.4 x200 500 um

2015/08/06 HL D81 x10k 100 um

2015/08/07 HL D9.4 x200 500 um

FIGURE 4.5 Surface Morphology for MMM with Different Loadings of AMH-3 at
(a) 1 wt.-%, (b) 3 wt.-%, and (c) 5 wt.-%; and Cross-Section Morphology of MMM
with (d) 1 wt.-%, (e) 3 wt.-%, and (f) 5 wt.-% of AMH-3.
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SEM characterization is aimed to determine the extent of adhesion and
dispersion of AMH-3 in PSf matrix. Figure 4.5 illustrates the surface and cross-
sectional morphologies of MMM with different loadings of pristine AMH-3. Particle
distribution in matrix continuous phase is an important factor that affects the
performance of MMM (Aroon et al., 2010). The uniform scattering of white particles
on the surface of MMM implies good distribution and dispersion of AMH-3 in Figure
4.5a, 4.5b and 4.5c. The particles tend to agglomerate as the filler loading increases,
due to the increase contact of the particles. At 5 wt.-% of AMH-3 loading in MMM,
big white spots of the filler are observed on the surface morphology, indicating particle
agglomeration. Therefore, the optimum loading of the pristine AMH-3 in MMM is
most likely 3 wt.-%.

Figure 4.5d, 4.5¢ and 4.5f show the cross-sectional images of MMM at
increasing loading of AMH-3. All of the MMM s show finger-like voids. It is observed

that there are minimal formation of voids surrounding the AMH-3 fillers.

Figure 4.6 shows the surface and cross-sectional images of MMM incorporated
with functionalized AMH-3. Similar to MMM of pristine AMH-3, the surface
morphologies of MMM with functionalized AMH-3 show good distribution and
dispersion of AMH-3 fillers. No obvious particle agglomeration of functionalized

AMH-3 is observed in the surface morphology of MMM s.
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FIGURE 4.6 Surface Morphology for MMM with Different Loadings of
Functionalized AMH-3 at (a) 1 wt.-%, (b) 3 wt.-%, and (¢) 5 wt.-%; and Cross-Section
Morphology for MMM with (d) 1 wt.-%, (e) 3 wt.-%, and (f) 5 wt.-% of Functionalized
AMH-3.
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4.3.2 Energy Dispersive X-ray (EDX) Analysis

TABLE 4.1 Elemental Composition of MMM Incorporated with Pristine AMH-3
PS/AMH-3 | 1wt-% | 3wt-% | 5wt-%
Element Weight %
C 73.26 69.73 65.90
@) 19.18 21.39 24.43
S 6.78 6.34 5.33
Si 0.77 2.54 4.34

TABLE 4.2 Elemental Composition of MMM Incorporated with Functionalized

AMH-3
PSf/IFAMH-3 | 1wt-% | 3wt-% | 5wt-%
Element Weight %
C 71.79 69.09 67.13
0 21.01 22.56 22.89
S 6.44 5.42 5.48
Si 0.76 2.93 4.50

The composition of the major elements in the MMM incorporated with pristine
AMH-3 and functionalized AMH-3 are listed in Table 4.1 and Table 4.2. The silicon
content verifies the presence of AMH-3 in the MMM, whereas the sulfur element
indicates the PSf polymer. Based on the EDX analysis, the weight percent of silicon
element is consistent with the loading amount of AMH-3 in MMM.
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FIGURE 4.7 Element Mapping of Silicon for MMM Incorporated with Pristine
AMH-3 of (a) 1 wt.-%, (b) 3 wt.-%, (¢) 5 wt.-% and (e) 1 wt.-%, (f) 3 wt.-%,
(g) 5 wt.-% of Functionalized AMH-3.

Figure 4.7 illustrates the mapping of silicon in MMM for different loading of
pristine and functionalized AMH-3. In agreement with the SEM analysis, the uniform
scattering of silicon element indicates good distribution and dispersion of the AMH-3

filler in the MMM.

In summary, the surface and cross-sectional morphologies of both pristine
AMH-3 MMM and functionalized AMH-3 MMM are quite similar. The gas separation
performance of MMM is highly affected by the morphologies of MMM. The MMM
showing good adhesion and dispersion of both pristine and functionalized AMH-3 are

expected to show good gas separation performance.
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4.3.3 Contact Angle (CA) Analysis

Contact angles of the membranes were measured using contact angle
goniometer at room temperature, in order to examine the surface properties of the
membranes. Images of water droplets on the membrane surface were captured by a
computer controlled video capture system. The contact angle for each samples are

listed in Table 4.3.

TABLE 4.3 Contact Angle of Mixed Matrix Membranes

Sample Contact Angle (°)

Pure PSf 66.6
PSf/1wt% AMH-3 64.4
PSf/3wt% AMH-3 63.7
PSf/5wt% AMH-3 62.1
PSf/1wt% FAMH-3 68.0
PSf/3wt% FAMH-3 70.8
PSf/5wt% FAMH-3 83.5

Based on Table 4.3, it is observed that mixed matrix membranes incorporated
with pristine AMH-3 are more hydrophilic as the contact angle are smaller; whereas,
the MMM with functionalized AMH-3 showed greater hydrophobicity with larger
contact angle. This proves that the modification of AMH-3 increases its
hydrophobicity. Koyano et al. (1997) have shown similar findings in which the MCM-
48 and MCM-41 silicas became more hydrophobic after functionalization by
trimethylsilylation. The increase of hydrophobicity in AMH-3 allows better

compatibility with polysulfone which is hydrophobic in nature.
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4.3.3 Thermal Gravimetric Analysis (TGA)
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FIGURE 4.8 TGA Curves of Neat PSf Membrane and MMMs

Thermal gravimetric analyzer measures the mass loss of a polymer as a
function of temperature. The samples are heated from 30°C to 800°C with a rate of

10°C/min. Figure 4.8 shows the weight loss curves of PSf membrane and MMMs.

Generally, MMMs are expected to exhibit enhanced thermal stability by
incorporation of inorganic fillers. Based on Figure 4.8, the neat PSf membrane shows

a substantial weight loss occurring at around 530°C.

As for MMM with pristine AMH-3, the degradation takes place at a slightly
lower temperature of 510°C. This is probably due to the desorption of strongly-
bounded water molecules binding in the gallery space (Choi, Coronas, Sheffel, et al.,
2008). The functionalized AMH-3 MMM shows a decomposition temperature at
530°C indicating slight improvement of the thermal stability of AMH-3 by

functionalization.
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The residual mass of MMM with pristine AMH-3 is the highest followed by
the MMM with functionalized AMH-3, while the pure PSf membrane showed the
lowest residual weight at 800°C.

It can be assumed that the thermal stability of PSfis not changed to great extent
by the incorporation of pristine and functionalized AMH-3.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

AMH-3 layered silicate was successfully synthesized via hydrothermal
synthesis and subsequently verified by FT-IR and XRD analysis. Surface modification
of AMH-3 was then carried out by proton exchange and swelling followed by
functionalization using silane group. The functionalization of AMH-3 can be further
validated by NMR analysis. After functionalization, the AMH-3 shows higher surface

area and reduced pore size.

The critical concentration of PSf in NMP solvent was determined by
viscometric method as 23 wt.-%. All the MMMs are casted with the optimum

concentration of 23 wt.-%.

Mixed matrix membranes were then fabricated with 1, 3, 5 wt.-% of pristine
and functionalized AMH-3 in polysulfone matrix. The SEM analysis shows good
distribution and dispersion of AMH-3 in MMM. The surface and the cross-sectional
morphology of pristine and functionalized AMH-3 are similar. The functionalization
of AMH-3 is found to improve the hydrophilicity of the AMH-3 and thus allow better
adhesion and compatibility with polysulfone. Based on the thermal gravimetric
analysis, incorporation of AMH-3 and functionalized AMH-3 into MMM show similar

TG curves.

The incorporation of pristine and functionalized AMH-3 in PSf membrane is

expected to enhance the gas separation performance of the membrane.
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5.2 Recommendations

The following are some recommendations for future implementation on the project:

. Improve the proton exchange, swelling and functionalization steps for AMH-3
to be more effective and efficient.

« Conduct gas permeation test for the MMMs to study the gas separation
performance.

« Incorporate AMH-3 inorganic filler into different polymers such as polyimide,

polyethersulfone.
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APPENDIX

Calculations

To calculate the volume and weight adjusted for a given weight percent

Fabrication of PSf membrane — 10mL dope solution of 23 wt.-% PSf and 77 wt.-%
NMP

Density psr: 1.24g/mL
Density nmp: 1.03g/mL

Taking 100 gram as basis

Volume = Weightpsy = 239 = 18.55mL
pSs Densitypsy 1.24 g/mL '
Weight 77
Volume yyp = ——INMP _ Y 7476mL

Densityyyp 1.03 g/mL
Volume psryyyp = 18.55mL + 74.76 mL = 93.31mL

Volumeg,pe sotution

Volume adjusted yyp = Volume yyp X

Volumepss i nmp
— 7476 mL x ™ML
— M X 331 mL
= 8.01 mL

Volumeg,pe sotution

Volume adjusted pgy = Volume pgr X

Volumepssy nmp
— 1855 mL x 0 ™ML
T O M X a3 3 L
=1.99mL

Volume adjusted pgf

Weight adjusted psr = Densityps

=1.99mL x 1.24 g/mL

=247g
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