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ABSTRACT

In this study, the catalytic methanation conversion system is introduced to
convert CO, to methane (CHy). Hot mix asphalt (HMA) plants include of heating,
drying and mixing processes contributed to carbon dioxide (CO;) emissions. The
first stage of the study is the analysis of flue gases emissions from the chimney in
HMA plant by on-site gas analysis and laboratory. The flue gas emission analysis
shows that CO, produced from HMA plant operating is between 1.30-7.33%. For
second stage, the optimization and characterization of potential catalyst was
conducted to determine the factor contributed to the catalytic activity. The results
from optimization of catalyst revealed that the parameters catalyst loading with
65wt.% of manganese (Mn), 30wt.% of nickel (Ni), and Swt.% of ruthenium (Ru) at
calcination 500°C and aging of 90°C produced the optimum values in term of CO;
conversion and CHy4 formation during the reaction. For characterization analysis, the
X-ray diffractograms (XRD) has observed the well-defined sharp peaks for elements
of alumina (Al,O3), manganese oxide (MnQO), nickel oxide (NiO), and ruthenium
oxide (RuO) in a crystalline shape. The Brunauer-Emmett-Teller (BET) theory of
surface area of Ru/Ni/Mn (5:30:65)/Al,03 catalyst are decreased along with the
increasing of calcination temperature. The Nitrogen adsorption (NA) found that more
characteristic of mesopores resembled the typical shape of Type IV isotherm. Field
emission scanning electron microscopy with energy-dispersive X-ray spectroscopy
(FESEM-EDX) revealed the morphology of catalyst was break into pieces with
planes surfaces. Also, the presence of crystallite images in rhombic and diamond
shape as the calcination temperature increased. At last stages, the effect of gas
mixture of CO,/H, methanation with compressed air (N,O,), nitrogen (N;), propane
(CsHg) and nitrous dioxide (NO,) that present in HMA plants towards the catalyst
were not deactivate the catalytic activity. The results show that, less significant
different (10%) of CO, conversion produces compared to the optimum CO,
conversion. In addressing environmental issues, the introduction of catalyst
technology in the HMA plants is therefore highly recommended to preserve

sustainable environmental.
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ABSTRAK

Kajian ini  memperkenalkan penukaran metanasi pemangkin untuk
menukarkan CO2kepada gas metana (CH4). Loji asfalt campuran panas (HMA) yang
memerlukan proses pemanasan, pengeringan dan pencampuran menyumbang kepada
pembebasan karbon dioksida (CO2). Peringkat pertama kajian adalah analisis
pelepasan gas serombong dari cerobong asap HMA menggunakan analisis gas secara
langsung dan juga analisis di makmal. Daripada analisis pelepasan gas serombong
menunjukkan bahawa CO2yang dihasilkan dari loji HMA adalah antara 1.30-7.33%.
Untuk peringkat kedua, pengoptimuman dan pencirian pemangkin berpotensi telah
dilakukan untuk menentukan faktor yang menyumbang kepada aktiviti pemangkin.
Hasil pengoptimuman pemangkin menunjukkan bahawa parameter yang
menggunakan muatan asas sebanyak 65wt.% manganese (Mn), 30wt.% nikel (Ni)
dan 5wt.% ruthenium (Ru) pada suhu 500°C pengkalsinan dan 90°C penuaan telah
menghasilkan nilai optimum dari segi penukaran CO2 dan pembentukan CH4 semasa
tindak balas. Berdasarkan analisis pencirian, Belauan sinar-X (XRD) telah mendapati
bahawa elemen alumina (Al203), mangan oksida (MnO), nikel oksida (NiO) dan
ruthenium oksida (RuO) hadir dalam bentuk kristal melalui takrifan puncak tajam
Teori Brunauer-Emmett-Teller (BET) luas permukaan pemangkin
Ru/Ni/Mn(5:30:65)/A1203 menurun seiring dengan peningkatan suhu kalsinasi.
Penyerapan Nitrogen (NA) mendapati bahawa lebih banyak ciri mesopori
menyerupai bentuk khas jenis isotherm 1V. Mikroskopi imbasan elektron pancaran
medan dan tenaga serapan sinar-X (FESEM-EDX) menunjukkan zarah berpecah
pada permukaan satah pemangkin. Selain itu, kehadiran gambar kristal dalam bentuk
rombik dan berlian ketika suhu kalsinasi meningkat. Pada peringkat terakhir, kesan
campuran gas metanasi CO:2/H: dengan udara termampat (N20:2), nitrogen(Nz),
propana (C3H8), dan nitrat dioksida (NO2 yang hadir pada loji HMA terhadap
pemangkin tidak menyahaktifkan aktiviti pemangkin. Keputusan menunjukan hasil
penukaran CO2 tidak begitu berbeza apabila dibandingkan dengan penukaran CO2
yang optimum. Dalam menangani isu alam sekitar, pengenalan teknologi pemangkin

di loji HMA sangat disyorkan untuk memelihara alam sekitar yang mampan.
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CHAPTER 1

INTRODUCTION

11 Background

Recently, greenhouse gases (GHG) are considered as the most important
environmental challenge due to the human activities and combustion of fuels in
growing industry (Martire et al., 2018). The carbon dioxide (CO2) emissions have
changed atmospheric concentrations and effect the planet warmed (Nda et al., 2018).
The concentrations of CO2 have reached 400 parts per million (ppm) on 2013 and
increase until 405 ppm in 2018. The percentage increments in concentrations of CO2
start from the pre-industrial era of 1750 (280 ppm) until now was about 48%
(NOAA, 2018). If the combustion of fossil fuel keeps continue at a high level, CO2
emissions have brought the global temperature close to limit of global warming that

is 2°C (Xu and Ramanathan, 2017).

Therefore, capture and utilization of CO2 formed during combustion of fossil
fuels for transformation of valuable chemical product, such as methane (CHa4), is one
of the alternatives can promote the sustainability of environmental. To mitigate the
emissions from combustion fuels in Hot Mix Asphalt (HMA) plants, the chemical
conversion techniques have been introduced as the potential to control the
environment pollution by converting the CO: to the new value product of methane
(CH4). Generally, the operation of the HMA plant entails a high demand for
electricity and fuel such as diesel, light fuel oil and heavy oil for the complete
combustion process (Chiu et al., 2008). The energy is consumed mostly by flame.
The fuel combustion process is used to dry the aggregates and heat the asphalt binder

for the next coating process (Rubio et al., 2012).



For this reason, a new technology to remove CO; by using catalytic of CO;
methanation has been defined, which is one of the most efficient and green
technology process (Zamani ef al., 2015). The CO; methanation is also called the
Sabatier reaction (Sabatier and Senderens, 1902) and moderately exothermic, HCA =

-165 kJ/mol. The reaction process shown as Equations 1.1:

catalyst

CO,(9) +4H,(9) —— CHu(g) + H; O(lig) (1.1)

The methanation reaction is the catalytic reaction where carbon dioxide reacts
with hydrogen to produce methane and water. The catalysis is certainly playing a
critical role in the methanation of CO, to provide an efficient process to produces the
value of starting materials like CH4. The metal based catalysts have been of huge
importance in a wide range of diverse catalytic applications with high efficiency (De
et al., 2016). Moreover, methanation of CO; is a well-known reaction that is of
interest as a renewable energy by substitute or synthetic natural gas (SNG)
production. The active, selective and stable catalysts are the most crucial of the CO;
methanation process. Novel, heterogeneous catalysts gave significant in the CO;

methanation process increases their productivity.

In addition, the catalyst is necessary for the reaction to take place to increase
the effectiveness of the process. By increasing such effectiveness of an industrial
process, it gives a lot of benefit for the environment, since it utilizes the reactants
more efficiently and lower the temperatures as well as energy (Fred, 2008).
Moreover, the catalysis can be used as a direct mean to protect the environment and

reduce the pollution of many harmful compounds (Clark and Macquarrie, 2002).

The valuable methane gas produced which has been described in Equations
1.1, can becomes the main element in the Synthetic Natural Gas (SNG) and also can
be used as a fuel to generate electricity (Zain and Mohamed, 2018). Moreover, CHy
is a colourless and odourless gas with a broad distribution in nature. Since, the CHy4 1s
the main element of natural gas, therefore it is more environmental friendly. Also,
the catalyst designed is easy to prepare and can be recycled using the appropriate of

parameter (Salmiah ef al.,, 2015)



1.2 Problem Statement

Growing energy consumption and released of the flue gas from combustion
of fuels in HMA plants contains carbon dioxide, the major GHG. As the level of CO;
increases, the temperature of the earth’s surface will also increase. This phenomenon
is called greenhouse effect thus causes global warming eventually. Therefore, the
CO, gas is necessary to be removed to prevent or minimize the release of this gas

into the environment.

One solution is the chemical conversion of such green hydrogen and easily
available carbon dioxide into methane. An alternative to the capture and
sequestration of CO, is its conversion to higher value-added products, such as
hydrocarbons, by reacting CO; in the presence of hydrogen and heterogeneous
catalysts (Giglio ef al., 2015). In this study, the CO; methanation has been
investigated using alternative suitable catalytic systems based on group 8-10 metals.
Attention more to Manganese (Mn) catalyst seem to be potential in their catalytic
activity. Mn catalyst is less to be explored for its ability as a base catalyst for the CO;
methanation reaction. However, it has received attention from researchers as a
dopant material for metal oxide (Abu Bakar et al., 2010). In this study, Mn used as
the based catalyst cooperation with other transition-metal like nickel (Ni), ruthenium
(Ru), cobalt (Co), Vanadium (V) and titanium (T1) are being investigated because of

their superior catalytic activity.

The role of a support material is also crucial in designing an efficient
methanation catalyst to ensure enhanced metal dispersion and stability (Al-Fatesh et
al., 2019). Also, it is necessary to find the catalyst which is active in low operating
temperature and resistance under poison gases present from flue gases like nitrous

dioxide which may lead to the catalyst deactivation.



1.3

(a)
(b)
(©)

1.4

(a)

(b)

(©)

(d)

¢y
(g

(h)

Research Objectives

There are three main objectives need to be fulfill:

To determine the compositions of flue gas from the HMA plants;
To develop and characterize a novel catalyst for conversion of CO; to CHy;
To determine the effect of gas mixture towards the sturdiness of catalyst for

CO; conversion and formation of CH,.

Scope and Limitation of Research

The scope and limitation of the research has been focused in the following:

The data of flue gas onsite is collected at two HMA plants at district Kulai
areas, Johor Bahru;

The data flue gas was analysed using several of methods, there are Portable
Gas Analyser (PGA), Residual Gas Analyser (RGA) and Fourier transform
Infrared (FTIR);

The design of catalyst was focused on transitional metal group in term of
based catalyst, bi-metallic catalyst and tri-metallic catalyst;

The preparation of catalyst using Aqueous Incipient Wetness Impregnation
(AIWI) method;

The conversion of CO; was measured using house-built micro reactor coupled
with FTIR;

The formation of CH4 was measured using TQ Analyst software;

Response Surface Methodology (RSM) through Box-Behnken Design (BBD)
validated the optimum conditions of the potential catalysts;

The optimum condition of catalyst was used in characterization using various
X-ray Diffraction spectroscopy (XRD), Nitrogen Adsorption (NA), High
Transmission Electron Microscopy (HRTEM), Field Emission Scanning
Electron Microscopy - Energy Dispersive X-ray (FESEM-EDX), X-ray
Fluorescent (XRF), H-temperature Programmed Reduction (H2-TPR) and



COz-Temperature Programmed Desorption and Mass Spectrometer (CO2-
TPD MS);

0] In laboratory, the effect of gas mixture used in CO2H2 methanation are
compressed air, nitrogen, propane and nitrous dioxides;

M Study are limited to CO2 conversion and CH4 formation only, no further test

for the by-product presence after finishing the experiment.

1.5  Significance of the Research

The significance of this research is to utilize the CO2 released from
combustion fuels of HMA plants to a new value product of CH4. Hence, the catalytic
methanation conversion system becomes the potential techniques that has been
applied in this study. In the past, the CO2 methanation processes was discovered in
1902 by Paul Sabatier and Jean-Baptiste Senderens, this techniques representing as a
promising solution for reducing anthropogenic gas emissions (Frontera et al., 2017;
Stangeland et al., 2017b; Muller et al., 2013a). Figure 1.1 shown the basic flow of

methanation process and its application usage into another product.

Water »  Water electrolysis Mobility
Residential
Methanation process Natural Buildings
CO2+ 4ffz A CHa + H20 Gas Grid

T Power

generations
CO, sources CO Separation

Industry

Figure 1.1 Flow methanation process and its applications (Ghaib and Fares,
2018a)



Moreover, methane is the main component of natural gas (Burkart and
Lothar, 2004; Daniel, 2013). It would great interest if plants and factories come out
with carbon capture and storage technology facilities that able to produce electricity
that is powered by methane and natural gas which converts from CO; emissions.
Additionally, methane can be used as a fuel for mobility in the residential sector for
electricity production at times when the energy consumption overbalances the

electricity supply and as raw resources in industry.

1.6 Thesis Structure and Organization

This thesis is divided into 7 chapters. Chapter 1 comprises an overview of the
research background, the problem statement, the objectives with the related scope

and the significance of the research.

Chapter 2 include the literature review of the catalytic methanation
conversion system, its basic and application. Also, the sources of emissions from

HMA plants is discuss in detail.

Chapter 3 presented the methods of the flue gas analysis in HMA plants.
Meanwhile, the preparation and design of catalyst using AIWI methods has been
explained in detail. Furthermore, RSM software with BBD was used to verify the
experimental results. The characterization techniques for the CO,/H, methanation

reaction has been listed in detail.

Chapter 4 presented the data flue gas obtained from HMA plants. Also, the
results analysis using PGA, RGA and FTIR has been discussed in detail.

Chapter 5 presented the findings of screening and catalytic optimization. The
effects of loading, calcination and aging temperature of the potential catalyst on the
CO; conversions are discussed in detail. Next, the findings on the potential catalyst

on the highest reading of CO, conversions has been optimized in terms of replicate,



reproducibility, regeneration and stability. Meanwhile, the formation of CH, for the

highest conversion of CO; is quantified using TQ Analyst.

Moreover, RSM findings explain the expected wvalues of the RSM
optimization parameters obtained with the values acquired from the experimental
outcomes. The selectivity and yield of CHy4 are discussed in the GA and TQ analyst
findings. Finally, the findings over the XRD, NA, HTEM, FESEM-EDX, XRF H,-
TPR and CO,-TPD was explained the chemical characteristics of potential catalyst

that influenced the results of CO, conversions.

Chapter 6 discusses the results and findings on the effects of gas mixture

towards CO,/H, methanation reactions.

Chapter 7 concludes the research objectives and provides relevant

recommendations for future studies.
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