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ABSTRACT

Biogas energy conversion is a new technique that has been developed for effective
and proper utilization of renewable energy. The carbon dioxide (CO.) has to be
removed in order to increase the energy conversion. The silica ceramic membranes
were fabricated via sol-gel dip-coating method. The silica sol was prepared using
mixture of water, tetraethyl orthosilicate (TEOS), ethanol and nictric acid. Various
process method are used such as amount of acid, water: TEOS molar ratio, number of
dipping and calcination temperature. The ceramic substrate was dipped into the
prepared silica sol. After the dipping step, the samples were dried for 24 hours at room
temperature and then heat treated via calcination process. For XRD analysis, all
fabricated silica ceramic membranes shows the existence of silica. The FTIR analysis
showed the major peaks for all fabricated membranes occurs in the same area of
absorption band, with the range of 1070 to 1080 cm™, are corresponds to the existence
of Si-O-Si bond. After silica particles was deposited onto the substrates, the surface of
the membranes shows the appearance of fine particle aggregates, which is proved to
be the agglomeration of silica particles via FESEM analysis. The pore size of the raw
ceramic substrate is around 0.5 to 0.6 um. The pore size of fabricated silica ceramic
membranes was reduced to around 4 to 25 nm, which analyzed using TEM and BET
analysis. Weight and thickness of fabricated silica ceramic membranes were
increasing with increasing of the value of water:TEOS molar ratio, amount of acid,
and numbers of dipping. However, when silica ceramic membranes were heat treated
at the different calcination temperature, the weight and thickness were decreased as
the temperature increased. From the permeability test, the silica ceramic membrane
able to permeate only a small amount of COz, which is around 1%. In summary, silica
ceramic membranes are successfully fabricated and pore size of the membranes has
been reduced. Besides, the fabricated silica ceramic membranes demonstrate the
potential in the removal of CO. from the biogas despite having a small permeation
percentage.
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CHAPTER ONE
INTRODUCTION

1.1 BACKGROUND OF THE STUDY

Biogas is a renewable energy source similar to wind and solar energies. Biogas is a
carbon neutral fuel formed from anaerobic digestion (AD) which is one of the most
competent techniques to store energy (Chen et al., 2015). Biogas is considered as
renewable fuel since it is produced from organic waste. Frequently, biogas is
transformed into electrical energy by gas engines with an efficiency of around 40%.
Upgrading of biogas to natural gas quality increase the efficiency of energy
conversion to levels near 100%, which can be performed through various methods.
Upgraded biogas, which called biomethane, can be applied as vehicle fuel or injected
into the gas grid. Vehicle fuel from biomethane is the purest possible fuels, because it
barely contains any carbon dioxide emissions and very small amount of local
pollutants (Lems et al., 2008).

Typically, biogas contains 55-60% of methane, CHa, and 38-40% of carbon
dioxide, CO2 (Chen et al., 2015). CO- plays a crucial role in global warming, where it
is one of the most essential contemporary environmental issues. So, it is necessary to
search for technology or method to minimize the emission of CO into the atmosphere
(Meisen & Shuai, 1997). Aside from CO2, CH4 also responsible for climate change, or
global warming. Moreover, CHa is a powerful greenhouse gas, which is 35 times more
powerful than CO> as global warming potential. The only practicable way to reduce
the volume of waste gases without restraining oil production is to increase electrical
power generation efficiency and reduce flaring by exploiting the opportunities of gas

conversion (Abedini & Nezhadmoghadam, 2010).



The existence of CO2 and other acidic gases dilute the calorific value of
biogas, which make the gas streams become acidic and corrosive. This reduces the
potentials of gas compression and the transport within the transportation systems.
Pipeline specifications for natural gas usually require CO> concentrations below 2%
(Othman et al., 2009). One major phase to treat the various gas streams is to eliminate
acid gas such as CO, H.S and SO before it is compressed and delivered. The
separation of CO> from CHa is important in many industrial processes such as natural
gas sweetening (for example, CO2 removal from high pressure CHs in natural gas
wells), biogas upgrading, oil recovery enhancement and landfill gas purification
(Yang et al., 2008). Besides, highly concentrated CO> can also be generated from such
separation process rather than direct release into the atmosphere which causing the
mitigation of greenhouse gas emissions. The pure or highly concentrated CO>
captured is pumped and stored deep underground, which help in treating the
greenhouse gas emissions (Yang et al., 2008; Figueroa et al., 2008). Hence, economic
and effective methods for the removal of CO. from CH4 have attracted great interest
(Zhang et al., 2013). Currently, there are three categories of gas separation that have
been exploited, which are sorbents/solvents, cryogenic distillation and membrane
separation as illustrated is Figure 1.1. Membrane separation methods have several
benefits over other CO, separation technologies. For example, it required very simple
process equipment, relatively easy to operate and control, compact, clear process and
easy to scale up (Songolzadeh et al., 2014).

Gas separation via membrane technology lets one component to pass through
faster than the others in a gas stream. There are many types of membranes, such as

polymeric membranes, porous inorganic membranes, palladium membranes and



zeolites. Membranes usually unable to attain separation at high degree, so multiple
stages and/or recycle of one of the streams is required. This resulting in increasing in
complexity, cost and energy consumption. Some membranes with different
characteristics might be essential for the separation of high-purity CO2. Development
of solvent assisted membranes is currently being established in order to combine the
greatest features of membranes and solvent scrubbing. A lot of improvement is
necessary before membranes could be applied on a large scale to capture in power

stations.

Sorbent Co,

&CO;,
Cco, Sorbent Sorbent make-up
Capture _ Regeneration
Sorbent &

Gas A with CO; Spent Energy

(@)

Gas A CO>

Membrane
Gas (A + COy
(b)
Power -~ Gas A
Y
Distillation
N N N
4 'd 7 COz
Gas (A + CO2)
(c)

Figure 1.1 Schematic representation of three basic types of gas separation;
(a) separation with sorbents/solvents, (b) separation with membranes and (c)
separation by cryogenic distillation (https://www.co2captureproject.orgq)
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There are various types of membranes that are available for separation of CO>
from CHs4. Based on the materials used, membranes can be categorized into three
major groups, which are polymeric, inorganic and mixed matrix membranes (Vrbova
& Ciahotny, 2017). Inorganic membranes are convenient for separation of CO2 under
severe condition such as at high temperature and pressure, where organic based
membrane are not functional. Inorganic membranes can be categorized into porous
and non-porous types. Porous membranes are characterized by high permeabilities and
low selectivities (Ismail et al., 2015). Carbon-based membranes for gas separations are
normally fabricated via the pyrolysis of thermosetting polymers. Carbon membranes
are highly selective because of the molecular dimensions of pores. Alumina use in the
gas separation mainly as support, where the structural properties, and chemical and
hydrothermal stabilities beyond 1000 °C, which make it very desirable. A few studies
have been made to modify alumina membranes in order to facilitate CO, surface
diffusion with limited success. Compared to alumina, which have a tendency undergo
phase transition at relatively low temperature, or carbon, which can exhibit extensive
pore size changes in oxidizing environments, silica shows extraordinary chemical,
thermal, and structural stability in both reducing and oxidizing environments (Li,
2007; Yang et al., 2008).

Therefore, in this work, silica ceramic membranes are developed via sol-gel
dip-coating method, in order to overcome the aforementioned weaknesses. The
difficulties of CO, separation from CH4 have been addressed through the design of a
novel silica ceramic membrane separation to improve the ideal separation factor and
diffusion characteristics. The aims of this study are that the fabrication silica ceramic

membrane via sol-gel dip-coating technique reduce the pore size of the membranes to



nanometer scale without pinholes or crack, and provide good gas permeability for the

removal of CO; in biogas.

1.2 STATEMENT OF THE PROBLEM

Environmental concerns because of the pollutant emission which caused by the
combustion of fossil fuels have assumed as worldwide proportion. The use of fossil
fuels for electricity generation contributes to several environmental issues all over the
world (Olajire, 2010). Hence, there is essential for development of a sustainable and
renewable energy sources in order to live up to the increasing in energy demand. In
the long term perspective, it has become an obligation to think for renewable energy
sources. Novel methods are being established for effective and proper consumption of
renewable energy. Removal of CO: is necessary to increase the calorific value of
biogas (Kalambe et al., 2012). Some techniques already exist for separation of COg,
such as cryogenic distillation, absorption and adsorption. However, these method
encountered some drawbacks. For example, absorption of CO> through amine based
solvent remains the leading method in large scale industrial process but costly (Nwogu
et al., 2015). A membrane technique for separation of CH4 and CO> is employed in
order to enhance the performance of biogas plant. The membrane gas separation
process intentions is to upgrade the biogas in order to substitute natural gas, by using
low pressure and distributing the substitute natural gas in the natural gas network. A
stream rich in CO is the by-product of the membrane gas separation methods, where
it could be liquefied to generate very pure, industrial CO2 (Norddahl & du Preez,
2007; Kalambe et al., 2012). The residual biogas components that are left after

liquefaction, which include CHs4, are recycled into the membrane gas separation



process, thus reducing the biogas loss. Both CO2 and CH4 gases have extraordinary
industrial value. Biomethane has been utilized as a vehicle fuel substitute, and also
can be used in electricity generation. CO. can be used as a greenhouse gas and in
supercritical fluid application, carbonated drinks and ice making industries (Baker,
2006; Kalambe et al., 2012). Therefore, the development of membrane separation
systems for CO from CHys requires energy-saving, low operating pressure and cost as
well high chemical resistance performance.

Five decades ago, membrane technique was applied for natural gas processing
and desalination purposes (Lu et al., 2007; Adewole et al., 2013; Kajama et al. 2016).
The separation of gas mixtures is a mutual and important unit operation in chemical
industries, especially for natural gas processing plants. Since 1979, polymeric
membranes have been commercially used for separation of acid gases such as CO;
and HS from natural gas (Othman, Mukhtar, & Ahmad, 2004). Polymeric membranes
exhibit several benefits, such as cheap, good quality control, simple production and
high stability when operating at high pressure condition (Lu et al., 2007; Vrbova &
Ciahotny, 2017). However, polymeric membranes efficiency decreased with time due
to compaction, chemical degradation, fouling, and thermal instability. Due to
restricted thermal stability and susceptibility to abrasion and chemical attack,
polymeric membranes have found application in separation methods where hot
reactive gases are encountered. This leads to a change of interest toward inorganic
membranes (Abedini & Nezhadmoghadam, 2010). Ceramics and metals are examples
of inorganic membrane materials that are still in research stages. In the past years, the
well-organized preparation of ceramic membranes have received considerable
attention because the occurrence of pinhole defects on the membranes could reduce

the selectivity and integrity of the subsequence skin layer (Zhu et al., 2011). Hence, it



is very important to take these factors into account throughout the fabrication of
membranes in order to avoid any existence of the defects to transfer into the
separation layer (Kajama et al., 2014).

Current ceramic membranes are not appropriate for most gas separation
applications. This is because their pore sizes are at least one order of-magnitude
bigger than the gas molecular size. Hence, the ceramic membrane needs to be
fabricated with silica, as silica could generate uniform, mono-dispersed pore size.
Besides, silica also responsible for its large surface area and high pore volume.
Therefore, silica is a promising contestant for the ceramic membrane that is likely
allows high separation efficiency and selectivity. As for this reason, an approach has
been employed in order to fabricate ceramic membranes or porous ceramic support
with silica. Thus, the selection of silica ceramic membranes is regarded as promising
candidates for removal CO. applications is proposed. There are a fundamental
physical and chemical properties involved in the deposition of colloidal silica
dispersions (sols) on porous supports for precise pore size and porosity control.

In this respect, preparation of novel silica ceramic membrane via sol dip-
coating method is introduced since this method is known to have a high surface area
and porosity as well homogenous pore size and as well to attain a defect-free
nanoporous membrane. Fabricated silica ceramic membrane can be used effectively in
order to remove CO> from the biogas system. This is because silica ceramic membrane
is a highly permeable membrane material, it is possible to effectively remove CO>
from biogas even at relatively low feed pressures. Besides, when pore walls of
membrane supports were chemically modified using silica, it have the ability to
attracts CO, toward to the wall of the membranes (Kajama et al., 2016), which

increase the potential of CO. permeation even when the pore size is not small enough.



