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Zeolitic imidazolate frameworks (ZIFs) are one of the metal organic frameworks
(MOFs) and highly porous material, known for their remarkable thermal and chemical
stability. ZIF-8 membranes were prepared by seed ZIF-8 particles on a porous a-
alumina surface via seeding, secondary seed growth and suction methods. Secondary
seedings of ZIF were used to minimize defects in the membranes. The synthesized ZIF-
8 membranes with small ZIF-8 particles in a selective layer showed significant
improvement in CO, permeability and CO2/CHj4 selectivity in mixed gas permeation
tests. Subsequently, the ZIF-8 particles were characterized using scanning electron
microscopy (SEM), X-ray diffraction (XRD) and Brunauer Emmett Teller surface area
(BET). In this study, various preparations of ZIF-8 particles were synthesized using
different ratios of metal cations and imidazolate anions (12:1, 9:1, 6:1 and 3:1). The
result showed that BET surface area and Mean crystal size were 1,882 m?/g and 150 nm
with 12:1 ratio of 2-methylimidazole: Zinc nitrate hexahydrate. The ZIF-8 membranes
were analyzed using SEM, XRD and gas permeation tests at different operating
temperatures (25°C, 35°C and 45°C). The permeation and selectivity tests of CO, and
CHas on ZIF-8 membranes were measured at different pressures in the feed side (500-
800 kPa). The quality of the ZIF-8 selective layer on the surface of a-alumina support

was confirmed by XRD and SEM. The finished selectivity of CO2 removal from CHa
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was improved via ZIF-8 membranes. On the feed pressure of 500 kPa at 25°C, the COz
permeance can reach 6.98x<10% em?® (STP) em-em=s!-cmllg’ and the selectivity of

CO:/ CHas was 10.1.
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CHAPTER I

INTRODUCTION

1.1 Significant of research

Recently, the world is changing with the environment and energy concern.
Fossil fuels have contributed to the development of the world in an extensive way.
However, mankind is always rereleased as a result of the exploration activities. The
world is affected by oil spillage, global warming, acid rain, Greenhouse gases emission
(GHGs), and many more (Dada et al., 2017). As a result, bioenergy is gaining more and
more significance as an attractive energy all around the world, especially biogas. Biogas
presents to be a cleaner energy compared with other fossil fuels. Biogas has wide
application such as heating, gas grid injection, fuel cells, compressed biogas (CBG) and
power generation (Angelidaki et al., 2018, Budzianowski et al., 2017 and Augelletti et
al., 2017). Biogas contains mainly CHs and non-hydrocarbon components, especially
CO». However, biogas produced from anaerobic digestion is of low pressure, large
specific volume and unsuitable for energy storage (Abdeshahian et al., 2016). The large
volume of CO: present in biogas the lower its calorific value, flame velocity and
flammability limits compared to natural gas and fossil fuels. Thus, CO need to remove
from biogas because it is a non- flammable gas resulting in a reduction of the heat and a
corrosion of the pipelines (Bhide et al., 1998).

Membrane gas separation technologies are promising alternatives for gas
separation due to their low energy requirement, small carbon footprint and

environmental friendliness (Ordonez et al., 2010). It contains various applications



such as hydrogen separation, nitrogen recovery, carbon dioxide removal, and biogas
purification (Chung et al., 2017).

Recently, metal organic frameworks (MOFs) showed the potential in CO>
separation due to its high porosity, large surface areas and pores size (Amedi et al.,
2017). Meanwhile, zeolitic midazolate frameworks (ZIFs) is a subclass of MOFs. Unlike
MOFs, ZIFs exceptionally exhibited the high stability due to the strong bonding
between metal cations and imidazolate anions by a sodalite (SOD) topology forming (Li
et al., 2013, Nafisi and Hagg, 2014 and, Venna and Carreon, 2015). In among of ZIFs,
ZIF-8 is one of the most study material for gas separation due to its high affinity towards
CO., great chemical, hydrothermal stability and frameworks flexibility (Aceituno
Melgar et al., 2015, Fang et al., 2015 and Hwang et al., 2015). These porous, flexible,
chemically, and thermally stable crystals (up to 400 °C) are promising materials for gas
separation and storage, as well as for size and shape selective catalysis due to their pore
size (less than 5 A) with zinc metal center coordinated by imidazole-type of organic
linkers (M. Shah et al., 2012, K.S. Park et al., 2006 and A. Phan et al., 2010).

In this study, the ZIF-8 particles were synthesized at varies metal cations and
imidazolate anions ratio. The properties of synthesized ZIF-8 particles and ZIF-8
membranes were analyzed using XRD, SEM and Nitrogen absorption. The varies
methods for synthesizes ZIF-8 membranes were used for seed on the surface porous a-
alumina supports. Gas permeability and membrane selectivity including CO, and CH4
were determined. The effect of several factor such as temperature, pressure to membrane

separation was analyzed as well.



1.2 Research objectives

1.2.1 To establish and upgrade the quality of biogas production by ZIF-8
membrane.

1.2.2 To study the appropriate ratio of metal cations and imidazolate anions
for improving the absorption property of ZIF-8 particle.

1.2.3 To evaluate the relative feed pressure of membranes synthesis condition
and operating temperature.

1.2.4 To design an efficient separation process for upgrading biogas using

ZIF-8 membranes.

1.3 Research hypothesis

The ZIF-8 is one of the most study material for CO, removal due to its high
affinity towards CO., great chemical, hydrothermal stability and frameworks flexibility.
Membrane synthesized from ZIF-8 was applied to biogas upgrading process. The best
relative feed pressure and temperature were obtained to upgrading biogas by ZIF-8
membrane. The ZIF-8 membrane is the most effective material for upgrading and

remove CO; from biogas.

1.4 Scope of thesis

This research consists of two parts. The first part was focused on the effects of
pore morphology on the absorption in ZIF-8 particles at varies metal cations and
imidazolate anions ratio. The next part is to study the effects of gas separation on
synthesis ZIF-8 membrane for biogas upgrading production. The gas separation on
ZIF-8 membrane was compared by synthesis methods, feed pressure and operating

temperature.



1.5 Expected results

The higher quality of biogas was obtained from ZIF-8 membrane. The
absorption properties of ZIF-8 particles under the appropriate ratio of metal cations and
imidazolate anions were obtained. The suitable relative feed pressure and temperature
on membranes synthesis condition were achieved. High selectivity of CO2/CH4 was
obtained using ZIF-8 membrane. This gas separation system was applied to the

industrial scale production with the improving of CH4 production.



CHAPTER II

LITERATURE REVIEWS

2.1 Biogas

Biogas is produced by the anaerobic digestion (AD) for treating organic
waste. Biogas attractive for many reasons that involve economic such as environmental
aspects. Anaerobic digestion is the collection of processes by which microorganisms
break down biodegradable material in the absence of oxygen. It contains mostly three
components, including methane (CHg), carbon dioxide (CO2) and nitrogen (N2).
However, another trace species exists such as hydrogen sulfide (H2S), hydrogen (H2),
nitrogen (N2), ammonia (NHs), oxygen (O2) and carbon monoxide (CO). Furthermore,

typical biogas saturates with water, dust particles, siloxanes, aromatic and halogenated
compounds (Andriani et al, 2014 and Rasi et al, 2006). There are basically four stages

involve in the production of biogas from organic wastes by anaerobic digestion.
Anaerobic digestion is mesophilic and thermophilic biological decomposition and
stabilization of biodegradable wastes at controlled anaerobic conditions such as
temperature, pH, retention time etc. The four stages for biogas production including at
Hydrolysis, Acidogenesis, Acetogenesis and Methanogenesis. At each phase specific
bacteria namely: Hydrolytic, Acidogenic, Acetogenic and Methanogenic, respectively
are used to carry out the decomposition process. The process of anaerobic digestion is

summarized in Figure 2.1.



ydrolysi nsoluble organics
Hydrolysis Insoluble org
Acidogenesis —1  Soluble organics  |—

l

Volatile fatty acids

Acetogenesis l l
L 4 Y

Acetate H>. CO;

Methanogenesis

- CH. .«
l

Turbine or other use

Figure 2.1 The biogas production in anaerobic digestion condition (Venko Beschkov

etal., 2017).

Hydrolysis stage: This stage involves the breaking down of large protein
macromolecules, fats and carbohydrate polymers such as starch and cellulose to amino
acids, long chain fatty acids and sugars. Acidogenesis stage: At this stage, the small
organic molecules produced in the hydrolysis stage are fermented to from three, four
and five volatile fatty acids such as lactic acid, butyric acid, propionic acid, valeric acid
and low alcohols. Acetogenesis stage: At this stage, acetogenic bacteria consume the
fermented products from the acidogenic stage to produce acetic acid, carbon dioxide and

hydrogen. Methanogenesis stage: This is the final stage where methane is produced as a



result of the consumption of acetate, hydrogen and carbon dioxide. Three biochemical
pathways are used by methanogens to produce methane gas. The pathways along with

the stoichiometries of overall chemical reactions are shown in equations (2.1, 2.2 and

2.3).

Acetotrophic methano genesis: 4CHsCOOH — 4CO> + 4CHg4 (2.1)
Hydrogennotrophic methanogenesis: COz + 4H, — CH4 + 2H20 (2.2)
Methylotophic methanogenesis: 4CHzOH + 6H> — 3CHa4 + 2H20 (2.3)

Biogas that produce from tapioca starch factory. The mainly component was
show in Table 2.1. (Petersson et al., 2009, Lems et al., 2009). Methane is considered to
be 25 times more effective at heat value than CO, (Guinée et al., 2002). In biogas 1 m®
composed of 60 mol% CH. energy values about 21 MJ/m® (Thailand institute of
scientific and technological research, 2538). Therefore, even if biogas is released in
small quantities, it is still a substance with a high contribution to global warming.

Biogas can play a major role in the developing market for renewable energy
and it is estimated that biogas usage in the world was doubled in the coming years
ranging from 14.5 gigawatts (GW) in 2012 to 29.5 GW in 2022 (Maroneze et al,2014
and Karaszova et al.,2015). The demand for renewable fuels is increasing with growing
concern about environmental problems due to the high greenhouse gases (GHGS)
emission from fossil fuel combustion (Hosseini et al., 2013, Gonzalez et al., 2017,
Shane et al., 2016 and Yang et al., 2017). The purified biogas used directly as
automotive fuel or power generation. Current biogas upgrading technologies consume
less than about 20% of biogas energy for upgrading and compression purposes. Thus,

purified biogas enables transforming more than about 80% of the energy content of raw



biogas into the usable form of clean energy. In addition, purified biogas generates little
or no low-grade heat and hence thermal losses are minimized. The purified biogas can
therefore be competitive to raw biogas fed combined heat and power (CHP) systems. In
CHP only about 35-40% of biogas energy is converted into useful electricity. The
purified biogas is thus a dispatch able sustainable biofuel which can complement the
performance of renewable energy systems rich in naturally fluctuating wind and solar
power sources. The major uses of purified biogas include power-only production, CHP
production, vehicle fuel and cooking fuel. These uses require grid injection, fuel tank
injection or bottling all require compressed purified biogas (Wojciech et al., 2017). In
relation to gas compression, CO> separation brings benefits associated with reduced gas

amount for compression having greater energy.

Table 2.1 The composed of Biogas produce from tapioca starch factory.

Biogas component Percentage (%0)

CHas 35-65
Hydrocarbons 0

H2 0

CO2 65-35

N2 >0.2

O2 0

H2S (ppm) 0-4000

NH3 (ppm) 100
Heating value, kWh/Nm? 6.5

(Petersson et al., 2009, Lems et al.,, 2009 and Thailand institute of scientific and

technological research, 2538).



2.2 Application of Biogas

As mentioned previously, biogas has other impurities except for CO; that
should be removed. The concentration of those impurities depends on the biogas source
(Maroneze et al., 2014). Therefore, the biogas is preferred to be upgraded before any
utilization. In fact, the levels of biogas impurities should be controlled based on the
requirements of each application as shown in Figure 2.2. Biogas can be used for
different applications either as raw or upgraded. The selection of upgrading technologies
relies on various factors, such as availability of resources, utilization of biogas and
investment cost. The cheapest technology does not always mean the best solution if it is
not able to meet the requirements for utilization (Loh et al., 2017)

Currently, production and utilization of biogas has numerous environmental
advantages: It is used as a renewable energy source, reduced the CH4 emission to the
environment, it can be used as a substitute for fossil fuels, it reduced the emission of
CO- from combustion and used in natural gas appliances after upgrading. The utilization
biogas including power generation in the combined heat and power (CHP) unit (Yang et
al., 2014, Beaudin et al., 2010), vehicle fuel and cooking fuel (Grimsby et al., 2016).
Biogas is also used as fuel in boiler for steam production in different industrial
applications. Burning biogas in a boiler is one of the most reliable technologies due to
low quality of biogas can be used with pressure around 8-25 mbar (Yang et al., 2014).
Normally, biogas can be used in a boiler without upgrading, however, H>S level below
1000 ppm should be considered to avoid corrosion of boiler (Sun et al., 2015 and
Baszaadeh et al., 2012). After the removal of unwanted components from biogas to >
97% CHeg, it can be converted into bio-compressed biogas (bio-CBG) at 20-25 MPa
(2900-3600 psi) (Molino et al., 2013 and Farzaneh et al., 2011). Figure 2.2 shows the

different potential applications of biogas after upgrading to the required level.
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2.2.1 Hydrogen production from biogas

Reforming of biogas on supported catalysts is an interesting method to
produce hydrogen. The used of biogas instead of CH4 for the production of H; is also a
promising way to reduce CO, emission (Shiga et al., 1998 and Muradov et al., 2008).
Currently, the biogas derived H> is used in the field of the hydrogen-base fuel cell which
efficiently converts the H> to electricity at a commercial level. The main drawback in
there forming process is the formation of carbon monoxide (CO) as a gaseous by-
product (Effendi et al., 2005). It acts as a poison to the fuel cell in the 50 ppm range
(Purwanto et al., 2006). Therefore, the controlled steam reforming (Egs. (2.4) and (2.5))
followed by CO shift reactions (high-temperature and low-temperature) (Eq. (2.6)) are

proved to be the feasible and economical solution for CO reduction.

CHa + H0 — CO + 3H2AH 298 = +206.2 ki/mol (2.4)
CHa + CO2 — 2CO + 2H,AH 298 = +247.9 ki/mol (2.5)
CO + H;0 — CO; + H2AH 298 = -41 ki/mol (2.6)

Also, there are various advantages of using biogas for the production
of H2: a domestic and local energy resource, a cheap feed which helps to decrease the
end-use cost and considered as an environmentally, and friendly process.

2.2.2 Electricity production

A significant percentage of the global electricity demand is expected
to be generated using biogas in the near future (Akinyele et al., 2014). Biogas is an
economical fuel for the generation of electricity and heat (Beaudin et al., 2010). Internal
combustion engines, gas turbines, micro-turbines, Stirling engines and fuel cells have

been successfully generated electricity using biogas (Smith et al., 2013 and Jiang et al.,
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2009). Gas engines do not require high quality gas but it is preferred to condense the
water vapors in raw gas to avoid condensation in gas lines. The required level of H.S is
below 250 ppm to avoid corrosion of boiler and gas engine in combined heat and power
plants (CHPs) (Nielsen et al., 2009). A low calorific value of biogas is one of the main

barriers for its utilization in combined heat and power generation (Sun et al., 2015).

Biogas
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Figure 2.2 Potential applications of biogas. (Khan et al., 2017).

2.2.3 Biogas injection into natural gas grids
Biogas utilization as a substitute of natural gas has gained significant
importance in recent years due to depletion and low quality of natural gas resources.
Purified biogas can be injected into the natural gas grids (Chandra et al., 2011).
Upgrading biogas as equal quality as natural gas by an efficient appropriate method is

very important for its injection into the existing natural gas grids. These standards could
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be maintained using the existing biogas upgrading processes (Miltner et al., 2008 and
Petersson et al., 2009).
2.2.4 Biogas for the production of heat system

In most developing countries, biogas is used for cooking and lighting
(Grimsby et al., 2016). Biogas is also used as fuel in the boiler for steam production in
different industrial applications. Burning biogas in a boiler is one of the reliable
technologies because low quality biogas can also be used with pressure around 8-25
mbar (Yang et al., 2014). Normally, biogas can be used in a boiler without upgrading,
however, HaS level below 1000 ppm should be considered to avoid corrosion of boiler
(Sun et al., 2015 and Papong et al., 2014).

2.25 Bio-CBG as vehicular fuel

Global warming, energy crisis, and the increasing cost of fossil fuels
are the driving forces for the development of alternative vehicular fuels. The
compressed biomethane, also called as bio-compressed biogas (bio-CBG), has the same
properties as compressed natural gas CNG in terms of engine performance, gas
consumption, and efficiency, when use as vehicular fuel (Lim et al 2015 and Jiang et al
2009). The CO- is one of the GHGs emission and important parameters for any fuel in
view of global warming and climate changes. There is no significant difference in CO>
emission level for both fuels, however, the emission levels of NOx, HC, and CO for bio-
CBG are slightly higher than CNG when used as a vehicular fuel. After the removal of
unwanted components from biogas to > 97% CHya, it can be converted into bio-CBG at
20-25 MPa (2900-3600 psi) (Molino et al.,, 2013 and Farzaneh et al., 2011).
Subsequently, bio-CBG gives slightly higher CO emission when used as a vehicular fuel
compared to CNG. The reason of high hydrocarbon carbon (HC) emission is also due to

the incomplete combustion caused by poor oxidation at low temperature during warm up
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period. Bio-CBG contains a higher content of N> compared to CNG which favors the
NOx formation during combustion. Furthermore, there is no significant difference in
fuel economy between biogas (24.11 km/kg) and CNG (24.38 km/kg) (Subramanian et
al., 2013). Bio-CBG has a great potential for becoming one of the most sustainable,
economical, and environmentally friendly vehicular fuels in the near future (Ryan et al.,
2010). The low density and high thermal efficiency of bio-CBG make it an economic
vehicular fuel (Osorio et al., 2009 and Vijay et al., 2006). For heavy vehicles, the use of
bio-CBG is very advantageous because it has higher calorific value and more
environmentally friendly compared to any other fuels. There is a reduction of 63% in the
emission of GHGs when bio-CBG is used instead of CNG for heavy vehicles (Uusitalo
et al., 2014 and Makareviciene et al., 2013). Compression also reduces its storage
volume with high energy and pressure (Kapdi et al., 2005). Although compression at
high pressure is very expensive, high heating value and highly valuable product of bio-
CBG justify this cost (Krich et al., 2005). Compression is a physical approach for the
conversion of biogas to bio-CNG. Also, the properties of bio-CBG are the same as that
of CBG. However, the logistical investigation is also important with biogas upgrading
and compression techniques.

Also, it produces a less amount of dangerous and hazardous chemicals
such as CO, sulphur, lead, and other heavy hydrocarbons into the atmosphere (Rapport
et al., 2011 and Held et al., 2008). These countries have their own quality standards for
biogas as a vehicular fuel. Although, the most important biogas quality indicators for
vehicular fuel are the concentrations of CH4 and COz, which should be > 96%
and<2.5%, respectively (Lim et al., 2015, Hahn et al., 2015 and Ryan et al., 2010).
These requirements for bio-CBG could also be taken as a quality standard for other

developing countries such as Pakistan, India Malaysia, Indonesia and Thailand.



2.3 Biogas upgrading and purification technologies

Recently, the technologies are developed on the industrial scale for the

upgrading of biogas include adsorption, absorption (physical and chemical), membrane

separation, and cryogenic. These technologies are mainly used for CO2 removal while

the pre-upgrade stage is required to reduce the concentrations of contaminants gas. The

components of contaminates in biogas were showed in Table 2.2. Further classification

of these upgrading technologies is showed in Figure 2.3.

Figure 2.3 Current technologies for biogas upgrading (Khan et al., 2017).
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Table 2.2 Biogas impurities and their effects (Veijanen et al., 2006 and Ryckebosch et

al., 2011).

Contaminates

Effect

Water

Dust

Hydrogen sulfide

Carbon dioxide

Siloxanes

Hydrocarbon

NH3

O2/air
Cl

E

Corrosion in compressors, gas storage tanks and engines due to
reaction with H.S, NHzs, and to form acids. Accumulation of water
in pipes. Condensation or freezing due to high pressure.

Clogging due to deposition in compressors and gas storage tanks.
SO and SOs are formed due to combustion, which are more toxic
than H>S and cause corrosion with water.

Reduction in calorific value

Formation of SiO2 and microcrystalline quartz due to combustion;
deposition at spark plugs, valves, and cylinder heads abrading the
surface

Corrosion in engines due to combustion

Corrosive when dissolves in water leads to an increase in antiknock
properties of engines; causes formation of NOx

Explosive mixtures due to high concentrations in biogas

Corrosion in combustion engines

Corrosion in combustion engines

2.3.1 Adsorption

23.1.1 Pressure swing adsorption (PSA)

Adsorption process involves the transfer of solute in the

gas stream to the surface of an absorbent material due to physical or van der Waals

forces. In pressure swing adsorption (PSA), some undesirable gases like
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CO> are separated from biogas under elevated pressure using adsorbent materials.
Later, the pressure is reduced to desorb the adsorbed gases (Cavenati et al., 2005 and Ho
et al., 2008). In PSA, HS gas removing is a primary step because it is considered as
toxic to the process and adsorption of this gas is normally irreversible (Hullu et al.,
2008). In this process, high methane concentration can be achieved (95-99%). However,
this process needs an extensive process control and requires high investment and
operational costs (Cavenati et al., 2005 and Gomes et al., 2002). Also, impurities in the
raw biogas stream effect the efficiency of the process (Krich et al., 2005). To reduce
CHs losses in the desorbed gas, the system should be designed in such a way that
desorbed gases recirculate to PSA process. Temperature swing adsorption (TSA) and
electrical swing adsorption (ESA) are the other types of adsorption. The temperature in
TSA enhanced at constant pressure, while in PSA, the pressure is reduced (Plaza et al.,
2010 and Mason et al., 2011). TSA requires thermal energy to regenerate the adsorbent
material while in PSA compression energy is used. Carbon cryogel microspheres (CCM)
and carbon xerogel microspheres (CXM) have been identified as efficient absorbent
materials for TSA process due to their highly porous and stable structure (Yamamoto et
al., 2004). In ESA, the regeneration is carried out by passing electricity through the
saturated adsorbent and the heat generated by Joule effect facilitates the release of CO>
(Moon et al., 2006). Although, this process has the potential to reduce the cost of CO-
capture compared to TSA and PSA, electrical conductivity is required for the absorbent
used. Activated carbon has been developed as a new type of semiconductor adsorbent
with large surface area and micropore volume (Grande et al., 2009 and Feng et al.,
2011).
23.1.2 Adsorbents

Physical and chemical adsorption can remove CO3 , HsS,
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moisture, and other impurities from biogas either selectively or simultaneously. The
adsorbent materials are very important to achieve high selectivity of CO2. Molecular
sieve materials such as zeolites and activated carbon are commonly used adsorptive
materials for biogas upgrading (Zhao et al., 2010). The pores of these adsorbents are
responsible for easy penetration of CO2 while retaining CHs molecules. This is due to
different sizes of CO2 and CH4 molecules and also their adsorption capacity (Grande et
al., 2007 and Ko et al., 2003). Zeolites are commercially available adsorbents for biogas
upgrading due to their small pores. Types of zeolites 4A and 5A, were reported in the
literature to be used for the upgrading of biogas and in particular, for the separation of
CO2 from CH4 (Vicario et al., 2010 and Montanari et al., 2011). Biogas can also be
upgraded using silica, alumina, activated carbon, or silicates, which are also known as
molecular sieves (Chaffee et al., 2007). Zeolitic imidazolate frameworks (ZIFs), a sub
class of metal organic frameworks (MOFs) have recently gained much attention to be
used for the adsorption of CO2 due to their intrinsic characteristics such as tunable pore
size, large pore volumes, and large surface area (Betard et al., 2012). The adsorbent
materials used for biogas upgrading following on this process, the surface of the
adsorbent should be basic so can be easily attracted by CO> acidic gas. These types of
materials are known as equilibrium base adsorbents because main driving factor is the
differences of interaction forces between CO. and CH4 with the surface of the adsorbent.
The pores of the adsorbent should be modified in such a way that CO> (kinetic diameter
of 3.4 A) can easily penetrate into their structure while larger CH4 molecules (kinetic
diameter of 3.8 A) are constrained to pass through them. These materials have been
reported as kinetic adsorbents since its main selectivity is due to diffusion constrain.
Material should be easily regenerated or desorbed with low energy demand. It should

have a good moisture removal capacity (Khan et al., 2017).
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2.3.2 Absorption
Absorption depends on the solubility of various gas components in a
liquid solvent. Raw biogas fed pass to liquid in column, is fed with packing material to
increase the contact area between gas and liquid. In biogas upgrading, CO2 is more
soluble than CHj4 in liquid, thus the gas that leaves the column has a high concentration
of CH4 while the liquid leaving the column has an increased concentration of CO2. The
chemical absorption involves reversible reaction between absorbed substances and
solvent. The most common amines used as solvent for removing acidic gases (COz and
H>S) are diethanolamine (DEA), monoethanolamine (MEA), and methyl diethanolamine
(MDEA) (Chen et al., 2015). Organic physical scrubbing (OPS) were used as an organic
solvent instead of water. Various organic solvents such as methanol (CH3sOH), N-methyl
pyrrolidone (NMP), and polyethylene glycol ethers (PEG) were used to absorb CO; in
raw biogas (Tock et al., 2010).
2.3.2.1 High pressure water scrubbing (HPWS)

High pressure water scrubbing (HPWS) is the most
common and well-established technology used to remove CO; and H2S from biogas
since these gases are more soluble in H2O than CHa4. The operating pressure of the
HPWS was 10 bars (Cozma et al., 2014), where biogas is fed into the bottom of a
packed column while water is fed counter-currently. The physical absorption of the
gases have been governed by Henry’s law, which states at a constant temperature. The
amount of any dissolved gas is directly proportional to its partial pressure in the gas
stream. It is also observed that solubility of CO, can be increased at low temperature
(Petersson et al., 2009). This process is useful for the H.S removal because it is more
soluble than CO> in water (Abatzoglou et al., 2009). The learning water from bottom of

the scrubber is saturated with CO> or H.S and a small amount of CH4 was regenerated
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and recirculated back to the absorption tower. Regeneration is accomplished by reduce
the pressure or stripping with air in a desorption column. Stripping with air is not
recommended with high H2S concentration level is high since the water rapidly becomes
polluted with elementary sulphur which causes corrosion and operational problems. It is
preferable to use fresh water if the cheap source of water is available. Produced
biomethane is saturated with water so the drying process is mandatory for final
upgrading (Chandra et al., 2012 and Nie et al., 2013). When a high concentration of HzS
presented in the gas stream then pre-removing of H.S is a mandatory step in water
scrubbing process like in PSA (Sun et al., 2015). Although, it is an eco-friendly and
highly efficient process with no special chemicals requirement and high methane
recovery (> 97%), high investment and operational cost require. In addition, high energy
consumption required during water regeneration process, which leads to high costs (Eze
etal., 2010).
2.3.2.2 Organic physical scrubbing (OPS)

Organic physical scrubbing (OPS) has the same principle
as water scrubbing, but an organic solvent instead of water is used. Various organic
solvents such as methanol (CH3OH), N-methyl pyrrolidone (NMP), and polyethylene
glycol ethers (PEG) are applied for CO2 absorption. The solubility of CO- is five times
higher in PEG than in water for the same upgrading capacity (Tock et al., 2010). Which
resulted in lower organic solvent demand and less pumping requirement (Tippayawong
et al., 2010 and Bauer et al., 2013). H,S, H20O, Oz, N2, and halogenated hydrocarbons
are also removed together with CO., but the prior removal of H.S is recommended for
this absorption process (Zhao et al., 2010).

2.3.2.3 Chemical scrubbing process (CSP)

Chemical absorption composes of the reversible reaction
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between absorbed substances and solvent. The most common amines were used as
solvent for acidic gases removing (CO: and H:S) are diethanolamine (DEA),
monoethanolamine (MEA), and methyl diethanolamine (MDEA) (Chen et al., 2015).
Nowadays, a mixture of MDEA and piperazine (PZ), called as activated MDEA
(AMDEA), is commonly used in this process. The absorption capacity of AMDEA is
significantly higher than MDEA. The possible reason is the presence of primary and
secondary amines in PZ and the tertiary amine in MDEA that gives high reaction rate
for CO> absorption. Typically, an amine scrubber system consists of an absorber, where
the CO; is absorbed from the biogas and a stripper in which the CO; is separated from
the waste amine solution by heating under reduced pressure (Kismurtono et al., 2011).
The operating pressure of the absorber is 1-2 bar. The liquid from the bottom of the
absorber is pass through the heat exchanger and pumped to the top of the stripper
column, which it is connected with the steam and CO: is released. The bottom part of
the stripper column is equipped with a reboiler at 120-150 °C where amine solution is
boiled. Reboiler provided the heat of reaction for the releasing of CO, from the waste
amine solution and regenerated the amine solution. Highly concentrated CHs 0f>99%
gas was obtained with low operational cost but high investment cost, and significantly a
massive heat is required for the regeneration of amine solution (Krich et al., 2005). If
H>S present in the raw biogas, it will be absorbed by amine solution and higher
temperature needed for the regeneration to desorb H»S. Therefore, the removing prior to
the AS process. Another downside of this technology is the requirement to treat waste
chemicals, corrosion, and contaminant build-up which makes the process more complex
(Palma et al., 2013). Inorganic solvent scrubbing (ISS) generally employs an aqueous
solution of alkaline salts such as sodium, potassium, ammonium, and calcium

hydroxides (Huang et al., 2003). The absorption of CO- in this alkaline solution assisted
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by agitation. The turbulence in the solvent and the contact time between biogas and
liquid increased the diffusion of CO; in the solvent (Chen et al., 2015).
2.3.3 Membrane gas separation

During the last 40 years, the membrane-based gas separation process
has become the part of market share and the principle was show in Fig 2.4 (Makaruk et
al., 2010, Harasimowicz et al., 2007 and Deng et al., 2010). The membrane acted as a
permeable barrier that allows specific compounds to pass through differently and control
their permeability based on the applied driving forces such as the difference in
concentration, pressure, temperature, and electric charges of different species.
Generally, two models were used to explain the membrane separation process such as
solution-diffusion and pore-flow model (Jiang et al., 2006). In the first model, permeates
dissolved in the membrane material then diffuse through the membrane due to the
concentration difference. Later in this process, permeate was separated by pressure-
driven convective flow through small pores (Rongwong et al., 2012). However, the
solution-diffusion model was frequently used for gas transportations in polymeric
membranes (Kentish et al., 2008). For biogas upgrading, CO2> permeates through the
membrane while CHgz retained on the inlet side as retentate. The membrane gas
separation probably more benefic if the gas flow is low and the inlet CO2 content is
high. These considerations were suitable for a typical biogas upgrading plant (Baker et
al., 2008). It is a cheap process including low operating and capital costs, less demand
for energy, simple and compact membrane equipment set up requirement (Basu et al.,
2010). Polymeric, inorganic, and mixed matrix membranes (MMMs) three different
types of membrane used for biogas purification. Most of the commercial membranes are
polymeric made from organic materials such as polysulfone (PSf), polyimide (Pl),

polycarbonate (PC), polydimethyl siloxane, and cellulose acetate (Robeson et al., 1991
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and Harasimowicz et al., 2007). They have excellent mechanical strength, easy to
fabricate with low cost, and high selective permeation. CA and Pl based polymeric
membranes are the mostly used commercial membranes for biogas separation. Polyvinyl
amine/polyvinyl alcohol blend membrane was also tested and achieve 98% CHa purity
(Deng et al., 2010). CA membrane is the first polymeric membrane commercialized for
biogas purification (Scholz et al., 2013). CA is relatively inexpensive due to an
abundant and renewable resource of cellulose with attractive separation properties.
Therefore, CA membrane has been commercialized for over 30 years. However, CA
membranes possess several limitations that restrict its use in gas separation membrane.
CA membranes are susceptible plasticization (Plasticization = 8 bar) (Bos et al., 1999).
due to its -OH rich functional groups that easily dissolve CO2 within the membrane
matrix. PI, a highly crystalline material that attract for gas separation. It shows a high
permeability, selectivity and mechanical/thermal stability. Matrimid® is commercially
available P1 with stiff polymer backbone. Furthermore, PSf also possesses the excellent
mechanical in strength and high rigidity as well as acceptable gas pair selectivity and
thus, becoming one of the most important polymeric membrane materials. Although, the
separation properties of PSf are still lacking compared to Pl based membrane, PSf is
cheaper than high plasticization resistance (Plasticization = 34 bar) (Bos et al., 1999).
State of the art polymeric membranes are economically competitive in separating CO>
and H.S from the biogas compared to conventional technologies in both capital and
operating costs (Chen et al., 2015). However, the investigation of polymeric materials
for gas separation has been challenged by the upper bound trade-off limit between
permeability and selectivity. In fact, highly permeable membranes are commonly

accompanied by low gas pair selectivity (Robeson et al., 2008).
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Figure 2.4 Principle of membrane gas separation process (Khan et al., 2017).

Inorganic membranes are more advantageous compared to the
conventional polymeric membrane as offer more mechanical strength, thermal stability,
and resistance against any chemicals. Mostly, inorganic membranes facilitate
permeability and selectivity, exceeding the Robeson upper bound. There are several
classes of the inorganic membranes such as zeolite, activated carbon, silica, carbon
nanotubes (CNT), and metal-organic framework (MOF). Developing continuous defect-
free inorganic membranes, however is the most crucial step in inorganic membrane
fabrication (Rezaei et al., 2015). It is noted that the fabrication of inorganic membranes
is a stringent process and requires continuous monitoring due to their fragile structure.
For example, a carbon membrane derived from a polymer precursor is supported by
alumina or quartz to provide a strengthens to the membrane before undergoing
pyrolysis. The rigid porous materials like carbon molecular sieves and zeolites have
difficulties to form continuous and defect free membranes for practical applications in
spite of their superior gas separation properties (Jiang et al., 2005, Barboiu et al., 2009
and Rezaei et al., 2014). It is clear that, both polymeric and inorganic membranes have
limitations that motivate researchers to develop new membranes. The developments so
far are focused on integrating both polymeric and inorganic membranes known as mixed
matrix membranes (MMMSs). MMMs are composite membranes consisting of polymeric

materials as continuous phase with inorganic particle as dispersed phase. It is predicted
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that the resultant membranes have benefits owing to the combing advantages of both
polymeric and inorganic materials and overcome the limitations of each individual
phase (Rezaei et al., 2016 and Aroon et al., 2010). Significant improvement in MMMs
properties is expected due to the superior separation performance of inorganic particles
combined with high processability and moderate processing cost of base polymeric
membranes. Excellent gas separation properties of MMMs are the main driving force in
the development of the novel gas separation membranes (Chung et al., 2007, Zornoza
et al., 2014 and Shao et al., 2012). The embedment of inorganic filler into polymer
matrix would introduce an additional mechanism to improve the membrane
performances. For example, using zeolite as a filler for CO2 removal membrane would
provide a molecular sieving mechanism to further discriminate CH4 while specific
interaction with CO> provides an improved surface diffusion across the membrane. The
presence of particles in the polymer matrix also increases the tensile strength and
thermal stability of the membrane and membrane can be applied at harsh environment
(Favre et al., 2009, Rezaei et al., 2014 and Zanganeh et al., 2009). Thus, improvements
in biogas separation factor are expected where MMMs are applied. However, more
investigations should be performed to enhance filler dispersion and compatibility when
it is incorporated into the polymeric phase. Pre-removal of H>S from raw biogas is
necessary because it can negatively affect the membrane performance. Besides, water,
oil droplets, and aerosols are also needed to be removed by a filter before the gas enters
the membrane unit (Persson et al., 2006). There is a requirement of system development
that separates CO2/CH4, H2S/CH4, and other traces impurities simultaneously from raw
biogas using different membranes. Also, membrane separation process for biogas
system should be further explored to facilitate easy operation with low energy demands

using a multistage membrane that is more economical for biogas upgrading.
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The multistage of membrane process had lower investment and operating costs with
high CH4 purity in comparison to the single stage process (Rezaei et al., 2014).
2.3.4 Cryogenic separation

Cryogenic separation of biogas is based on the principle that various
gases like CO2 and H>S liquefy under different pressure and temperature conditions. It
operates under a very low temperature (-170 °C) and high pressure (80 bar) condition.
The boiling point of CH4 at 1 atm is -161.5 °C that is much lower than the boiling point
of CO2 which is -78.2 °C and thus allowing the separation of CO; from CH4 by
liquefying (Andriani et al., 2014). These operating conditions are maintained using a
series of compressors and heat exchangers (Zanganeh et al., 2009). The purified gas is
depressurized and can be used in various applications. This separation is regarded as
new technology, which is still under development (Ryckebosch et al., 2011 and
Petersson et al., 2009). Cryogenic separation used to produce liquefied biomethane and
liquid natural gas (Krich et al., 2005). It is advised to pre-separate H20 and H2S to avoid
plugging of equipment due to the freezing of existed water in the raw biogas (Sun et al.,
2015). This phenomenon significantly reduces the operating pressure of the system

(Mondal et al., 2012).

2.4 Type of membrane gas separation

Membrane for gas separation is classified by materials such as organic,
inorganic polymer, carbon and ceramics membrane. On the other hand, membrane for
gas separation can be classified by porous membrane and non-porous membranes.
Porous membrane consist of two layers, the first is supportive layer, and the second

layer is coating with zeolite and this type of membrane has high selectivity thus this
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study uses non-porous membrane for separate CO. from biogas. The example types of
membrane gas.
2.4.1 Polymer membrane

Polymer membrane are still one of the most common types of
membrane normally used for gas separation, in which the transport takes place
according to a solution-diffusion mechanism (Ghadimi et al., 2012). Polymer membrane
is alternative membrane gas separation and leading of industry market because they are
very competitive performance and economics. A polymer is appropriate of
characteristics for the intended application. Suitable polymer offer a low binding affinity
for separate molecules and has to withstand the harsh cleaning conditions. It can be
compatible with chosen membrane fabrication technology. The polymer is suitable and
efficient membrane former in terms of its chains rigidity, chain interactions, stereo
regularity, and polarity of its functional groups. The polymers can be forming at
amorphous and semi crystalline structures that affecting to the membrane performance
characteristics. The polymer has to be obtainable and reasonably priced to comply with
the low cost criteria of membrane separation process.

2.4.2 Carbon membranes

Carbon membranes are emerging as promising candidates for gas
separation applications. Thus, it has been demonstrated that the selectivity obtained with
carbon membranes are much higher than those typically found with polymeric
membranes. Depending on the separation mechanism, two types of carbon membranes
can be distinguished: molecular sieve carbon membranes (MSCM) and adsorption-
selective carbon membranes (ASCM). Carbon membranes is prepared by the
carbonization of a phenolic resin film. Carbon membranes have been transformed into

adsorption-selective carbon membranes by an additional short time air oxidation prior to
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or after carbonization. In this way, the separation properties of carbon membranes
towards multi-component mixtures of hydrocarbons with and without N2 can be tailored
(Fuertes et al., 2001 and Menendez et al., 2002). The predominant transport mechanism
of most carbon membranes is molecular sieving. Hollow fiber carbon molecular sieve
membranes have been made via pyrolytic carbonization of organic polymers (Koresh et
al., 1987). Mixed carbon silica membranes with excellent gas separation properties have
been prepared by the pyrolysis of imide-siloxane co-polymers at 600, 800, and 1000 °C
(Park et al., 2003). The separation of gas molecules by means of MSCM takes place via
a molecular sieving mechanism. Since MSCM have microspores with sizes close to the
dimensions of permanent gases (<4 A), the diffusivity of these gases through the
membrane changes abruptly with the molecular size and shape. This allows the
separation of gases with similar molecular sizes. These membranes have demonstrated
to be effective to separate gas mixtures, such as O2/N2, CO2/N2 and CO2/CHa (Jones et
al., 1994 and Hayashi et al., 1995). Gas separation by MSCM is limited to gases with
molecular sizes smaller than 4.0-4.5 A. However, MSCM are not suitable to separate
gas mixtures, such as iso-butane/n-butane or gas—vapor mixtures.
2.4.3 Ceramic membrane

Ceramic membrane or zeolite membranes are generally formed on
porous supports by hydrothermal synthesis. The pores in zeolite membranes are part of
the crystal structure and, hence, have uniform dimensions. The size of the microspores,
with molecular dimensions are generally less than 1 nm, can be varied by the crystal
structure. Zeolites can separate molecules based on size, shape, polarity and degree of
unsaturation, amongst other things. Many zeolites are thermally stable above 500 °C.
Some are stable in alkaline environments and some are stable in acidic media. In the

production of zeolite membranes, the ability to prepare reproducibly is very thin (<1.5
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pum) and oriented zeolite layers with an almost complete absence of defects, as well as
sufficient mechanical strength, has still to be reached. Elimination of small defects can
be achieved by CVD. Major steps forward still have to be taken to render these highly
selective porous membranes reliable and cheap enough to be produced on an industrial
scale. Zeolite membranes offer good separation properties for gas molecules. At low
temperatures, the permeation rate increases with molecular weight, being essentially
zero for Hz. At high temperatures (about 500 °C), however, the trend is reversed, and
permeation decreases with increasing molecular weight. At high temperatures the
permeation rate for H. is higher than for hydrocarbons, making the membrane
particularly useful for H> separation.in dehydrogenation reactions. The majority of
zeolite membranes are of an MFI zeolite-type and show a CO2/N; selectivity of the
order of 10, CO- permeations being around 10~ mol/m? Pa s in the temperature range of
30-150 °C. With a potassium-ion exchanged Y-type zeolite, a CO2/N> selectivity of the
order of 30, with CO, permeations being around 10 mol/ m? Pa s, has been achieved
(Morooka et al., 1999).
2.4.4 Mixed matrix membranes (MMMSs)

Mixed matrix membranes are a well-known route to enhance the
properties of polymeric membranes. Their microstructure consists of an inorganic
material in the form of micro- or nanoparticles incorporated into a polymeric matrix.
The application of two materials with different flux and selectivity provides the
possibility to better design a gas separation membrane, allowing the synergistic
combination of polymers, easily process ability and the superior gas separation
performance of inorganic materials. In principle, the incorporation of the inorganic
component can be seen as a relatively and easily modification of existing methods for

fabricating large-surface area polymeric membrane; therefore, The MMMs possess an



29

economic advantage over inorganic membranes. In addition, they may offer the
enhanced physical, thermal, and mechanical properties for aggressive environments and
could be a way to stabilize the polymer membrane against change in perm selectivity
with temperature (Hu et al., 1997). These membranes offer very interesting properties;
however, it’s difficult for commercial scale manufacture, and brittleness remain
important challenges. The successful development of MMMs depend on several factors,
such as the proper selection of polymeric matrix and inorganic filler and the elimination
of interfacial defects between the two phases. It is also important to filler concentration
control, shape, and dimensions in order to reach the expected performance (Koros et al.,
1997 and Zimmerman et al., 1997). For the formation of this, defect-free is mixed
matrix structures as asymmetric membranes, several aspects are relevant: the rheological
properties of the dope solutions, the spinning conditions, and the shape, size, and
wettability of the particles. Several inorganic materials, porous and nonporous were
considered for the preparation of MMMs. These inorganic particles can improve the
separation (e.g., by molecular sieving mechanism) or increase the membrane free-
volume (Merkel et al., 2002). Molecular sieves were chosen to enhance selectivity for a
given gas mixture by increasing the sorption of the desired gas component. In particular,
zeolites were widely used in rubbery and glassy polymers (Duval et al., 1993, Jia et al.,
1991 and Paul et al., 1973). Polydimethylsiloxane and ethylene propylene diene rubber
(EPDM) glassy flexible polymers, such as cellulose acetate (Kulprathipanja et al., 1988)
and polyvinyl acetate (PVAC). The flexibility of the rubbery polymers was suggested as
the primary cause of good polymer-zeolite interaction and stress-free interfaces with the
zeolite (Mahajan et al., 2000). An adequate contact between the dispersed phase of the
molecular sieve and the polymeric phase was generally observed using rubbery

polymers as membrane matrix.
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2.5 Zeolitic imidazolate frameworks (ZIFs)

Zeolitic imidazolate frameworks (ZIFs) are a subclass of Metal organic
frameworks (MOFs). MOFs are materials of wide interests in recent years because of
their interesting chemistry and potential applications. In separation science, researchers
have extensively explored the use of MOFs for gas separation and water treatment.
MOF membranes have attracted significant attentions in recent years because of their
potentials in gas and liquid separations and other applications such as catalysis and
chemical sensors, etc. (Lai et al., 2018). Metal-organic frameworks (MOFs) are a class
of materials consisting of inorganic blocs that form a textured structure with each other
by organic linkers (Li et al., 2015). These materials are currently getting an increasing
interest due to their special properties, such as high surface area and pore volume, low
density (Farha et al., 2012 and Furukawa et al., 2011), abundant adsorption sites, and
different structures that promote various specific applications (Li et al., 2015 and James
et al., 2003). Among these applications, separation and filtration were mostly explored,
in which MOFs were incorporated into the membranes in different ways to improve
their overall performance.

Zeolitic imidazolate frameworks are topologically similar to zeolites. ZIFs are
composed of tetrahedrally coordinated transition metal ions (e.g. Fe, Co, Cu, Zn) by
organic imidazole connect linkers. The three-dimensional structures in ZIFs consist of
tetranedral transition metal cations such as Co?" and Zn?*, which are linked to
imidazole-based ligands by coordination bonds. The bond angle of M-Im-M is similar to
the Si-O-Si bond angle in zeolites. In these structures, the tetrahedral metal centers are
coordinated by nitrogen atoms in the 1, 3-positions of the imidazolate ligand (Tan et al.,
2010). These porous, flexible, chemically, and thermally stable crystals (up to 400 °C)

are the promising materials for gas separation and storage, as well as size and shape of
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selective catalysis due to their pore size (Shah et al., 2012, Park et al., 2006 and Phan et
al., 2010). In addition, their surface area is similar to that of very porous MOFs and is
attributed to the full exposition of imidazole-based ligand edges and faces (Park et al.,
2006 and Hee et al., 2004). ZIFs also show framework flexibility with respect to gas
adsorption and are stable under harsh conditions such as refluxing with organic solvents,
water, and aqueous alkaline solutions (Park et al., 2006).
2.5.1 Important features in ZIF membrane synthesis
Some of the most important features that high-performance ZIF
membranes must exhibit are pore continuity (interconnectivity), defect-free structure,
and good adherence to the substrate surface. Gas separation performance is affected by
various factors such as the membrane orientation, chemical composition of the support,
activation process, and membrane thickness (Gascon et al., 2012). In this section, the
relevant work related to the improvement of these factors was reviewed.
2511 Effect of the substrate
The type of support is very important during ZIF
membrane synthesis. Ceramic and polymeric supports have been used in the past for is
of ZIF membranes synthesis, with ceramic supports comprising the most commonly
used type of substrate. Ceramic supports exhibit excellent mechanical and thermal
stability, which permit their use in processes that carried out at high temperatures. The
types of ceramic support have been used for the synthesis of ZIF membranes include a-
alumina (Liu et al., 2010 and Shah et al., 2013), titania (Bux et al., 2009 and Pan et al.,
2012), YSC, ZnO (Dong et al., 2012), and SiO> (Fan et al., 2012). Titania is a substrate
that promotes heterogeneous nucleation. On the other hand, a-alumina offers excellent
mechanical stability, which permits wide use in ZIF membrane synthesis and for this

reason is the most commonly preferred type of substrate. A support that combines the
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mechanical stability of o-alumina and the smooth layer of titanium has also been
described. Another approach to promote heterogeneous nucleation is surface
modification. Reports on the surface modification of a-alumina are available. In fact, a-
alumina supports have been modified with ZIF organic ligands (McCarthy et al., 2010).
2512 Effect of surface modification

Heterogeneous nucleation is difficult to achieve on bare
supports. One strategy to promote nucleation is surface modification, various
methodologies have been proposed. For instance, imidazole-based ligands have been
used to modify the substrates and obtained strong covalent bonds between the organic
ligand and the substrate (McCarthy et al., 2010). In addition, 3-aminopropyltriethox-
ysilane (APTES) has also been used in order to modify ceramic substrates. APTES has
been reported in order to act as a binder between the membrane layer and the support
and anchor the crystals in ZIF-22 membranes (Huang et al., 2010). APTES acts as a
covalent linker between the membrane and the support because the ethyl groups of
APTES react with the surface hydroxyl groups of the Al.Os supports. As a result,
nucleation and crystal growth can occur in sites where linkers present. APTES has also
been reported in development of continuous layers on the substrate by providing enough
heterogeneous nucleation sites. In another work, a layer of ZnO deposited on a tubular
substrate to act as a Zn?* source, provide a smooth support layer, and promote
homogeneous nucleation (Zhang et al., 2013).

25.1.3 Effect of deprotonates

Well-intergrown ZIF crystals required to obtain pore
continuity in membranes. To achieve such ZIF crystals, bases are usually included in the
membrane precursor solution in order to increase the pH of the solution and promote the

completely deprotonation of imidazole-based ligands, which in turn permits the growth
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of ZIF membranes in all directions. Sodium formate is the most commonly used
deprotonator, and its use was first proposed by McCarthy et al., 2010.
25.14 Effect of the solvent

The three popularly used solvents in the synthesis of ZIF
membranes include dimethylformamide (DMF), methanol, and water. Choosing and
establishing are the most suitable solvent for synthesizing the desired type of ZIF
membranes successfully is a challenging task. The use of cost effective and benign
solvents such as water is preferred for health and environmental reasons; however, to
date, only ZIF-8 membranes have been synthesized successfully with water as the
solvent in the precursor solution (Yao et al., 2013). In addition to solvent toxicity,
molecular size should also be taken into consideration for further activation. It is worth
mentioning that, the smaller the solvent molecule, the easier the activation can take
place, and the more the ZIF structure integrity can be preserved. Efforts to synthesize
ZIF membranes using water as the solvent should be made a priority not only because of
the benefit to subsequent activation and reduction of toxic waste, but also because the
degree of deprotonation of the organic ligand can be promoted as well. As demonstrated
in their synthesis of ZIF-8 membranes, 2-methylimidazole exhibits a higher degree of
deprotonation in water than in organic solvents (Pan et al., 2012).

25.15 Effect of activation

The activation step is very critical for ZIF membrane
synthesis. Activation consists of removing the occluded solvent molecules from the ZIF
structure and is usually done by solvent exchange with a solvent of smaller molecular
size (e.g. methanol). The solvent exchange unit operation is usually conducted in pure
methanol. Considering the fact that the concentration of occluded solvent molecules in

pure methanol is zero, a high concentration gradient will exist and therefore, the mass
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transfer rate will high. This high mass transfer rate provoke the fast transport of
occluded molecules to the high methanol concentration phase, consequently damaging
the ZIF structure and leading to poor gas separation performance. In order to prevent
high mass transfer rates, DMF and methanol solution used at different compositions for
the activation of ZIF-78 membranes to decrease the diffusion rate of DMF. Specifically,
they suggested starting the activation by immersing the membranes in a DMF-methanol
solution with low methanol composition in order to reduce the concentration gradient of
DMF. The composition of methanol in the activation solution increased successively
until pure methanol is used at the end of the activation process. Drying is the next step
after solvent exchange and is much easier to perform with highly volatile solvents.
Methods for ZIF membranes synthesis that simultaneously reduce the amount of
occluded solvent in the structures are constantly sought after. Indeed, by reducing the
amount of occluded solvent, activation can occur easier and high quality of the ZIF
membranes can be preserved. Recently, electrospray deposition has been introduced
ZIF-7 and ZIF-8 synthesis (Aceituno et al., 2015) membranes. It was demonstrated that
this technique permits the full activation of the membranes by simultaneously synthesis
and activating the ZIF membranes.
25.1.6 Chemical and thermal stability

In spite of the fact that the chemical and thermal stability
of ZIF crystals was studied. For instance, Liu and his colleague synthesized c-oriented
ZIF-69 membranes that were stable under boiling methanol. The same group
synthesized APTES-functionalized ZIF-90 membranes that showed excellent thermal
and hydro-thermal stability with outstanding separation performance. They also
synthesized ZIF-95 membranes that showed hydrothermal stability (Xie et al., 2012). In

their studies, the highest temperature at which gas separation tests were conducted using
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ZIF membranes was 325 °C. Identifying the extreme temperature conditions in which
the membranes can operate (where they are chemically and thermally stable at this
temperature range) is important because most of the exhaust or flue gases to be treated,
separated, or enriched from industrial processes are present at high temperatures. Such
stability will ensure reliability and reproducibility in the separation performance of ZIF
membranes, which are necessary for industrial applications.

25.1.7 Effect of functionalization

Materials with rigid structures are preferred for the
synthesis of membranes to guarantee that the pore size remains unchanged throughout
the process (Gascon et al., 2012). Membranes with rigid structures can be obtained
through  post-synthetic ~ modification and  functionalization.  Post-synthetic
functionalization has been accomplished by imine and APTES functionalization.
Excellent gas separation performance has also been observed in membranes that were
synthesized by following this strategy, with improvement of the membrane
microstructure documented as well.
2.5.2 ZIF membrane synthesis

Conventionally, ZIF membranes have been synthesized by in situ
growth and secondary growth as shown in Figure 2.5 In this section, different synthesis
methodologies of ZIF membranes, were presented and divided into three groups: In situ
growth, secondary growth, and innovative techniques.

2521 In situ growth

In situ growth comprises the growth of a ZIF membrane on

a porous support that not contain any crystals attached (seeded) to its surface. This
technique is accomplished by immersing the support in a precursor solution. After

sufficient amount time is given at an elevated temperature, nucleation begins to proceed
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where the ZIF starts to grow on the support, and the membrane is eventually formed. In
this type of synthesis, nucleation, growth, and intergrowth of the crystals are not
decoupled, occurring instead during the same step for an extended period of time. In situ
growth can be conducted using both unmodified and modified supports (Manuel et al.,
2015).
25.2.2 Secondary growth

Secondary or seeded growth is related to the synthesis of
ZIF membranes on supports that contain attached seeding crystals (Figure 2.5). Such
seeding crystals can be attached by means of physical or chemical treatment. Unlike in
situ synthesis, crystal nucleation, growth, and intergrowth not occur simultaneously in
secondary growth synthesis. Moreover, the layer growth is independent of the substrate.
Depending on the manner in which the crystals are seeded on the supports, this type of
synthesis can be classified as secondary growth on supports with physically and
chemically attached seeds. ZIF membranes have been synthesized using secondary
growth with prior seeding, which is accomplished via rubbing, dip-coating, slip-coating,

electro-spinning, and microwave radiation (Manuel et al., 2015).
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Figure 2.5 Schematic procedure for in situ growth and secondary growth methods for

the synthesis of ZIF membranes under solvothermal conditions.



CHAPTER 111

MATERIAL AND METHOD

3.1 Materials

Zinc nitrate hexahydrate [Zn (NO3).-6H20] was purchased from Ajax Finechem
Pty Ltd. (New Zealand). 2-methylimidazole (MelM) was obtained from RIC Labscan,
Thailand. Methanol (99.99%) was purchased from Merck (Germany). All other
chemicals are analytical grade, and were used as received. Gas mixture of CO2/CHs was
purchased from Sung Neon Oxygen (Thailand). Kaolin originating from Ranong
province for a-alumina support preparation was obtained from School of Ceramic

Engineering, SUT.

3.2 Methods
In this study the ZIF-8 membrane was produced via seeded ZIF-8 particles on
a-alumina support as selective layer for upgrade biogas quality. Figure 3.1 was

presented the overall process in this study.
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Synthesizes ZIF-8 particles varied ratio of
MeIM and Zinc nitrate hexahyrate
(12:1, 9:1, 6:1 and 3:1)

Analytical of ZIF-8 particles using SEM, XRD
and N, adsorption

Synthesizes ZIF-8 membranes via
seeding, scondary seed growth and suction seed method

Analytical of ZIF-8 membranes using SEM, XRD and
gas permeate measurem ent

Figure 3.1 The overall of synthesis ZIF-8 membranes process for biogas upgrading.

3.2.1 Preparation of ZIF-8 particles

To synthesize ZIF-8 particles, the absorbed moister of precursors must
be removed, hence, initially a predetermined number of precursors (MelM and Zinc
nitrate hexahydrate) powders were placed in oven for about 2-3 hours in 70°C. An
optimal condition sample with molar ratio of MelM/ Zinc nitrate hexahydrate of 12:1
was synthesized using 6.94g (85 mmol) of MelM and 0.54g (1.8 mmol) of Zinc nitrate
hexahydrate. Other molar ratios of precursors (MelM/ Zinc nitrate hexahydrate: 9:1, 6/1
and 3:1) were also applied in synthesis of ZIF-8 particles using 3.47g, 1.73g and 0.87¢g

of MelM for 0.54 gram of Zinc nitrate hexahydrate (Table 3.1), respectively according
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to the following procedure: Each precursor was dissolved in 12 mL of methanol for 1
hour. Two prepared solutions were mixed and stirred at 70°C in oil bath under cover
with aluminum foil for 30 min, followed by sonication for 1 min. The obtained ZIF-8
was centrifuged to hasten the sedimentation at 7,000 rpm for 15 min and washed several
times with methanol (Jomekian et al., 2017). The prepared sample (deposited ZIF-8
powder) was placed in petri dish in ambient temperature for 24 h to dry. The properties
of ZIF-8 particles were analyzed via XRD and SEM. The surface area and adsorption-
desorption isotherm measurements were carried out on Bel Japan Inc, Belsorp mini-Il.

Table 3.1  The ratio of 2-methylimidazole: Zinc nitrate hexahydrate for synthesize the

ZIF-8 particles.

Ratio 2-methylimidazole (g) Zinc nitrate hexahydrate (g)
12:1 6.94 0.54
9:1 3.47 0.54
6:1 1.73 0.54
3:1 0.87 0.54

3.2.2 Porous a-alumina support preparation
The a-alumina support (ceramic) was used as a support due to its
thermal resistant and long term used. The porous a-alumina support was prepared by
cleaning the kaolin 2 times using DI water and then filtered through filter paper. The wet
kaolin was dried at 100°C overnight using hot air oven (Memmert, Germany). The dried
kaolin was milled and sieved (N0.100, Retsch, Germany) (Figure 3.2). Afterward,

support was formed using 5 g of dried kaolin then pressed at 10,000 pounds using a
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hydraulic pressing machine. The diameter of support was 4 mm at 0.3 mm thickness.
The formed support was sintered at 1200°C for 2 hours (ramp up and down at 4°C per

min) according to Figure 3.3.

Figure 3.2 The dried kaolin powder and sieve (N0.100, Retsch, Germany).
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Figure 3.3 The sintering times of porous a-alumina support (ramp up and down at 4°C

per min).
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3.2.3 ZIF-8 membrane synthesis methods
The porous a-alumina support 4 mm at 0.3 mm thickness diameter
were applied to each method. The several synthesis methods prior to gas permeate
analysis were seeded as follow:
3.23.1 Seeding method
The a-alumina disk was finely polished with an abrasive
paper (no. 1000 silicon carbide, Nash, Thailand) in order to smooth the surface. The
support disks were then sonicated for 10 min with 20 mL deionized water, and
subsequently washed with fresh methanol several times for impurities removal. The
supporting disk was subsequently dried in oven at 100°C for 12 hour and cooled down
until room temperature before using. After that, the support was placed horizontally in a
45 mL Teflon lined stainless steel autoclave (Figure 3.4) filled with the seed solution
(hydrothermal synthesis). The solution was prepared by mixing Zinc nitrate hexahydrate
and MelM (from optimal condition ratio) in 30 mL methanol. The membrane synthesis
was incubated at 70°C from 6 hours. After synthesis the ZIF-8 membrane disks were
taken out and rinsed several times with fresh methanol. Finally, seeding membrane was

dried under ambient conditions for 24 hours and used for further analytical method.
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Figure 3.4 45 mL Teflon lined stainless steel autoclave.

3.2.3.2 Secondary seed growth method

ZIF-8 seed solution was prepared according to Chi et al.
2015. The 0.54g of Zinc nitrate hexahydrate and 1.477g of MelM were separately
dissolved in 12 mL of methanol for 1 hour. Two prepared solutions were mixed, and
stirred at 70°C in oil bath, and with aluminum foil cover (solvothermal treatment) for 30
min, following by 1 min sonication. The obtained ZIF-8 particles were collected by
centrifugation at 7,000 rpm for 15 min and were washed several times with fresh
methanol. The particles were dried overnight at 70°C and dispersed into fresh methanol
to form a 0.1 wt% seed solution. The coating side of the a-alumina disk was finely
polished with an abrasive paper in order to smooth the surface. The supporting disk was
then sonicated for 10 min in 20 mL of deionized water, and subsequently washed with
fresh methanol several times for impurities removal. The disk was subsequently dried in

oven at 100°C for 12 hour and cooled down to room temperature. The supporting disk
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was undergone a simple slip-coating, the polished side of a- alumina disk was half
immersed two times in the above prepared seed solution for about 20 s then carefully
slid away (Figure 3.5) and the support was dried at room temperature for 1 hour. The
support after slip-coating was hydrothermal synthesized in accordance with seeding

method.

Figure 3.5 Slip-coating on secondary seed growth method (Melgar et al., 2015).

3.2.33 Suction seeding method
The porous a-alumina support was fixed in the vacuum
flask and connected to the vacuum pump (Figure 3.6). Then, 5 mL of 1 wt% of seed
solution was poured into support. The ZIF-8 particle (from optimal condition ratio) and
methanol were prepared for suction seed solution mixing and sonicating for 10 min.
After suction, the suction seeding membrane was dried at 70°C in hot air oven
overnight. The support after suction was hydrothermal synthesized in accordance with

seeding method.
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Figure 3.6 The membrane synthesis via suction seeding method.

3.3 Gas permeation measurements

The flow diagram and experiment setup for gas permeation measurement were
shown in Figure 3.7 and Figure 3.8. Firstly, the ZIF-8 membrane was loaded into self-
made stainless steel module housing sealed with a silicon o-ring to prevent the leakage
of gas. At the side of stainless steel module housing temperature probe, pressure gauge
and safety valve were also installed. The stainless steel module housing was placed on

hotplate stirrer for heating up. The feed pressure was adjusted accordingly with the total
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pressure difference ranging from 500 kPa to 800 kPa. The permeate side was maintained
at atmospheric pressure. The feed temperature was also varied at 3 different values
25°C, 35°C and 45°C. The synthesis gas used in this study were contained 60 vol.% CO>
and 40 vol.% CHs. After attaining steady state condition, the permeate side was
connected with bubble flow meter for measuring the gas flow rate. The collected gas
was analyzed by a gas detector (Geotech Biogas 5000, U.K.). The permeation results for
each membrane were collected from 3 distinct samples of that membrane by the same
procedures, and the average errors were reported. The permeabilities of mixed gas tests
were directly calculated from the gas flux data measured by gas bubble meter using the
Eqg. (3.1) as follow;

_ Qxl
L AX(Pfi_Ppi)

(3.1)
Where, Pi is permeability coefficient (cm® (STP) -cm-cm2st-cmHg™?) of the
component i, Qi is the volumetric permeation rate of component i (cm® s%), | is the
thickness of selective layer (cm), A is the effective membrane area (cm?) for gas
permeation, and pfi and ppi are partial pressures of component i at feed and permeate
side (cmHg), respectively (Jomekian et al., 2016).
The separation factors acozicHs Was defined as the gas permeability ratio of

more permeable gas (Pco2) to the less permeable gas (Pcha4) as shown in Eq. (3.2);

« _ Pco,
CO2/CH,™ pey, (3.2)
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Figure 3.7 The flow diagram of gas permeation testing.
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Figure 3.8 Experimental setup for membrane synthesis and permeation testing.

3.4 Analytical methods

3.4.1 Scanning electron microscopy (SEM)

The ZIF-8 membrane surface and fractured cross-section were
analyzed by SEM (JEOL JSM-6010LV, Japan). The synthesized membrane samples
were broken into a small piece and then coated with gold as a conductive material using
coating machine (JEOL Neo coater MP-19010 NCTR, Japan) (Figure 3.9). The
morphology including arrangement of crystal as well as the thickness of coated layer
were observed on the top view and the cross-sectional view of the membrane,

respectively.
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Figure 3.9 Gold coating machine (Neo coater MP-19010 NCTR, JEOL, Japan).

3.4.2 X-ray diffraction (XRD)

The characterization of ZIF-8 seeds power and ZIF-8 membrane
synthesized as well as the non-synthesized support were carried out by a D2 phaser X-
ray diffractometer (XRD) from Bruker AXS GmbH, Germany (Figure 3.10) with CuKa
diffraction (A=1.5406°A) operating at 30 kV and 10 mA with a graphite monochromator
in the diffracted beam path. The ZIF-8 particles were slightly pressed into sample holder
with 25.4 mm diameter and 3 mm thickness in a powder sample holder. The ZIF-8
membranes were attached on the surface of a sample holder. The data were collected in
the range of 5-60° 20 by the step time and step size were selected 0.025 s and 0.02°,

respectively.
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Figure 3.10 X-ray diffractometer (XRD) (D2 phaser, Bruker AXS GmbH, Germany).

3.4.3 Nitrogen adsorption

The ZIF-8 particles were characterized for the structural porous
properties by nitrogen adsorption at 77 K using an automated adsorption apparatus (Bel
Japan Inc, Belsorp mini-Il). In this experiment, 200 mg of sample was used; the system
was degassed at 423 K under vacuum for 24 hours under nitrogen flow and then the
adsorption isotherm for nitrogen at 77 K was measured. The BET surface area (Sger)
and the total pore volume were calculated from the nitrogen adsorption isotherms. Pore
size distribution of carbon was also determined by the application of the density

functional theory (DFT) to the isotherm data.



CHAPTER IV

RESULTS AND DISCUSSION

4.1 ZIF-8 particles preparation

The ZIF-8 particles were successfully synthesized on four samples via control
MelM and Zinc nitrate hexahydrate ratios. The aim of ZIF-8 particles analysis was to
determine the appropriate hydrothermal condition as well as the chemicals formulation
to obtain the pure ZIF-8 particle (Figure 4.1). The ZIF-8 particles powder was
synthesized in different ratio of MelM and Zinc nitrate hexahydrate. The morphology of
ZIF-8 particles from varies ratio of MelM and Zinc nitrate hexahydrate were illustrated
in Figure 4.2 A, B, C and D. The results from SEM showed that all ratios of MelM and
Zinc nitrate hexahydrate were completely crystallinity. However, the size particles of
each ratio were different. Moreover, the ZIF-8 particles crystallinity was further
confirmed by XRD (Figure 4.3A, B, C and D). The XRD results exhibited peaks at 26 =
7.30°, 10.35°, 12.70°, 14.80°, 16.40°and 18.00° which confirms the typical ZIF-8
sodalite structure (Bux et al., 2009). The observed well-defined sharp peaks revealed the
high crystallinity of the ZIF-8 particles. The calculated BET surface areas of ZIF-8
particles ratios 12:1, 9:1, 6:1 and 3:1 were approximately 1,882, 1,752, 1,548 and 1,449
m?/g, respectively (Table 4.1), which are comparable to the referenced values reported
for ZIF-8 such as 1,630 m?/g (Liu et al., 2012), 1,781 m?/g (He et al., 2012), and 1,947
m?/g (Park et al. 2006)). This result suggested that high to low surface area was obtained
on ratios 12:1, 9:1, 6:1 and 3:1. The calculated pore size distributions of the four

particles ratios were different, as shown in Table 4.1. The highest N> adsorption and,
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BET surface area were obtained at ratio 12:1 of MelM and Zinc nitrate hexahydrate. Chi
et al., (2015) reported the small particles of ZIF-8, the higher CO, removal rate of the
membrane. In this study, ZIF-8 particles from different ratios were not only intrinsically
difference in pore structures but also difference in size. The MelM and Zinc nitrate
hexahydrate ratio 12:1 was chosen as the best ZIF-8 particle to synthesis membrane

selective layer due to its smallest crystal size and largest BET surface area.

Figure 4.1 The synthesized ZIF-8 particles on various ratios (12:1, 9:1, 6:1 and 3:1).
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Table 4.1 The mean crystal size and BET surface area of synthesized ZIF-8 particles a

different temperatures.

Ratios of MelM: Zinc

nitrate hexahydrate e o ot -
Mean crystal size (nm) 150 250 300 350
Total pore volume (cm®/g) 1.352 1.344 1.117 1.182
Mean pore diameter (nm) 3.298 3.314 3.329 3.316
BET surface area (m?/g) 1,882 1,752 1,548 1,449

SEl 15kV WD12mm 5535

x10,000 1pm

Figure 4.2 SEM images of the ZIF-8 particles of the ZIF-8 particles using various

different ratios of MelM: Zinc nitrate hexahydrate: 12:1 (A), 9:1(B), 6:1(C)

and 3:1(D).
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Figure 4.3 XRD chromatograms of the ZIF-8 particles using various ratios different of

MelM/ Zinc nitrate hexahydrate: 12:1 (A), 9:1(B), 6:1(C) and 3:1(D).

4.2 Porous a-alumina support structural characterization

In this study, the a-alumina supports after preparing, the morphology and

crystallinity were characterization by using SEM and XRD, respectively. The a-alumina
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support were typically used in the past for the synthesis of ZIF membranes. The
a-alumina supports exhibit excellent mechanical and thermal stability, which permit
their use in processes that were carried out at high temperatures. The a-alumina supports
in gas separation was also according to several authors (Hara et al., 2014, Xu et al., 2011
and Tao et al., 2013). Figure 4.5 A, B and C illustrated the surface and cross-section of
the support from pure kaolin. The present of porous o- alumina supports are high
porosity on the surface when investigated with SEM. The average pore size of the a-
alumina support was approximately 1-2 um. The crystallinity of the support was

observed using XRD (Figure 4.4).

500 -
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300 4

Counts
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Figure 4.4 XRD chromatogram of the a-alumina support.
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Figure 4.5 SEM images surface (A) and cross-section (B) of the a-alumina support (C).

4.3 The effect of seeding methods on ZIF-8 membrane properties

The ZIF-8 was successfully crystallized on the surface of the a-alumina
support. Moreover, the seeding method was affected to the membranes separation
process including total flux and selectivity. The different methods including, seeding,
secondary seed growth and suction were carried out in this study (Figure 4.6). The seed
method is in situ growth, comprises the growth of a ZIF-8 on a-alumina support whilst
does not contain any crystals attached (seeded) to its surface. This technique is
accomplished by immersing the support in a precursor solution. After a sufficient

amount of time is given at an elevated temperature, nucleation begins to proceed where
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the ZIF starts to grow on the support, and the membrane is eventually formed. In this
type of synthesis, nucleation, growth, and intergrowth of the crystals are not decoupled,
occurring instead during the same step for an extended period of time. The secondary
seed growth and suction seed method were a deposition of ZIF-8 crystals on surface of
support before the hydrothermal synthesis, caused of the formation of regularly
arrangement of the ZIF-8 crystal. In other words, the applying of secondary growth
(secondary seed growth and suction seed) on the a-alumina support surface provided a
better control of the membrane formation process by dip coating, reactive seeding, and
microwave-induced thermal deposition (MITD) (Li et al., 2010 and Shah et al., 2012).
The seeding, secondary seed growth and suction seed methods were successfully seeded
on the surface of the a-alumina support (Figure 4.6). The ZIF-8 seed layer on support
was observed using XRD chromatograms (Figure 4.7). The result from XRD presented
that both peaks of ZIF-8 and a-alumina support was achieved. The SEM images surface
of the synthesized membranes seeding, secondary seed growth and suction seed methods
were illustrated in Figure 4.8. On the secondary seed growth and suction seed method,
ZIF-8 was the completely crystallized on a-alumina support. However, the ZIF-8 layers
on seeding method was found some defect, during when observing by SEM. The
thickness of secondary seed growth, suction seed and seeding membranes were 5, 4.5
and 2 um, respectively were shown in Figure 4.9. Higher total flux of membrane
preparation process was achieved at thinner support layer, vice versa. From the results,
the thickness of the ZIF-8 selective layer around 2-5 um was also agreeable to studies of

Hara et al., (2014), Li et al., (2013), Dong et al., (2012) and Pan et al., (2011).
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Figure 4.6

The ZIF-8 membrane synthesizes on seeding, secondary seed growth and

suction method.
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Figure 4.7 XRD chromatograms of ZIF-8 membranes on seeding (A), secondary seed

growth (B) and suction seed methods (C).
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SEM images surface of ZIF-8 membranes synthesized on seeding (A),

secondary seed growth (B) and suction seed (C) methods.



60

SElI 20kV WD21mmS835 x2,000 10pm  —

SElI 20kV WD21mmSS835 x1,800 10pm
SUT

SEl 20kV WD15mmSS35 x1,800  10um  e—
SUT 5464

Figure 4.9 SEM images cross section of ZIF-8 membranes synthesized on seeding

methods (A), suction seed (B) and secondary seed growth (C).

4.4 Gas separation property of ZIF-8 membranes

In this study, the ZIF-8 membranes using various seeding methods were tested

under different conditions including feed pressures (500-800 kPa) and operating
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temperature (25°C, 35°C and 45°C). Firstly, the results of total flux gases at different
feed pressure analyzed under temperature of 25°C, 35°C and 45°C were shown on
Figure 4.10 (A), (B) and (C), respectively. The increasing of pressure was resulted in
increasing of total flux of ZIF-8 membranes. The maximum total flux was achieved at
high feed pressure using seeding method followed by secondary seed and suction seed
methods. It can be seen from Figure 4.10 the results fluxes of gases were increase with
the increasing pressure differences. Moreover, Figure. 4.11 shows the effect of pressures
on CO2 permeation over ZIF-8 membrane using various synthesized methods at different
temperature of 25°C, 35°C and 45°C, respectively. Pressure was effected to the gas
permeation of membrane process. Gas permeation was decreased with increasing of feed
pressure at all different operating temperatures (Figure 4.11). Higher CO. permeation
was obtained at low temperature. At 25°C, the maximum CO: permeate was
6.98x108-cm?® (STP)-cm-cm™?-s*-cmHg™ using secondary seed growth method, followed
by 6.59x10°5-cm?® (STP)-cm-cm?-s*-cmHg™ and 6.39x10%-cm® (STP)-cm- cm?-st-cmHg
! respectively. As reported by Bux et al., 2010, CO, gas permeation on ZIF-8 membrane
is adsorption controlled rather than diffusion controlled. Therefore, when the
temperature increased, reduction of CO> coverage on the surface of ZIF-8 membrane is
more prominent than the increase in gas diffusivity across the membrane. In the other
hand, on CH4 permeation over ZIF-8 membrane were shown the opposite result with
CO. permeation (Figure 4.12). The CH4 permeation result on all synthesized methods
were shown slightly increasing trend when the temperature increases from 25°C, 35°C

and 45°C, respectively.
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Figure 4.10 Fluxes of CO; and CHa at different partial pressure differences under

operation temperature of (A) 25°C, (B) 35°C and (C) 45°C.
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Figure 411  The CO: permeate effect of various synthesized ZIF-8 membranes at

differences operating temperature (25°C (A), 35°C (B) and 45°C (C))

and feed pressure on mixed gas of CO2/CHa.
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Figure 412 The CHs permeate effect of various synthesized ZIF-8 membranes at

differences operating temperature (25°C (A), 35°C (B) and 45°C (C)) and

feed pressure on mixed gas of CO2/CHa.

The effect of various seeding techniques on the separation performance

including gas permeation and selectivity were shown in Table 4.2, 4.3 and 4.4. From

results the highest CO2 permeation and separation factor were obtained on lowest feed

pressure (500 kPa) and lowest operating temperature (25°C). On the other hand, the
lowest CO> permeation and separation factor were found on higher feed pressure

(800 kPa) and higher operating temperature (45°C). The best CO, permeation and
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separation factor were presented on secondary seed method, suction seed method and
seeding method, respectively. Figure. 4.14 shown the separation factor results of various
synthesized ZIF-8 membranes on CO./CHs gas separation at different operate
temperatures (25°C, 35°C and 45°C). Separation factor was decreased when the pressure
was increased from 500 kPa to 800 kPa for both three methods. It was found that the
decreasing trend of selectivity is similar to the CO2 gas permeation as shown on Figure.
4.12. This is mainly due to higher temperature to increasing the diffusivity of CO; across
the membrane and at the same time decreased its adsorbed coverage gradient (Li et al.,
2005). Overall, CO2 permeance was decreased with the increasing in temperature, which
attributed to the domination of adsorption compared to diffusion across the ZIF-8
membrane. The better membranes permeation was achieved 6.98x10%-cm® (STP)
cm-cm?-st-cmHg™. The optimal operation control was chosen at 500 kPa 25°C.

The selectivity of gas mixture in this study was achieved at 10.14+0.44
(CO2/CH34) using secondary seed growth method at synthesized times 6 hours, whilst
using the same method at different temperature (130°C), the selectivity of Jame et al.,
(2016) was reported 3.7 (CO2/CHgs), lower than this study. Beside, several researcher
studied about the modify type of the support such as Xie et al., (2012), Huang et al.,
(2014) and Zhang et al., (2013). However, the results on selectivity were not comparable
to this work (7.2, 7.3 and 4.7, respectively).

In this study, there were several methodologies of ZIF-8 membrane cloud be
used to synthesis membrane such as in situ growth, secondary growth and innovative
techniques were discussed. The synthesis methods and conditions, type of supports, and
gas separation performance of the synthesized ZIF membranes were summarized in
Tables 4.5. In situ growth is not containing any seeded on support surface. This method

is completed by immersing the support in a seeded solution. After a sufficient amount of
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time was given at an elevated temperature, nucleation begins to proceed where the ZIF
starts to grow on the support, and the membrane was formed. In this type of synthesis,
nucleation, growth, and intergrowth of the crystals were not decoupled, occurring
instead during the same step for an extended period of time. In situ growth could be
conducted using both unmodified and modified supports (Manuel et al., 2010). In situ
growths were used for the growth of a ZIF membrane on a porous support (Venna et al.,
2016, Lai et al., 2016, Xie et al., 2012 and Huang et al., 2014). Moreover secondary
growth is related to the synthesis of ZIF membranes on supports that contain be attached
by means of physical or chemical attached seeding crystals. Unlike in situ synthesis,
crystal nucleation, growth, and intergrowth do not occur simultaneously in secondary
growth synthesis. Moreover, the layer growth is independent of the substrate. Depending
on the manner in which the crystals are seeded on the supports, this type of synthesis can
be classified as secondary growth on supports with chemically attached seeds. ZIF
membranes have been synthesized using secondary growth with prior seeding, which is
accomplished via rubbing, dip coating, slip coating, electro-spinning, and microwave

radiation (Ge et al., 2012 and Melga et al., 2015).
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Table 4.2 Permeate and separation factors of CO2/CH4 mixtures (60:40 vol.%) on

various ZIF- 8 membranes synthesized at difference feed pressure 25°C.

Feed Permeate )
Synthesis methods  pressures  (x10®%cm® (STP) cm-em®s*-cmHg™) Separation
(kPa) o cha factor
Seeding 500 3.88 0.826 4.7+0.055
600 3.61 0.866 4.1+0.145
700 3.58 0.965 3.74£0.048
800 3.36 0.995 3.3+0.097
Suction seed 500 5.73 1.1 5.2+0.076
600 5.03 1.08 4.6+0.068
700 4.96 1.19 4.1+0.320
800 4.83 1.29 3.74£0.092
Secondary seed 500 6.98 0.689 10.1+£0.441
growth 600 6.14 0.849 7.2+0.336
700 5.47 0.949 5.74£0.241

800 5.09 1.150 4.4+0.159
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Permeate and separation factors of CO2/CH4 mixtures (60:40 vol.%) on

various ZIF- 8 membranes synthesized at difference feed pressure 35°C.

Feed Permeate )
Synthesis methods  pressures (x10%cm? (STP) -cm-cm®s-cmHg™) Separation
(kPa) o, L factor
Seeding 500 3.57 0.83 4.2+0.037
600 3.61 0.85 4.2+0.127
700 3.55 0.96 3.6+0.100
800 3.33 1.01 3.2+0.048
Suction seed 500 5.73 1.05 5.4+0.235
600 4.78 1.16 4.1+0.016
700 4.77 1.26 3.7+0.033
800 4.68 1.31 3.5+0.086
Secondary seed 500 6.60 0.69 9.5+0.583
growth 600 5.68 0.95 5.9+0.453
700 5.07 1.11 4.5+0.306
800 4.90 1.21 4.0+0.119
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Table 4.4 Permeate and separation factors of CO2/CHs mixtures (60:40 vol.%) on

various ZIF- 8 membranes synthesized at difference feed pressure 45°C.

Feed Permeate )
Synthesis methods  pressures (x10®%cm® (STP) -cm-cm*s™-cmHg™) Separation
(kPa) o, cha factor
Seeding 500 3.67 0.83 4.3+0.106
600 3.54 0.88 4.0+0.106
700 3.53 0.99 3.5+0.106
800 3.29 1.06 3.1+0.106
Suction seed 500 5.61 1.04 5.3+0.318
600 4.74 1.16 4.0+0.008
700 4.63 1.31 3.5+0.009
800 4.57 1.36 3.3+0.119
Secondary seed 500 6.4 7.57 8.5+1.410
growth 600 5.58 9.78 5.7+0.631
700 5.04 1.11 4.5+0.317

800 4.8 1.25 3.8+0.100
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Figure 4.13 The separation factor effect of various synthesized ZIF-8 membranes at

differences operating temperature (25°C (A), 35°C (B) and 45°C (C)) and

feed pressure on mixed gas of CO2/CHa.
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Table 4.5 The comparisons selectivity of gases mixtures on different synthesis method

and type of supports.

Membrane Type of Synthesis method Selectivity Ref.
support
ZIF-8 a-alumina tubes  In situ solvent thermal 7.1 (H2/COy) Vennaetal.,
at 25-200 °C for 5 h. 2016
ZIF-8 a-alumina disks In situ solvent thermal ~ 5.07 (CO,/CH4) Lai et al., 2016
at 140°C for 5 h
ZIF-8 a-alumina disks Secondary seeded 3.7 (CO2/CH4) James et al.,
growth at 130 °C for 2016
6.5h.
ZIF-8 a-alumina disks  Secondary seed growth 10.1+04 This study
at 70 °C for 6 h. (CO2/CHa)
ZIF-8 a-alumina tubes Rubbing seeding 4-7 (CO2/CHs) Yaoetal., 2013
followed by
hydrothermal growth at
150°C for 5 h
ZIF-22 APTES-modified  In situ solvent thermal 7.2 (H./CO;)  Xieetal., 2012
TiO; disks conditions at 150 °C for
72 h
ZIF-90 APTES-modified  In situ solvent thermal 7.3 (H2/COy) Huang et al.,
a-alumina disks  conditions at 100 °C for 2014
18 h
ZIF-7 a-alumina disks Dip-coating seeding 6.48 (H2/COy) Lietal., 2010
followed by
microwave-assisted
solvent thermal growth
at 100°C for 3 h
ZIF-69 a-alumina disks Dip-coating seeding 2.7 (CO,/CH;)  Lietal., 2010
followed by solvent
thermal growth at 100
°C for 72 h
ZIF-7 a-alumina disks Dip-coating seeding 6 (H2/CO2) Pan et al., 2012
with PEI followed by
microwave-assisted
secondary growth at
100 °C for 2 h
ZIF-90 APTES-modified APTES 4.7 CO,/CH,4 Zhang et al.,
a - alumina disks  functionalization by 2013
refluxing

methanol and APTES
solution at 110 °C
for0.5h




CHAPTER V

CONCLUSION

In this study, ZIF-8 particles have been synthesized using different ratios of MelM
and Zinc nitrate hexahydrate (12:1, 9:1, 6:1 and 3:1). The SEM and XRD results showed
the complete of crystallinity for all ratios. The largest surface area of ZIF-8 particles was
1,882 m?/g at ratio 12:1 while at ratio 3:1, surface area was obtained of 1,449 m?/g when
observed with N. absorption and BET surface area due to its particles size, the ZIF-8
particles synthesized from ratios MelM: Zinc nitrate hexahydrate 12:1 was chosen as the
optimal ratio to produce selective layer on ZIF-8 membranes. Moreover, the ZIF-8
membrane has been synthesized via several methods including seeding, secondary seed
growth and suction seed methods. Various methods were seeded ZIF-8 on the surface of
a porous a-alumina supports as a selective layer. The significant of secondary seed and
suction seed methods, including a polishing and a second times synthesis were used to
avoid holes or defects in the ZIF-8 membranes and improve the quality of ZIF-8
membranes for CO,/CH4 separation. The CO./CH4 separation behaviors of the ZIF-8
membrane were studied at different operating conditions, including operating temperature
ranged 25°C, 35°C and 45°C and total feed pressure difference ranged from 500 kPa to
800 kPa. At different feed pressure and operating temperature, the total flux and
separation factor were changed under various seeding methods. The ZIF-8 membranes
using secondary seed growth was performed as a comparable CO2/CH4 separation, the

results exhibiting the highest CO2/CH4 separation factor of 10.1 and CO: permeate
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6.98x10° cm® (STP) -cm-cm™?-st-cmHg™? for a gas mixture of CO,/CHs at pressure of

500 kPa and temperature of 25°C.
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