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ENHANCEMENT OF DRY REFORMING OF METHANE FOR SYNGAS
PRODUCTION OVER M/Mg;.xM*,O CATALYSTS, (M=Ni, Pd, AND Pt,
M’=Ce**, Ce**, AND Ni%")

By
FARIS ABDULRIDHA JASSIM ALDOGHACHI

January 2016

Chairman: Professor Taufiq Yap Yun Hin, PhD
Faculty : Science

In this study, the conversion of methane and carbon dioxide to synthesis gas using dry
reforming of methane over Ni, Pd, and Pt/MgO catalysts in different concentrations of
Ce**, Ce*and Ni*" was prepared via the co-precipitation of Mg and Ce nitrates,
followed by impregnation with 1 wt.% each of Ni, Pd, and Pt metals to form Pt/Mg;.
«NiO, Pd/Mg,.xCe**,0, Pd/Mg,..Ce**,0 and Ni,Pd,Pt/Mg;.,Ce,O catalysts.

The goal of this study was to prepare a catalyst with high activity and selectivity which
prevent the carbon deposition onto the catalyst during the syngas production. The
performance of metal / magnesia-promoter catalysts in syngas production and the
factors influencing carbon deposition during reaction were also investigated. The
produced catalysts were characterized using various kinds of analytical techniques.

The Ni,Pd,Pt/Mg.x Ce>"O catalyst with cubic structure was synthesized using the co-
precipitation method which showed good selectivity for dry reforming of methane
reaction with CO, and CH, conversion rates of 99% and 84%, respectively, at ratio
CO,:CHy, 1:1 at 900 °C. They also showed good thermal stability for the first 200h. and
also, great potential for use in fuel processing. This catalyst also increased the activity &
stability of DRM reaction by adding a small concentration of O,, which resulted in a
combination of combustion and reforming reaction that made the overall process
thermo-neutral and helped in limiting carbon formation.



Abstrak tesis yang dikemukakan kepada senat Universiti Putra Malaysia sebagai
memenuhi keperluan untuk ljazah Doktor Falsafah

PENAMBAHBAIKAN PROSES PEMBENTUKAN SEMULA METANA
KERING UNTUK PENGHASILAN SYNGAS DENGAN MENGGUNAKAN
MANGKIN M/Mg;.xM’,O, (M=Ni, Pd, DAN Pt, M’=Ce**, Ce**, DAN Ni*")

Oleh

FARIS ABDULRIDHA JASSIM ALDOGHACHI

Pengerusi : Profesor Taufiq Yap Yun Hin, PhD
Fakulti  : Sains

Dalam kajian ini, penukaran gas metana dan karbon dioksida kepada gas sintesis melalui
proses pembentukan semula metana kering dengan menggunakan mangkin Ni, Pd dan
Pt/MgO dalam kepekatan Ce®*", Ce*" dan Ni*" berbeza disediakan dengan kaedah ko-
mendakan Mg dan Ce nitrat, diikuti dengan kaedah pengisitepuan bagi setiap 1wt%
logam Ni, Pd, dan Pt untuk membentuk mangkin Pt/Mg;xNixO, Pd/Mgl_XCeS+XO,
Pd/Mg,..Ce**,O dan Ni,Pd,Pt/Mg,.,Ce*",0.

Tujuan kajian ini adalah untuk menyediakan mangkin yang mempunyai aktiviti dan
pemilihan yang tinggi yang mampu menghalang pemendapan karbon di permukaan
mangkin semasa penghasilan syngas. Prestasi mangkin logam/magnesia dalam
penghasilan syngas dan faktor-faktor yang mempengaruhi pemendapan karbon semasa
tindakbalas juga dikaji. Mangkin yang dihasilkan telah dicirikan dengan menggunakan
pelbagai jenis teknik analisis.

Mangkin Ni,Pd,Pt/Mg.xCe,>*O dengan struktur kubik yang telah disintesis
menggunakan kaedah ko-mendakan menunjukkan pemilihan dan kestabilan terma yang
baik untuk tindakbalas pembentukan semula metana kering dan juga mempunyai potensi
yang baik dalam proses penghasilan bahan api. Mangkin ini juga menunjukkan
peningkatan aktiviti dan pemilihan tindak balas pembentukan semula metana kering
dengan sedikit penambahan kepekatan O, menghasilkan kombinasi tindak balas
pembakaran dan pembentukan semula yang mewakili keseluruhan proses neutral-terma
dan membantu menghadkan pembentukan karbon.
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CHAPTER 1

INTRODUCTION

1.1. Background of the study

Numerous research is conducted to convert methane into liquid fuels or higher
hydrocarbons. Bradford & Vannice (1999) were investigating the production of
methanol, formaldehyde, propanol, benzene and other aromatics by direct oxidative
conversion of methane. Unfortunately, all the aforementioned processes produce low
yields or they are not recommended on an industrial-scale (Claridge et al., 1998).
Today, various technologies are available for the production of synthesis gas
(syngas) from natural gas (NG) (Li et al., 2011). This gas is a building block for
valuable liquid fuels and chemicals such as Fischer-Tropsch oil, methanol and
dimethyl ether (Lunsford, 2000). The three processes that draw industrial attention
are steam reforming of methane (Eq. 1.1), partial oxidation of methane with oxygen
or air (Eq. 1.2) and dry reforming of methane with carbon dioxide (Eq. 1.3)
(Asencios & Assaf 2013).

CH, + H,0 - CO + 3H, AH,gg, = 225.0 kd/mol (1.1)
CH, + 1/20, — CO +2H, AH,ox = —22.6kJ/mol (1.2)
CH, + CO, — 2CO +2H,  AH,95x = 247.0 kJ/mol (1.3)

The technologies involved in reforming of methane through steam or partial
oxidation of methane with oxygen or air are well-established with both advantages
and disadvantages (Djinovi¢ et al., 2012). As for the steam reforming of methane, it
produces a higher ratio of syngas (H,/CO =3) (Gangadharan et al., 2012) compared
to the requirement for Fischer-Tropsch or methanol synthesis (H,/CO =2) (Olah et
al., 2012). This process consumes much energy due to its endothermic nature; hence
it is a highly capital intensive investment (Nieva et al., 2014). Since a higher
H,O/CH, ratio is required for the production of higher yields of hydrogen, the
process of steam reforming of methane is not energetically favorable. This leads to
the deactivation of the catalyst (Carvalho, 2009). Moreover, steam reforming is
prone to corrosion problems. As a result, it requires a desulfurization unit (Djinovi¢
et al., 2012). The partial oxidation of methane is suitable for the production of
heavier hydrocarbons and naphtha (Larimi & Alavi, 2012). The benefits of this
process include high rates of conversion, high selectivity and brief residence time
(Ruckenstein & Hu, 1999). There are drawbacks in the exothermic nature of the
reaction. For one, it induces hot spots on catalyst arising from poor heat removal rate
and the other is the difficulty in the control of operation (Asencios & Assaf, 2013).
Desulfurization unit is not required in the partial oxidation of methane, but a
cryogenic unit is necessary for the separation of oxygen from the air (Djinovi¢ et al.,
2012). Dry reforming of methane offers valuable environmental benefits that include
the utilization of biogas (Kohn et al., 2014), removal of greenhouse gases (GHG)
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(methane and carbon dioxide) and conversion of NG with high carbon dioxide
content to valuable syngas (Lunsford, 2000). The dry reforming of methane produces
a lower syngas ratio (H,/CO =1), that is appropriate for the synthesis of oxygenated
chemicals (Wurzel et al., 2000) and hydrocarbons from the synthesis of Fischer-
Tropsch. Syngas, from dry reforming is also considered for storage of solar or
nuclear energy (Levy et al., 1992) through the chemical energy transmission system
(CETS). Solar energy which can convert feed gases (methane and carbon dioxide) to
syngas can be exported to places where energy sources are scarce. The energy stored
in the syngas is released by the backward reaction for utilization as an energy source
(Fraenkel et al., 1986).

In Malaysia and Indonesia, the most abundant bio-renewable resource is the palm oil
biomass. It has a great potential for the sustainable production of chemicals and
fuels. An effluent from palm oil mills, also referred to as palm oil mill effluent
(POME), is always considered as highly polluted wastewater (Chin et al., 2013).
Digestion, an aerobically treatment is widely used in the oil palm industry as a
primary treatment for POME. However, biogas, is flared off. Biogas contains two
GHG; about 60-70% of methane and 30-40% of carbon dioxide with traces of
hydrogen sulfide (Chin et al., 2013). Methane and carbon dioxide, are the key
contributors to climate-change (Noor et al., 2013). The concentrations of methane
and carbon dioxide in 2011 were recorded at 1.813 ppm and 390.5 ppm,
respectively, based on the assessment of the environment by the World
Meteorological Organization (WMOQ) (Tarasova et al., 2011). Even though the
concentration of methane in the atmosphere was recorded to be lower than carbon
dioxide, (Warmuzinski, 2008), it has kicked in about 20 % of overall global warming
(Popa et al., 2014). There are two sources of methane emission that have been
identified. The first source is from naturally occurring activities such as termite,
grasslands, coal beds, lakes, wetlands and wildfires while the second source stems
from anthropogenic activities such as landfills, oil and gas processing, wastewater
treatment plants, coal mining, rice production, cattle ranching and agricultural
activities (Yusuf et al., 2012). It has been estimated that the production of methane
amounts to 6875 million metric tons, CO, equivalent (MMT CO;) from all
anthropogenic sources in 2010 (Johari et al., 2012). In fact, methane, a major
component of NG contains low balances of other hydrocarbons that comprise of
ethane, propane, and butane. NG also contains inert diluents such as molecular
nitrogen (N2) and carbon dioxide (Karavalakis et al., 2012).

By looking at the negative impact of methane and carbon dioxide, their
concentrations must be decreased to prevent the concentration of greenhouse gases
that result in adverse environmental conditions and the increase of temperature.
1.2.Reaction chemistry and carbon deposition

Syngas that is produced from the dry reforming of methane is affected by the
simultaneous occurrence of reverse water gas shift (RWGS) reaction (Eq. 1.4)

resulting in a syngas ratio that is less than unity (Bradford & Vannice, 1999).

CO, + H, » CO +H,0  AH,9gx = 41.0 kJ/mol (1.4)



Despite being environmentally beneficial, the dry reforming of methane suffers from
the problem of carbon deposition that is caused by methane decomposition (Eq. 1.5)
and the disproportionation of CO (Boudouard reaction) (Eg. 1.6).

CH, - C +2H, AH,gg, = 75.0kJ/mol (1.5)
2C0 - C +C0,  AH,qg, =-172.0 kd/mol (1.6)

The tendency towards carbon deposition can be estimated by the ratio of O/C and
H/C in the feed gas. The higher tendency towards carbon deposition is observed in
lower O/C and H/C ratio (Li et al., 2011), which is the case in the dry reforming of
methane (CH4/CO, =1/1) with O/C =1 and H/C =2. However, the reverse was
observed for the steam reforming of methane (CH4/H,0O =1/1) whereby the readings
are high for O/C =1 and H/C = 6. Similarly, the partial oxidation of methane
(CH4/0.50,) shows a rather high ratio, O/C =1 and H/C =4. Considering the
aforementioned ratios, it is clear that the tendency towards carbon deposition is
higher for dry reforming of methane compared to steam reforming and partial
oxidation of methane (Edwards & Maitra, 1995). The thermodynamic studies on dry
reforming reaction revealed that spontaneous reaction cannot be achieved for
temperature below 640 °C (Tsang et al., 1995) and for side reactions (Eq. 1.5) and
(Eg. 1.6) that take place at a significant rate of between 633 °C and 700 °C.
Therefore, a higher temperature of (T=700 °C) is employed to minimize the effects
of side reactions, which can lead to reactions or blockages and reductions in
activities (San José-Alonso et al., 2013) (Zhang et al., 2007).

1.3. Problem Statement

There is little to no previous research study of data of reaction kinetics on product
formation using the dry reforming of methane over Ni,Pd,Pt/MgO with promoter
NiO, CeO, and Ce, O3 catalyst.

1.4. Scope of study

The scope of study is the development and characterization of a catalyst,
Ni,Pd,Pt/MgO with promoter NiO, CeO; and Ce,03 in the dry reforming of methane.
The technology of dry reforming is commonly employed for hydrocarbon species to
obtain lower H,:CO ratios. This dry reforming technology utilizes biogas from the
biodiesel industry for the production of syngas. This can resolve the problems of
greenhouse gases as well as reduce the market price of syngas, which is currently a
costly gas. At the same time, the production of syngas is an alternative in mitigating
the over-dependence on fossil fuel consumption.

The contribution of this study lies in the development of a new basic catalyst,
Ni,Pd,Pt/MgO with promoter NiO, CeO, and Ce,O3. This new catalyst is designed to
be more coke-resistance due to the addition of a promoter which is an alkaline
compound.



Also, CO, and CH,4 as a feedstock for the dry reforming of methane reduce the
effects of the global warming phenomenon.

1.5. Objectives

The general objective of this study was to determine the appropriate method for the
preparation of Ni,Pd,Pt/Mg;xCe*",O catalysts to enhance the selectivity, activity,
and stability in DRM reaction. The specific objective are to:

1.

2.

Synthesize different series of catalyst by co-precipitation method.

Characterize the catalyst prepared using FESEM, BET, XRD, XRF, TGA, FTIR,
TPR, TEM, XPS and TPO, that attempt to relate physicochemical attributes
towards the carbon coking tendency of catalysts and production of syngas.

Evaluate the effects of reactant feed ratio, CO, and CH, feed ratio in the range
of 1:1 to 1:2, and the effects of temperature that is in the range of 700 °C to 900
°C on the production of syngas as well as the conversion of CO, and CHy.

Evaluate the stability of the reaction of catalysts over 200 h (8 days) and the
physicochemical properties of the used catalyst using TPO, FESEM, TEM,
FTIR and XRD.

Improve the conversion of methane by using a low stream of Oxygen on the dry
reforming of methane



REFERENCES

Aad, G., Abajyan, T., Abbott, B., Abdallah, J., Khalek, S., Allbrooke, B., 2012.
Observation of a new particle in the search for the Standard Model Higgs
boson with the ATLAS detector at the LHC. Physics Letters B, 716, 1-29.

Aad, G., Abajyan, T., Abbott, B., Abdallah, J., Khalek, S., 2015. Jet energy
measurement and its systematic uncertainty in proton-proton collisions at\
sgrt {s} = 7 TeV with the ATLAS detector. The Europ. Phys. J. 75, 1-101.

Abatzoglou, N., Fauteux-Lefebvre, C., 2015. Review of catalytic syngas production
through steam or dry reforming and partial oxidation of study liquid
compounds. Wiley Interdisciplinary: Energy and Environment. 12, 225-273.

Abimanyu, H., Kim, C., Ahn, B., Yoo, K., 2007. Synthesis of dimethyl carbonate by
trans esterification with various MgO-CeO, mixed oxide catalysts. Catalysis
Letters, 118, 30-35.

Abushammala, M., Basri, N., Basri, H., EI-Shafie, A., Kadhum, A., 2010. Regional
landfills methane emission inventory in Malaysia. 22, 124-126.

Aguilera, R., 2010. The future of the European natural gas market: A quantitative
assessment. Energy, 35, 3332-3339.

Ahmed, 1, Gupta, A., Evolution, K., 2009. Syngas from -cardboard
gasification. Appl. Energy 86, 1732-1740.

Akpan, E., Sun, Y., Kumar, P., Ibrahim, H., Aboudheir, A., Idem, R., 2007. Kinetics,
experimental and reactor modeling studies of the carbon dioxide reforming
of methane (CDRM) over a new Ni/CeO,-ZrO, catalyst in a packed bed
tubular reactor. Chemical engineering science, 62, 4012-4024.

Aldbea, F., lIbrahim, N., Mustaffa, H., Ramadan, E., 2012. Structural and Magnetic
Properties of Tb xY 3.xFe 50 12 (0 < X <0.8) Thin Film Prepared via Sol-Gel
Method, J. Sol-Gel Sci. Technol., 62, 483-4809.

Al-Fatesh, A., Fakeeha, A., Abasaeed, A., 2011. Effects of selected promoters on
Ni/Y-Al,O3 catalyst performance in methane dry reforming. Chinese
Journal of Catalysis, 32, 1604-1609.

Al-Fatish, A., Ibrahim, A., Fakeeha, A., Soliman, M., Siddiqui, M., Abasaeed, A.,
2009. Coke formation during CO, reforming of CH,4 over alumina-supported
nickel catalysts. Applied Catalysis A: General. 364, 150-155.

Al-Hamamre, Z., Vob, S., Trimis, D., 2009. Hydrogen production by thermal partial

oxidation of hydrocarbon fuels in porous media based reformer. Int. J.
Hydrogen Energy 34, 827-32.

88



Appari, S., Janardhanan, V., Bauri, R., Jayanti, S., 2014. A detailed kinetic model for
biogas steam reforming on Ni and catalyst deactivation due to sulfur
poisoning. Applied Catalysis A: General, 471, 118-125.

Arbag, H., Yasyerli, S., Dogu, G., 2010. Activity and stability enhancement of Ni-
MCM-41 catalysts by Rh incorporation of hydrogen from dry reforming of
methane. International Journal of Hydrogen Energy, 35, 2296-2304.

Asencios, Y., Assaf, E., 2013. Combination of dry reforming and partial oxidation of
methane on NiO-MgO-ZrO, catalyst: effect of nickel content. Fuel
Processing Technology, 106, 247-252.

Ashok, J., Kawi, S. 2013. Steam reforming of toluene as a biomass tar model
compound over CeO, promoted Ni/CaO-Al,O; catalytic systems.
International Journal of Hydrogen Energy, 38, 13938-13949.

Bao, Z., Lu, Y., Han, J,, Li, Y., Yu, F., 2015. Highly active and stable Ni-based
bimodal pore catalyst for dry reforming of methane. Applied Catalysis A:
General, 491, 116-126.

Barama, S., Dupeyrat-Batiot, C., Capron, M., Mohammedi, O., 2009. Catalytic
properties of Rh, Ni, Pd and Ce supported on Al-pillared montmorillonites
in dry reforming of methane. Catalysis Today, 141, 385-392.

Barron, A., 2012. Physical Methods in Chemistry and Nano Science. Open Stax
CNX, http://cnx.org/content/col10699/1.18/ (3 January, 2014).

Barros, B., Melo, D., Libs, S., Kiennemann, A., 2010. CO, reforming of methane
over La;NiO4/a-Al,O3 prepared by microwave assisted self-combustion
method. Applied Catalysis A: General. 378, 69-75.

Barroso-Quiroga, M., Castro-Luna, A., 2010. Catalytic activity and effect of
modifiers on Ni-based catalysts for the dry reforming of methane.
International Journal of Hydrogen Energy, 35, 6052-6056.

Bartholomew, C., 2001. Mechanisms of catalyst deactivation. Applied Catalysis A:
General. 212, 17-60.

Bartholomew, C., Farrauto, R., 2011. Fundamentals of Industrial Catalytic
Processes. New Jersey: John Wiley & Sons, Inc.

Bogner, A., Jouneau, P., Thollet, G., Basset, D. Gauthier, C., 2007. A history of
scanning electron microscopy developments: towards “wet-STEM”
imaging. Micron. 38, 390-401.

Boyano, A., Blanco-Marigorta, A., Morosuk, T., 2012. Steam methane reforming

system for hydrogen production: advanced exergetic analysis. Int. J.
Thermodynamic. 15, 1-9.

89



Bradford, M., Vannice, M., 1999 (a). CO, reforming of CH,. Catalysis Reviews, 41,
1-42.

Bradford, M., Vannice, M., 1999 (b). The role of metal-support interactions in CO,
reforming of CH,. Catalysis Today, 50, 87-96.

Bragg, W., Bragg, W., 1913. The reflection of X-rays by Crystals. Proceedings of
the Royal Society A: Mathematical, Physical and Engineering Sciences. 88,
428-438.

Brunauer, S., Deming, L., Deming, W., Teller, E., 1940. On a Theory of the van der
Waals Adsorption of Gases. Journal of the American Chemical Society. 62,
1723-1732.

Brunauer, S., Emmett, P., Teller, E., 1938. Adsorption of Gases in Multimolecular
Layers. Journal of the American Chemical Society. 60, 309 -3109.

Bukur, D., Sivaraj, C., 2002. Supported iron catalysts for slurry phase Fischer—
Tropsch synthesis. Applied Catalysis A: General. 231, 201-214.

Calles, J., Carrero, A., Vizcaino, A., 2014. Hydrogen production by glycerol steam
reforming over SBA-15-supported nickel catalysts: Effect of alkaline earth
promoters on activity and stability. Catalysis Today. 227, 198-206.

Campanati, M., Fornasari, G., Vaccari, A., 2003. Fundamentals in the preparation of
heterogeneous catalysts. Catalysis Today, 77, 299-314.

Carvalho, L., Martins, A., Reyes, P., Oportus, M., Albonoz, A., Vicentini, V., Do
Carmo Rangel, M., 2009. Preparation and characterization of Ru/MgO-
Al,O3 catalysts for methane steam reforming. Catalysis Today, 142, 52-60.

Centi, G., Perathoner, S., 2009 Opportunities and prospects in the chemical recycling
of carbon dioxide to fuels. Catal. Today 148, 191-205.

Chen, J., Wu, Q., Zhang, J., Zhang, J., 2008. Effect of preparation methods on
structure and performance of Ni/Ceg75Zrp250, catalysts for CH;-CO;
reforming. Fuel, 87, 2901-2907.

Chen, P., Zhang, H., Lin, G., Tsai, K., 1998. Development of coking-resistant Ni-
based catalyst for partial oxidation and CO, reforming of methane to syngas.
Appl. Catal. 166, 343-50.

Chen, W., Lin, B., Lee, H., Huang, M., 2012. One-step synthesis of dimethyl ether
from the gas mixture containing CO, with high space velocity. Appl. Energy
98, 92-101.

Chen, W., Zhao, G., Xue, Q., Chen, L., Lu, Y., 2013. High carbon-resistance

Ni/CeAlO3-Al,O5 catalyst for CH4,/CO, reforming. Applied Catalysis B:
Environmental, 136, 260-268.

90



Chen, X., Jiang, J., Yan, F., Tian, S., Li, K. 2014 (a). A novel low temperature vapor
phase hydrolysis method for the production of nano-structured silica
materials using silicon tetrachloride. RSC Advances, 4, 8703-8710.

Chen, X., Tadd, A., Schwank, J., 2007. Carbon deposited on Ni/Ce-Zr-O isooctane
autothermal reforming catalysts. Journal of Catalysis. 251, 374-387.

Chen, X., Yik, E., Butler, J., Schwank, J., 2014 (b). Gasification characteristics of
carbon species derived from model reforming compound over Ni/Ce-Zr-O
catalysts. Catal. Today, 233, 14-20.

Cheng, C., Foo, S., Adesina, A., 2011. Carbon deposition on bimetallic Co-Ni/Al,O3
catalyst during steam reforming of glycerol. Catalysis Today. 164, 268-274.

Cheng, Z., Zhao, X., Li, J., Zhu, Q., 2001. Role of support in CO, reforming of CH,4
over a Ni/y-Al,O3 catalyst. Applied Catalysis A: General, 205, 31-36.

Chin, M., Poh, P., Tey, B., Chan, E., Chin, K., 2013. Biogas from palm oil mill
effluent (POME): Opportunities and challenges from Malaysia's
perspective. Renewable and Sustainable Energy Reviews, 26, 717-726.

Choi, Y., Kim, N., Baek, J., Kim, W., Yi, J.,, 2011. Effect of N,O mediated
calcination on nickel species and the catalytic activity of nickel catalysts
supported on y-Al,O3 in the steam reforming of glycerol. International
Journal of Hydrogen Energy. 36, 3844-3852.

Choque, V., Homs, N., Cicha-Szot, R., de la Piscina, P., 2009. Study of ruthenium
supported on Ta,0s-ZrO, and Nb,Os-ZrO, as catalysts for the partial
oxidation of methane. Catalysis Today, 142, 308-313.

Choudhary, V., Mamman A., 2000. Energy efficient conversion of methane to syngas
over NiO-MgO solid solution. Appl. Energy, 66, 161-175.

Choudhary, V., Mondal, K., 2006. CO, reforming of methane combined with steam
reforming or partial oxidation of methane to syngas over NdCoOsj
perovskite-type mixed metal-oxide catalyst. Appl. Energy 83, 1024-1032.

Choudhary, V., Uphade, B., 1995. Large enhancement in methane-to-syngas
conversion activity of supported Ni catalysts due to precoating of catalyst
supports with MgO, CaO or rare-earth oxide. Catalysis Letters. 32, 387-390.

Christensen, K., Chen, D., Lodeng, R., Holmen, A., 2006. Effect of supports and Ni
crystal size on carbon formation and sintering during steam methane
reforming. Applied Catalysis A: General. 314, 9-22.

Chung, F., Smith, D., 2000. The principles of diffraction analysis. Industrial
Applications of X-Ray Diffraction. New York: Taylor & Francis. 3-11.

91



Claridge, J., York, A., Brungs, A., Marquez-Alvarez, C., Sloan, J., Green, M., 1998.
New catalysts for the conversion of methane to synthesis gas: molybdenum
and tungsten carbide. Journal of Catalysis, 180, 85-100.

Crisafulli, C., Scirg, S., Minico, S., Solarino, L., 2002. Ni-Ru bimetallic catalysts for
the CO, reforming of methane. Applied Catalysis A: General, 225, 1-9.

Crnivec, 1., Djinovic, P., Erjavec, B., Pintar, A., 2012. Effect of synthesis parameters
on morphology and activity of bimetallic catalysts in CO,-CHy
reforming. Chemical Engineering Journal, 207, 299-307.

Cui, Y., Liang, J., Wang, Z., Zhang, X., Fan, C., 2014. Forward and reverse
combustion, gasification of coal with production of high-quality syngas in a
simulated pilot system for in situ gasification. Appl. Energy 131, 9-19.

Damyanova, S., Pawelec, B., Huerta, M., Fierro, J., 2009. The effect of CeO, on the
surface and catalytic properties of Pt/CeO, - ZrO, catalysts for methane dry
reforming. Applied Catalysis B: Environmental, 89, 149-159.

Davis, B., 2009. Fischer-Tropsch Synthesis: Reaction mechanisms for iron catalysts.
Catalysis Today. 141, 25-33.

Daza, C., Gallego, J., Mondragon, F., Moreno, S., Molina, R., 2010. High stability of
Ce-promoted Ni/Mg-Al catalysts derived from hydrotalcites in dry
reforming of methane. Fuel, 89, 592-603.

De Miguel, S., Vilella, 1., Maina, S., San José-Alonso, D., Illan-Gémez, M., 2012.
Influence of Pt addition to Ni catalysts on the catalytic performance for long
term dry reforming of methane. Applied Catalysis A: General, 435, 10-18.

De Oliveira, M., Vaughan, B., Rykiel, E., 2005. Ethanol as fuel: energy, carbon
dioxide balances, and ecological footprint. BioScience, 55, 593-602.

Dias, J., Assaf, J., 2003. Influence of calcium content in Ni/CaO/y-Al,O3 catalysts
for CO,-reforming of methane. Catalysis today, 85, 59-68.

Dieuzeide, M., lannibelli, V., Jobbagy, M. Amadeo, N., 2012. Steam reforming of
glycerol over Ni/Mg/y-Al,O3 catalysts. Effect on calcination temperatures.
International Journal of Hydrogen Energy. 37, 14926-14930.

Djaidja, A., Libs, S., Kiennemann, A., Barama, A., 2006. Characterization and
activity in dry reforming of methane on Ni-Mg/Al and Ni/MgO catalysts.
Catalysis Today, 113, 194-200.

Djinovi¢, P., and Batista, J., 2012 (a). Efficient catalytic abatement of greenhouse
gases: Methane reforming with CO; using a novel and thermally stable Rh-
CeO; catalyst. International journal of hydrogen energy, 37, 2699-2707.

Djinovic, P., Crnivec, I, Batista, J., Levec, J., Pintar, A., 2011. Catalytic syngas
production of greenhouse gasses: Performance comparison of Ru-Al,O3 and

92



Rh-CeO, catalysts. Chemical Engineering and Processing: Process
Intensification, 50, 1054-1062.

Djinovic, P., Crnivec, L., Erjavec, B., Pintar, A., 2012 (b). Influence of active metal
loading and oxygen, mobility on coke-free dry reforming of Ni-Co
bimetallic catalysts. Applied Catalysis B: Environmental, 125, 259-270.

Dong, D., Shao, X., Wang, Z., Lievens, C., Yao, J., Wang, H., Li, C., 2013. Fibrous
NiO/CeO; nanocatalysts for the partial oxidation of methane at microsecond
contact times. RSC Advances, 3, 1341-1345.

Dry, M., 1990. Fischer-Tropsch synthesis over iron catalysts. Catalysis Letters. 7,
241-251.

Dunleavy, J., 2006. Final Analysis: Sulfur as a catalyst poison. Platinum Metals
Review. 50, 110.

Edwards, J., Maitra, A., 1995. The chemistry of methane reforming with carbon
dioxide and its current and potential applications. Fuel Processing
Technology, 42, 269-289.

Elvidge, C., Ziskin, D., Baugh, K., Tuttle, B., Ghosh, T., Zhizhin, M., 2009. A
fifteen-year record of global natural gas flaring derived from satellite
data. Energies, 2, 595-622.

Fagerlund, G., 1973. Determination of specific surface by the BET method.
Matériauxet Constructions. 6, 239-245.

Fan, M., Abdullah, A., Bhatia, S., 2009. Catalytic technology for carbon dioxide
reforming of methane to synthesis gas. Chem. Cat. Chem. 1, 192-208.

Fan, M., Abdullah, A., Bhatia, S., 2010. Utilization of greenhouse gases through
carbon dioxide reforming of methane over Ni-Co/MgO-ZrO,: preparation,
characterization and activity studies. Applied Catalysis B: Environmental,
100, 365-377.

Feng, J., Ding, Y., Guo, Y., Li, X., 2013. Calcination temperature effect on the
adsorption and hydrogenated dissociation of CO, over the NiO/MgO
catalyst. Fuel, 109, 110-115.

Fernandez-Garcia, M., Martinez-Arias, A., lglesias-Juez, A., Belver, C., Hungria, A.
B., Conesa, J., Soria, J. 2000. Structural characteristics and redox behavior
of Ce0,-Zr0O,/Al,O3 supports. Journal of Catalysis, 194, 385-392.

Fierro, J., Soria, J., Sanz, J., Rojo, J., 1987. Induced changes in ceria by thermal
treatments under vacuum or hydrogen. Journal of solid state chemistry, 66,
154-162.

Forzatti, P., Lietti, L., 1999. Catalyst deactivation. Catalysis Today. 52, 165-181.

93



Fraenkel, D., Levitan, R., Levy, M., 1986. A solar thermochemical pipe based on the
CO,:CH4 (1:1) system. International journal of hydrogen energy, 11, 267-
277.

Freund, H., Roberts, M., 1996 Surface chemistry of carbon dioxide. Surf. Sci. Rep.
25,

Gaddalla, A., Sommer, M., 1989 (a). Synthesis and Characterization of Catalysts in
the System A1,03-MgO-NiO-Ni for Methane Reforming with CO,. Journal
of the American Ceramic Society, 72, 683-687.

Gaddalla, A., Sommer, M., 1989 (b). Carbon dioxide reforming of methane on nickel
catalysts. Chemical Engineering Science, 44, 2825-2829.

Gangadharan, P., Kanchi, K., Lou, H., 2012. Evaluation of the economic and
environmental impact of combining dry reforming with steam reforming of
methane. Chemical Engineering Research and Design, 90, 1956-1968.

Garcia-Diéguez, M., Finocchio, E., Larrubia, M., Alemany, L., Busca, G., 2010.
Characterization of alumina-supported Pt, Ni and Pt-Ni alloy catalysts for
the dry reforming of methane. Journal of Catalysis, 274, 11-20.

Garcia-Diéguez, M., Pieta, I., Herrera, C., 2011. Rh-Ni nanocatalysts for the CO,
and CO,+H,0 reforming of methane. Catalysis Today, 172, 136-142.

Gheno, S., Damyanova, S., Riguetto, B., Marques, C., Leite, C., Bueno, J., 2003.
CO;, reforming of CH4 over Ru/zeolite catalysts modified with Ti. Journal
of Molecular Catalysis A: Chemical, 198, 263-275.

Giordano, F., Trovarelli, A., de Leitenburg, C., Giona, M., 2000. A model for the
TPR of low and high surface area ceria. Journal of catalysis, 193, 273-282.

Global gas flaring reduction public private partnership (GGFR). 2011. Estimated
flared volumes from satellite data, 2007-2011.

Gonzalez-Cobos, J., Rico, V., Valverde, J., and de Lucas-Consuegra, A., 2015.
Electrochemical activation of an oblique angle deposited Cu catalyst film
for H, production. Catalysis Science & Technology, 5, 2203-2214.

Gonzalez-Delacruz, V. M., Ternero, F., Perefiiguez, R., Caballero, A., 2010. Study
of nanostructured Ni/CeQO, catalysts prepared by combustion synthesis in
dry reforming of methane. Applied Catalysis A: General, 384, 1-9.

Grange, P., 1980. Catalytic hydrodesulphurization. Catalysis Reviews-Science and
Engineering, 21, 135-181.

Guo, J., Lou, H., Zhao, H., Chai, D., Zheng, X., 2004. Dry reforming of methane

over nickel catalysts supported on magnesium aluminate spinels. Applied
Catalysis A: General, 273, 75-82.

94



Gutierrez Ortiz, F., Serrera, A., Galera, S., 2013. Methanol synthesis from syngas
obtained by supercritical water reforming of glycerol. Fuel. 105, 739-751.

Hasanbeigi, A., Arens, M., Price, L., 2014. Alternative emerging iron making
technologies for energy-efficiency and carbon dioxide emissions reduction:
a technical review. Renew. Sustain. Energy Rev. 33, 645-58.

Hidalgo-Carrillo, J., Sebti, J., Marinas, A., Marinas, J., Sebti, S., 2012. XPS
evidence for structure—performance relationship in selective hydrogenation
of croton aldehyde to crotyl alcohol on platinum systems supported on
natural phosphates. Journal of colloid and interface science, 382, 67-73.

Horvath, A., Stefler, G., Geszti, O., Kienneman, A., Pietraszek, A., Guczi, L., 2011.
Methane dry reforming with CO, on Ce/Zr-oxide supported Ni, NiRh and
NiCo catalysts prepared by sol-gel technique: relationship between activity
and coke formation. Catalysis today, 169, 102-111.

Hou, Z., Chen, P., Fang, H., Zheng, X., 2006. Production of synthesis gas via
methane reforming with CO; on noble metals & small amount of noble (Rh)
promoted Ni catalysts. International journal of hydrogen energy, 31, 555-
561.

Hu, Y., 2009.Solid-Solution Catalysts for CO, Reforming of Methane. Catal. Today,
148, 206-11.

Hu, Y., Ruckenstein, E. 2003. Ultrafast reaction between LiH and NH3 during H,
storage in LisN. The Journal of Physical Chemistry A, 107, 9737-97309.

Hu, Y., Ruckenstein, E. 2004. Catalytic conversion of methane to synthesis gas by
partial oxidation and CO, reforming. Advances in Catalysis, 48, 297-345.

Hu, Y., Ruckenstein, E., 1997. CHs TPR-MS of NiO/MgO solid solution
catalysts. Langmuir, 13,2055-2058.

Hu, Y., Ruckenstein, E., 2002. Binary MgO-based solid solution catalysts for
methane conversion to syngas. Catalysis Reviews, 44, 423-453.

Hua, W., Jin, L., He, X., Liu, J., Hu, H., 2010. Preparation of Ni/MgO catalyst for
CO; reforming of methane by dielectric-barrier discharge plasma. Catalysis
Communications, 11, 968-972.

Huang, J., Ma, R., Huang, T., Zhang, A., Huang, W., 2011 (a). Carbon dioxide
reforming of methane over Ni/Mo/SBA-15-La,0; catalyst, Its
characterization and catalytic performance. Journal of Natural Gas
Chemistry, 20, 465-470.

Huang, J.,, Renxiong, M., Zhihua, G., Chaofeng, S., Huang, W., 2012.
Characterization and Catalytic Activity of CeO,-Ni/Mo/SBA-15 Catalysts
for Carbon Dioxide Reforming of Methane. Chinese Journal of
Catalysis, 33, 637-644.

95



Huang, T., Huang, W., Huang, J., 2011 (b). Methane reforming reaction with carbon
dioxide over SBA-15 supported Ni-Mo bimetallic catalysts. Fuel Processing
Technology, 92, 1868-1875.

Ito, M., Tagawa, T., Goto, S., 1999. Suppression of carbonaceous depositions on
nickel catalyst for the carbon dioxide reforming of methane. Applied
Catalysis A: General. 177, 15-23.

Jang, W., Jeong, D., Shim, J., Roh, H., Son, I., Lee, S., 2013. H, and CO production
over a stable Ni-MgO-CeggZr,,0, catalyst from CO, reforming of CHa.
International journal of hydrogen energy, 38, 4508-4512.

Jeong, H., Kim, K., Kim, D., Song, I., 2006. Effect of promoters in the methane
reforming with carbon dioxide to synthesis gas over Ni/HY catalysts.
Journal of Molecular Catalysis A: Chemical, 246, 43-48.

Jin, E., Zhang, Y., He, L., Harris, H., Teng, B. Fan, M., 2014. Indirect coal to liquid
technologies. Applied Catalysis A: General. 476, 158-174.

Jing, Q., Fei, J,, Lou, H., Mo, L., Zheng, X., 2004. Effective reforming of methane
with CO, and O, to low H,/CO ratio syngas over Ni/MgO-SiO, using
fluidized bed reactor. Energy conversion and management, 45, 3127-3137.

Jogalekar, A., Jaiswal, R., Jayaram, R., 1998. Activity of modified SnO, catalysts for
acid catalyzed reactions. J. Chem. Technol. Biotechnol., 72, 368-368.

Johari, A., Ahmed, S., Hashim, H., Alkali, H., Ramli, M., 2012. Economic and
environmental benefits of landfill gas from municipal solid waste in
Malaysia. Renewable and Sustainable Energy Reviews, 16, 2907-2912.

Jowiak, W., Kaczmarek, E., Maniecki, T., Ignaczal, W., Maniukiewicz, W., 2007.
Reduction behavior of iron oxides in hydrogen and carbon monoxide
atmospheres. Appl. Catal. A-Gen. 326, 17-27.

Jozwiak, W., Nowosielska, M., Rynkowski, J., 2005. Reforming of methane with
carbon dioxide over supported bimetallic catalysts containing Ni and noble
metal: I. Characterization and activity of SiO, supported Ni-Rh catalysts.
Applied Catalysis A: General, 280, 233-244.

Juan-Juan, J., Roman-Martinez, M., and Illan-Gomez, M., 2006. Effect of potassium
content in the activity of K-promoted Ni/Al,O3; catalysts for the dry
reforming of methane. Applied Catalysis A: General, 301, 9-15.

Kambolis, A., Matralis, H., Trovarelli, A., 2010. Ni/CeO,-ZrO, catalysts for the dry
reforming of methane. Applied Catalysis A: General, 377, 16-26.

Karavalakis, G., Durbin, T., Villela, M., Miller, J., 2012. Air pollutant emissions of

light-duty vehicles operating on various natural gas compositions. Journal
of Natural Gas Science and Engineering, 4, 8-16.

96



Kehres, J., Jakobsen, J., Andreasen, J., Wagner, J., Liu, H., Molenbroek, A., Vegge,
T., 2012. Dynamical properties of a Ru/MgAl,O, catalyst during reduction
and dry methane reforming. J. Phys. Chem., 116, 21407-21415.

Kehres, J., Jakobsen, J., Andreasen, J., Wagner, J., Liu, H., 2012. Dynamical
properties of a Ru/MgAl,O, catalyst during reduction and dry methane
reforming. The Journal of Physical Chemistry C, 116, 21407-21415.

Kepinski, L., Stasinska, B., Boro, T., 2000. Carbon deposition on Ni/Al,O3 catalysts
doped with small amounts of molybdenum. Carbon. 38, 1845-1856.

Khachatryan, V., Sirunyan, A., Tumasyan, A., Asilar, E., Flechl, M., (2015). Search
for a Higgs boson in the mass range from 145 to 1000 GeV decaying to a
pair of W or Z bosons. Journal of High Energy Physics, 10, 1-52.

Khalil, M., 1999. Non-CO, greenhouse gases in the atmosphere. Annual Review of
Energy and the Environment, 24, 645-661.

Khobragade. M., Majhi, S., Pant, K., 2012. Effect of K and CeO, promoters on the
activity of Co/SiO; catalyst for liquid fuel production from syngas. App!.
Energy 94, 385-394.

Kim, H., Kang, K., Kwak, H., 2009. Preparation of supported Ni catalysts with a
core/shell structure and their catalytic tests of partial oxidation of
methane. International journal of hydrogen energy, 34, 3351-3359.

Kim, T., Jo, S., Song, Y., Lee, D., 2014. Synergetic mechanism of methanol-steam
reforming reaction in a catalytic reactor with electric discharges. Appl.
Energy 113, 1692-1699.

Kohn, M., Castaldi, M., Farrauto, R., 2014. Biogas reforming for syngas production:
The effect of methyl chloride. Applied Catalysis B: Environmental, 144,
353-361.

Koo, K., Roh, H., Seo, Y., Yoon, W., Park, S., 2008. Coke study on MgO-promoted
Ni/Al;O3 catalyst in combined H,O and CO, reforming of methane for gas
to liquid (GTL) process. Applied Catalysis A: General, 340, 183-190.

Koubaissy, B., Pietraszek, A., Roger, A., Kiennemann, A., 2010. CO, reforming of
methane over Ce-Zr-Ni-Me mixed catalysts. Catalysis Today. 157, 436-4309.

Laosiripojana, N., Assabumrungr, S., 2005. Catalytic dry reforming of methane over
high surface area ceria. Applied Catalysis B: Environmental, 60, 107-116.

Larimi, A. S., Alavi, S. M., 2012. Ceria-Zirconia supported Ni catalysts for partial
oxidation of methane to synthesis gas. Fuel, 102, 366-371.

Lee, Y., Hong, S., Moon, D., 2011. Studies on the steam and CO, reforming of
methane for GTL-FPSO applications. Catalysis Today. 174, 31-36.

97



Levy, M., Levitan, R., Segal, A., Rosin, H., Rubin, R., 1992. Chemical reactions in a
solar furnace 2: Direct heating of a vertical reactor in an insulated receiver.
Experiments and computer simulations. Solar Energy, 48, 395-402.

Li, C., Hirabayashi, D., Suzuki, K., 2009. Development of new nickel based catalyst
for biomass tar steam reforming producing H,-rich syngas. Fuel Processing
Technology. 90, 790-796.

Li, C., Xu, H., Hou, S., Sun, J., Meng, F., 2013. SiC foam monolith catalyst for
pressurized adiabatic methane reforming. Appl. Energy 107, 297-303.

Li, D., Nakagawa, Y., Tomishige, K., 2011. Methane reforming to synthesis gas over
Ni catalysts modified with noble metals. Applied Catalysis A: General, 408,
1-24.

Li, G., Hu, L., Hill, J., 2006. Comparison of reducibility and stability of alumina-
supported Ni catalysts prepared by impregnation and co-precipitation.
Applied Catalysis A: General, 30, 16-24.

Li, X., 2005. Diversification and localization of energy systems for sustainable
development and energy security. Energy policy, 33, 2237-2243.

Li, X., Chang, J., Tian, M., Park, S., 2001. CO;, reforming of methane over modified
Ni/ZrO, catalysts. Applied organometallic chemistry, 15, 109-112.

Li, X., Hu, Q., Yang, Y., Wang, Y., He, F., 2012. Studies on stability and coking
resistance of Ni/BaTiOs;-Al,O3 catalysts for lower temperature dry
reforming of methane (LTDRM). Applied Catalysis A: General. 413-414,
163-169.

Lif, J., Skoglundh, M., 2004. Stabilising alumina supported nickel particles against
sintering in ammonia/hydrogen atmosphere. Applied Catalysis A: General.
274, 61-69.

Lin, Y., Wu, T., Jhang, S., Yang, P., & Hsiao, Y., 2014. Hydrogen production from
banyan leaves using an atmospheric-pressure microwave plasma
reactor. Bioresource Technology, 161, 304-309.

Liu, B., Au, C., 2003. Carbon deposition and catalyst stability over La;NiO4/y-Al,O3
during CO, reforming of methane to syngas. Applied Catalysis A: General.
244, 181-195.

Liu, D., Quek, X., Cheo, W., Lau, R., Borgna, A., Yang, Y., 2009. MCM-41
supported nickel-based bimetallic catalysts with superior stability during
carbon dioxide reforming of methane: Effect of strong metal-support
interaction. Journal of Catalysis, 266, 380-390.

Liu, K., Song, C., Subramani, V., 2010. Hydrogen and syngas production and
purification technologies, 1-4. Hoboken, Wiley.

98



Logdberg, S., Tristantini, D., Borg, O., llver, L., Gevert, B., Blekkan, E. A. Holmen,
A., 2009. Hydrocarbon production via Fischer—Tropsch synthesis from H,-
poor syngas over different Fe-Co/y-Al,O3 bimetallic catalysts. Applied
Catalysis B: Environmental. 89, 167-182.

Lucredio, A., Assaf, J., Assaf, E., 2011. Methane conversion reactions on Ni
catalysts promoted with Rh: Influence of support. Applied Catalysis A:
General, 400, 156-165.

Luna, A., Iriarte, M., 2008. Carbon dioxide reforming of methane over a metal
modified Ni-Al,O3 catalyst. Applied Catalysis A: General, 343, 10-15.

Lunsford, J., 2000. Catalytic conversion of methane to more useful chemicals and
fuels: a challenge for the 21st century. Catalysis Today, 63, 165-174.

Maciel, C., de Freitas Silva, T., Assaf, E., Assaf, J., 2013. Hydrogen production and
purification from the water—gas shift reaction on CuO/CeO,-TiO,
catalysts. Appl. Energy 112, 52-59.

Mahoney, E., Pusel, J., Stagg-Williams, S., Faraji, S. 2014. The effects of Pt addition
to supported Ni catalysts on dry (CO,) reforming of methane to
syngas. Journal of CO, Utilization, 6, 40-44.

Markets and Markets. 2013. Syngas Market & Derivatives (Methanol, Ammonia,
Hydrogen, Oxo Chemicals, N-Butanol, DME) Market, by End Use
Application, Feedstock, Technology, and Gasifier Type-Global Trends &
Forecast to 2018 (online). Top Market Reports. CH 2043.

Mattos, L., Rodino, E., Resasco, D., Passos, F., Noronha, F., 2003. Partial oxidation
and CO, reforming of methane on Pt/Al,O3;, Pt/ZrO,, and Pt/Ce-ZrO,
catalysts. Fuel Processing Technology, 83, 147-161.

McCarthy, J., 2001. Climate change 2001: impacts, adaptation, and vulnerability:
contribution of Working Group Il to the third assessment report of the
Intergovernmental Panel on Climate Change. Cambridge University Press.

Mei, Z., Li, Y., Fan, M., Zhao, L., Zhao, J., 2015. Effect of the interactions between
Pt species and ceria on Pt/ceria catalysts for water gas shift: The XPS
studies. Chem. Eng. J. 259, 293-302.

Menegazzo, F., Signoretto, M., Pinna, F., Canton, P., Pernicone, N. 2012.
Optimization of bimetallic dry reforming catalysts by temperature
programmed reaction. Applied Catalysis A: General, 439, 80-87.

Mojovic, Z., Mentus, S., Tesic, Z., 2004. Introduction of Pt and Pd nanoclusters in

zeolite cavities by thermal degradation of acetylacetonates. In Mate. Sci.
Forum 453, 257-262.

99



Mondal, K., Choudhary, V., Joshi, U., 2007. CO, reforming of methane to syngas
over highly active and stable supported CoO 4 (accompanied with MgO,
ZrO, or CeO; catalysts. Applied Catalysis A: General, 316, 47-52.

Moulijn, J., Van Diepen, A., Kapteijn, F., 2001. Catalyst deactivation: is it
predictable? What to do? Applied Catalysis A: General. 212, 3-16.

Nagaoka, K., Seshan, K., Aika, K., Lercher, J., 2001. Carbon deposition during
carbon dioxide reforming of methane—comparison between Pt/Al,O3 and
Pt/ZrO,. Journal of Catalysis, 197, 34-42.

Nakagawa, K., Kikuchi, M., Nishitani-Gamo, M., Oda, H., Gamo, H., Ogawa, K.,
Ando, T. 2008. CO, reforming of CH,; over Co/oxidized diamond
catalyst. Energy & Fuels, 22, 3566-3570.

Nakamura, J., Aikawa, K., Sato, K., Uchijima, T., 1994. Role of support in
reforming of CH, with CO, over Rh catalysts. Catalysis letters, 25, 265-270.

Nguyen, V., Blum, L. 2015. Syngas and Synfuels from H,O and CO,: Current
Status. Chemie Ingenieur Technik, 87, 354-375.

Nieva, M., Villaverde, M., Monzon, A., Garetto, T., 2014. Steam-methane reforming
at low temperature on nickel-based catalysts. J. Chemical Engineering, 235,
158-166.

Noor, Z., Yusuf, R., Abba, A., Hassan, M., Din, M., 2013. An overview of energy
recovery from municipal solid wastes (MSW) in Malaysia
scenario. Renewable and Sustainable Energy Reviews, 20, 378-384.

Nussler, H., and Kubaschewski, O., Catalytic dry reforming of methane over high
surface area ceria, Phys. Chem. 1980, 121, 187-195.

Ocsachoque, M., Pompeo, F., Gonzalez, G., 2011. Rh—Ni/CeO,-Al,03 catalysts for
methane dry reforming. Catalysis Today, 172, 226-231.

Odedairo, T., Chen, J., Zhu, Z., 2013. Metal-support interface of a novel Ni-CeO,
catalyst for dry reforming of methane. Catalysis Communications, 31, 25-
31

Olah, G., Goeppert, A., Surya Prakash, G., 2009. Chemical recycling of carbon
dioxide to methanol and dimethyl ether: from greenhouse gas to renewable,
environmentally carbon neutral fuels and synthetic hydrocarbons. J. Org.
Chem. 74, 487-498.

Olah, G., Goeppert, A., Czaun, M., Prakash, G., 2012. Bi-reforming of methane from
any source with steam and carbon dioxide exclusively to metgas (CO-2H,)
for methanol and hydrocarbon synthesis. Journal of the American Chemical
Society, 135, 648-650.

Osaki, T., Mori, T., 2001. Design and Preparation of Ni-Co Bimetallic Nano catalyst

100



for Carbon Dioxide Reforming of Methane, J. Catal. 204, 89-97.

Ozdemir, H., Okstzémer, M., Girkaynak, M., 2010. Preparation and
characterization of Ni based catalysts for the catalytic partial oxidation of
methane: Effect of support basicity on H,/CO ratio and carbon deposition.
International journal of hydrogen energy, 35, 12147-12160.

Ozkara-Aydinoglu, S., Atac, O., Gul, O., Kinayyigit, S., Boz, 1., 2012. Aolefin
selectivity of Fe-Cu-K catalysts in Fischer-Tropsch synthesis: effects of
catalyst composition and process conditions. Chem. Eng. J. 181, 581-9.

Ozkara-Aydmoglu, S., Ozensoy, E., Aksoylu, A., 2009. The effect of impregnation
strategy on the methane dry reforming activity of Ce promoted
Pt/ZrO,. International journal of hydrogen energy, 34, 9711-9722.

Pan, X., Fan, Z., Chen, W., Ding, Y., Luo, H., Bao, X., 2007 Enhanced ethanol
production inside carbon-nanotube reactors containing catalytic particles.
Nat. Mater. 6, 507-511.

Pan, X., Yang, Q., Fu, X., Zhang, N., Xu, Y., 2013. Defective TiO, with oxygen
vacancies: synthesis, properties and photo catalytic applications.
Nanoscale, 5, 3601-3614.

Pang, J., Zheng, M., Sun, R., Wang, A., Wang, X., and Zhang, T., 2016. Synthesis of
ethylene glycol and terephthalic acid from biomass for producing
PET. Green Chemistry, 18, 342-359.

Parry M., Climate change 2007 impacts, adaptation and vulnerability: working group
| contribution to the fourth assessment report of the IPCC. UK: Cambridge
University Press; 2007.

Pawelec, B., Damyanova, S., Fierro, J., Petrov, L., 2007. Structural and surface
features of Pt-Ni catalysts for reforming of methane with CO,. Applied
Catalysis A: General, 323, 188-201.

Pietraszek, A., Koubaissy, B., Roger, A., Kiennemann, A., 2011. The influence of
the support modification over Ni-based catalysts for dry reforming of
methane reaction. Catalysis Today, 176, 267-271.

Popa, M., Vollmer, M., Jordan, A., Brand, W., Pathirana, S., 2014. Vehicle
emissions of greenhouse gases and related tracers from a tunnel study:
CO:CO,, N,O:CO,, CH4:CO,, 0,:CO; ratios, and the stable isotopes **C and
80 in CO, and CO. Atmospheric Chemistry and Physics, 14, 2105-2123.

Qian, L., et al., 2014 (a). Investigation of La Promotion Mechanism on Ni/SBA-15
Catalysts in CH4 Reforming with CO,, Fuel 122, 47-53.

Qian, X., et al., 2014 (b). A Novel Low Temperature Vapor Phase Hydrolysis

Method for the Production of Nano-Structured Silica Materials Using
Silicon Tetrachloride, RSC Adv., 4, 8703-8712.

101



Qiao, H., Wei, Z., Hua, Y., Lin, Z., Xiaoyan, Y., 2009.Preparation and
Characterization of NiO Nanoparticles by Anodic Arc Plasma Method. J.
Nano mater. 239, 238-243.

Quincoces, C., Basaldella, E., De Vargas, S., Gonzalez, M., 2004. Ni/y-Al,03
catalyst from kaolinite for the dry reforming of methane. Materials Letters.
58, 272-275.

Raco, B., Battaglini, R., Lelli, M., 2010. Gas emission into the atmosphere from
controlled landfills: an example from Legoli landfill (Tuscany, Italy).
Environmental Science and Pollution Research, 17, 1197-1206.

Rahimpour, M., Aboosadi, Z., Jahanmiri, A., 2011. Optimization of tri-reformer
reactor to produce synthesis gas for methanol production using differential
evolution (DE) method. Appl. Energy 88, 2691-701.

Ranjbar, A. and Rezaei, M., 2012. Dry reforming reaction over nickel catalysts
supported on nanocrystalline calcium aluminates with different CaO/Al,O3
ratios. Journal of Natural Gas Chemistry. 21, 178-183.

Rezaei, M., Alavi, S., Sahebdelfar, S., Bai, P., Liu, X., Yan, Z., 2008. CO; reforming
of CH,4 over nanocrystalline zirconia-supported nickel catalysts. Applied
Catalysis B: Environmental, 77, 346-354.

Rezaei, M., Alavi, S., Sahebdelfar, S., Yan, Z., 2009. A highly stable catalyst in
methane reforming with carbon dioxide. Scripta Materialia, 61, 173-176.

Roddy, D., 2013. A syngas network for reducing industrial carbon footprint and
energy use. Applied Thermal Engineering. 53, 299-304.

Rogner, H., 1997. An assessment of world hydrocarbon resources. Annual review of
energy and the environment, 22, 217-262.

Rostrupnielsen, J., Hansen, J., 1993. CO, reforming of methane over transition
metals. Journal of Catalysis, 144, 38-49.

Rotaru, C., Postole, G., Florea, M., Matei-Rutkovska, F., Parvulescu, V., Gelin, P.
2015. Dry reforming of methane on ceria prepared by modified precipitation
route. Applied Catalysis A: General, 494, 29-40.

Ruckenstein, E., Hu, Y., 2000. Developing Technology-Synthetic fuels from
greenhouse gases-Solid solution catalysts reform methane and carbon
dioxide to hydrogen and carbon monoxide. Chemical Innovation, 30, 39-43.

Ruckenstein, E., Hu, Y., 1999. Methane partial oxidation over NiO/MgO solid
solution catalysts. Applied Catalysis A: General, 183, 85-92.

Sadeek, S., 2005. Synthesis, thermogravimetric analysis, infrared, electronic and

mass spectra of Mn (1), Co (I1) and Fe (I11) norfloxacin complexes. Journal
of molecular structure, 753, 1-12.

102



Saha, B., Khan, A., Ibrahim, H., Idem, R., 2014. Evaluating the performance of non-
precious metal based catalysts for sulfur-tolerance during the dry reforming
of biogas. Fuel 120, 202-217.

San Jose-Alonso, D., lllan-Gomez, M., Roman Martinez, M., 2013. Low metal
content Co and Ni alumina supported catalysts for the CO, reforming of
methane. International Journal of Hydrogen Energy, 38, 2230-2239.

Sarusi, 1., Fodor, K., Baan, K., Oszko, A., Potari, G., Erdo, A., 2011. CO; reforming
of CH, on doped Rh/Al,O3 catalysts. Catalysis Today, 171, 132-139.

Sehested, J., 2003. Sintering of nickel steam-reforming catalysts. Journal of
Catalysis. 217, 417-426.

Sehested, J., 2006. Four challenges for nickel steam-reforming catalysts. Catalysis
Today. 111, 103-110.

Sehested, J., Gelten, J., Remediakis, I., Bengaard, H., Norskov, J., 2004. Sintering of
nickel steam-reforming catalysts: effects of temperature and steam and
hydrogen pressures. Journal of Catalysis. 223, 432-443.

Seshan, K., Ten Barge, H., Halty, W., Ross, J., 1994. Carbon dioxide reforming of
methane in the presence of nickel and platinum catalysts supported on ZrO,.
Studies in Surface Science and Catalysis, 81, 285-290.

Shackley, M., 2011. An introduction to X-ray fluorescence (XRF) analysis in
archaeology, 4, 7-44.

Shinde, V., Madras, G. 2014. Catalytic performance of highly dispersed Ni/TiO, for
dry and steam reforming of methane. RSC Advances, 4, 4817- 4826.

Silvester, L., Antzara, A., Boskovic, G., Heracleous, E., 2015. NiO supported on
Al,O3 and ZrO, oxygen carriers for chemical looping steam methane
reforming. International Journal of Hydrogen Energy, 40, 7490-7501.

Sing, K., Everett, D., Haul, R., Moscou, L., Pierotti, R., Siemieniewska, T., 1985.
Reporting physic-sorption data for gas/solid systems with special reference
to the determination of surface area and porosity. Pure & Applied
Chemistry. 57, 603-619.

Skoda, F., Astier, M., Pajonk, G., Primet, M. 1994. Surface characterization of
palladium-copper bimetallic catalysts by FTIR spectroscopy and test
reactions. Catalysis letters, 29, 159-168.

Song, C., 2006. Global challenges and strategies for control, conversion and

utilization of CO, for sustainable development involves energy, catalysis,
adsorption and chemical processing. Catal. Today 115, 2-32.

103



Song, C., Pan, W., 2004 Tri-reforming of methane: a novel concept for catalytic
production of industrially useful synthesis gas with desired H,/CO ratios.
Catal. Today 98, 463-484.

Stagg-Williams, S., Noronha, F., Fendley, G., Resasco, D., 2000. CO, reforming of
CH, over Pt/ZrO, catalysts promoted with La and Ce oxides. Journal of
Catalysis, 194, 240-249.

Steinhauer, B., Kasireddy, M., Radnik, J., Martin, A., 2009. Development of Ni-Pd
bimetallic catalysts for the utilization of carbon dioxide and methane by dry
reforming. Applied Catalysis A: General, 366, 333-341.

Subramani, V., Sharma, P., Zhang, L. Liu, K., 2010. Catalytic steam reforming
technology for the production of hydrogen and syngas. In: Liu, K., Song, C.,
Subramani, V. (Eds.). Hydrogen and syngas production and purification
technologies. New Jersey: John Wiley & Sons, Inc.

Sun, L., Tan, Y., Zhang, Q., Xie, H., Han, Y., 2013. Effects of Y,03s-modification to
Ni/y-Al,O3 catalysts on autothermal reforming of methane with CO, to
syngas. International Journal of Hydrogen Energy, 38, 1892-1900.

Suocheng, D., Tong, K., Yuping, W., 2001. Municipal solid waste management in
China: using commercial management to solve a growing problem. Utilities
Policy, 10, 7-11.

Sutthiumporn, K., Maneerung, T., Kathiraser, Y., Kawi, S., 2012. CO, dry-reforming
of methane over LaggSro,NipsMo,03 perovskite (M=Bi, Co, Cr, Cu, Fe)
roles of lattice oxygen on C-H activation and carbon suppression. Int. J.
Hydrog. Energy 37, 11195-11207.

Swierczynski, D., Courson, C., Kienn, A., 2008. Study of steam reforming of toluene
used as model compound of tar produced by biomass gasification. Chemical
Engineering and Processing: Process Intensification. 47, 508-513.

Tada, S., Shimizu, T., Kameyama, H., Haneda, T., Kikuchi, R. 2012. Ni/CeO,
catalysts with high CO, methanation activity and high CH, selectivity at low
temperatures. International journal of hydrogen energy, 37, 5527-5531.

Takanabe, K., Nagaoka, K., Nariai, K., 2005. Titania-supported cobalt and nickel
bimetallic catalysts for carbon dioxide reforming of methane. Journal of
Catalysis, 232, 268-275.

Tanksale, A., Beltramini, J., Lu, G., 2010. A review of catalytic hydrogen production
processes from biomass. Renewable and Sustainable Energy Reviews, 14,
166-182.

Tao, K., Zhou, S., Zhang, Q., Kong, C., Ma, Q., Tsubaki, N., Chen, L. 2013. Sol-gel

auto-combustion synthesis of Ni-CexZr,- O, catalysts for carbon dioxide
reforming of methane. RSC Advances, 3, 22285-22294.

104



Taufig-Yap, Y. H., Rashid, U., Zainal, Z. 2013. CeO,-SiO, supported nickel
catalysts for dry reforming of methane toward syngas production. Applied
Catalysis A: General, 468, 359-369.

Tavakoli, A., Sohrabi, M. Kargari, A., 2008. Application of Anderson—Schulz-Flory
(ASF) equation in the product distribution of slurry phase FT synthesis with
nanosized iron catalysts. Chemical Engineering Journal. 136, 358-363.

Therdthian, W., Siangchin, C., Therd, A., 2008. Improvement of coke resistance of
Ni/Al,O3 catalyst in CH4/CO, reforming by ZrO, addition. Fuel processing
technology, 89, 160-168.

Tian, X., Zeng, Y., Xiao, T., Yang, C., Wang, Y., Zhang, S., 2011. Fabrication and
stabilization of nanocrystalline ordered mesoporous MgO-ZrO, solid
solution. Microporous and Mesoporous Materials, 143, 357-361.

Toebes, M., Bitter, J., de Jong, K., 2002. Impact of the structure and reactivity of
nickel particles on the catalytic growth of carbon nanofibers. Catalysis
Today. 76, 33-42.

Tomishige, K., 2004. Syngas Production from Methane Reforming with CO,/H,0
and O, over NiO-MgO Solid Solution Catalyst in Fluidized Bed Reactors.
Catal. Today, 89, 405-18.

Tomishige, K., Himeno, Y., Matsuo, Y., Yoshinaga, Y., Fujimoto, K., 2000.
Catalytic performance and carbon deposition behavior of a NiO-MgO solid
solution in methane reforming with carbon dioxide under pressurized
conditions. Industrial & Engineering Chemistry Research, 39, 1891-1897.

Tomishige, K., Himeno, Y., Matsuo, Y., Yoshinaga, Y., Fujimoto, K., 2000.
Catalytic performance and carbon deposition behavior of a NiO-MgO solid
solution in methane reforming with carbon dioxide under pressurized
conditions. Industrial & Engineering Chemistry Research, 39, 1891-1897.

Tomishige, K., Nurunnabi, M., Maruyama, K., Kunimori, K., 2004. Effect of oxygen
addition to steam and dry reforming of methane on bed temperature profile
over Pt and Ni catalysts. Fuel Process. Technol. 85, 1103-1120.

Topalidis A., Petrakis D., Ladavos A., Loakatzikou L. and Pomonis P. J., Catal.
Today., 2007, 127, 238.

Topalidis, A., Petrakis, D., Ladavos, A., Loakatzikou, L. Pomonis, P., 2007. A
kinetic study of methane and carbon dioxide inter conversion over 0.5%
Pt/SrTiO;3 catalysts. Catal. Today., 127, 238-245.

Trimm, D., 1997. Coke formation and minimization during steam reforming
reactions. Catalysis Today, 37, 233-238.

Trovarelli, A., 1996. Catalytic properties of ceria and CeO,-containing
materials. Catalysis Reviews, 38, 439-520.

105



Tsang, S., Claridge, J., Green, M., 1995. Recent advances in the conversion of
methane to synthesis gas. Catalysis Today, 23, 3-15.

Tsyganok, A., Inaba, M., Tsunoda, T., Hamakawa, S., Suzuki, K., Hayakawa, T.,
2003. Dry reforming of methane over supported noble metals: a novel
approach to preparing catalysts. Catalysis Communications, 4, 493-498.

Vander Wal, R., Tomasek, A., Pamphlet, M., Taylor, C., Thompson, W., 2005.
Analysis of HRTEM images for carbon nanostructure quantification.
Journal of Nanoparticle Research. 6, 555-568.

Wagner, A., Osborne, R., Wagner, J., 2003. Prediction of Deactivation Rates and
Mechanisms of Reforming Catalysts. Preprints of Papers-American
Chemical Society, Division of Fuel Chemistry. 48, 748-749.

Wang, H., Ruckenstein, E., 2001. CO, reforming of CH,4 over Co/MgO solid solution
catalysts effect of calcination temperature and Co loading. Applied Catalysis
A: General, 209, 207-215.

Wang, X., et al., 2012. Efficient Conversion of Microcrystalline Cellulose to 1,2-
Alkanediols over Supported Ni Catalysts. Green Chem. 14, 758.

Wang, Y., Liu, H., Xu, B., 2009. Durable Ni/MgO catalysts for CO, reforming of
methane: activity and metal-support interaction. Journal of Molecular
Catalysis A: Chemical, 299, 44-52.

Wang-Yao, K., Towprayoon, S., Gheewala, S., Nopharatana, A., 2006. Seasonal
variation of landfill methane emissions from seven solid waste disposal sites
in central Thailand. InThe 2nd Joint International Conference on
Sustainable Energy and Environment (SEE 2006) (2123).

Warmuzinski, K., 2008. Harnessing methane emissions from coal mining. Process
Safety and Environmental Protection, 86, 315-320.

Weidenthaler, C., 2011. Pitfalls in the characterization of nanoporous and nanosized
materials. Nanoscale. 3, 792-810.

Wei-Hsin, C., Shih-Cheng, L., 2015. Characterization of catalytic partial oxidation of
methane with carbon dioxide utilization and excess enthalpy recovery. Appl
Energy, Available online 7 February.

Wender, 1., 1996. Reactions of synthesis gas. Fuel processing technology, 48, 189-
297.

Wolter, K., Seiferth, O., Libuda, J., Kuhlenbeck, H., Baumer, M., Freund, H., 1998.
Infrared study of CO adsorption on alumina supported palladium
particles. Surface science, 402, 428-432.

Wu, G., Zhang, C., Li, S., Han, Z., Wang, T., Ma, X., Gong, J., 2013. Hydrogen
production via glycerol steam reforming over Ni/Al,O;: influence of nickel

106



precursors. ACS Sust. Chem. Eng.1, 1052-1062.

Wourzel, T., Malcus, S., Mleczko, L., 2000. Reaction engineering investigations of
CO;, reforming in a fluidized-bed reactor. Chemical engineering science, 55,
3955-3966.

Xu, X., Li, P., Shen, Y., 2013.Small-scale reforming of diesel and jet fuels to make
hydrogen and syngas for fuel cells: A review. Appl. Energy 108, 202-217.

Yang, M., Guo, H., Li, Y., Dang, Q., 2012. CH4-CO, reforming to syngas over Pt-
Ce0,-Zr0O,/MgO catalysts: modification of support using on exchange resin
method. J. Nat. Gas Chem. 21, 76-82.

Yasyerli, S., Filizgok, S., Arbag, H., Yasyerli, N., Dogu, G., 2011. Ru incorporated
Ni-MCM-41 mesoporous catalysts for dry reforming of methane: Effects of
Mg addition, feed composition and temperature. International journal of
hydrogen energy, 36, 4863-4874.

York, A., Xiao, T., Green, M., Claridge, J., 2007. Methane oxyforming for synthesis
gas production. Catalysis Reviews, 49, 511-560.

Yu, M., Zhu, K., Liu, Z., Xiao, H., Deng, W., Zhou, X., 2014. Carbon dioxide
reforming of methane over promoted NixMg; O (111) platelet catalyst
derived  from  solvothermal  synthesis. Applied  Catalysis  B:
Environmental, 148, 177-190.

Yusuf, R., Noor, Z., Abba, A., Hassan, M., Din, M., 2012. Methane emission by
sectors: a comprehensive review of emission sources and mitigation
methods. Renewable and Sustainable Energy Reviews, 16, 5059-5070.

Zanganeh, R., Rezaei, M., Zamaniyan, A., 2013b. Dry reforming of methane to
synthesis gas on NiO-MgO nanocrystalline solid solution catalysts.
International Journal of Hydrogen Energy. 38, 3012-3018.

Zanganeh, R., Rezaei, M., Zamaniyan, A., Bozorgzadeh, H., 2013a. Preparation of
Nig1Mgo 9O nanocrystalline powder and its catalytic performance in
methane reforming with carbon dioxide. Journal of Industrial and
Engineering Chemistry. 19, 234-239.

Zecchina, A., Spoto, G., Coluccia, S., Guglielminotti, E. 1984. Spectroscopic study
of the adsorption of carbon monoxide on solutions of nickel oxide and
magnesium oxide. Part 2. Samples pretreated with hydrogen. Journal of the
Chemical Society, Faraday Transactions 1: Physical Chemistry in
Condensed Phases, 80, 1891-1901.

Zhang, J., Wang, H., Dalai, A., 2007. Development of stable bimetallic catalysts for
carbon dioxide reforming of methane. Journal of Catalysis, 249, 300-310.

Zhang, M., Shengfu, J., Linhua, H., Fengxiang, Y., Chengyue, L., Hui, L., 2006.
Structural characterization of highly stable Ni/SBA-15 catalyst and its

107



catalytic performance for methane reforming with CO,. Chinese Journal of
Catalysis, 27, 777-781.

Zhang, Q., Wu, T., Zhang, P., Huang, R., Song, X., Gao, L., 2014. Facile synthesis
of hollow hierarchical Ni/y-Al,O3 nanocomposites for methane dry
reforming catalysis. RSC Advances, 4, 51184-51193.

Zhang, Z., Verykios, X., Baerns, M., 1994. Effect of electronic properties of
catalysts for the oxidative coupling of methane on their selectivity and
activity. Catalysis Reviews, 36, 507-556.

Zhou, S., Yang, L., Zhou, Z., Liu, Y., Chan, E., 2009. Insights into the substrate
specificity, inhibitors, regulation, and polymorphisms and the clinical
impact of human cytochrome P450 1A2. The AAPS journal, 11, 481-494.

Zhu, J., Peng, X., Yao, L., Shen, J., Hu, C., 2011. The promoting effect of La, Mg,
Co and Zn on the activity and stability of Ni/SiO, catalyst for CO,
reforming of methane. International j. of hydrogen energy, 36, 7094-7104.

Zhu, X., Wei, Y., Wang, H., Li, K., 2013. Ce-Fe oxygen carriers for chemical-

looping steam methane reforming. International Journal of Hydrogen
Energy, 38, 4492-4501.

108



BIODATA OF STUDENT

Faris A. J. Aldoghachi was born on 1% of November 1963 in Basra, Irag. Married
with 5 kids. He received his bachelor degree (1% class honour) in Chemistry,
Faculty of Science at University of Basra, Basra, Iraq at 1985. He graduated
Master of Chemistry, Faculty of Science at University of Basra, Basra, Iraq in
1989.

He started to work as assistant lecturer at Department of Chemistry, Faculty of
Science at University of Basra, Basra, Iraq in 6™ of February 1990, He is a
lecturer in 1994 and associated professor in 1999.

He worked as a lecturer in Chemical Engineering department, University of 7" of
April, Al-Zawya, Libya in 2001.

He worked as a Chemistry teacher in the government secondary school in the
UAQ, UAE from 2002-2010.

He joined Universiti Putra Malaysia in February 2012 to pursue his PhD in
Chemistry (Catalysis).

109



LIST OF PUBLICATIONS

Al-Doghachi, F. A., Islam, A., Zainal, Z., Saiman, M. |., Embong, Z., & Taufig-
Yap, Y. H. (2016). High Coke-Resistance Pt/Mg;xNixO Catalyst for Dry
Reforming of Methane. PloS one, 11(1).

Al-Doghachi, F. A., Rashid, U., Zainal, Z., Saiman, M. I., & Taufig-Yap, Y. H.
(2015). Influence of Ce,O3 and CeO, promoters on Pd/MgO catalysts in
the dry-reforming of methane. RSC Advances, 5(99), 81739-81752.

Al-Doghachi, F. A., Rashid, U., & Taufig-Yap, Y. H. (2016). Investigation of
Ce(111) promoter effects on the tri-metallic Pt,Pd,Ni/MgO catalyst in dry-
reforming of methane. RSC Advances, 6(13), 10372-10384.

Al-Doghachi, F. J., Zainal, Z., Saiman, M. I., Embong, Z., & Taufig-Yap, Y. H.
(2015). Hydrogen Production from Dry-Reforming of Biogas over Pt/Mg;-
xNixO Catalysts. Energy Procedia, 79, 18-25.

110



RS

Nkss

UNIVERSITI PUTRA MALAYSIA
STATUS CONFIRMATION FOR THESIS / PROJECT REPORT AND COPYRIGHT
ACADEMIC SESSION :

TITLE OF THESIS / PROJECT REPORT :
ENHANCEMENT OF DRY REFORMING OF METHANE FOR SYNGAS PRODUCTION
OVER M/Mg; xM’,0 CATALYSTS (M=Ni, Pd, AND Pt., M’=Ce*", Ce*", AND Ni*")

NAME OF STUDENT : FARIS ABDULRIDHA JASSIM ALDOGHACHI

| acknowledge that the copyright and other intellectual property in the thesis/project report
belonged to Universiti Putra Malaysia and | agree to allow this thesis/project report to be placed at
the library under the following terms:

1. This thesis/project report is the property of Universiti Putra Malaysia.

2. The library of Universiti Putra Malaysia has the right to make copies for educational
purposes only.

3. The library of Universiti Putra Malaysia is allowed to make copies of this thesis for academic
exchange.

| declare that this thesis is classified as :

*Please tick (V)

CONFIDENTIAL (Contain confidential information under Official Secret
Act 1972).
RESTRICTED (Contains restricted information as specified by the

organization/institution where research was done).

OPEN ACCESS | agree that my thesis/project report to be published
as hard copy or online open access.

Jo0

This thesis is submitted for :

PATENT Embargo from until
(datg) (date)

U

Approved by:

o =
(Sigature of Student) <D (S‘Q”Wm ~Sugisbaepy/nigiteE N
New IC No/ Passport No.: Name: Deputy Director

Research Grant Division (Public Grant)
Date : Date:  Research Management Centre (RMC)

Universiti Putra Malaysia
[Note : If the thesis is CONFIDENTIAL or RESTRICTED, please chwithothedetterfrom
the organization/institution with period and reasons for confidentially or restricted. ]



	ENHANCEMENT OF DRY REFORMING OF METHANE FOR SYNGASPRODUCTION OVER M/Mg1-XM’xO CATALYSTS (M=Ni, Pd, AND Pt., M’=Ce3+,Ce4+, AND Ni2+)
	ABSTRACT
	TABLE OF CONTENTS
	CHAPTERS 1
	REFERENCES



