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Abstract

In" this research, polymer blend membranes of partially hydrolyzed ethylene
vinyl acetate copolymer (p-EVA)/polyethylene glycol (PEG) with amine-modified SiO,
were developed to improve the CO,/CH,4 selectivity from biogas. The variants for CO,
permeability were investigated, including hydrolysis of EVA, PEG molecular weight and
loading (5-15%wt) and surface-modified SiO, content (0.3-0.9%wt). 3-aminopropyl
triethoxy silane (APTES) was employed to modify on the SiO, surface in order to
generate the interaction between amino groups and CO, molecules, and following the
modification 64% active amine sites were detected on SiO, surface. It was found that
EVA was partially hydrolyzed at about 44%, and called as p-EVA. p-EVA membrane
possessed greater tensile strength and Young’s modulus but lower CO, permeation
rate than EVA, because of the intermolecular hydrogen bond in p-EVA. In addition,
when 5-15%wt PEG was blended with p-EVA, T, of p-EVA was decreased simultaneously
with tensile strength owing to the plasticizer effect of PEG, whereas T, and X. were
insignificantly changed, implying that PEG could not interfere the crystalline phase of
p-EVA. For morphological study, there were some cavities in the cross-sectional area
of p-EVA/PEG blend membrane. Besides, the size of cavities was larger with higher
amount of PEG loadings. The CO, permeation of p-EVA/PEG blended membranes was
higher than that of p-EVA and EVA due to strong interaction between ether groups and
CO; molecules. Moreover, the CO, permeation of p-EVA/PEG1450 was greater than
that of p-EVA/PEGA00 because of the higher ether oxygen concentration in PEG with
1450 g¢/mol. Furthermore, the CO,/CH; selectivity was decreased with increasing
amount of PEG. Therefore, the amino-functionalized SiO, (AFS) (0.3-0.9%wt) was added
into the membrane with 15%PEG using PEG with M,, of 400 g¢/mol (p-EVA/15PEGA00),



\Y

and PEG with M,, of 1450 g/mol (p-EVA/15 PEG1450). It was revealed that the CO,/CH,
selectivity was obviously improved with AFS addition. Additionally, it was presented
that CO, permeation was increased in p-EVA/15PEGA00 with 0.3-0.6%wt of AFS.
However, p-EVA/15PEG400 at 0.9%wt of AFS and p-EVA/15PEG1450 using 0.3-0.9%wt
of AFS lowered CO, permeation due to agglomeration of AFS particles in matrix phase.
Accordingly, the optimum formula for CO, separation is p-EVA/15PEG400 at 0.6%wt of
AFS with CO, permeability 1402.34 ¢/m*day and 22.31 of CO,/CH, selectivity.
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Chapter 1

Introduction

1.1 Research motivation

Nowadays, most of the energy around the world comes from burning oil. The
contribution of renewable energy is almost negligible. However, it will change in the
future due to an increase of oil prices. Thailand is an agricultural country that is the
most world-leading manufacturer and exporters of agricultural products each year [1].
Nevertheless, there are many agricultural by-products that are wastes. As mentioned
above, it is interesting to reduce the number of those things. Utilization of waste
biomass with its conversion to be useful energy by fermentation process that can be
treated as the most effective technology for this purpose. Biomass has three main
sources, such as solid waste, wastewater sludge, animal and food wastes. Biomass-fed
into an anaerobic digester undergoes hydrolysis, acidogenesis, acetogenesis and
methanogenesis. During the final stages of methanogenesis, microorganisms convert
hydrogen and acetic acid to form CH,; and CO,. Normally, a range of 50-75% of CHg is
expected to be produced in the biogas plant [2].

Biogas contains a mixture of different gasses that consist of methane (CH,) 50-
75%, carbon dioxide (CO,) 30-45% and may have a small amount of hydrogen sulfide
(H,S), siloxane and moisture [3]. Currently, utilization of CHg is so attractive. This is
because CH; can be used for any heating purpose such as, cooking and electricity.
Therefore, CO, must be separated from biogas. This is because remaining of CO, leads
to a decrease of heating value. Thus, purification of CHs by removal CO, has been
investigated [4-5]. Conventional processes for CO, capturing are based on reversible
chemical or physical adsorption using amine scrubbing and cryogenic distillation.
However, these processes are high energy-consuming in terms of solvent regeneration
and high operating cost. Therefore, polymeric membranes for separation are the
candidates owing to their advantages, for example, simplicity, lower operating costs
and low environmental impacts as compared to other conventional technologies.

Generally, most of industrial gas separation processes require high pressure as
a driving force. Therefore, engineering polymers with excellent mechanical and thermal
properties, such as polyether-block-amide (PEBAX), polyurethane (PU), polyimide (PI),
polysulfone (PSU), etc. have been developed for membrane fabrication. On the other
hand, this research carries out the permeation system under ambient pressure
condition and concentration gradient as the basis for gas permeation. Thus, it is

unnecessary to prepare the membrane from an engineering polymer. Consequently,



ethylene vinyl acetate copolymer (EVA), a commercial polymer, was selected to be
the membrane.

Mousavi SA. et al. [6] studied effect of preparation conditions on morphology
and gas permeation properties of polyethylene (PE) and EVA films. The difference
between percentages of vinyl acetate including 18%wt and 28%wt were investigated.
PE and EVA films were fabricated by film blowing process and phase inversion method,
respectively. In addition, CO, and O, permeabilities of the films were determined. As
compared with PE film, the presence of VA functional group in EVA film resulted in an
enhancement of CO, permeation due to the polarity of CO,, which has an interaction
with VA polar groups in the copolymer. Besides, adding a higher amount of VA
functional groups in EVA (18%VA and 28%VA) leads to a higher CO, permeability of the
film. In contrast, PE film was fabricated by film blowing process that induces an
increase of crystalline phase fraction because of the orientation of polymer chain along
with machine direction (MD) and transverse direction (TD) during process. Hence, a
decrease in CO; permeability of the films were observed. Moreover, the presence of
VA functional group gives a higher CO,/O, permselectivity of EVA films as compared to
PE films.

Zamiri MA. et. al. [7] studied on effect of polyethylene glycol (PEG) in EVA/PEG
blend membranes for CO,/N, separation. The different molecular weight (M,,) of PEGs
(200, 1000, and 1500 g/mol), amount of PEG (0-20%wt) and feed pressure (2-8 bar)
were evaluated. The pure EVA and blend membranes were prepared by solution
blending. The result from DSC revealed that adding PEG in membrane led to a
decrease in %crystallinity. However, the permeability of both CO, and N, were
increased by adding PEG to the blend because incorporation of PEG provides more
amorphous domains (free volume) in the EVA phase, leading to an increase in diffusion
of CO, and Na. Anywise, CO, permeability was higher than N, owing to strong interaction
between CO, and ether oxygen in PEG molecule. The blends with lower M,, of PEGs at
10%wt showed better CO, permeability and CO,/N, selectivity performance because
PEG with lower M,, in blend membrane provides a higsher amorphous phase due to the
higher segmental mobility and less convenient geometrical alignment. Additionally, an
effect of feed pressure showed that increasing the feed pressure (2-8 bar) led to an
increase in CO, permeability but a decrease in N, permeability was observed.

In previous works, EVA was selected to use in membrane technology
application because it is a commercially available plastic (cost efficiency) with good
properties. In addition, physical and chemical properties of the EVA membranes can
be changed because of various percentages of vinyl acetate (%VA). Therefore, this
copolymer is selected to use in this research for CO, separation because of the strong

interaction of polar carbonyl group in vinyl acetate segment and CO, gas molecules.



The hydrophilicity of the membrane would enhance a selective CO2 permeation,
hence EVA with 33% VA was chosen because it has greater carbonyl functional groups
from higher vinyl acetate content. However, EVA with 33%VA has physical appearances,
which are sticky and weak mechanical properties, it was modified to improve the

mechanical properties.

1.2 Objectives of the study

1) To improve the mechanical properties of membrane via hydrolysis reaction.

2) To understand the effect of polyethylene glycol (PEG) with various molecular
weights on the CO, permeability and CO,/CHj, selectivity.

3) To study the effect of amine-functionalized silica (AFS) on CO,/CHy selectivity.

1.3 Scopes of the study

1) Modification of EVA copolymer (33%VA) to be the partially hydrolyzed EVA (p-
EVA) with KOH solution

2) Modification of partially hydrolyzed EVA (p-EVA) by blending with polyethylene
glycol (PEG) at 5, 10 and 15%wt with molecular weights of 400 and 1450 g¢/mol

3) Surface modification of SiO, with 3-Aminopropyltriethoxysilane (APTES)

4) Incorporation of amine functionalized SiO, (AFS) into the p-EVA/PEG blend
membranes with 0.3, 0.6 and 0.9%wt

5) Fabrication of the membranes using a compression molding technique

6) Examination of functional groups and interaction in the membranes using Fourier-
transform infrared spectroscopy in attenuated total reflection mode (ATR-FTIR)

7) Quantification of the elementals on AFS surface with CHNS analysis

8) Quantification of number of amine sites on AFS surface using back titration

9) Determination of the electronic structure of the surface species using X-ray
photoelectron spectroscopy (XPS)

10) Investigation of thermal properties of membranes using differential scanning
calorimetry (DSC)

11) Morphological characterization of membranes using scanning electron
microscopy (SEM)

12) Measurement of the mechanical properties of membranes using universal
testing machine (UTM)

13) Study on CO, and CH, permeabilities of the membranes



1.4 Benefits of the study

The hydrophilicity of modified membranes could improve the CO, permeability
and also possess an excellent CO,/CH, selectivity. Therefore, CHy can also be purified
in order to enhance the combustion efficiency of biogas. Moreover, the mechanical
properties of modified membranes can be obtained. The received knowledge on gas
permeation and separation can be applied for other applications of polymeric

membranes.



Chapter 2
Theory and literature reviews

2.1 Biomass

Biomass refers to a non-fossilized and biodegradable organic material that
initiates from plants, animals and micro-organism. This shall also include products, by-
products, residues and waste from agriculture, forestry and related industries. Biomass
also includes only living and recently dead biological species that can be used as fuel
or in chemical production. It does not include organic materials that have been
transformed by geological processes into substances, such as coal or petroleum.
Biomass comes from botanical (plant species), biological (animal waste or carcass)
sources, or a combination of these [8]. The common sources of biomass are depicted
in Table 2.1.

Table 2.1 Common sources of biomass [8]

. Food grain, Bagasse (crushed sugarcane), Corn stalks, Straw,
Agricultural
Seed hulls, Nutshells, Manure from cattle, Poultry and Hogs
o > Trees, Wood waste, Wood or bark, Sawdust, Timber slash and
ores
Mill scrap
\* Sewage sludge, Refuse-derived fuel (RDF), Food waste, Waste
Municipal N,
paper and Yard clippings
\ Poplars, Willows, Switcherass, Alfalfa, Prairie bluestem, Corn,
ner
¥ Soybean, Canola and other plant oils
Biological Animal waste, Aquatic species and Biological waste

2.1.1 Types of Biomass

Biomass is obtained from a variety of sources as shown in Figure 2.1. It
composes of all plants and plant-derived from materials, including livestock manures.
Primary or virgin biomass is directly derived from plants or animals. Waste or its
derivatives can be produced from different biomass-derived products waste [9].

Biomass may also be divided into two categories as listed in Table 2.2.




Table 2.2 Two major groups of biomasses and their sub classifications [8]

Virgin

Terrestrial biomass

- Forest biomass
- Grasses
- Energy crops

- Cultivated crops

Aquatic biomass

- Algae
- Water plant

Municipal waste

- Municipal solid waste
- Biosolids

- Sewage

- Landfill gas

Agricultural solid waste

- Livestock and manures

- Agricultural crop residue

Waste

Forestry residues

- Bark,
- Leaves

- Floor residues

Industrial waste

- Demolition wood
- Sawdust

- Waste oil or fat
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Figure 2.1 Common sources of biomass [10]




2.1.2 Biomass formation [11]

Botanical biomass is formed in the presence of carbon dioxide (CO,) in the
atmosphere, sun light energy, chlorophyll and water in order to produce the
carbohydrate. Plants absorb solar energy that was used for the process called

photosynthesis. This process may be represented by Figure 2.2 and Equation 2.1:
6(:02 + 6H20 + SUﬂllght e C6H1206 + 602 (21)
Metabolic processes in the plant was transformed the following compounds

into secondary products.

Carbohydrates: Starch, inulin, cellulose, sugar, pectin

Fat: Fat, fatty acid, oil, phosphatides, waxes, carotene

Protein: Protein, nucleoproteid, phosphoproteid

Vitamin: Vitamins, enzymes, resins, toxins, essential oils.
Sunlight

Carbon
dioxide

Figure 2.2 Photosynthesis process of plants [12]

2.1.3 Biomass-to-renewable energy [9]

Biomass-to-renewable energy process involves the synthesis or breakdown of
organic compounds that constitute different types of biomasses. These organic
compounds range in their complexity and contain numerous functional groups that
influence the ultimate structure and chemistry of biomass. There are several processes

to transform biomass into solid, liquid or gaseous secondary energy carriers. These



products can be generated from combustion, thermo-chemical, physical-chemical and
biochemical transformation. The schematic of transformation of biomass to secondary

energy source is illustrated in Figure 2.3

2.2 Anaerobic process for biogas production

Biogas mainly composes of methane and carbon dioxide and contains several
impurities. However, biogas with a methane content higher than 45% is flammable
[11].

Biological conversion of biomass to renewable energy products involves
biochemical reactions that convert organic substrates into products for energy
production. For example, organic wastes can be changed to methane or hydrogen
through anaerobic digestion. In an anaerobic digestion, a consortium of anaerobic
bacteria converts the organic compounds into biogas under oxygen-free environmental
conditions. The process can be divided into four main steps: hydrolysis, acidogenesis,
acetogenesis and methanogenesis. Each of the four steps involves different

biochemical reactions with different substrates and microoreanisms [13].

2.2.1 Hydrolysis

Original organic waste materials usually contain large-molecules compounds,
such as carbohydrates, proteins, lipids and celluloses. These organic compounds are
hydrolyzed and cracked into monomer by exoenzymes (hydrolase) of facultative
bacteria (active in both environments with and without oxygen) and obligate anaerobic
bacteria (active only in the environment without oxygen). The facultative anaerobic
microorganisms consume the oxygen dissolving in the water and thus causes the low
redox potential necessary for obligatorily anaerobic microorganisms. Actually, the
covalent bonds are destroyed in the chemical reaction with water.

The hydrolysis of carbohydrates takes place within a few hours but the
hydrolysis of proteins and lipids occurs within a few days. Lignocellulose and lignin

were slowly and incompletely degraded.

2.2.2 Acidogenesis
The monomers (sugars, fatty acid, amino acid and peptides) formed in the
hydrolytic phase are fermented by the anaerobic bacteria to volatile fatty acid (short-
chain organic acid), such as propionic and butyric acid during the acidogenesis. Similar
to the hydrolysis process, acidogenesis also produces a small amount of acetic acid,

hydrogen and carbon dioxide.
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2.2.3 Acetogenesis

In the acetogenic phase, the volatile fatty acids and alcohol were degraded into
acetic acid by acetogenic bacteria. Limitation of degradation rate in the final stage

depends on acetogenic phase. Thus, the quantity and the composition of biogas can
rely on the activity of the acetogenic bacteria.

2.2.4 Methanogenesis

In the fourth stage, the methane formation takes place under strictly anaerobic

conditions. The pathway for the formation of methane from acetate and/or CO; in
microorganism is shown in Figure 2.4.

CHyCOOH O

k— 2H )
| Enzyme:
Coenzyme A »H Dehydrogenase

. Methanofuran - C
CHg CO-S - GoA 4 Synthesis et A 2o

Enzyme: Ftr
Enzym: - sH
CO-Dehydrogenase H4- Methanopterin - C So
CH,-CO-CO-Dehydrogenase G , Enzyme: Fae
H,4- Methanopterin - CH
2H * Enzyme: Fag

Corrinoid-CHg CO-CO-Dehydrogenase H,4 - Methanopterin - CH,

CoM i zm Enzyme: Fae
HO H,- Methanopterin - CHg
CoM-CH oH
Enzyme:
Methyltransferase
Corrinoid-CGH
ol : “ CaM-S-CH,
CHqy

Figure 2.4 Methane formation from acetate (left) and carbon dioxide (right) [11]

The whole anaerobic digestion process is complete when both hydrogen and
acetic acid are converted to methane during the methanogenesis. The anaerobic

process to produce organic compounds to methane and carbon dioxide is displayed
in Figure 2.5.

Hydrolysis

Acetogenesis ~ Methanogenesis
With the aid of extra cellulare enzymes

Carbonic acid, alcolhols, acetate

Acidogenesis

In solution: Short chained acids, Hoiiio-
Carbqn hydrates, Short chained sugar, Alcohols, acolos
Proteins, —Ami i — > CH,, CO2, HD
mino acids, CO.H genesis
Fats Fatty acids, 202
Glycerine
602+ H2
S
Sulfate reduction He
=——————— NHa, NH
Nitrate reduction Sl

1* stage
One or two tanks

2™ stage
Possibly separate tank

Figure 2.5 Biochemistry of the methane production [11]
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2.3 Biogas purification [11, 13-14]

Biogas mainly contains 50%-80% of methane and 20%-40% of carbon dioxide
as well as some minor gas components, for example, hydrogen sulfide (0.05%-1%).
The components of biogas are illustrated in Table 2.3. Among the components,
methane is the only one that can generate energy through combustion. CO, does not
change during the combustion, but its existence dilutes methane concentration.
Therefore, the completed combustion can occur at high temperature. Hydrogen sulfide
is oxidized into sulfur dioxide and water, which forms sulfuric acid. Sulfuric acid is a
very strong acid and corrosive. This acid can rapidly dissolve metal parts of the
combustion engines, especially at high temperatures.

The removal of CO, and H,S could upgrade the biogas to natural gas (>99%
methane). As natural gas, purified biogas can then be sent to the natural gas lines for

households or used as fuel for the automobiles that utilize natural gas.

Table 2.3 Typical components and impuirities in biogas [11]

Component Content Effect

CcO, 25-50% by vol. | - Lower the calorific value
- Increase the methane number and the anti-
knock properties of engines

- Cause corrosion (low concentrated carbon acid)

H.S 0-0.5% by vol. | - Corrosive effect on equipment and piping
systems (stress corrosion); many manufacturers of
engines set an upper limit of 0.05%

- The emission of SO, can be obtained with

imperfect combustion of H,S

NH5

0-0.05%
by vol.

- NOy emissions after burners damage fuel cells

- Increase the anti-knock properties of engines

Water vapor

1-5% by vol.

- Causes corrosion of equipment and piping
systems

- Condensate damage instruments and plants

Dust > 5 um. - Block nozzles and fuel cell
N2 0-5% by vol. | - Lower the calorific value
. , | - Act likes an abrasive resulting in damaged
Siloxanes 0-50 mg/m

engines
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2.3.1 H,S Scrubbing from biogas [11, 13]
The concentration of hydrogen sulfide in biogas depends on the waste
materials treatment in anaerobic digesters. Biogas is generated from the anaerobic
digestion of concentrated animal wastes that usually contain a high level of hydrogen

sulfide, as shown in Table 2.4.

Table 2.4 Hydrogen sulfide concentration in biogas from different organic wastes [13]

Waste material H,S in Biogas (ppm)
Swine manure 600-4000

Cattle manure 600-7000
Landfill wastes 0-2000

Currently, there are several methods to remove H,S from biogas, including
precipitation, physical adsorption, chemical absorption and biological oxidation.

Precipitation: when H,S was produced during the anaerobic digestion that is
dissociated in water. Many metal ions (Fe?", Fe®*, Cu*, Zn**, Mn**, Ni**) can react with
sulfide ion to form precipitation. Among these metals, the most economical choice is

iron in the form of iron chloride, iron phosphate and iron oxide.

Physical adsorption: H,S can be adsorbed on porous media, such as activated
carbon and zeolites. The adsorption process is a clean process without any by-
products. It is very expensive process because H,S adsorption on activated carbon or
zeolites is irreversible so it takes a large amount of adsorbent.

Chemical absorption: similar to precipitation, H,S reacts with chemicals such as

Fe(OH),, FeCls to form solids and water, so H,S can be removed from the biogas. In
practice, Fe(OH), or FeCls sponges were installed in biogas pipeline. When the wet
biogas passes through the sponges, H,S was removed from the biogas. The chemical
absorbents need to be replaced when their H,S-absorbing capacity is exhausted.

Biological oxidation: in practical terms, the biological oxidation is usually

achieved by passing the biogas through moisturized biofilters or fixed film bio-scrubbers
with attached H,S-oxidizing aerobic bacteria. Prior to the biogas entering the biofilters
or film bio-scrubbers, a small amount of air (usually 2-4% of the biogas volume) is
added to the biogas to provide oxygen for the oxidation. The biological oxidation has

been proven to be a very economical process for removing H,S from biogas.
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2.3.2 CO, Scrubbing from biogas [11]
Typically, methane-enriched biogas contains a methane concentration more
than 95%. To reach this concentration, CO, has to be removed.

Physical adsorption: in industrial practice, pressurized water is usually used in

scrubbing towers to remove CO, from biogas. When the biogas passed through a CO,
scrubbing tower filled with pressured water, most of CO, can be dissolved in water as

shown by the following equation:

The relationship between CO, in gas and H,CO; in water is determined by
Henry’s law. At high pressure, the phase equilibrium between CO; in gas and H,COs in
water is favorable toward the dissolution of CO, into the water. The CO, removal
efficiency in the scrubbing towers filled with pressured water can be as high as 99%.

Chemical absorption: even higher loads and selectivity are achieved with

chemical absorbents. Chemical absorption into alkaline solvent occurs under medium
or low partial pressure. Absorbents are mainly amine, for instance, monoethanolamine
(MEA), diglycolamine, diethanolamine (DEA), triethanolamine and dimethylethano-
lamine (DMEA) or a hot potassium carbonate solution. The absorptive power of amine
is impaired by impurities in the biogas, such as solid particles, SO,, NOyx and oxygen.
The precleaning of the biogas from such impurities is applied before chemical
absorption for cleaning exhaust gas streams, which contains organic materials.
Additionally, for satisfaction in an industrial-scale the installations of chemical base on
glycol, e.g., polyethylene glycol dialkyl ether are required.

Cryogenic biogas purification: cryogenic or low-temperature biogas purification

is a procedure, which has not yet been sufficiently tested. It is expected to deliver
methane of a quality suitable for vehicles. After compression to approximately 200 bar
and liquefaction of biogas, the impurities like H,S are adsorbed onto molecular sieves
as depicted in Figure. 2.6.

The liquefied gas mixture is then separated by means of low-temperature
distillation, often called “very low-temperature rectification” at approximately 30 bar,
because the cooling causes an appropriate reduction of the pressure. The technology
of the separation is based on the different boiling points of the biogas components: at
a pressure of 50 bar CHy is liquefied at -80 °C and CO; at 15 °C. CO, and CH4 are drawn
off in liquid form. The liquefied CHjy is stored at -161 °C, when atmospheric pressure is
applied, and the CO, in pressure vessels at 20 bar at ambient temperature. The
advantage of the liquefication of biogas is high purity of CHs. However, the large power

consumption procedure is needed, leading to a very high cost.
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T Biogas
97-98 % CH,
2-3%CO0.
10 - 12 bar

Drying with
molecular sieve

| S— Rectification column
e
Chiller Biogas
65 % CH,
/—j 35% CO;
) i) 10-12 bar
2
Gasholder -
( ¢
s %J Vacuum-pump

- Droplet separator
Figure 2.6 Gas liquefication plant with deep-temperature rectification [11]

2.4 Membrane technology

Membrane is a thin layer that is made from various materials, such as metal,
ceramic and polymer. In addition, it is a semi-permeable active or passive barrier, which
under a certain driving force, permits preferential passage of one or more selected
species or components (molecules, particles or polymers) in a gaseous and/or a liquid

mixture solution as displayed in Figure 2.7 [15].

FEED Driving PERMEATE
Forces: AC, Ap etc.

Figure 2.7 Schematic diagram of gas separation process by a membrane [15]
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2.4.1 Materials for gas separation membrane [15]

In order to determine the separation efficiency of a membrane, the selection
of membrane material is the most important factor for gas separation. This is because
the membrane material can be interacted with gas molecules.

The choice of materials is based on the application and cost-effectiveness. The
most important requirements of effective separation materials are:

1. Engineering potentiality

2. Good chemical resistance

3. High separation efficiency with reasonable high flux

4. Good mechanical stability

5. High thermal stability

6. Low cost

2.4.2 Membrane in gas separation [16-17]

This technique can be called “Diaphragm technology”, which is still very new
technique. However, this process is very important role for separation in an industry
because it operates without heating, resulting in low-energy consumption.

Gas separation is the ability to separate substance using a membrane that is
divided into 2 mechanisms for porous and dense membrane.

1. Gas diffusion mechanism

Gas diffusion mechanism is occurred in porous membranes that have inter-
connected pores in membrane. Chemical potential eradient acts as a driving force to
push gas pass through the membranes. The chemical potential may exist in the form
of concentration, partial pressure, electric filed and temperature, which is classified
into 3 types as shown in Figure 2.8.

1) Knudsen diffusion: this separation occurs when the diameter of porous in the
membrane is smaller than mean free path (distance which gas molecules can be
moved without collision). So, the molecules of gas diffuse into the porous rather than
collide. Especially, smaller and lighter molecules can permeate through the
membrane.

2) Molecular sieving: this separation of gas follows by different sizes of
molecules as compared with the pore size of the membrane. Thus, only molecules,
which are smaller than a porous, leading to the gas permeability through the
membrane.

3) Surface diffusion: this separation occurs when the molecules of gas are
adsorbed on the porous surface. Then gas molecules are diffused through these
porouses due to concentration gradient. Moreover, the adsorbed gas on the porous

surface can be permeated throughout the membrane.
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Figure 2.8 Mechanism of gas transport through the porous membranes [18]

2. Gas permeation mechanism [17, 19]

For dense membranes, gas permeation through the membrane is explained by
the solution-diffusion mechanism. The different concentrations between upstream and
downstream of the membrane is called concentration gradient. This is an important
key to determine in the permeability of each gas that transfers through the dense
membrane. Moreover, the duration of permeation depends on the thickness when the
thickness is low, resulting in fast permeability.

The solution-diffusion mechanism is described in 3 steps:

1) Gas molecules are adsorbed on the upstream side of the membrane.

2) Diffusion of the absorbed species through the membrane driven by the
concentration gradient (partial pressure difference).

3) Gas molecules desorption on the downstream side of the membrane. The

mechanism is illustrated in Figure 2.9.
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Figure 2.9 Gas transport mechanism through dense membranes [19]
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In addition, permeability relates to both thermodynamic factors, such as
condensability of the gas species and its interaction with the membrane. Besides, the
kinetic factors are mainly controlled by the size of gas molecules, membrane
material’s segmental mobility and packing, fractional free volume.

Selectivity is another important parameter of the membrane that is the ability
to separate two gases. Membranes have different permeabilities for each gas. The
selectivity of gas permeation is relative to how fast of each gas permeability in the
dense membrane. The ideal permeability and selectivity, is commonly called

permselectivity.

2.4.3 Polymeric membranes [17]

Polymeric membrane can be classified into 3 categories based on polymer
materials.

1) Thermoplastic: this polymer has molecular structure of the chains as linear
or branch that are solid at room temperature. They can be softened and melted when
the high temperature is applied and may be re-melt several times. They are simple
chain, which may vary in molecular weight, degree of branching with short or long
chains, stereo structure or composition.

2) Thermosetting: the polymer has a cross-linked structure, which does not re-
melt and decompose before melting. The three-dimensional network of strong
covalent bonds (crosslinking) leads to the thermosetting materials that are stronger
than thermoplastic, and can be suited to high temperature applications.

3) Rubbery polymer: rubber is another choice of material to employ in

membrane application. Rubbery polymers have the same amorphous structure as
glassy polymers but this order is not frozen in as these polymers are above the glass

transition temperature (T).

Factors affected on gas permeability of dense membranes are: [20]

1. Interchain distance or free volume: when the free volume is increased in the
membrane, resulting in an enhancement of gas permeability.

2. Glass transition temperature (To): the polymer, which has T, below the room
temperature. The polymer chain in amorphous phase can be moved, leading to a
better gas permeability.

3. Degree of crystallinity: crystallinity is an important role to obstruct gas
diffusivity in the membrane. Therefore, the membranes with high crystallinity could
give poor gas permeation.

The oxygen (O,) and carbon dioxide (CO,) permeability coefficients in various

plastic films are listed Table 2.5.
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Table 2.5 Permeability coefficients of O, and CO; in various plastic films [20]

) 0O, permeability coefficients | CO, permeability coefficients
Types of plastic s ) N )
(cm”mm/m*.atm-day) (cm”mm/m®.atm-day)
PET 20-39 4.7 -79
PVC 20-179 7.9 -19.7
LDPE 247.0 959.0
PP 68.5 208.0
PS 101.0 527.0
EVA, VA 12% 180.0 1,100.0
EVOH, Ethylene
1.02/0.03 0.01/0.08
32/44 mole%

The membrane materials for CO, and CHs separations according to

manufacturers’ data are shown in Table 2.6.

Table 2.6 Manufacturers of diaphragm [11]

Producer

Membrane material

Polyethersulfone

Bayer, BASF, Monsanto

Cellulose acetate

Grace

Polyetherimide

General Electric

Hydrin C Zeon
Pebax Atochem
Polyacrylate Rohm

Polydimethylsiloxane

Wacker, GKSS

Polyhydantoin

Bayer
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2.5 Polymer blends

Blending process is an improvement of polymers properties and is the most
popular because of simplicity, excellent properties and cost efficiency. This is made
by combining different polymers with specific properties in order to obtain the new
materials with optimized choice, such as chemical, structural, mechanical and
morphological properties. Blend properties are strongly influenced by interphase
(region between polymer matrix and surface of dispersed phase) and the size or shape
of the dispersed phase that is developed by the processing condition [21].

Generally, it was found that most of the polymer blends were not homogeneous
or immiscible blend. The cause of the immiscible blend is free energy of mixing (AG)
with positive value, leading to phase separation in polymer blends. Therefore, the
thermodynamic condition is the first important to recognize in blending process.

In thermodynamic of polymer blends, the primary requirement for two polymers
to be miscible according to the necessity of having negative Gibbs free energy of mixing
(AG), which is controlled by enthalpy and entropy. Gibbs free energy value can be
described in the equation 2.3 [21].

£GT AN Zhach (2.3)

Where  AG,, = Gibbs free energy
AH, = Free enthalpy
AS,, = Entropy
T = Temperature (K)

2.5.1 Classification of polymer blends [22]
When considered from free energy of mixing, polymer blends are classified into
2 types based on Gibbs free energy (AG).
1) Miscible blend: the polymer blend is homogeneous down to the molecular

level associated with the negative value of the free energy of mixing; AH,, - TAS,, < 0.
As a result, the homogeneity in a polymer blend is obtained. This suggests that the
two polymers have the similarity of solubility parameter. Typically, amorphous
polymers can be mixed to be miscible blend easier than semi-crystalline polymers.
This is because amorphous polymer has higher disorder chains, resulting in high
entropy (AS,) and thus miscible mixing can be occurred.

Normally, miscible blends have properties between those of the individual
polymers. These properties depend on the ratio of the two polymers and these various
ratios are often used to obtain a specific property. However, most of the polymer

blends prefer to be immiscible because of the positive free energy of mixing.
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2)Immiscible blend: The polymers cannot be truly mixed together. They exhibit

phase separation that related with positive value of the free energy of mixing; AH,, -
TAS,, > 0. Most of the polymer blends especially, the semi-crystalline polymers are
immiscible with poor physical properties as compared with the parent polymers. This
is owing to the lack of favorable interaction between the phases of polymers that is
related to largely different solubility parameters.

Immiscible polymer blends exhibit different types of morphologies, which
depend on composition, viscosity ratio and elasticity ratio between the component,
interfacial tension, process conditions and etc. The phase morphology in an immiscible

blend is shown in Figure 2.10.

Figure 2.10 Phase morphology in an immiscible blend [24]

2.5.2 Characterization on compatibility of polymer blends [23]

1) The morphology of polymer blend is investigated using scanning electron
microscope (SEM). When both polymers have a similar architecture, the homogeneous
phase is obtained. Likewise, immiscible blends perform phase separation, which
consists of matrix and dispersed phase.

2) Thermal properties of polymer blend, glass transition temperature (T,) is
examined using differential scanning calorimeter (DSC). It was found that the T, can be
appeared for 1 or 2 points in miscible and immiscible blends, respectively.

3) Mechanical properties are measured using universal testing machine (UTM),
which is reported as tensile strength, %elongation at break, impact strength and
Young’s modulus. The polymer blends exhibited phase separation (immiscible blend),

resulting in poor mechanical properties.

2.5.3 Blending process [17]
Preparation of polymer blends can be done in several methods. However,
solution blending and melt blending are the most commonly used method.
1) Solution blending: this process is prepared by dissolving the different
polymers into the suitable solvent. The polymer blend is dried at room temperature

or in an oven in order to evaporate solvent. The drawback of this process is the high
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solvent consumption and the long cycle time for solvent evaporation. Additionally,
some solvents are also harmful to the human and the environment.

2) Melt blending: this process is carried out using machines, such as an internal
mixer, extruder, injection molding machine and etc. One of the advantages of this
process is a better compatibility of both polymers because of the shear stress from
mixing condition of machine. In addition, melt blending process can be produced in

large amount of polymer blend and without hazard from solvent.

2.6 Polymer
2.6.1 Ethylene vinyl acetate copolymer (EVA) [25]

Ethylene vinyl acetate copolymer (EVA) is the thermoplastic that classified as
a polyolefin. EVA was originally prepared by the polymerization under high pressure
between ethylene monomer and vinyl acetate monomer (VAM). The most commonly
used initiators are azo-bis-isobutyronitrile, organic peroxide and persulphate. The EVA
copolymer consists of the ethylene segment around 60-90% and the other moiety is
vinyl acetate functional group that hinders the growth of crystallinity, resulting in
disorder chain and better flexible in copolymer. Additionally, it was found that the
properties of EVA copolymer can be changed with different percentages of vinyl

acetate segment. The structure of EVA copolymer is displayed in Figure 2.11.

HsC o)

Figure 2.11 Repeating unit of EVA copolymer [7]

The common properties of EVA copolymer

- Clarity or opaque thermoplastic polymer pellet (depend on amount of vinyl
acetate in copolymer)

- Specific gravity: 0.926 — 0.950

- Dissolve in aromatic solutions and chlorinated hydrocarbon at high
temperature

- Brittle point: < -70 °C

- Softening point: 60 - 80 °C

- Glass transition temperature (T,): -20 to 20 °C
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- Hardness (shore D): 90 - 95

- Tensile strength: 2.9 - 19.6 MPa

- Elongation at break: 500 - 700%
- Easy to process

- High flexibility without plasticizers
- Light and UV resistance

- Resistance to leaching conditions and long service life

Applications of EVA copolymer

Commonly, EVA is used to produce shoes and mattress. However, EVA with low
M, is mostly used as an adhesive, plasticizers and wax additives for coating paper. In
addition, EVA has mainly flexible properties, which can be applied as food packaging

and medical plastic applications e.g. tubing, devices and medical bags.

2.6.2 Ethylene vinyl alcohol copolymer (EVOH) [26-27]

Ethylene vinyl alcohol copolymer (EVOH) is the semi-crystalline copolymer,
which composed of ethylene and vinyl alcohol segment. The compaosition between
both segments has an important role to determine the properties, such as gas
permeability and mechanical strength. EVOH is prepared by copolymerization of
monomer units based on PVOH and PE. In addition, EVOH can prepared from hydrolysis
reaction from EVA, which the %hydrolysis is depended on reaction time and

concentration of mixture solution. The repeating unit of EVOH copolymer is depicted

B n l m
OH

in Figure 2.12.

Figure 2.12 Repeating unit of EVOH copolymer [27]

The common properties of EVOH copolymer

- Glass transition temperature (T,): 55 - 69 °C

- Melting point (Ty,): 164 - 181 °C

- Tensile strength: 8,520 - 11,220 MPa

- Elongation at break: 230 - 280%

- Excellent gas barrier properties in the low humidity conditions
- Chemical, oil and solvent resistance

- Excellent transparency and high gloss
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- Heat resistance
- Relatively sensitive to moisture

- Can be co-extrusion with various polymers

Applications of EVOH copolymer

Commonly, EVOH is used in food packaging to extend the shelf life of food
products and protect their nutrients against bacteria. This is because it can prevent the
oxygen and other gasses from the atmosphere to come in contact with food products.
Additionally, the food packaging is usually made from PP/EVOH/PP that is prepared by

an extrusion lamination process.

2.6.3 Polyethylene glycol (PEG) [28-31]

PEG is also known as polyethylene oxide (PEO) or polyoxyethylene (POE), which
is depending on the molecular weight (My). PEG is available in a variety of M,, from
200 to 10,000 g¢/mol. It has a colorless viscous liquid at the M,, below 600 g¢/mol and
a waxy, white solid at M,, above 800 g¢/mol. In addition, at the room temperature, PEG
exhibits as the water-soluble and hygroscopic polymer. Typically, PEG is produced by
the chemical reaction of ethylene oxide with water, ethylene glycol, or ethylene glycol
oligomers and catalyzed by acidic or basic catalysts. The structure and its repeating
unit of PEG are shown in Figure 2.13.

Figure 2.13 Structure and its repeating unit of PEG [31]

It was found that PEG is stable to acid, base, high temperature, O,, H,O, high
oxidation systems and NaBHj reduction systems. Moreover, PEG may be recovered
from aqueous solution by extraction with a suitable solvent or by direct distillation of

water or solvent.

Application of PEG

PEG has different physical appearances, which are caused by various M,, from

polymerization process. This is led to wide range of applications, for example, an

excipient in many pharmaceutical products, ingredient in skin creams and personal
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lubricants (frequently combined with glycerin). In addition, it is used as a polar
stationary phase for gas chromatography technique (GC) and as an additive (anti-
foaming agent) in food. Additionally, PEG derivatives with narrow range ethoxylates are

used as surfactants.

2.7 Silica (SiOy) [32-35]

Silica, also known as silicon dioxide, is a compound formed by the integration
between oxide and silicon with the chemical formula SiO,. Silica has a lattice structure
that is a 3-dimensional network solid in which each silicon atom is covalently bonded

in a tetrahedral manner to 4 oxygen atoms as shown in Figure 2.14.

Figure 2.14 Chemical structure of silica: a) tetrahedral basic unit, b) quartz-like

silica crystal and c) amorphous network [32]

2.7.1 Structure of silica

In general, silica is rarely in the form of primary particles but eathered to the
primary structure, called an aggregate, which cannot be destroyed during the mixing
process due to the strong chemical attraction (covalent bonding). Besides, the silica
ageregates are also preferred to form the secondary structure, which is called
agglomerates. This is because the coagulation of silica to the secondary structure is
constructed by the hydrogen bonding (H-bond), which is a very strong attractive
(dipole-dipole) interaction [33]. The primary and secondary structures of silica are

depicted in Figure 2.15.

2.7.2 Types of silica
Silica can occur in natural and synthesis processes but most commonly found
in nature as quartz. In addition, the physical structure of silica is classified for crystalline,
amorphous and synthetic amorphous. The category of silica can be divided into 2

types; fumed silica and precipitated silica.
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Figure 2.15 Primary and secondary structures of silica [34]

1) Eumed silica: fumed silica, also known as pyrogenic silica is acquired from a
pyrolitic process, as the product of the hydrolysis of silicon tetrachloride vapor or
quartz sand vaporized in a condition of oxysen-rich hydrogen flame, according to the

equation 2.4.

2H; + Oy ——» 2H50
SiCly + 2H,O ——» SiO, + 4HCL (2.4)

The residual adsorbed HCL on the surface of fumed silica is then reduced to
less than 200 ppm through the calcination process. However, fumed silica has a trace
of metallic contaminants, e.¢. aluminum, calcium, zinc and etc. During the combustion
process, elementary spheres of molten silica are formed, so-called primary particles in
the diameter of 7-30 nm. The primary particle can collide with another one to_provide
three-dimensional chainlike objects, so-called aggregate in the diameter of few tenths
of micron range. Fumed silica is a non-porous and amorphous material that has a low
bulk density (0.03 g/cm?) and a high surface area (100-400 m?/g) [35].

2) Precipitated silica: the precipitated silica, also known as amorphous silica,

has a surface area in the range of 25-700 m?/g. It can be produced by wet process
from solutions of alkali silicate under the condition of high temperature and pressure.
The vitreous silicate is precipitated by adding the sulfuric acid (or the solution of metal

salts for high performance grades), according to the equation 2.5.
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NasSisO7 + H,SOy —  3SiO, + NapSOq4 + H0O (2.5)

The sodium sulfate is a byproduct, which is removed by filtration and washing.
The product consists of 85-90% silica and 10-15% water [35].

2.7.3 Surface chemistry of silica
Generally, it is accepted that the surface of silica has a complete tetrahedral
configuration. The siloxane groups (Si-O-Si) are nonpolar and provide a hydrophobic
characteristic on the silica surface. However, there are various types of hydroxyl groups

on the surface that possess strongly hydrophilic characteristics, as shown in Figure 2.16.
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=> hydrogen bonding (rare, if any)

between particles
Figure 2.16 Various types of hydroxyl groups on the surface of silica [35]

Hydrogen-bonded vicinal, single and geminal silanols, including terminal groups
can generate hydrogen bonding and eventually siloxane groups through water
elimination. Free silanol groups, also called isolated silanol, are more reactive than
vicinal groups, leading to being the prime reactive sites for organic molecules, namely
organo-silanes. The important consequence of such as oxygen-rich surface chemistry
results in strong inter-particles interactions through hydrogen bonding. Therefore, a
poor dispersibility in- nonpolar polymers is observed and consequently special

compounding procedures are required [33].

2.8 Silane coupling agent [36-37]

Silane coupling agents are silicon-based chemical compounds whose molecules
comprise functional groups that bond with both organic and inorganic materials. The
silane coupling agents role as a sort of intermediate, which consists of two types of
reactivity (inorganic and organic) in the same molecule. The structure of silane coupling

agent is depicted in Figure 2.17.
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Figure 2.17 Structure of silane coupling agent [36]

Typically, general structure is (RO)s-Si-X. Where R is a hydrocarbon group, for
instance, methyl, ethyl, octadecyl and etc. The hydrocarbon group can form the
chemical bond with inorganic materials including inorganic fillers, glass and metal. Prior
using, the silane coupling agent is hydrolyzed to produce silanol, which forms metal-
oxyegen or siloxane bond with the inorganic material on one side. On the other side, X
is an organic functional group, such as vinyl group, amino group, methacryloxy group,
epoxy group, mercapto group and others. The organic functional group can react with
the organic materials, e.g., polymers to produce a chemical bond. As a result, the
organic and inorganic materials are tightly bounded to each other. The mechanism of

coupling is displayed in Figure 2.18.

RSI(OR'): o
. i HO o _ 5 | =
5 i £ 8 g —XH8-FT0—MeH
§ +XSiOH:+HO-ME s .. S | 52
3 52 Fd B5- 0 OB
& HO—ME = Fr
b0 M

Figure 2.18 Silane coupling mechanism [38]

2.8.1 Aminosilane [37, 39]

Aminosilane is an amino-functional silane, for instance, aminophenyltrimetho-
xysilane (CoHysNOsSi), 3-aminopropyltriethoxsilane (CoHsNO5Si) (Figure 2.19), N-(2-
amino ethyl)-3-aminopropyltriethoxysilane (C;;H2sN,03Si) and etc. These are utilized
over a broad range of applications to gain an improvement of bonding between fillers
or reinforcements and resins. In addition, aminosilane is widely used as coupling agents
for fiberglass insulation and composites.

Aminosilane is especially recommended for thermoplastic and thermosetting
resins, for example, epoxy, polyethylene, phenolics, melamine, nylons, PVC, acrylics,
polyolefins, polyurethanes and nitrile rubber. Aminosilane can enhance mechanical,

and physical properties; for example, flexural strength, compression strength and shear
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strength. Additionally, aminosilane can improve the dispersion and wettability of filler

in the high molecular materials.

O.
/72 O\
Figure 2.19 Structure of the 3-aminopropyltriethoxysilane (APTES) [39]

2.8 Literature reviews

Tang M. et al. [40], prepared the partially hydrolyzed EVA films at various
percentages of hydrolysis for studying the properties of controlled drug release. The
EVA at vinyl acetate content 42% was chosen for hydrolysis reaction in NaOH solution
(0.5mol/l) and the reaction times at 1, 3 and 5 h were performed. Then the hydrolysis
degree was investigated via an indirect method (back titration). The three different
hydrolysis reaction times resulted in three different hydrolysis degrees at 12.2%, 32.6%
and 46.9%, respectively. Partially hydrolyzed EVA (E1, E3 and E5) were obtained. It was
noticeable that the hydrolysis degree was evidently increased when the reaction time
was extended, as confirmed by the ATR-FTIR (Figure 2.20). It was indicated that the
intensity of E5 peak at 1735 cm* was obviously decreased comparing with the EVA
one. In addition, the peak related to hydroxyl group at about 3302 cm™ was occurred.
The results suggested that some of acetate groups were successfully changed to
hydroxyl groups. Additionally, as the hydrolysis degree increased, the elastic modulus
and maximum tensile strength was decreased. This is because of the inter molecular

hydrogen bonds between hydroxyl groups.
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Figure 2.20 ATR-FTIR spectra of a) EVA and b) E5
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Hong SM. et al. [41], modified graphite oxide for enhancing the CO, adsorption
performance. 3-aminopropyltriethoxysilane  (APTES) was chosen for surface
modification of the graphite because of basicity (amine group), which is favorable for
adsorption of acidic CO,. The 3-aminopropy!-triethoxysilane-modified-graphite oxide
(Gr-APTS) was prepared by oxidizing graphite powder with NaClOs in fuming HNOs in
order to introduce several oxygen-containing functional groups on the surface. The
result of morphology indicated that Gr-APTS had similar morphology as GO without
noticeable change after the amine modification. However, the result of EDX and FTIR
revealed that APTS was successfully attached to surface of GO by the reaction
between oxygen functional groups and amine molecules. In addition, XRD analysis
confirmed that interlayer distance (d-spacing) of Gr-APTS was increased to 11.4 A, as
compared with that of graphite (3.4 A) because a long chain APTS inserted between
graphite layers. The CO, adsorption uptake of Gr-APTS was significantly enhanced as
compared to that of graphite (Figure 2.21) owing to the increase of basicity from amine
molecules that were attached on the surface of the graphite. The feasible mechanism

of the CO, adsorption is illustrated in Figure 2.22.
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Figure 2.21 CO, adsorption uptake of graphite, GO and Gr-APTS at 30 °C under

atmospheric pressure
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Figure 2.22 Schematic of possible mechanism of CO, adsorption on Gr-APTS
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Castro-Munoz R. et al. [42], prepared Matrimid® 5218/ PEG-200/ZIF-8 mixed-
matrix membranes (MMMs) for improving CO,/CH, separation. The factors affecting
properties of the film were investigated, for instance, amount of polyethylene glycol
(PEG) 1-5wt% and amount of zeolitic imidazolate frameworks (ZIF-8) 10-30wt%. It was
found that the blend membranes containing PEG at 4wt% gave the best CO,
permeability, from 7.16 in pristine Matrimid® up to 27.54 barrer because the polar ether
segment (ethylene oxide units) of PEG can interact positively with CO, molecules by
dipole-quadrupole interaction, resulting in the transport through the membrane. In
addition, the incorporation of ZIF-8 nanoparticles in the binary matrix membrane also
considerably enhanced the CO, permeability and an increased amount of ZIF-8
facilitated a better CO, permeation. This is because nanoparticles can disrupt chain
packing in polymer chains, leading to an increased free volume in polymer. The results
revealed that the best formula for CO, permeability was ternary MMMs that had PEG
at dwt% and 30wt% of ZIF-8 (Figure 2.23). On the other hand, most of the binary and
ternary MMMs exhibited a slight decrease of separation factor due to the addition of
PEG, leading to enhancing local segment motions of polymer. Hence, the CHq

permeability was significantly increased.
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Figure 2.23 Permeabilities for pure Matrimid®, Matrimid®-PEG, Matrimid®-ZIF-8 binary
and ternary MMMs at steady-state (8 bar)

Zhu H. et al. [43], improved CO,/N, separation in polyether block amide (PEBA)
mixed-matrix membranes with TiO, grafted with polyethyleneimine (PEl) using

dopamine (DA) as a bridging (Figure 2.24). TiO, is a mesoporous material that exhibits
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very high adsorption capacity and size-selective adsorption for certain gases, e.g. CO,.
Therefore, the density of active sites with high accessibility facilitates the gas diffusion.
Meanwhile, the PEl chain contains plenty of amine groups that are beneficial to
improve the gas separation performance through the reversible reaction between
amine group and CO,. The effect of TiO, loading (1-4wt%), Mw of PEI (600, 1800 and
10000 g/mol) and the ratio of PEl and dopamine (1:2, 1:1, 2:1) were investigated. The
results from FTIR and XPS confirmed that successful grafting of PEl and DA on the TiO,
surface was obtained. Moreover, CO, adsorption isotherm suggested that the DA/PEI
modified TiO, had a higher affinity toward CO, (Figure 2.25), which would enhance the
CO; sorption in the mixed-matrix membranes. It was found that the incorporation of
amine-functionalized TiO, facilitated an enhancement in CO,/N, separation. Especially,
the long chain PEI (10000 g¢/mol) may interfere the CO, diffusivity. The membrane of
PEBA with PEI 800 ¢/mol grated TiO, at 3%wt, especially at PEI/DA ratio 1:1, gives the

best efficiency for gas separation.
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Sonpoo T. et al. [26], reported the mechanical properties and water vapor
permeability (WVP) of LDPE films by blending with EVA, EVOH and zeolite A (20%wt)
for a longer shelf-life packaging of fresh product. Effect of the mass ratio of
LDPE/EVA/EVOH (80/20/0, 80/15/5, 80/10/10, 80/5/15, 80/0/20) were investigated. All
compounds were prepared using an internal mixer and films were formed by
compression molding process. The result from DSC revealed that the crystallinity was
increased when EVOH was added in LDPE/EVA/EVOH films. In addition, Young’s
modulus was increased in LDPE/EVA/EVOH films that has higher EVOH and zeolite A
loading. This is owing to semi-crystalline structure of EVOH, which induces by an
internal hydrogen bonding. Moreover, zeolite A is a solid particle that plays key-role in
an increment of modulus. On the other hand, the LDPE/EVA/EVOH films had similar
tensile strength at yield and tensile strength at break as compared with LDPE films.
The WVP of all LDPE/EVA/EVOH films were in the same range because of polarity of
EVOH. In conclusion, WVP depended on morphology and polarity of the film. However,
when the zeolite A was incorporated in LDPE/EVA/EVOH, the WVP markedly enhanced
due to high polarity and selectivity of the zeolites.

Amooghin A.E. et al. [44], modified the membrane of acrylonitrile butadiene
styrene (ABS) with polyethylene glycol (PEG) for separation CO, from CO,/N; streams.
Effect of M,, of PEG (400, 1000, 1500, 4000, 10000 and 20000 g/mol) on gas permeability
was examined. It was noticed that an increasing M,, of PEG resulted a slightly increased
CO, permeability. This is because PEGs with high My, (20000 g/mol) has a higher polar
moiety density in main chain that leads to an increase in flexibility and enhances the
interaction between polar ether group of PEG and CO, molecules. On the other hand,
PEGs with low M, has small amount of polar moiety (polar ether groups) density in
main chain and so acts as plasticizer to separate chains from each other. However, PEG
with high M,, had potentially to form crystalline region. Thus, it might be concluded
that PEG has an inverse effect between the negative effect of crystallinity and the
positive effect of polar moiety density and main chain flexibility. Additionally, it was
found that when having high content (>10-30%wt) of PEG with M,, 20000 ¢/mol, the
CO, permeation was decreased because of an obstacle role in CO, diffusion through

the membrane.
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Isanejad M. and Mohammadi T. [45], studied the effects of amine modification
on the surface of fumed silica in nanocomposite membranes for CO,/CH4 separation.
3-Aminopropyltriethoxysilane (APTES) was used as a coupling agent between the
fumed silica (SiO,) and poly(ether-block-amide) (PEBAX) in order to improve
compatibility of organic and inorganic materials as well as increasing the interactions
with CO, molecules. The results from FTIR and CHN analysis confirmed that successful
APTES-grafting on SiO, surface was occurred. However, only some of amine sites are
“active” to react with CO, molecules because of the possibility for the aminopropyl
chains to attach undesirably on the surface (Figure 2.26). In addition, the result from
field emission scanning electron microscope (FESEM) revealed that both neat SiO, and
amine functionalized silica (AFS) with 5-15%wt loadings had well-dispersed without
bulky agglomeration in PEBAX. The result from XRD suggested that the total of
crystallinity of membranes was reduced when the AFS was dispersed in membrane.
This is because the hydrogen bonding between polymer segments was disrupted from
a presence of nanoparticles. Moreover, it was found that CO, adsorption on AFS was
higher than that of SiO, surface. This is because the nucleophilic interaction between
CO, molecules with NH; functional groups was stronger than that of OH groups. When
AFS loading was increased from 0-10%wt, CO, permeability was also enhanced owing
to increasing in polymer fraction free volume (FFV), d-spacing and chain mobility. In
contrary, AFS loading was increased above 10%wt, it acted as the blocker, which
obstructs the gas diffusion paths and increases tortuosity of the permeation paths.
Therefore, the CO, permeability was declined when increasing filler loading at 10-
20%wt (Figure 2.27). Besides, the CO,/CHq selectivity of the membranes was improved
with 0-15%wt of nanoparticle loading but a decrease trend was observed at 20%wt

owing to formation of voids in the polymer matrix.
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Figure 2.26 Various interactions of aminosilane molecules on the SiO, surface
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Figure 2.27 CO, and CH4 permeabilities of unmodified SiO; (S) and AFS membranes

Rahman MD. M. et al. [46], modified matrix of different PEBAX® (PEBAX® MH 1657
and PEBAX® 2533) with PEG functionalized POSS (PEG-POSS) for CO, separation.
Polyoctahedral oligomeric silsesquioxanes (POSS) is an organic-inorganic hybrid nano-
composite material that is rigid cage-like structure. POSS has an empirical formula
(RSiOy5)n, N=6-12 and R is various types of functional groups. The mixtures of PEG-POSS
and PEBAX® were prepared by solution casting in Teflon molds. The result from DSC
revealed that glass transition temperature (T,) of neat PEBAX® 2533 was lower than
that of PEBAX® MH 1657 owing to the different amounts of polyether content in
polyether phase. Furthermore, the thermal transition of polyamide segment in both
PEBAX was not affected by the incorporation of PEG-POSS nanoparticles. However, a
decrease in thermal transition of PE segment of PEBAX® MH 1657 was observed. The
results from AFM indicated that surface roughness of PEBAX® MH 1657 was higher, as
compared with that of PEBAX® 2533. The SEM micrograph exhibited that surface of
PEBAX® MH 1657 nanocomposite membrane had a needle like structure (Figure 2.28(a)).
In contrast, surface of PEBAX® 2533 nano-composite membrane showed distinct darker
regions with a needle like structure, and smoother regions appeared bright (Figure
2.28(b)). Moreover, gas permeability of both nanocomposite membranes tended to
increase when amount of PEG-POSS was added from 0-30%wt but a decreasing tend
was gained after at 30%wt. The selectivity of both nanocomposite membranes did not
change significantly when the nanoparticle was incorporated. However, CO,/N;
selectivity gave the highest value, as compared with CO,/O,, CO,/CHq and CO,/H,.
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Figure 2.28 SEM micrographs of a) PEBAX® MH 1657 nanocomposite membrane and
b) PEBAX® 2533 nanocomposite membrane

Xing R. and Ho W.WS. [47], prepared crosslinked polyvinyl alcohol/ polyethylene
glycol (PVA/PEG) blend membranes for CO,/CHq separation. Glutaraldehyde was
chosen to use as crosslinking agent. Effects of crosslinking time (40-115 min), PEG
loading content (>50%wt) and molecular weight of PEG (200, 300, 550, 775 and 1000
g/mol) were investigated. Then the appropriate formula was selected for examining
the effect of zeolite 5A loading. The result showed a continuous decrease in CO,
permeability when crosslinking time was increased. This is owing to reduction of chain
mobility and decreasing in fraction of free volume. However, CO,/CHy selectivity was
increased with increasing the crosslinking time 40 to 84 min. In contrast, after 84 min,
the CO,/CHy selectivity was decreased owing to loss of hydroxyl groups from crosslink
reaction. Effect of PEG (200 ¢/mol) loading showed that the CO, permeability of
membrane was declined when PEG loading was above 50%wt due to an enhancing
crosslink and the entanglement of PEG with PVA. In addition, an increase in CO,/CHq4
selectivity was observed with up to 64%wt PEG loading. However, at higher than 64%wt
PEG loading, the CO,/CH4 was then dropped. This is because of intensified interaction
between CO, and polar ether but the excess amount of PEG resulted in non-selective
gas permeation. The molecular weight of PEG had slight effect on the CO,/CH,q
selectivity. Conversely, CO, permeability gradually decreased with an increase of PEG
molecular weight. Additionally, it was found that when amount of zeolite 5A was
increased, an enhancement of CO, permeability was achieved. Due to the fact that,
permeated CO, not only pass through polymer matrix, but also could pass through
the porous network formed by interconnected zeolite 5A particles. However, CO,/CHq
selectivity was decreased as the zeolite loading increased because of the poor
adhesion between zeolite particles and the PVA/PEG blend.
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From the researches as mentioned above, the elastic modulus and maximum
tensile strength of partially hydrolyzed EVA membranes (p-EVA) were greater than that
of EVA membrane. This might be caused by the intermolecular hydrogen bonds
between hydroxyl groups in p-EVA. In addition, PEG with various molecular weights
provided high CO, permeability owing to the quadrupole-dipole interaction between
ether functional group with CO, molecules and also acted as the plasticizer in the
polymer matrix, resulting in additional fraction free volume and allowing more chain
flexibility. The addition of amine-functionalized silica (AFS) particles into the polymer
also gave a higher CO, permeability because of the nucleophilic reaction between CO,
molecules and NH, functional groups. Therefore, in this research, the EVA was partially
hydrolyzed for increasing the mechanical properties. PEG with M,, of 400 and 1450
g/mol was blended with p-EVA for increasing the CO, permeation. Subsequently, SiO;,
surface was functionalized with 3-aminopropyltriethoxysilane (APTES) prior to add into

the membrane for enhancement the CO,/CH, selectivity as well as the CO; solubility.



Chapter 3
Research methodology

3.1 Chemicals and materials

1. Ethylene vinyl acetate copolymer (EVA): Escorene® LD 783.ND, ExxonMobil
Chemical Co., Ltd.

Table 3.1 Specification of ExxonMobil Escorene® LD 783.ND [48]

Properties Value
Vinyl acetate content, % 33
Melt flow index (190 °C, 2.16 kg), ¢/10 min a3
Density, ¢/cm’ 0.955
Melting point, °C 57.8
Hardness (shore A) $
Tensile strength at break, psi 440
Elongation at break, % =800
Flexural modulus (1% secant), psi 1820

2. 3-Aminopropyltriethoxysilane (APTES) 99%, Thermo Fisher Scientific Inc.

Table 3.2 Specification of APTES [49]

Properties Value
Physical state Liquid
Appearance Colorless
Odor Rotten-egg like
Boiling point, °C 217
Specific gravity 0.942
Solubility React with water




3. Polyethylene glycol, 400 (PEG 400): CARBOWAX™ SENTRY™ 400, The Dow Chemical

Co., Ltd.

Table 3.3 Specification of CARBOWAX™ SENTRY™ 400 [50]

Properties Value
Molecular weight (g¢/mol) 380 - 420
Hydroxyl number, mg/g 264-300
Physical state Liquid
Appearance Colorless
Boiling point, °C >200
Density, ¢/cm® at 20 °C 1.1255

4. Polyethylene glycol, 1450 (PEG 1450): CARBOWAX™ SENTRY™ 1450 NF Flake

(Inhibited), The Dow Chemical Co., Ltd.

Table 3.4 Specification of CARBOWAX™ SENTRY™ 1450 NF Flake (Inhibited) [51]

Properties Value
Molecular weight (¢/mol) 1,305 - 1,595
Hydroxyl Number, mg/¢ 70-86

Physical state

Waxy solid (Flake)

Average Number of Repeating Oxyethylene Unit 32
Melting point, °C 43-46
Boiling point, °C >200
5. Silica (SiO,): Hi-Sil™ 255CG-D, PPG Industries, Inc.
Table 3.5 Specification of Hi-Sil™ 255CG-D [52]
Properties Value
Particle size, nm 5-20
Surface area (BET-5), m?%/g 175
pH-value 6.3
NaySOyq4, Wt.% 2.0 Max
Skeletal density, g/cm? 2.1
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6. Potassium hydroxide (KOH): CARLO ERBA Reagents Co., Ltd.

7. Xylene (Analytical grade): CARLO ERBA Reagents Co., Ltd.

8. Toluene (Analytical grade): CARLO ERBA Reagents Co., Ltd.

9. Dichloromethane (Analytical grade): CARLO ERBA Reagents Co., Ltd.
10. Ethanol (Commercial grade)

11. Methanol (Commercial grade)

12. Distilled water

13. Paraffin oil

14. Helium gas, (Purity 99.9%): Praxair (Thailand) Co., Ltd.

15. Carbon dioxide gas, (Purity 99.9%): Thai industrial Gases Co., Ltd.
16. Methane gas, (Purity 99.9%): Guangdong Huate Gas Co., Ltd (China)

3.2 Apparatus

1. Hot plate and thermocouple
2. pH-indicator strips: Merck Co., Ltd.
3. Filter paper: GE Healthcare Inc.
4. Micrometer: OZAKI MFG Co., Ltd.

5. Permeation cell

6. Permeation rig

7. Water aspirator with suction flask and Buchner funnel

8. Oven (UN 500): Memmert (Germany) Co., Ltd.

9. Ultrasonic bath (208H ULTRAsonik): NEY Co., Ltd.

10. Compression molding machine: LabTech Engineering Co., Ltd.

11. Universal testing machine (LR 5K): LLOYD Instrument Co., Ltd.

12. Thermal conductivity detector: Valco Instruments Co., Ltd.

13. Differential scanning calorimeter (DSC 204 F1 Phoenix): Netzsch Co., Ltd.
14. X-ray Photoelectron Spectroscopy (AXIS ULTRA): Kratos Analytical Inc.

15. Scanning electron microscope (JSM-5410LV): JEOL Co., Ltd.

16. Fourier-transform infrared spectrometer (IRTracer-100): Shimadzu Co., Ltd.
17. Elemental analyzer (CHNS) (Flashsmart): Thermo Fisher Scientific Co., Ltd.

3.3 Synthesis of partially hydrolyzed EVA (p-EVA)
In a 500 ml round bottom flask with condenser, 25 ¢ of the EVA was added in

250 ml of xylene before placing in an oil bath and stirred using a magnetic bar at 100
°C until the solution was homogeneous. Then the temperature of mixture solution was
decreased to 80 °C in order to add 32 ml alcoholic KOH solution (0.5 mol/l). The
reaction was continuously stirred for 3 h at 100 °C. Thereafter, the pH of residual KOH

was controlled at 7 and rechecked by pH paper. The reaction solution was then poured



40

into 2L of methanol to obtain precipitation. The precipitated polymers were cut into
pieces and washed repeatedly with methanol and distilled water to remove organic
solvent and inorganic salts, respectively. Finally, it was dried overnight in an air oven
at 50 °C.

3.3.1 Investigation of %hydrolysis of EVA from hydrolysis reaction
Carbonyl index (C.1.) is an indirect method for evaluation %hydrolysis inspection
of EVA after hydrolysis, which were determined using FTIR in Attenuated Total
Reflectance (ATR) mode in the wavenumber range of 650-4000 cm™’. Then, the ratio
between absorbance peak of C=0 stretching at 1714 cm™ and absorbance peak of C-
H rocking at 720 cm™ was calculated as equation 3.1 [26].

Area under absorbance peak at 1714 cm

Cl = (3.1
Area under absorbance peak at 720 cmt

3.4 Surface modification of SiO,
3.4.1 Preparation of amine functionalized SiO,

SiO; was functionalized with amine before loaded into the polymer matrix. First,
the ethoxy eroups of APTES was hydrolyzed for grafting aminopropyl chains of APTES
on the surface of SiO,. The hydrolysis procedure was carried out using acidic water
(pH=2) and 16 %v/v methanolic APTES solution in which H,O/APTES was equal to 2:3
by mole. Ina 50 ml round bottom flask containing 11.6 ml of APTES-methanol solution,
0.2 ml of acidic water was added dropwise under vigorously stirring. After 6 h, the
hydrolyzed APTES was ready to be used in the functionalization reaction [45].

In a 250 ml three-neck round bottom flask, 5 ¢ of non-porous SiO, was
dispersed uniformly in 120 ml of anhydrous toluene via an ultrasonic homogenizer for
20 min. After that, the hydrolyzed APTES was added into the solution, and the mixture
was stirred overnight at 110 °C under N, atmosphere. After completion of the reaction
time, the product was filtered and washed with ethanol and then dried in an oven at
65 °C overnight, light-yellow of the amine functionalized SiO, (AFS) was obtained. The

mechanism of amine functionalization is shown in Figure 3.1
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Figure 3.1 Mechanism of amine functionalization reaction of SiO,

3.4.2 Characterization of amine functionalized SiO;

3.4.2.1 The binding energy of chemical bonds

Binding energy of unmodified SiO; and amine-functionalized SiO, were
conducted using the X-ray photoelectron spectroscopy (XPS). The monochromatic
AlKaL was used as a source (anode HT = 15 kV). The XPS peaks were referenced to the
binding energy of Cls, Ols, Si2p and N1s peaks at about 284.8, 532.9, 103.5 and 400
eV, respectively. The sample was attached onto a stub with a carbon tape. It was
placed in a chamber and the internal pressure was decreased down to 1x10°® torr at
room temperature. The qualitative spectra of the samples were collected. The

correction of the background due to a carbon substrate was also performed.

3.4.2.2 CHNS elemental analysis [53]

The amine-functionalized SiO; (AFS) was conducted to examine the number
of amine sites in a certain amount of sample using a CHNS elemental analyzer. The
sample was combusted in a pure O, environment and then the gasses were carried
through the system by He, converted and measured as CO,, H;O, N,, and SO,. These
gasses were separated under steady-state conditions and detected by thermal

conductivity. The percentages of C, H and N elements in the samples were reported.
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3.4.2.3 Calculation an efficiency of functionalization by back titration

In 50 ml of round bottom flask, 10 mg of AFS nanoparticles were dispersed
in 20 ml of HCl solution (1.0 mM) and stirred for 40 min. Then AFS were separated by
centrifugation at 9000 rpm for 10 min. The colorless solution was collected to be
titrated with the standardized NaOH solution (1.0 mM) in the presence of
phenolphthalein indicator. From the difference of HCl concentrations after treating
with AFS particles, the molar concentration of active amine sites on the AFS particles
was estimated. This value was converted to the number of amine sites per unit area
(nm?) of the surface of SiO, [54].

3.5 Partially hydrolyzed EVA modification
3.5.1 Addition of PEG by solution blending

3 g of partially hydrolyzed EVA (p-EVA) was dissolved ina 250 ml round bottom
flask with condenser containing 150 ml of mix solvents (toluene/dichloro-methane,
85:65 v/v). The mixture solution was placed in an oil bath and stirred using a magnetic
bar at 55 °C until homogeneous solution was obtained. Then PEG was added and
stirred for 3 h. Subsequently, the solution was poured on a glass plate, which is
covered by punched aluminum foil for controlled evaporation at room temperature
overnight. The resulting polymeric membrane was removed from the glass plate and

further dried at 40°C in an air oven for 12 h to remove the residual solvents.

3.5.2 Addition of modified SiO, into p-EVA/PEG blend membrane

In a 250 ml round bottom flask containing 85 ml of toluene, modified SiO, was
dispersed uniformly by sonication for 30 min. Afterward, 65 ml of dichloromethane
and PEG were added and stirred using a magnetic bar at 55 °C until a homogeneous
solution was observed. 3 g of p-EVA was then added into the solution and continued
stirring for 3 h. Thereafter, the solution was poured on a glass plate, which is covered
by punched aluminum foil for controlled evaporation at room temperature overnight.
The resulting polymeric membrane was removed from the glass plate and further dried

at 40°C in an air oven for 12 h to remove the residual solvents.
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3.6 Formulation of modified EVA membranes
The compositions of modified EVA membranes with PEG and AFS are listed in
Tables 3.6 and 3.7.

Table 3.6 Formula of modified EVA membranes with PEG loadings

PEG Weight content (g)
Formula (Yowt) PEG
p-EVA

400 1450 400 1450
EVA - . . - -
p-EVA = : 3 - -
p-EVA/5PEG400* 5 - 3 0.16 -
p-EVA/10PEG400 10 - 3 0.33 -
p-EVA/15PEGA400 15 B 3 0.53 -
p-EVA/5PEG1450 £ 5 3 - 0.16
p-EVA/10PEG1450 £ 10 3 - 0.33
p-EVA/15PEG1450 5 15 3 A 0.53

Example definition:
* p-EVA/5PEG400 = partially hydrolyzed EVA was blended with 5%wt of PEG 400 ¢/mol

Table 3.7 Formula of modified EVA membranes with PEG and AFS

PEG (65 Weight content (g)
0
AN 4O(O/°WI)450 /a P-EVA 400 PEG1450 AFS
p-EVA/15PEGA00-0.3AFS* | 15 - 0.3 2 0.53 - 0.006
p-EVA/15PEGA00-0.6AFS 15 - 0.6 3 0.53 - 0.012
p-EVA/15PEGA00-0.9AFS 15 - 0.9 3 0.53 - 0.018
p-EVA/15PEG1450-0.3AFS - 15 0.3 3 - 0.53 0.006
p-EVA/15PEG1450-0.6AFS - 15 0.6 3 - 0.53 0.012
p-EVA/15PEG1450-0.9AFS - 15 0.9 3 - 0.53 0.018

Example definition:
*p-EVA/15PEG400-0.3AFS = partially hydrolyzed EVA was blended with 15%wt of PEG
400 g/mol and added 0.3%wt of AFS
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3.7 Membrane preparation
p-EVA/PEG and p-EVA/PEG-AFS membranes were prepared using a compression

molding machine. Firstly, the compound was rapidly compressed twice to remove the
air bubbles. Then, the compound was compressed to obtain a thin film. Finally, the
thin film was cooled with cold water. The films were prepared into 2 sizes:

1. The membranes for permeation test: membrane thickness is about 60-80 um
with a diameter 6x6 cm? by weighing compound about 0.35 g.

2. The membranes for mechanical test: membrane thickness is about 60-80 um

with a diameter 10 cm by weighing compound about 0.7 ¢.

The compression molding condition is shown as follows:

Mold size 20x20x1 cm’
Pressure of pressing 1000 psi
Temperature of hot press 180 °C

Time of preheating mold 10 min

Time of preheating polymer 10 min

Time of hot press 10 min
Temperature of cold press LFE

Time of cold press 10 min

3.8 Characterizations
3.8.1 Determination of functional group

FTIR spectrum of the membrane sample was detected using an IRTracer-100
with Attenuated Total Reflectance (ATR) mode. The average of 32 scans was taken in
the wavenumber range of 600-4000 cm™ to investigate the functional groups and

determine the changes of chemical composition of synthesized membranes.

3.8.2 Investigation of thermal analysis

Differential scanning calorimetry (DSC) was employed for evaluation of glass
transition temperature (T,), melting temperature (Ty,), crystallization temperature (T.)
and %crystallinity. A sample was examined by a DSC 204 F1 Phoenix. Approximately
5-10 mg of sample was placed in aluminum pan. The sample was heat up from -100
to 100 °C with a heating rate of 10 °C/min under N, atmosphere, then cooled down to
room temperature with a cooling rate of 10 °C/min. [55] The degree of crystallization

(Xo) of EVA was calculated following equation 3.2.
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AH¢ x100 100
%Crystallization = 5 X (3.2)
AHY % of polymer in the sample

Where AHs is the enthalpy of melting
AH](CJ is the enthalpy of 100% crystalline polyethylene (PE) (293J/g) [56]

3.8.3 Investigation of morphology

The surface and cross-sectional morphologies of the membranes were
examined using scanning electron microscope (JSM-5410LV) at accelerating voltage of
10 KV. Before analysis, the membranes were cut to size 1x3 cm? and immersed in
liquid nitrogen about 45 min and then cryogenically fractured. Thereafter, PEG contents
in the membrane were extracted by immersion in distilled water and sonicated (44-48
KHz) for 30 min. Eventually, the samples were sputtered with metallic gold to obtain

an adequate contrast of the micrograph [39].

3.8.4 Mechanical property test

Tensile properties of the membrane sample with dimension of 10x80 mm?
were determined using a universal testing: machine (LR 5K) at room temperature
according to ASTM D882 (Figure 3.2). The tensile properties including tensile strength
at break, %elongation at break and Young’s modulus were evaluated. In order to
obtain plausible data, 5 samples of each formula were measured and the average

value was reported. The tensile testing conditions are as follows [17]:

Load cell 100 N
Test speed 100 mm/min
Gauge length 25 mm

r Y

A J

80 mm

15 mm

Gauge

length

F 3
A

25 mm

Figure 3.2 Schematic of test specimens



a6

Tensile strength at break, %elongation at break and Young’s modulus can be

calculated from the following equations:

Maximum force at break

Tensile strength = > (3.3)
Original cross-section area of sample (mm*)

(Final-Original gauge length)
%Elongation at break = x 100 (3.4)
Original gauge length

Stress

Young’s modulus (taking a slope between 3-5% elongation) = (3.5)
Strain

3.8.5 Permeation test [17,54]

The COz and CHq gas permeabilities of the membrane was observed using the
principle of concentration gradient in atmospheric pressure. The membrane size of 6x6
cm? was placed in the permeation cell, which has the gas permeation area of 5x5 cm?.
Permeation cell includes two pieces of polypropylene (PP) plates sandwiched with
two O-ring seal plates to avoid gas leakage and covered with two metal plates. The
permeation cell was tightened with four screws. The permeation cell is depicted in
Figure 3.3.

O-ring plate PP plate Metal plate

Membrane

Figure 3.3 Permeation cell of the permeation test

Feed gas (CO, or CHg) was flowed into the lower plate (Feed side) while carrier

gas (He) was flowed into the upper plate (Permeate side) of the permeation cell. The
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flow rates of the feed gas and the carrier gas were 30 ml/min. These gases separately
controlled using mass flow controllers. The mechanism of permeation cell can
describe: as the feed gas flow across the film surface and some gas could diffuse
through the membrane to the permeating side. The permeated gas was conveyed by
the carrier gas into the permeate outlet and analyzed using the thermal conductivity
detector (TCD). In contrast, some gas could not diffuse through the membrane and
then it was passed to the retentate outlet and vented as shown in Figure 3.4 and

schematic of permeation rig is illustrated in Figure 3.5.

Carrier gas Permeate o

Retentate Feed gas

1

‘ | Membrane
PP plate Metal plate

O-ring plate

Figure 3.4 Schematic of the permeation test

Thermal conductivity detector
Membrane cell 3

Q M e L_‘
V;T;Ie Fl _ete - “: | | =
Needle valve [ | qQ

e
Flow meter Valve |

Valve
He Q

|

U :

u-tube

e

Figure 3.5 Schematic of the permeation rig

Gas permeability of the membrane can be evaluated from sample area under
a TCD signal (Peak area), which is calibrated with standard gas. The CO, permeation

rate can be calculated in the equation 3.6.

J
CO, permeation rate (g/m*day) = — (3.6)
SC
When J = Transmission rate of CO; (g/day)

Se = Area of permeation cell (m?)



Transmission rate (J) of CO;, can be calculated in the equation 3.7.

When

The CH4 permeation rate (Q) can be calculated in the equation 3.8.

ACOZ
xP x M, x F¢
AS

J= x 1440
RxT
Aco, = Peak area of the permeated CO, (V-s)
A, = Peak area of the standard CO, (V-s)
P = Pressure (atm)
M., = Molecular weight of CO,
Fe = Flow rate of the feed gas (L/min)
R = |deal gas constant (L-atm/K-mol)
7 = Temperature (K)
1440 = minutes in 1 day

Q
CHg permeation rate (¢/m*day) = -
(n
When  Q = Transmission rate of CHy (¢/day)
Sc = Area of permeation cell (m?)

Transmission rate of CHs can be calculated in the equation 3.9.

When

ACHg
xP x M, x F¢
AS

o x 1440
RxT
Ach, = Peak area of the permeated CHs (V-s)
A = Peak area of the standard CH4 (V-s)
P = Pressure (atm)
My = Molecular weight of CHyq
Fe = Flow rate of the feed gas (L/min)
R = |deal gas constant (L-atm/K-mol)
T = Temperature (K)

1440 = minutes in 1 day

a8

(3.7)

(3.8)

(3.9)
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In addition, the COy/ CHy selectivity (Qcg ) of the membranes can be
estimated in the equation 3.10.

CO, permeation rate

Qcoycr, = (3.10)
Z CH,4 permeation rate




Chapter 4
Results and discussion

This research developed the high CO,/CHs selective membrane for the
application of biogas purification by CO, removal. EVA copolymer with 33% of VA and
PEG with molecular weights of 400 and 1450 g/mol are chosen as additive materials
for the membranes. EVA is partially hydrolyzed as named p-EVA before blending with
PEG at 5, 10 and 15%wt. In addition, the SiO, surface is modified by functionalization
with 3-aminopropyltriethoxysilane (APTES) before adding SiO, into the blends of p-
EVA/PEG for increasing the CO,/CH, selectivity. The membranes are characterized for
FTIR analysis, morphology, thermal and mechanical properties, including gas
permeability. Research results are divided in terms of the factors affecting of the
membranes into 3 parts; 1) hydrolysis of EVA, 2) PEG molecular weight and loadings

and 3) surface-modified SiO, content.

4.1 Effect of EVA hydrolysis

EVA was partially hydrolyzed via hydrolysis reaction using KOH as a catalyst in
order to enhance the polarity and mechanical properties of the films. Effect of partially

hydrolysis of EVA on the properties of film was investigated.

4.1.1 FT-IR analysis & %hydrolysis calculation

The partially hydrolyzed EVA (p-EVA) was obtained from hydrolysis reaction,
as shown in Figure 4.1. The spectrum of p-EVA is noticeable that the peak intensities
at 1740 cm™ (carbonyl groups) and 1210 cm™ (ester groups) are sorely decreased.
Meanwhile, the peak at 3300 cm™ (hydroxyl group) is clearly seen. This is because after
the hydrolysis reaction, acetate groups are converted to be the hydroxyl groups [40].
However, the peak of carbonyl eroup can be still observed because of the incomplete
hydrolysis of acetate groups, as depicted in Figure 4.2. Therefore, the results confirmed

that the partially hydrolyzed EVA is successfully prepared.

[ cH,—CHy fen—cny— . —%CHZ—CHQ—}—ECHE—CH%—(-CHZ—CH—)—
\ )m | n m (5 n-k (BH k

C|:=O J|:=O
CHj; CH3

—O

Figure 4.1 Hydrolysis reaction of EVA [40]
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The percentage of EVA hydrolysis was determined via indirect method using
carbonyl index (C.I). After complete reaction time (3 h), EVA is hydrolyzed for 44%. The

calculation of carbonyl index is exhibited in Appendix A.

p-EVA

3300 em’!

EVA

% Transmittance

1210 em™

T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'lj

Figure 4.2 ATR-FTIR spectra of EVA and p-EVA

4.1.2 Mechanical properties of the membranes

Tensile strength, %elongation at break and Young’s modulus of EVA and p-
EVA membranes are exhibited in Figures 4.3-4.5, respectively. It is found that tensile
strength and Young’s modulus of p-EVA membrane are increased meanwhile,
%elongation at break is decreased, as compared with the EVA membrane. This is
because of the effect from hydrogen bonding (-OH groups) that is initiated after
hydrolysis reaction, which is confirmed by FT-IR analysis. The hydrogen bonds between
polymer chains lead to the chains attached to each other, so the crystallinity of the
membrane is increased. From the reasons mentioned, the membrane has high strength
and good hardness. Therefore, it can be concluded that the mechanical properties of

the membrane are effectively improved.
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Figure 4.3 Tensile strength of EVA and p-EVA
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Figure 4.5 Young’s modulus of EVA and p-EVA
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4.1.4 Gas permeation of the membranes

The CO, and CHg gas permeabilities of EVA and p-EVA membranes are
demonstrated in Figure 4.6. The signals from thermal conductivity detector (TCD) of
these gasses were obtained to calculate the CO, and CH4 permeation rates as shown

in Appendix B.

From Figure 4.6, it is seen that the EVA membrane has greater gas
permeabilities than p-EVA membrane. EVA is the semi-crystalline polymer that consists
of 2 segments: ethylene and vinyl acetate. The ethylene segment could arrange chains
to be the crystalline phase, resulting in low gas permeability. Conversely, the gas can
be easily passed through vinyl acetate sesment. Since the segment of vinyl acetate
has the steric effect from acetate groups (-COOCHs;), which obstruct the chain packing,
so this area becomes a part of amorphous region. Moreover, it can be noted that EVA
membrane has CO, permeation rate (317.04 g-m?/day) higher than CH,; (38.36
g-m?/day). This is owing to the polarity effect of carbonyl groups in acetate segment

having a strong interaction with CO, molecules.

On the other hand, even though the p-EVA membrane has a higher polarity
from -OH groups, as compared with EVA, but crystalline region due to the hydrogen
bond is occurred, so the diffusion pathway of gas is obstructed. Consequently, p-EVA

membrane has low gas permeabilities for both CO, and CHa.
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Figure 4.6 The comparison of gas permeation rate between EVA and p-EVA
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4.2 Effect of PEG molecular weight and loadings

Because of the decrement of CO, and CH, permeabilities of the membrane
after hydrolysis reaction, the PEG with the molecular weight of 400 or 1450 ¢/mol was
added into p-EVA at 5, 10 and 15%wt (EVA:PEG weight ratios of 95:5, 90:10 and 85:15).
The effect of polyethylene glycol on p-EVA/PEG blended membrane was examined.

4.2.1 FTIR analysis

Figures 4.7 and 4.8 present the ATR-FTIR spectra of p-EVA, PEG and p-EVA/PEG
blended membranes with PEG with M,, of 400 and 1450 g¢/mol, respectively. It is found
that characteristic peaks of p-EVA membrane are 1740 cm™ (carbonyl group), 1210 cm’
! (ester group) and 3465 cm™ (hydroxyl group). The PEG has characteristic peaks at
1120 cm™ (ether group) and 3465 cm™ (hydroxyl group). Accordingly, it is noticeable
that p-EVA/PEG blended membrane at various %PEG loadings appeared the peak at
1120 cm™ and the peak intensity of hydroxyl group is risen slightly, which is assigned
to the ether and hydroxyl groups from the increase of PEG into the blended
membranes. Therefore, this confirmed an existence of ethylene oxide (EO) unit of PEG
in the blend membranes. [7]

However, the position peak of ether group in p-EVA/PEG blend membranes
are shifted to the left (1143 cm™, higher wavenumber), as a result of interaction

between ether group of PEG molecules and hydroxyl sroup of p-EVA.

PEG
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Figure 4.7 ATR-FTIR spectra of p-EVA, PEG and p-EVA blended with PEG at M,, of
400 g/mol at 5, 10 and 15%wt
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Figure 4.8 ATR-FTIR spectra of p-EVA, PEG and p-EVA blended with PEG at M,, of 1450
g/mol at 5, 10 and 15%wt

4.2.2 Thermal properties of the membranes

The thermal behavior of EVA, PEG, p-EVA and p-EVA/PEG blend membranes
with different molecular weights of PEG and various %PEG loadings was investigated
using DSC, which is represented in Table 4.1 and the DSC thermograms are displayed
in Appendix C. It is found that the glass transition temperature (T¢) of EVA is -33.2 °C,
which is revealed the rubbery state of membrane at room temperature. After
hydrolysis reaction, the p-EVA membrane has a higher T, (-17.5 °C) than the EVA one
because of intermolecular hydrogen bond. For the p-EVA/PEG blend membranes, two
T, were detected referring the phase separation nature of the blends [57]. The lower
Tg is of the PEG phase and the higher one is indicated to the p-EVA phase. Additionally,
the contribution of PEG also affects on the decrement in Tqof p-EVA, especially in the
formula of p-EVA/PEG400. The smaller M, of PEG is favorable to penetrate through the
polymer chains. Hence, it acts as a plasticizer and generates more free volume for the

ease of chain mobility.

The melting temperature (T.), crystallization temperature (T and
%crystallinity (Xo) of p-EVA are higher than those of the EVA. This indicates that the
lamellar thickness is increased corresponding to the increase in crystallinity of p-EVA
along with higher temperature of crystallization. Nevertheless, Tr,, Tc and X. of p-
EVA/PEG are in the same range (63-66°C, 55-61°C and 5-7%, respectively). This is
because PEG is added in small amount and p-EVA/PEG blends are also immiscible.
Accordingly, the addition of PEG could not interfere the crystallization of p-EVA in the

blend membranes.



Table 4.1 T,, Tr, Tcand %crystallinity of the EVA, PEG, p-EVA and p-EVA/PEG blend

membranes with various %PEG loadings
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T, (°C) Tm (°O) X. of EVA
Formula T (°O)

PEG EVA PEG EVA (%)
EVA - -33.2 - 62.2 32.5 2.5
p-EVA - -17.5 - 64.8 54.0 5.8
P-EVA/5PEG400 -52.0 -28.0 -14.1 65.0 57.1 6.4
P-EVA/10PEG400 -53.5 -27.5 -13.7 63.8 56.8 6.6
P-EVA/15PEG400 -54.9 -30.1 -14.8 64.0 57.2 5.6
PEGA400 -85.1 - -14.0 - -48.3 -
P-EVA/5PEG1450 -50.0 -23.9 30.5 66.0 55.0 6.4
p-EVA/10PEG1450 -53.7 -21.3 33.2 65.8 57.0 6.8
p-EVA/15PEG1450 -55.0 -21.5 325 65.5 60.7 6.0
PEG1450 -78.1 - 45.2 - 20.2 -
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4.2.3 Morphology of the membranes

Figure 4.9 displays SEM micrographs from the cross-section of EVA, p-EVA and
p-EVA/PEG blend membranes after extraction at magnifications 3000X and 8000X. SEM
micrographs of the p-EVA/PEGA00 and p-EVA/PEG1450 blend membranes before
extraction are shown in Appendix D. It is observed that the EVA and p-EVA presented
the smooth appearance with no micropores or any cavities (Figures 4.9a and 4.9b,

respectively).

Moreover, it is found that by adding PEG into the p-EVA, the cavities are
appeared and uniformly dispersed in the membrane matrix. Additionally, it is notable
that the p-EVA/PEG blend with PEG of M,, 1450 g/mol has cavities larger than the one
with PEG of M,, 400 g/mol at same amount of PEG adding. This is because the higher
molecular weight of PEG-1450 has a higher polarity from the structure. Therefore, they
are likely to agglomerate as a cluster rather than to disperse in the matrix. Besides, the
size of cavities become larger and seem to be longitudinal shape when higher amount

of PEG was loaded owing to low compatibility between p-EVA and PEG [24].

EVA (3000X) (a) EVA (8000X)

p-EVA (3000X) (b) p-EVA (8000X)



p-EVA/5PEG1450 (3000X) p-EVA/5PEG1450 (8000X)
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p-EVA/15PEG1450 (3000X) (h) p-EVA/15PEG1450 (8000X)

Figure 4.9 SEM micrographs from cross-section of EVA, p-EVA and p-EVA/PEG blend
membranes (3000X and 8000X magnifications)

Figure 4.10 displays the surface morphology of EVA, p-EVA, p-EVA/15PEG400
and p-EVA/15PEG1450 blend membranes. It shows that the EVA and p-EVA membranes
(Figures 4.10a and 4.10b, respectively) have the smooth surface and no micropores.
Nevertheless, some micropores are observed on the surface of p-EVA/15PEG400 but
not that of p-EVA/15PEG1450. This is because the PEG-400 ¢/mol has lower M,, than
PEG-1450 g¢/mol. Hence, during the membrane preparation process, it could penetrate
through the polymer chains to the membrane surface and evaporate when the

membrane was cooled down, the micropores on the surface appeared.
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(d) p-EVA/15PEG1450

Figure 4.10 SEM micrographs from top surface of EVA, p-EVA, p-EVA/15PEG400 and
p-EVA/15PEG1450 blend membranes (10000X magnification)

4.2.4 Mechanical properties of the membranes

Tensile strength, %elongation at break and Young’s modulus of p-EVA/PEG
blend membranes with PEG having M, at 400 and 1450 g/mol and with various PEG
loadings as depicted in Figures 4.11-4.13, respectively and Appendix E. The results
show that tensile strength of blend membranes is decreased with increasing PEG
loading, especially at 15%wt for both M, of PEG. This is because PEG acts as the
plasticizer in the membrane, leading to an increase in free volume and so the
decrement in the strength of membranes [58]. Additionally, with 5-10%wt PEG
loadings, Young’s modulus of the membrane is significantly unchanged because PEG
was added in small amount and it cannot interfere the crystallization of membrane
(confirmed via DSC results). However, the use of 15%wt of PEG M,, 1450 g¢/mol gives
the decreasing trend of membrane rigidity. The structure of PEG-1450 is bigger than
that of PEG-400 because the PEG-1450 contains a higher number of ether group in its
polymer chain. Thus, the polymer matrix seems to be softened as PEG-1450 is added.
Furthermore, %elongation at break of the p-EVA/PEGA400 and p-EVA/PEG1450 blend
membranes is insignificantly changed with increasing PEG loading. This is because of a

less amount of PEG addition into the membrane.
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Figure 4.11 Tensile strength of p-EVA/PEG blend membranes with various %PEG
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Figure 4.13 Young’s modulus of p-EVA/PEG blend membranes with various %PEG
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4.2.5 Gas permeation of the membranes

The study of CO, and CH4 permeabilities of p-EVA/PEG blend membranes is
divided into 3 parts; 1) effect of PEG loadings 2) effect of PEG M, and 3) the CO,/CHq

selectivity.

4.2.5.1 Effect of PEG loadings

From the results mentioned in section 4.1.4, CO, permeability of p-EVA
(148.96 g/m*day) is lower than EVA (317.04 ¢/m*day) due to crystallinity in the
membrane. Because the crystalline phase induces the difficult diffusion pathway from
lowering chain mobility. Therefore, it is considered as an impermeable domain in the
polymeric membrane. The CO, and CHg permeabilities of p-EVA/PEG 400 and p-
EVA/PEG1450 blend membranes to present the effect of PEG loadings are displayed in
Figures 4.14 and 4.15, respectively. They show that the CO, and CHq permeabilities of
membranes are the highest at 15%wt PEG loading.

Accordingly, PEG was added into the p-EVA in order to increase free
volume and polarity of membrane. By increasing the PEG loadings, it is found that the
CO, and CH4 permeabilities are increased owing to facilitation of gas diffusivity. In other
words, PEG acts as the plasticizer, diffusing its molecules between the chain segment
of p-EVA and then produces additional intermolecular space [59]. Moreover, it could
be noticeable that CO, permeability is considerably increased, as compared with CHa.
This is because the presence of ether oxygen in PEG structure could promote strong

interaction with CO, molecules due to the quadrupole-dipole interactions, leading to
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the improvement of CO, molecules solubility on the membrane surface. Therefore,
the accumulation of CO, concentration at upper-surface of the membrane is obtained,
following by the increment of CO, molecular diffusion passed through the membrane.

In other words, it resulted in greater concentration gradient effect.
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Figure 4.14 Effect of PEG loadings on CO, and CHy permeation rate of p-EVA/PEG400

blend membranes

Gas permeation rate (g/ml.day)

: : .
0 5 10 15

% PEG Loading

Figure 4.15 Effect of PEG loadings on CO, and CH, permeation rate of p-EVA/PEG1450

blend membranes



64

4.2.5.2 Effect of molecular weight of PEG

Figure 4.16 shows that p-EVA/PEG1450 has a higher CO, permeability than
p-EVA/PEG400. This is because PEG-1450 g/mol (having higher M,,) provided larger
cavities in the membrane than PEG-400 g¢/mol, as discussed in SEM analysis (section
4.2.3). Since PEG-1450 is likely to agglomerate as a cluster rather than to disperse in
the matrix owing to low compatibility between p-EVA and PEG-1450 (higher polarity).
Thus, both of gases CO, and CH; easily passed through the p-EVA/PEG1450
membranes. In addition, the presence of ether oxygen in the membrane can be
performed strong interaction with CO, molecules and also possessed in CO, solubility,

leading to a higher CO, permeability as compared with CHq permeability.
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Figure 4.16 Effect of M,, of PEG on CO; permeation rate of p-EVA/PEG membrane with

various PEG loadings

4.2.5.3 CO,/CH, selectivity

The CO,/CHq selectivity of p-EVA/PEGA00 and p-EVA/PEG1450 membranes
with various PEG loadings is shown in Figure 4.17. The CO,/CHg selectivity is the highest
at 5%wt PEG loading in both membranes and then it drops by further increasing
amount of PEG (10-15%wt). This could be explained by the formation of cavities in the
blend membranes, as discussed in the section 4.2.3. The blend membrane with a
higher amount of PEG loadings has larger cavities and brings about the less effective
thickness of the membrane, generating the increment in the diffusivity of both gases
(low-selective membrane). However, it is concluded that the p-EVA/5PEG1450
membrane provided the highest CO,/CHy selectivity at 18.6.
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Figure 4.17 CO,/CH, selectivity of p-EVA/PEG400 and p-EVA/PEG1450 membranes with

various PEG loadings

4.3 Effect of surface-modified SiO, content

From the CO,/CH, selectivity result mentioned above, it is concluded that
CO,/CH, selectivity is decreased after 5% of PEG loadings. Therefore, amine-functional-
ized silica (AFS) (with 0.3, 0.6 and 0.9%wt based on p-EVA content) was incorporated
into the p-EVA/PEG blend membranes for increasing the CO,/CH, selectivity together
with excellent CO, permeability. The effect of AFS on the p-EVA/PEG blend

membranes was investigated.

4.3.1 Characterization of modified SiO,

The nonporous-silica (SiO;) was functionalized with APTES by grafting the
aminopropyl chains of APTES to the surface of SiO,. The efficiency of functionalization

was examined.

4.3.1.1 FTIR analysis

The AFS, SiO, and APTES were characterized and is displayed in Figure
4.18. The spectrum of SiO, is denoted the peak intensities at 1068 cm™ and 480 cm™
which are attributed to the Si-O-Si asymmetric stretching and bending vibrations,
respectively. Moreover, Si-O-(H-H,0) bending vibration is observed at near 960 cm™
and peak intensity at 798 cm™ indicates the in-plane bending vibration of geminal
groups. The peak intensity around 3400 cm™ is owing to the -OH groups of SiO; [60-
61]. In addition, the specific peaks of APTES that represent the amine functional groups

are N-H bending vibrations for primary amine (1°amine) at 768 cm™ and 1392 cm™.
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The spectrum of AFS shows the peak intensities at 1392 cm™ and 2800-
2950 cm™, indicating the amino groups, which are fixed onto the SiO, surface
successfully. Besides, it is noticeable that the intensity of Si-O-Si characteristic peak of
AFS at 1068 cm™ is increased, as compared to that of SiO,. This is due to the replacing
the Si-OH with Si-O-Si from functionalization of the aminosilane on the surface [62-63].
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Figure 4.18 FTIR spectra of SiO,, AFS and APTES

4.3.1.2 Contents of APTES on SiO, surface

Because the FTIR spectra could not confirm the quantification of amine
groups, the presence of amine groups and number of elementals (C, H and N) was
determined using back titration and CHN elemental analysis, respectively. The CHN
analysis results are presented in Table 4.2.

Since each nitrogen atom represents one amine functional group attached
to a propyl chain, the percentage of nitrogen in the AFS suggests the total number of
amine sites which are grafted on SiO, surfaces. The percentage of nitrogen in the
pristine SiO; is zero regarding to the manufacturer's information. Using the total surface
area of the AFS, the total number of amine sites could be calculated as 2.85 n/nm? of

surface.
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Table 4.2 CHN elemental analysis results

Element Weight (mg) Weight (%) Reten, Time (min) Area
Nitrogen 0.049 1.17 0.808 108729
Carbon 0213 5.04 1.233 1029254
Hydrogen 0.057 134 3.042 8833955
Total 4224 7.55

However, only some the amine sites are active to react with CO,
molecules. There is the possibility for the amino propyl chains attaching undesirably
to the SiO, surface during the functionalization process [45], as schematically
illustrated in Figure 4.19 (2 and 5). Therefore, an amine efficiency could be evaluated
by comparing the total number of amine sites (2.85 n/nm?) and the number of active

amine sites resulting from back titration analysis (1.82 n/nm?), which is 64.0%.

NH, NH, \ p
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Figure 4.19 Possibilities of interactions between APTES molecules and SiO, surface

4.3.1.3 Electronic structure of the surface species

The surface chemical species exposed on unmodified SiO, and amine-
functionalized SiO, (AFS) were determined using XPS. The Cls, Ols, Si2p and N1s
spectra are demonstrated in Figures 4.20-4.23 and surface chemical composition is
tabulated in Appendix F.

As seen from Figure 4.20, Cls spectrum of AFS presents a band with high
intensity as compared to that of the parent SiO,. Deconvoluted Cls spectrum of the
AFS resolves into the contributions centered at 284.8, 284.5, and 286.4 eV arising from
sp3 carbon (C-C and C-H), C-Si bond, and C-N or C-O, respectively. It should be noted
that the peak with low intensity at 288.5 eV seems to be C-C=0 emerging from impurity
[64-65].

O1s spectra of the samples are illustrated in Figure 4.21, showing that the
binding energy at 533.2 is related to the surface silanol. After AFS grafting, the binding
energy is shifted to 531.9 eV indicating that the siloxane bridge occurs from the
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silanization [65-66]. Nonetheless, O1s spectra of AFS present a relatively lower intensity
compared to those of unmodified SiO, owing to the shielding of secondary electron
from other surface components. In a similar manner, Si2p spectra main peak is also
shifted from 103.9 (Si-OH) to 102.6 eV (Si-O-Si). However, the peak of Si-OH is still
remained. This is indicated that the functionalization is not a hundred percent

successfully.

Finally, amino group on the SiO, surface was confirmed by N1s XPS
spectra, as depicted in Figure 4.23. The deconvoluted N1s spectrum of AFS sample
reveals the intense peaks at 400.4 and 402.1 eV, in agreement with single N-H and NH;
contribution, respectively. Besides, the peak at 402.1 eV is corresponded to the
hydrogen-bonded -NH, (NHs) with the hydroxyl eroups on SiO, surface [65-67]. As
expected, the N1s signal of unmodified SiO; is not observed as it is an amine-free

sample.
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Figure 4.20 Cl1s level XPS spectra of SiO, and AFS
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Figure 4.21 Ols level XPS spectra of SiO, and AFS
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Figure 4.22 Si2p level XPS spectra of SiO, and AFS
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Figure 4.23 N1s level XPS spectra of SiO, and AFS

4.3.2 Characterization and test of the membranes

AFS was added into the p-EVA/15PEGA400 and p-EVA/15PEG1450 blend
membranes with 0.3, 0.6 and 0.9%wt to improve the COy/CHq selectivity. The

morphology of membranes and gas permeabilities were evaluated.

4.3.2.1 Morphology of the membranes
The dispersion of AFS in the p-EVA/PEG blend membranes was

determined using SEM analysis. It is found that AFS particles tend to agglomerate upon
the loading, from 0.3, 0.6 and 0.9%, resulting in poor AFS dispersion. Typically, AFS
particle has a higher polarity related to p-EVA, it is thus likely incompatible to each
other and favorable to form separated phase. The formation of AFS agglomeration in
the all p-EVA/15PEG1450-XAFS (X are 0.3, 0.6 and 0.9%wt) membranes is displayed in
Figures 4.24 to 4.26.

Conversely, Figures 4.27 and 4.28 show that the p-EVA/15PEG400-0.3AFS
and p-EVA/15PEGA00-0.6AFS, respectively, have good dispersion of AFS in the blend
membranes and imply the good compatibility between AFS with PEG-400 phase. This
is because the polarity of PEG-400 is lower than PEG-1450. However, the agglomeration
of AFS particles, representing poor dispersion of AFS in matrix phase, is observed when
adding 0.9%wt AFS (p-EVA/15PEG400-0.9AFS membrane) as illustrated in Figure 4.29.
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(a) (b)

Figure 4.24 SEM micrographs of p-EVA/15PEG1450-0.3AFS at magnifications of a) 8000X
and b) 10000X

/2019 | hv wo | mag
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Figure 4.25 SEM micrographs of p-EVA/15PEG1450-0.6AFS at magnifications of a) 8000X
and b) 20000X

(@

Figure 4.26 SEM micrographs of p-EVA/15PEG1450-0.9AFS at magnifications of a) 8000X
and b) 20000X
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Figure 4.27 SEM micrographs of p-EVA/15PEGA400-0.3AFS at magnifications of a) 8000X
and b) 50000X

(a) (b)

Figure 4.28 SEM micrographs of p-EVA/15PEG400-0.6AFS at magnifications of a) 8000X
and b) 30000X

(@) (b)

Figure 4.29 SEM micrographs of p-EVA/15PEG400-0.9AFS at magnifications of a) 8000X
and b) 20000X
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4.3.2.2 Gas permeation of membranes

The COzand CHq gas permeabilities of p-EVA/15PEG400 and p-EVA/15PEG
1450 membranes with various %AFS loadings are demonstrated in Figures 4.30 and
4.31, respectively. In the formula of PEG-400 (p-EVA/15PEG400), it is observed that by
increasing the AFS loading up to 0.6%wt, the CO, permeability is increased owing to
the presence of amine sites on the surface of AFS. They could interact with CO,
molecules and the CO, solubility is increased effectively, leading to the higher CO,
permeation [68]. The reactive amine functional groups with electron donating nitrogen
act as the Lewis base for attaching CO, molecules. The reaction between active amine

sites and CO, molecules can be described in the equation 4.1.

COZ 25 RNHz <+“—> RNH2+ COO
RNH, + COO + RNH, <«——» RNH;" + RNHCOO (4.1)

From the equation 4.1, the CO; firstly reacts with a propylamine group
and produces carbamic acid. After that the product reacts with another free amine
group and results in a carbamate molecule and RH;" [69-70]. As the reactions are
reversible and carbonate compounds are unstable, the CO, molecules may
completely desorb and regenerate the initial surface of particle [45]. However, the CH,q
does not show this behavior because this non-polar gas has no considerable

interaction with NH; eroups.

Additionally, when adding 0.9%wt AFS, the CO, permeability is
considerably decreased due to the higher amounts of non-permeable particles that
block the gas diffusion pathway and increase the tortuosity of the permeation pathway
[71]. In other words, the effect of pathway blocking is dominant compared to the effect

of amine functional groups, at higher AFS loadings.
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Figure 4.30 Gases permeability of p-EVA/15PEGA00 membrane with various %AFS

loadings

Besides, in the formula of PEG-1450 (p-EVA/PEG1450), it is found that CO,
permeability is dramatically decreased with increasing AFS loading. This is because the
AFS particles have poor dispersion, as agglomeration in the matrix phase (p-EVA) that
was evidenced by SEM micrographs. PEG-1450 possesses a higher polarity related to
AFS, resulting in poor compatibility between PEG-1450 and AFS. Hence, the AFS
particles play role in the non-permeable particle and block the gas diffusion pathway,

leading to the increase in tortuosity of the permeation pathway [71].
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Figure 4.31 Gases permeability of p-EVA/15PEG1450 membrane with various %AFS

loadings
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The CO,/CHq selectivity of p-EVA/15PEG400 and p-EVA/15PEG1450
membranes with various AFS loadings is illustrated in Figure 4.32. The CO,/CH,q
selectivity of p-EVA/15PEG400 and p-EVA/15PEG1450 membranes is the highest at
0.6%wt and 0.3%wt AFS loadings, respectively. Then the decreasing trends are
observed because of the undesirably agglomerated AFS particles, leading to the

difficult gas diffusion.

40
16 —B— p-EVA/ISPEG400
] —@— p-EVA/ISPEGI1450

32
28
24
20
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C()z/CH4 Selectivity
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0 . ‘ . : :
0.0 0.3 0.6 0.9
% AFS Loadings

Figure 4.32 CO,/CH, selectivity of p-EVA/15PEGA00 and p-EVA/15PEG1450 membranes

with various %AFS loadings

It is seen that p-EVA/15PEG1450 has the highest CO, permeability up to
1791.7 ¢/m?day. However, it has a low CO,/CH, selectivity (11.1). After adding AFS into
the p-EVA/15PEG blended membranes, it is found that p-EVA/15PEG1450-0.3AFS
possesses the highest CO,/CHj selectivity up to 33.8 from the effect of NH, functional
groups. In contrast, it has a relatively low CO, permeability (957.2 ¢/m?day) because
the gas diffusion pathway is blocked from agglomeration of AFS particles. Therefore,
the p-EVA/15PEG400-0.6AFS is a suitable membrane for CO, permeability and CO,/CHq
selectivity with optimum values at 1402.3 ¢/m*day and 22.3, respectively.

Consequently, it is shown that the p-EVA/15PEG400-0.6AFS blend
membrane from present work revealing the enhancement of CO,/CHy selectivity, as

compared to other membranes, which are listed in Table 4.3.
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Table 4.3 The comparison of the CO,/CHj, selectivity performance of p-EVA/15PEG
400-0.6AFS with other mixed matrix membranes (MMMs)

Entry Sample Condition Selectivity | Reference

Matrimid®-PEG (96:4) | CO,/CH4 binary mixture

1 154 [42]
+ 30 wt% ZIF-8 gas (50:50), 8 bar, 25 °C
PEBAX MH1657 + 30 CO2/CHg single gas

2 8.1 [46]
wt% PEG-POSS permeation, 70 °C
PES + TiOz + UV 3 min | CO»/CHs single gas

3 L _ 15.6 [72]
+ cross linking permeation
PU-ZnO 0.5 wt% CO4/CHg single gas

a _ 19.8 (73]
MMM permeation, 10 bar, 30 °C
NH2-MIL-53(Al)/ CO,/CH,4 binary mixture

5 Cellulose Acetate gas (15:85%v/v), 15 bar, 14.4 [74]
HFMMM 30 °C
Pebax (7 wt%)/PEG CO,/CHy single gas

6 (7.5 wt%)/TINT-TEPA permeation, >10 bar, 35 °C 16.2 [75]
(3 wt%)
Pebax- Al,Os (4 wt%) | CO,/CHq single gas

7 : 21.2 [76]

permeation, 3 bar, 25 °C

p-EVA/15PEGA00- CO2/CHg single gas ,

8 22.3 This work
0.6AFS permeation, 25 °C




Chapter 5
Conclusions and suggestions

5.1 Conclusions

The EVA with 33% vinyl acetate (VA) was chosen to prepare the membrane for
application of the CO, separation in biogas industry, on account of its high carbonyl
functional groups. In contrast, it has poor mechanical properties. Hence, EVA with
33%VA was partially hydrolyzed, as named p-EVA, to improve the mechanical
properties. The tensile strength of p-EVA is ereater than that of EVA, as a result of
hydrogen bonding between the polymer chains during hydrolysis reaction. However,
the negative effect from this reaction resulted in low CO, permeability. In order to
enhance the CO, permeation, PEG was selected for blending with p-EVA due to the
high polarity from the ether functional eroups and the plasticizer effect.

PEG with the molecular weights of 400 and 1450 g/mol at 5, 10 and 15%wt
loadings was blended with p-EVA to increase the polarity and free volume of the
membranes. The blend membranes with PEG 15%wt (p-EVA/15PEG400 and p-EVA/15
PEG1450) exhibited relatively high CO, permeability owing to higher intermolecular
space (free volume) and polarity from the functional group (ether oxygen). However,
they have poor CO,/CHg selectivities. This is because the blend membrane with a
higher amount of PEG loadings has larger cavities and brings about the less effective
thickness of the membrane, generating the increment in the diffusivity of both gases

(non-selective membrane).

For enhancing the CO,/CH, selectivity, SiO; was modified surface with APTES
and incorporated with p-EVA/15PEG400 and p-EVA/15PEG1450 blend membranes. The
results presented that total amine sites exposed on SiO; surface was 2.85 n/nm?,
whereas the number of active amine sites was 1.82 n/nm?. The XPS showed the intense
Si-O and N-H peaks at 102.6 eV and 400.4 eV, respectively, which indicated the
formation layers of APTES due to successful functionalization. When the AFS particles
at 0.3, 0.6 and 0.9%wt were added into the blend membranes, the CO,/CH, selectivity
was increased in the all formulas. This is because AFS particles can significantly interact
with CO, molecules and then CO, solubility is increased effectively, leading to the
preferable CO, permeation. Additionally, the CO, permeability in the formula of p-
EVA/15PEG400-XAFS was increased with increasing amount of AFS from 0.3-0.6%wt. On
the other hand, the CO, permeability of p-EVA/15PEG1450-XAFS was considerably
decreased with increasing the AFS loadings due to the agglomeration (poor dispersion)

of AFS particles in the matrix phase, resulting in the gas diffusion pathway blocking.
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Consequently, the appropriate formula for CO, separation was p-EVA/15PEG400-0.6AFS
with CO, permeability 1402.34 ¢/m*day and 22.31 of CO,/CHg selectivity.

5.2 Suggestions

1) Processing methods of membrane production as used in an industry such as

melt process (melt casting and blown film extrusion) could be employed.
2) Porous-silica such as MCM-41 and SBA-15 could be used as functionalized
support in order to prevent the gas diffusion blocking.

3) Other properties of membranes such as weatherability and stability could

be further investigated.
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Appendix A

The calculation of carbonyl index
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Figure A.1 Integration of the peak area of EVA for carbonyl index calculation

L o B = L]
AN 2=
| | A
- Infegrate Multipie Peaks (9/9/2018 03.30.56)

= Motes
‘-|i X-Function | integPeaks

User Name | Patchnakan
. Time | 9/9/2018 03:30:56
Input Dala
Input X Data Source | Input ¥ Data Source Range
B [Book1]Sheet!ldA | [Booki|Sheet1!B [1*:17384
Feaks
Area Height
1 1.03247 | 0.05443
2| 482206 | 0.21873

Y

1 : \ Sheet1 ) Integration Report1 / < >

Figure A.2 Raw data of EVA for carbonyl index calculation



Intensity
[rr ]
|
=]
[l

T ' T : T ! 1
2000 1500 1000 500

Wavemumber {cm™ )

Figure A.3 Integration of the peak area of p-EVA for carbonyl index calculation

=l Infegrate Mulliple Peaks (9/9/2018 03.42.13)

= Nofes
LI: X-Function integPeaks

User Name | Patchnakan

~ Time | 9/9/2018 03:42.13
input Data

Input X Data Source | Input ¥ Data Source Range
B [Bockd]Sheet1lA [Book4iSheet1lB | [1%:17387]
= Peaks

Area Height
11 1.0326 | 0.04824
2| 2.69842 0.10009
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Figure A.4 Raw data of p-EVA for carbonyl index calculation

EVA
Area under carbonyl peak (C=0) = 4.82206
Area under CH, rocking = 1.03247
Carbonyl 4.82206
Cl. = ——— = = = 46704

CHy rocking 1.03247
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p-EVA
Area under carbonyl peak (C=0) = 2.69842
Area under CH, rocking = 1.03260

Carbonyl 2.69842

= — = = 26132
CHj rocking 1.03260

C.L

C.l. of EVA

4.6704 is 100%

2.6132 x100

26132 is —  =5595%
4.6704

C.l. of p-EVA

The residual carbonyl group (C=0) is 55.95%. Therefore, it was concluded
that the C=0 in EVA was transferred to be the hydroxyl groups (-OH) in p-EVA at 44.05%
(which is from 100 - 55.95).



Appendix B

Carbon dioxide and methane permeations

Carbon dioxide permeation

Figure B.1 TCD signal of carbon dioxide standard
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Figure B.2 TCD signal of carbon dioxide of EVA membrane
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Figure B.3 TCD signal of carbon dioxide of p-EVA membrane
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Figure B.4 TCD signal of carbon dioxide of p-EVA/5PEG400 membrane
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Figure B.5 TCD signal of carbon dioxide of p-EVA/10PEG400 membrane
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Figure B.6 TCD signal of carbon dioxide of p-EVA/15PEG400 membrane
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Figure B.7 TCD signal of carbon dioxide of p-EVA/5PEG1450 membrane
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Figure B.8 TCD signal of carbon dioxide of p-EVA/10PEG1450 membrane
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Figure B.9 TCD signal of carbon dioxide of p-EVA/15PEG1450 membrane
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Figure B.10 TCD signal of carbon dioxide of p-EVA/15PEG400-0.3AFS membrane
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Figure B.11 TCD signal of carbon dioxide of p-EVA/15PEG400-0.6AFS membrane
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Figure B.12 TCD signal of carbon dioxide of p-EVA/15PEG400-0.9AFS membrane



Figure B.14 TCD signal of carbon dioxide of p-EVA/15PEG1450-0.6AFS membrane
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Figure B.15 TCD signal of carbon dioxide of p-EVA/15PEG1450-0.9AFS membrane

Carbon dioxide permeation calculation

Pressure drop (Pgrop)

A d v R
A A
When m = Mass of water in U-tube (kg)
¢ = Gravitational force (9.807 m/s?)
A = Area of U-tube (m?)

Mass of water in U-tube (m)

m

Dv% — . —» m. =DV
V

v = Trh

= TUx (3x107°Fm’ x 6.67x10°m
= 1.8859 x10°m>
When D = Density of water (~1 g/cm® or 1000 kg/m?)
:m = (1000 kg/m?) x (1.8859 x10°m°)
= 1.8859 x107kg

i . F e (1.8859 x107 kg) (9.807 m/s”)
e A A M(3x103)2 m?
Paop = 650.1276 Pa

6.4557 x10° atm
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Transmission rate of CO, (J) (g/min)

PV = nRT
PV Aco, S
n = - ;V:(_)XFfeed ;n:_
RT AStd. MV\/
ACO,
P x X Ffeed X MW
Astd.
g =
RT

When ACOZ = Peak area of the permeate CO, (V-s)

Aqq = Peak area of the standard CO, (V-s)
P = Pressure (atm)

My = Molecular weight of CO,

Fe = Flow rate of the feed gas (L/min)
R = |deal gas constant (L-atm/K-mol)
T = Temperature (K)

Exa e

CO, transmission rate of p-EVA/10PEG400 (¢/min)

3.41 Vs
1.0066 atm x | = }x 0.03 L/min x 44.01 ¢/mol
140.16 V*s
g =
(0.08205 L-atm/K-mol) x 296 K
¢ = 13313 x10° ¢/min

¢ = (1.3313 x107) ¢/min x 1440 min/day

g 1.9171 ¢/day

; So, the CO; transmission rate of p-EVA/10PEG400 = 1.9171 ¢/day

The CO, permeation rate (g/m?day)

The CO, permeation rate (g/m?day) =

C

When J = Transmission rate of CO, (g/day)

Se = Size of permeation cell (m?) ; ~25x10°m?

1.9171 ¢/day
" The CO, permeation rate (g/m?day)

2.5%x10°m?
= 766.84 ¢-m?/day



Methane permeation
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Figure B.16 TCD signal of methane standard
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Figure B.17 TCD signal of methane of EVA membrane
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Figure B.18 TCD signal of methane of p-EVA membrane
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Figure B.19 TCD signal of methane of p-EVA/5PEG400 membrane
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Figure B.20 TCD signal of methane of p-EVA/10PEG400 membrane
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Figure B.21 TCD signal of methane of p-EVA/15PEG400 membrane
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Figure B.22 TCD signal of methane of p-EVA/5PEG1450 membrane

Figure B.23 TCD signal of methane of p-EVA/10PEG1450 membrane
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Figure B.24 TCD signal of methane of p-EVA/15PEG1450 membrane

Figure B.25 TCD signal of methane of p-EVA/15PEG400-0.3AFS membrane
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a3

Figure B.26 TCD signal of methane of p-EVA/15PEGA400-0.6AFS membrane

0.10:

.08

Figure B.27 TCD signal of methane of p-EVA/15PEG400-0.9AFS membrane
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Figure B.28 TCD signal of methane of p-EVA/15PEG1450-0.3AFS membrane

004

Figure B.29 TCD signal of methane of p-EVA/15PEG1450-0.6AFS membrane
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Figure B.30 TCD signal of methane of p-EVA/15PEG1450-0.9AFS membrane

Methane permeation calculation

Transmission rate of CH, (Q) (g/min)

PV = nRT
PV Achy S
= RT ;V:(_)XFfeed 24 1=C )
RT AStd. MW
ACHg
P x X Fraeg X My
Astd.
g =
RT

When ACH4 = Peak area of the permeate CHq (V:s)

Aqq. = Peak area of the standard CHg (V-s)
P = Pressure (atm)

My = Molecular weight of CHq

Fe = Flow rate of the feed gas (L/min)
R = Ideal gas constant (L-atm/K-mol)
T = Temperature (K)

Example
CHq transmission rate of p-EVA/10PEG400 (g/min)

0.89 V*s
1.0066 atm x x 0.03 L/min x 16.0 ¢/mol

110.97 V*s

(0.08205 L-atm/K-mol) x 296 K



g = 15956 x10" g/min
¢ = 15956 x10" ¢/min x 1440 min/day
g = 0.2298 g/day

; So, the CO; transmission rate of p-EVA/10PEG400 = 0.2298 ¢/day

The CH4 permeation rate (g/m?day)

Q
The CHq permeation rate (¢/m*day) = —

C

When Q = Transmission rate of CHq (g/day)

Sc = Size of permeation cell (m?); ~25x10°m?
0.2298 g/day

". The CHq permeation rate (¢/m*day) =
2.5x10°m?

= 91.92 ¢m?day

So, the CO,/CHj, selectivity of p-EVA/10PEG400 blend membrane

CO, permeation rate

a
CO,/CH _ -
27 by weight) CH4 permeation rate

766.84 g-m?/day

91.92 ¢:-m2/day

; aCOZ/CH4 = 834
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Table B.1 The comparison of CO, and CHs permeability and CO,/CHy selectivity

of all membranes

CO; permeability | CHq permeability CO,/CHq
Formulas

(¢/m?.day) (¢/m?.day) selectivity
1. EVA 3170+ 7.6 384 +25 8.3
2. p-EVA 149.0 £ 5.2 23.1+22 6.5
3. p-EVA/5PEG400 500.2 + 18.7 482 + 1.1 10.4
4. p-EVA/10PEGA00 784.3 + 26.0 88.2 +5.1 8.9
5. p-EVA/15PEG400 985.9 + 11.3 139.5 + 13.7 7.1
6. p-EVA/5PEG1450 803.5 +8.3 43,1 +2.9 18.6
7. p-EVA/10PEG1450 1159.1 + 14.0 87.8 £ 2.6 13.2
8. p-EVA/15PEG1450 1791.7 + 20.9 1619 £ 6.6 11.1
9. p-EVA/15PEGA00-0.3AFS 13954 + 43,6 1129 £ 6.0 12.4
10. p-EVA/15PEG400-0.6AFS 1402.3 + 37.7 62.9 + 4.0 22.3
11. p-EVA/15PEG400-0.9AFS 7523 +19.5 348 + 7.6 21.6
12. p-EVA/15PEG1450-0.3AFS 957.2 + 22.9 28.3 + 4.6 33.8
13. p-EVA/15PEG1450-0.6AFS 684.7 + 21.0 gedid, * UQ 29.0
14. p-EVA/15PEG1450-0.9AFS 3125 + 13.6 16.8 + 1.7 18.6




Complex Peak:

DSC /(mW/mg) Area: 7.401 J/g [1.2] EVA33.dd3 bsC
1 exo Peak™: 62.2 °C [1.4] EVA33.dd3
0.4 1 Onset: 46.5°C ————————————— DsC
. End: 755 °C [1.6] EVA33.dd3
—— DsC
[1.8] EVA33.dd3
—  DSC
[1.8]
0.2 1 o
Glass Transition: \
Onset: 18.3°C Complex Peak: Complex Peak:
Mid: 235°C 5.95J/g Area:  3.574 J/g 1.8
0.0 1 Inflection: - 20.5 °C Peak*: 45.1 °C Peak*: 68.9 °C
End: 24.1°C Onset: 35.9 °C Onset: 62.2 °C
Delta Cp*: 0.065 J/(g*K) 54.9°C End: 76.1°C
-0.2 1
0.4 -
Complex Peak: Complex Peak:
Area:  -26.57 J/g Area: -26.9 J/g
Peak™: 38.2°C Peak*: 38.2°C
Onset: 32.4°C Onset: 32.5°C
-0.6 1 End: 41.7°C End:  41.7°C
-50 0 50 100 150
Temperature /°C
Main 2018-12-21 11:06 User: sem EVA33.ngb
Instrument : NETZSCH DSC 204 F1_ File : C:\ngbwin\ta\data5\DS_61\12\DS62_008\EVA33.dd3
Project : temp -50-150C_h10_c10_2(N) Reference : crucible,0.000 mg Segments : 9
Identity : DS62_008_03 Material : Crucible : Pan Al pierced lid
Date/time :  12/8/2018 2:20:55 PM Corr./temp.cal : -50-150C_h10_c10_2(N).bd3 / Cal Nov 2018.td3 Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Laboratory : sisc Sens.file : Cal Sens Nov 2018.ed3 M. range : 5000 pV
Operator : ray Sample car./TC : DSC 204F1 t-sensor / E
Sample : crucible, 10.400 mg Mode/type of meas.: DSC /Sample + Correction
[#] Type Range Acq.Rate STC P1:-- P2:N2 PG:N2 IC BC Corr.
[1.2] Dynamic -50/10.0(K/min)/150 100.00 1 0.0 20.0 50.0 0 0 820
[1.4] Dynamic 150/10.0(K/min)/-50 100.00 0.0 20.0 50.0 1 1 020
[1.6] Dynamic -50/10.0(K/min)/150 100.00 1 0.0 20.0 50.0 0 0 020
[1.8] Dynamic 150/10.0(K/min)/-50 100.00 1 0.0 20.0 50.0 1 1 020

Figure C.1 DSC thermogram of EVA membrane
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DSC /(mW/mg)

1 exo
0.5 {
/ x
Glass Transition: \
Onset:._40.9°C Complex Peak:
Mid: ~ 44.0°C Area: 17.06 Jig
Inflection: 44.2 °C Peak*: 79.8 °C
End: 46.2°C Onset: ° [1.6]
set: 64.8 °C
0.0 1 Delta Cp*: - 0.637 J/(g*K) End: 89.7 °C
.05 1
Complex Peak:
1.0 [1.4] P-EVA.dd3 - Area: -24.87 JIg
=1. 1 —L—y— s o,
[1.6] P-EVA.dd3 Peak*: 59.8 OC
—=————DsC Onset: 54.0°C
End: 655°C
-100 -50 0 50 100
Temperature /°C
Main  2002-01-25 07:37 _User: sem P-EVA.ngb
Instrument: NETZSCH DSC 204 F1 File : C:\ngbwin\ta\data5\DS_62\03\DS62_035\P-EVA.dd3
Project : temp -100c-100c_h10_c10_1 Reference : crucible,0.000 mg Segments : 6
Identity : DS62_035_02 Material : empty Crucible : Pan Al, pierced lid
Date/time : 1/22/2002 8:20:27 AM Corr./temp.cal : -100-100C_h10_c10_1.bd3 / Cal Nov 2018.td3 Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Laboratory : sisc Sens.file : Cal Sens Nov 2018.ed3 M. range : 5000 pVv
Operator : ray Sample car./TC : DSC 204F1 t-sensor / E
Sample : crucible, 5.500 mg Mode/type of meas.: DSC /Sample + Correction
[#] Type Range Acq.Rate STC P1:-- P2:N2 PG:N2 LN2 GN2 Corr.
[1.4] Dynamic -100/10.0(K/min)/100 100.00 1 0.0 20.0 50.0 Off Off 520
[1.6] Dynamic 100/10.0(K/min)/-100 100.00 1 0.0 20.0 50.0 1.0 Off 520

Figure C.2 DSC thermogram of p-EVA membrane
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DSC /(mW/mg)

Complex Peak:

[1.4] PEG 400.dd3

! exo Area: 85.96 J/g [1.6] PEG 400.dd3 pse
Glass Transition: Peak™ 4.6°C ————————DSC
Onset: -85.1 °C Onset: -14.0 °C
Mid: -80.7 °C End: 8.7/°C
1.0 - Inflection: -77.3 °C \
End: -74.0 °C
Delta Cp*:  0.643 J/(g*K) \
[1.4]
;
t
[1.6]
t
0.5 1
Complex Peak:
-1.0 1 Area: -68.1Jig
Peak*: -45.2 °C
Onset: -48.3 °C
End: -42.7°C
1.5
-80 -60 -40 -20 0 20 40 60 80 100

Main 2002-01-2507:29 User: sem

Temperature /°C

Instrument : NETZSCH DSC 204 F1_ File : C:\ngbwin\ta\data5\DS_62\03\DS62_035\PEG 400.dd3

Project : temp -100c-100c_h10_c10_1 Reference : crucible,0.000 mg Segments : 6

Identity : DS62_035_01 Material : empty Crucible : Pan Al, pierced lid

Date/time : 1/22/2002 6:54:16 AM Corr./temp.cal : -100-100C_h10_c10_1.bd3 / Cal Nov 2018.td3 Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Laboratory : sisc Sens.file : Cal Sens Nov 2018.ed3 M. range : 5000 pVv

Operator : ray Sample car./TC : DSC 204F1 t-sensor / E

Sample : crucible, 26.600 mg Mode/type of meas.: DSC /Sample + Correction

[#] Type Range Acq.Rate STC P1:-- P2:N2 PG:N2 LN2 GN2 Corr.
[1.4] Dynamic -100/10.0(K/min)/100 100.00 1 0.0 20.0 50.0 Off Off 020
[1.6] Dynamic 100/10.0(K/min)/-100 100.00 1 0.0 20.0 50.0 1.0 Off 020

Figure C.3 DSC thermogram of PEG-400
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DSC /(mW/mg)

1 exo
1.0 4
Glass Transition:
0.5 1 Complex Peak: Onset  415°C Complex Peak:
Area: 1.4407 Jig Mid- 452 °C Area:* 17-76° Jig
Peak*: -3.6 °C Inflection: 44.1°C Peak™: 78.7 OC
Onset: -14.1°C End: 47.2°C Onset: 65.0°C
End: -0.9°C Delta Cp*:0.829 J/(g*K) End: 88.6°C [1.6]
0.0 1
-0.5 1
-1.0 1
Complex Peak:
[1.4] 5-400.dd3 Area: -23.18 J/g
e = rpana DSC Peak*: 61.3°C
15 =" w8 Onset: 57.1°C
End: 659°C
-100 -50 0 50 100
Temperature /°C
Main  2002-01-25 07:46  User: sem 5-400.ngb
Instrument: NETZSCH DSC 204 F1 File : C:\ngbwin\ta\data5\DS_62\03\DS62_035\5-400.dd3
Project : temp -100c-100c_h10_c10_1 Reference : crucible,0.000 mg Segments : 6
Identity : DS62_035_03 Material : empty Crucible : Pan Al, pierced lid
Date/time : 1/22/2002 9:53:38 AM Corr./temp.cal : -100-100C_h10_c10_1.bd3 / Cal Nov 2018.td3 Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Laboratory : sisc Sens.file : Cal Sens Nov 2018.ed3 M. range : 5000 pVv
Operator : ray Sample car./TC : DSC 204F1 t-sensor / E
Sample : crucible, 2.800 mg Mode/type of meas.: DSC /Sample + Correction
[#] Type Range Acq.Rate STC P1:-- P2:N2 PG:N2 LN2 GN2 Corr.
[1.4] Dynamic -100/10.0(K/min)/100 100.00 1 0.0 20.0 50.0 Off Off 020
[1.6] Dynamic 100/10.0(K/min)/-100 100.00 1 0.0 20.0 50.0 1.0 Off 520

Figure C.4 DSC thermogram of p-EVA/5PEG400 membrane
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DSC /(mW/mg)

1 exo
1.0 1
[1.4]
0.5 1 Glass Transwf/ion: Comple; Peak:
Complex Peak: Onset: 41.0 °C :
) nset: . Area: 17.43 J/g
Area: 1.444 Jig Mid: 43.4°C *. o
) ° - e Peak*: 78.9°C
Peak™: -3.4°C Inflection: 44.3 °C Onset: 638 °C
Onset: -13.7 °C End: 45.2°C End: ’ 88-1 °C
End: -1.1°C Delta Cp*:  0.595 J/(g*K) . . [1.6]
0.0 {
-0.5 1
-1.0 1 Complex Peak:
[1.4] 10-400.dd3 Area: -25.27 JIg
————————DsC Peak*: 61.0°C
[1.6] 10-400.dd3 ol Onset: 56.8 °C
End: 66.7°C
-100 -50 0 50 100
Temperature /°C
Main  2002-01-25 07:52 User: sem 10-400.ngb
Instrument: NETZSCH DSC 204 F1 File : C:\ngbwin\ta\data5\DS_62\03\DS62_035\10-400.dd3
Project : Temp-100C-100C_h10_c10(1) Reference : crucible,0.000 mg Segments : 6
Identity : DS62_035_04 Material : empty Crucible : Pan Al pierced lid
Date/time : 1/24/2002 10:14:21 AM Corr./temp.cal : -100C-100C_h10_c10(1).bd3 / Cal Nov 2018.td3 Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Laboratory: DS53_0024 Sens.file : Cal Sens Nov 2018.ed3 M. range : 5000 pVv
Operator : ray Sample car./TC : DSC 204F1 t-sensor / E
Sample : crucible, 2.700 mg Mode/type of meas.: DSC / Sample + Correction
[#] Type Range Acq.Rate STC P1:-- P2:N2 PG:N2 LN2 GN2 Corr.
[1.4] Dynamic -100/10.0(K/min)/100 100.00 1 0.0 20.0 50.0 Off Off 020
[1.6] Dynamic 100/10.0(K/min)/-100 100.00 1 0.0 20.0 50.0 1.0 Off 520

Figure C.5 DSC thermogram of p-EVA/10PEG400 membrane
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DSC /(mW/mg)

1 exo
[1.4]
|
|
0.5 1 \
|
|
J ‘\
Complex Peak: glr?::tﬂan?g_oonic /(iomP'e:anglj/
Glass Transition: Area:* 1'8619 Jig Mid: 44.7 °C PS;L'*. 78.9 °C 9
Onset:  -54.9°C Peak*: 5.6 °C Inflection: 45.6 °C PN
Mid: 534 °C Onset; -14.8 °C End: 46.6 °C Onset: 64.0 °C (16l
0.0 Inflection: -53.9 °C End: _-2.7°C Delta Cp*: 0.529 J/(g*K) End: 88.0°C
End: -51.7°C
Delta Cp*: 0.179 J/(g*K)
-0.5 1
Complex Peak:
Area: -18.76 J/g
_1 O ] [1.4] 15-400.dd3 3 Peak*: 60.3 °C
: Onset: 57.2°C
1.6] 15-400.dd3
Lot DSC End:  655°C
-100 -50 0 50 100
Temperature /°C
Main  2002-01-25 07:59 User: sem 15-400.ngb
Instrument: NETZSCH DSC 204 F1 File : C:\ngbwin\ta\data5\DS_62\03\DS62_035\15-400.dd3
Project : Temp-100C-100C_h10_c10(1) Reference : crucible,0.000 mg Segments : 6
Identity : DS62_035_05 Material : empty Crucible : Pan Al pierced lid
Date/time : 1/24/2002 8:49:20 AM Corr./temp.cal : -100C-100C_h10_c10(1).bd3 / Cal Nov 2018.td3 Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Laboratory: DS53_0024 Sens.file : Cal Sens Nov 2018.ed3 M. range : 5000 pVv
Operator : ray Sample car./TC : DSC 204F1 t-sensor / E
Sample : crucible, 4.300 mg Mode/type of meas.: DSC /Sample + Correction
[#] Type Range Acq.Rate STC P1:-- P2:N2 PG:N2 LN2 GN2 Corr.
[1.4] Dynamic -100/10.0(K/min)/100 100.00 1 0.0 20.0 50.0 Off Off 020
[1.6] Dynamic 100/10.0(K/min)/-100 100.00 1 0.0 20.0 50.0 1.0 Off 520

Figure C.6 DSC thermogram of p-EVA/15PEG400 membrane
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[1.4] PEG 1450.dd3

DSC /(mW/mg) LAPEOTH0AE  bsc
[1.6] PEG 1450.dd3
1 exo —— — bsc
Complex Peak:
Area: 169.3 J/ig
Peak*: 53.1°C
31 Onset: 45.2°C
Glass Transition: End: 57.9°C
Onset: -565.1°C
Mid: -565.2 °C
2 Inflection: -52.2 °C
End: -51.9°C
Delta Cp*: ’0.007 JI(g*K)
1 4
| [1.4]
/ I }
— T [1.6]
0 ‘ M___/‘\/J
Il
T
-1
-2 1
Complex Peak:
Area: -150.9 J/g
-3 1 Peak*:  24.7.°C
Onset:  20.2°C
End: 30.3°C
-4 A
-80 -60 -40 -20 0 20 40 60 80 100
Temperature /°C
Main  2002-01-30 09:17 User: sem PEG 1450.ngb
Instrument : NETZSCH DSC 204 F1 File : C:\ngbwin\ta\data5\DS_62\10\DS63_001\PEG 1450.dd3
Project : temp -100c-100c_h10_c10_1 Reference : crucible,0.000 mg Segments : 6
Identity : DS63_001_01 Material : empty Crucible : Pan Al, pierced lid
Date/time : 1/25/2002 9:49:26 AM Corr./temp.cal : -100-100C_h10_c10_1.bd3 / Cal Nov 2018.td3 Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Laboratory : sisc Sens.file : Cal Sens Nov 2018.ed3 M. range : 5000 pVv
Operator : ray Sample car./TC : DSC 204F1 t-sensor / E
Sample : crucible, 11.500 mg Mode/type of meas.: DSC /Sample + Correction
[#] Type Range Acq.Rate STC P1:-- P2:N2 PG:N2 LN2 GN2 Corr.
[1.4] Dynamic -100/10.0(K/min)/100 100.00 1 0.0 20.0 50.0 Off Off 020
[1.6] Dynamic 100/10.0(K/min)/-100 100.00 1 0.0 20.0 50.0 1.0 Off 020

Figure C.7 DSC thermogram of PEG-1450
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DSC /(mW/mg) Glass Transition:

1l exo Onset: -50.0 °C

Mid: -47.0°C
Inflection: -44.2°C

0.6 - End: -43.5°C
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0.0 1
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Complex Peak:
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——————————DsC

Glass Transition: Area:  6.96 J/

Onset: 23.9°C Peak*: 51.2 °C 9 [1.6] P—EVA?SPEG.ddSDSC
Mid: -22.6 °C Onset: 44.7 °C

Inflection: -21.5°C End: 584 °C

End: -21.2°C ~

Delta Cp*: | 0.018 J/(g*K)

[1.4]

Complex Peak:

Area: 17.89J/g

Peak*: 79.9 °C

Onset: 66.0 °C

End: 88.6°C [1.6]

Complex Peak:

-0.8 1 Area: -23.34 J/g
Peak*: 60.2°C
Onset: 55.0 °C
1.0 - End: 66.3 °C
-80 -60 -40 -20 0 20 40 60 80 100
Temperature /°C
Main  2002-01-30 09:23 User: sem P-EVA_5PEG.ngb
Instrument : NETZSCH DSC 204 F1_ File : C:\ngbwin\ta\data5\DS_62\10\DS63_001\P-EVA_5PEG.dd3
Project : temp -100c-100c_h10_c10_1 Reference : crucible,0.000 mg Segments : 6
Identity : DS63_001_02 Material : empty Crucible : Pan Al, pierced lid
Date/time : 1/25/2002 11:12:41 AM Corr./temp.cal : -100-100C_h10_c10_1.bd3 / Cal Nov 2018.td3 Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Laboratory : sisc Sens.file : Cal Sens Nov 2018.ed3 M. range : 5000 pVv
Operator : ray Sample car./TC : DSC 204F1 t-sensor / E
Sample : crucible, 5.900 mg Mode/type of meas.: DSC /Sample + Correction
[#] Type Range Acq.Rate STC P1:-- P2:N2 PG:N2 LN2 GN2 Corr.
[1.4] Dynamic -100/10.0(K/min)/100 100.00 1 0.0 20.0 50.0 Off Off 020
[1.6] Dynamic 100/10.0(K/min)/-100 100.00 1 0.0 20.0 50.0 1.0 Off 520

Figure C.8 DSC thermogram of p-EVA/5PEG1450 membrane
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Main  2002-01-30 09:07 User: sem P-EVA_10PEG.ngb
Instrument: NETZSCH DSC 204 F1 File : C:\ngbwin\ta\data5\DS_62\10\DS63_001\P-EVA_10PEG.dd3
Project : Temp-100C-100C_h10_c10(1) Reference : crucible,0.000 mg Segments : 6
Identity : DS63_001_03 Material : empty Crucible : Pan Al, pierced lid
Date/time : 1/25/2002 12:34:14 PM Corr./temp.cal : -100C-100C_h10_c10(1).bd3 / Cal Nov 2018.td3 Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Laboratory: DS53_0024 Sens.file : Cal Sens Nov 2018.ed3 M. range : 5000 pVv
Operator : ray Sample car./TC : DSC 204F1 t-sensor / E
Sample : crucible, 4.700 mg Mode/type of meas.: DSC /Sample + Correction
[#] Type Range Acq.Rate STC P1:-- P2:N2 PG:N2 LN2 GN2 Corr.
[1.4] Dynamic -100/10.0(K/min)/100 100.00 1 0.0 20.0 50.0 Off Off 020
[1.6] Dynamic 100/10.0(K/min)/-100 100.00 1 0.0 20.0 50.0 1.0 Off 520

Figure C.9 DSC thermogram of p-EVA/10PEG1450 membrane
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Instrument : NETZSCH DSC 204 F1_ File : C:\ngbwin\ta\data5\DS_62\10\DS63_001\P-EVA_15PEG.dd3
Project : Temp-100C-100C_h10_c10(1) Reference : crucible,0.000 mg Segments : 6
Identity : DS63_001_04 Material : empty Crucible : Pan Al pierced lid
Date/time : 1/25/2002 1:53:20 PM Corr./temp.cal : -100C-100C_h10_c10(1).bd3 / Cal Nov 2018.td3 Atmosphere : N2, 20.0ml/min / N2, 50.0ml/min
Laboratory: DS53_0024 Sens.file : Cal Sens Nov 2018.ed3 M. range : 5000 pVv
Operator : ray Sample car./TC : DSC 204F1 t-sensor / E
Sample : crucible, 5.300 mg Mode/type of meas.: DSC / Sample + Correction
[#] Type Range Acq.Rate STC P1:-- P2:N2 PG:N2 LN2 GN2 Corr.
[1.4] Dynamic -100/10.0(K/min)/100 100.00 1 0.0 20.0 50.0 Off Off 020
[1.6] Dynamic 100/10.0(K/min)/-100 100.00 1 0.0 20.0 50.0 1.0 Off 520

Figure C.10 DSC thermogram of p-EVA/15PEG1450 membrane
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Table C.1 The percentage of crystallinity of EVA or p-EVA

Sample EVA in membrane AH, 0/Q) Crystallinity, X

(Y%wt) (%)
EVA 100 7.40 25
p-EVA 100 17.06 5.8
p-EVA/5PEG400 95 17.76 6.4
p-EVA/10PEG400 90 17.43 6.6
p-EVA/15PEGA00 85 13.93 5.6
p-EVA/5PEG1450 95 17.89 6.4
p-EVA/10PEG1450 90 18.10 6.8
p-EVA/15PEG1450 85 20.09 6.0

AH{ (/9)

%Crystallinity

AH¢
_O x 100
AH¢

X

100

120

293 J/g (100% crystallinity of polyethylene) [56]

EVA or p-EVA in membrane (%wt)

Example: %Crystallinity of p-EVA in p-EVA/5PEG400 membrane

17.76

= ornonmonix, Q6
293

= 6.38%

~ 6.4%

100

X
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Appendix D

SEM

p # oo | |55 ——
p-EVA/15PEG400 (3000X) p-EVA/15PEG400 (8000X)
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p- EVA/15PEGl450 (3000X) p- EVA/15PEGl450 (8000X)

Figure D.1 SEM micrographs of the p-EVA/PEG blend membranes (3000X and 8000X

magnifications)



Appendix E

Tensile properties

Table E.1 Tensile properties of the membranes
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. Tensile strength Elongation Young’s
Sample Thickness at break at break modulus
() (MPa) (%) (MPa)
EVA 64.3+5.6 2.7+0.2 1101+61 2.4+0.2
p-EVA 67.1+7.8 10.2+0.8 770+25 17.6+0.9
p-EVA/5PEGA400 62.5+2.3 9.1+1.3 820+42 18.6+0.9
p-EVA/10PEG400 61.8+7.8 8.6+0.5 873+44 16.8+0.6
p-EVA/15PEG400 62.2+.8.5 7.7£0.7 901+81 15.0+0.9
p-EVA/5PEG1450 63.8+1.2 8.4+0.9 771+42 18.2+0.6
p-EVA/10PEG1450 | 62.4+6.7 7.4+0.4 855+86 15.5+0.6
p-EVA/15PEG1450 | 61.4+5.6 7.0+0.3 181+32 12.5+0.8




Table F.1 The quantification report of unmodified SiO,

X-ray photoelectron spectroscopy

Appendix F
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Peak Position | FWHM | Raw Area RSF Atomic | Atomic Mass
BE (eV) (eV) (cps eV) Mass | Conc % | Conc %
Clis 285.4 3.013 10800.0 0.278 | 12.011 3.23 2.00
N 1s 399.0 0.764 25.0 0.477 | 14.007 0.00 0.00
O 1s 533.2 2.970 598630.0 | 0.780 | 15.999 68.17 56.43
Si 2p 104.0 2.949 122630.0 | 0.328 | 28.086 28.60 41.56
Table F.2 The quantification report of amine-functionalized SiO;
Peak Position | FWHM | Raw Area 23y Atomic | Atomic Mass
BE (eV) (eV) (cps eV) Mass | Conc % | Conc %
C1s 284.8 3.513 94690.0 0.278 | 12.011 30.13 21.05
N 1s 400.4 3.709 17765.0 0.477 | 14.007 3.39 2,77
O 1s 531.9 2.979 380190.0 | 0.780 | 15.999 46.12 42.92
Si 2p 102.6 2.842 81980.0 | 0.328 | 28.086 20.36 33.26




Name
Date of Birth
Address

Education

Scholarship

125

Author biography

Miss Patchnakan Wisatsuvan

2" January 1995

15 Mitsampan R. Banpuek Dist. Mueng, Chonburi, 20130

(2017) Bachelor of Science in Industrial Chemistry GPA 3.33

King Mongkut's Institute of Technology Ladkrabang

(2020) Master of Science in Polymer Technology GPA 3.87

King Mongkut's Institute of Technology Ladkrabang

1. Tuition fee scholarship from Faculty of Science, King Mongkut's
Institute of Technology Ladkrabang

2. Scholarship from King Mongkut's Institute of Technology
Ladkrabang for poster presentation of International Polymer
Conference of Thailand 2019 (PCT-9)

3. Financial support from Taiwan government for research
collaboration (2019-2020 TEEP@AsiaPlus Program) at Department
of Chemistry, Tamkang University (TKU)

Academic Publication

Wisatsuvan P., Sooknoi T., Rukchonlatee S., and Ritvirulh C. 2019.
“Effect of Polyethylene Glycol on CO, Permeation in the Partially
Hydrolyzed Ethylene Vinyl Acetate Membrane.” The proceedings
of International Polymer Conference of Thailand 2019 (PCT-9),
Amari Watergate Bangkok Hotel, June 13-14, Bangkok, Thailand,
pp. 163-168.





