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ABSTRACT

Converting glycerol, obtained from biodiesel industry via dry reforming is considered
as a promising route to improve the economic viability of biodiesel industry. The
objective of this research work is to synthesize, characterize and conduct the catalytic
activity test of CO. glycerol dry reforming using Nickel (Ni) and Cobalt (Co) supported
Lanthanum oxide (La203) as catalyst. In this research, Ni/La,Oz and Co/La,O3 were
tested in a fixed bed reactor at 700 °C, 1 atm and COz: glycerol of 1:1. The catalysts
were prepared by using wet impregnation method and characterized by X-ray
diffraction (XRD), Scanning electron microscopy (SEM), Bruanauer-Emmett-Teller
(BET) and Fourier-Transform infrared spectroscopy (FTIR). From the characterization
analysis, the results revealed that Ni based supported by La,Os have smaller metal
crystallite size as compared to Co supported La,O3 due to highly-dispersed of La>Os in
the Ni catalyst. The surface morphology of 10 wt% Ni/La>O3 catalyst also shows some
crystallite particles with small diameter covered the lanthanum oxides support
consistent with XRD result. BET surface area measurement gives higher surface area,
28.29 m?/ g for 10 wt% Ni/La,O3 as compared to 10 wt% Co/La203z which gives 13.032
m?/ g. Reaction studies demonstrated that 10 wt% Ni/La,Os; gives the highest
performance of hydrogen production and glycerol conversion as compared to calcined
La.03, 5 wt% Ni/Laz203, 15 wt% Ni/La203, and 10 wt% Co/La20z with the yield and
conversion of 11.8 % and 18.6 % respectively. Excellence catalytic performance of 10
wt% Ni/La203 may attribute to high activity of 10 wt% Ni/La>Os towards hydrogen rich
gas and great stability. Besides, smaller metal crystallite size and larger surface area
may also contribute to accessibility of active catalytic area.
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ABSTRAK

Penghasilan hidrogen melalui gliserol, yang diperolehi daripada industri biodiesel
melalui ‘dry reforming’ dianggap sebagai salah satu cara yang dapat meningkatkan
ekonomi industri biodiesel. Objektif penyelidikan ini adalah untuk mensintesis,
mencirikan dan menjalankan ‘dry reforming’ menggunakan Nikel (Ni) dan Kobalt (Co)
yang disokong Lantanum oksida (La2O3) sebagai pemangkin. Dalam penyelidikan ini,
Ni/La203 dan Co/La203 telah diuji dalam reaktor pada suhu 700 °C, 1 atm dan CO2:
gliserol, 1: 1. Pemangkin disediakan dengan menggunakan kaedah ‘wet-impregnation’
dan dicirikan oleh X-ray belauan (XRD), Imbasan elecktron mikroskop (SEM),
Bruanauer-Emmett-Teller (BET) dan Fourier-Transform Inframerah Spektroskopi
(FTIR). Daripada analisis tersebut, keputusan telah menunjukkan bahawa Ni/La;O3
mempunyai saiz kristal yang lebih kecil berbanding Co/La>Os dan hal ini berlaku
disebabkan penyebaran yang banyak terhadap La.Oz didalam pemangkin Ni.
Permukaan morfologi 10% Ni/La;Os juga telah menunjukkan beberapa kewujudan
kristal yang mempunyai diameter yang kecil menutupi permukaan La;Os. BET analisis
juga telah membuktikan bahawa kawasan permukaan 10 % Ni/La,O3 adalah lebih tinggi
(28.29 m?/g) berbanding 10% Co/La;03 (13,032 m?/g). Kajian tindak balas bagi
penghasilan hidrogen dan penukaran gliserol menunjukkan bahawa 10% Ni/La>O3
menghasilkan gas hidrogen yang tertinggi berbanding pemangkin yang lain iaitu 11.8%
dan 18.6%. 10% Ni/La20s3 telah berjaya menghasilkan gas hidrogen yang tertinggi
adalah disebabkan prestasi yang baik terhadap penghasilan gas hidrogen dan juga
kestabilan pemangkin yang tinggi. Selain itu, saiz kristal yang kecil dan kawasan
permukaan pemangkin yang lebih besar juga telah menyumbang kepada akses kepada
kawasan pemangkin aktif.
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1 INTRODUCTION

1.1 Motivation and statement of problem

High energy demand nowadays has led to crucial energy shortage. Currently, most of
energy demands is actually from fossil-based resources and burning of fossil fuels has
caused negative impact to environment such as global warming (James and Dugle,
2011). In order to save our environment, concerns to replace fossil fuels have becoming
more attention. Many researchers has investigated and explained the potential
alternative to replace this conventional sources. Renewable energy has becoming an
option to achieve sustain energy requirements for the future. Today, many researchers
around the world are interested in the use of biomass as a renewable energy. Biomass is
biological material produced by living organisms which is based on plant and animal
material. It is an environmental friendly sources and appears as a good source for
production of fuels and chemicals (Peres et al., 2011). Figure 1-1 below shows a review
by the European Union (EU) consumption of energy by sources in 2014. Based on
Figure 1-1 below, natural gas, crude oil and solid fuels were still dominating resources
of energy, which is accounted 48.6 % of total energy while the renewable energy

dominating resources of energy about 20.3% of total energy.

= Natural gas

= Crude oil

= Renewable energy
Other

® Nuclear energy

= Solid fuels

Figure 1-1: European Union (EU) consumption of energy by sources in year 2014



Biodiesel which is derived from biomass is one of the renewable resources and
comparable to other alternative fuels. Biodiesel has major advantages and unique
qualities as compared to petroleum diesel, since it is renewable and less polluting.
Besides, it is also an oxygenated, sulphur-free and its content of oxygen could help to
improve the combustion efficiency. In addition, it contributes much less to global
warming than fossil fuels since carbon in the biodiesel are reused by the plants.
Furthermore, biodiesel can increase engine life as it is more lubricating than diesel.
Crude glycerol is one of the major by-products of biodiesel production. Crude glycerol
can be refined into pure glycerol and then be used for cosmetic industries,
pharmaceutical and food industries (Leoneti et al., 2012). However, the purification
process is too expensive to perform. Furthermore, according to Ahmed and Papadias
(2010), as the production of biodiesel plant increased, market of pure glycerol will
oversaturated and the price of crude glycerol will dropped as well. Silvey (2011) stated
that biodiesel plant will have to pay to dispose the crude glycerol, instead of purifying
and selling the crude glycerol. As a result, the production cost of biodiesel increases.
Thus, finding out value-added chemical uses for this crude glycerol is aims to make the

biodiesel production more cost effective.

Production of hydrogen or synthesis gas has becoming more popular nowadays
especially in petroleum industries where hydrogen is used to remove sulphur from fuels.
Besides, in chemical industries, hydrogen is used to produces chemicals such as
ammonia, methanol and hydrochloric acid. In addition, hydrogen is very useful in
industries like welding and metal fabrication and also food processing. Welding and
metal fabrication use hydrogen to enhance plasma welding and cutting operations while
food industries use the element to make hydrogenated vegetable oils such as butter and
margarine. Conversion of glycerol to hydrogen is considered as a renewable alternative
to reduce dependences on fossil fuels (Peres et al., 2011). It can be performed by
different process including pyrolysis, steam reforming, auto-thermal reforming, aqueous
phase reforming and dry reforming which are recently studied by researchers worldwide
(Lin, 2012).

Recently, steam reforming is the most widely process used in order to convert glycerol
to hydrogen with the presences of catalyst. However, steam reforming is reported has
side reactions which are methanation and carbon formation (Lin, 2012). On the other

hand, dry reforming process offered a better pathway for the production of hydrogen.



Siew et al. (2013) reported that, dry reforming process is greener process that uses
carbon dioxide as reactant and release water as by-products as compared to steam
reforming. Furthermore, developing and improving the catalyst which can be operated
at atmospheric pressure and producing higher amount of Hz is considered to be more
cost effective and environmental. Nickel (Ni) catalyst has been widely used in
reforming process due to its low cost compared to noble metal catalyst such as platinum
(Pt) and palladium (Pd) (Sabri, 2013). In order to make the economic feasibility of
syngas production, the nickel catalyst is used with supported by oxides, such as La,Os.
The good choice of supported material is important to avoid coke formation (Bermudez
et al., 2012). Till date, only a few researchers studies the dry reforming process by using

nickel catalyst supported by oxides.

1.2 Objectives
The objective of this research are:
e To study feasibility of carbon dioxide (CO2) glycerol dry reforming over nickel-

supported lanthanum oxides and cobalt-supported lanthanum oxides.

1.3 Scope of this research
The following are the scope of this research:
i) Synthesis of nickel-supported lanthanum oxides and cobalt-supported lanthanum
oxides.
i) Characterization of catalyst to study the surface structure (SEM), specific
surface area (BET) and crystalline structure (XRD), and functional groups
(FTIR).
iii) Reaction studies of CO. glycerol dry reforming using nickel-supported
lanthanum oxide and cobalt-supported lanthanum oxide. Comparison has
been made at different Ni loading (5 %, 10 %, 15 %) and cobalt loading (10
%). The reaction was carried out at fixed reaction condition.



1.4 Main contribution of this work
The following are the contributions of this work:

e Solving the economic challenge of biodiesel production by focusing on
production of valuable products from crude glycerol and thus make biodiesel
production more cost effective.

e Saving environment by finding the renewable alternative route to reduce

dependences on fossil fuels for production of hydrogen.

1.5 Organisation of this thesis
The structure of each chapter of the thesis is outlined as follow:

Chapter 2 presents an overall of literature review that covering all aspects including the
energy demands, biodiesel, glycerol, route of hydrogen production and catalyst. Detail
studies on the dry reforming process is provided in this chapter. Besides, this chapter
also gives an explanation about the process involving the crude glycerol as the by-
product of biodiesel. A summary of the previous experimental work pyrolysis, steam
reforming, aqueous phase reforming, auto-thermal reforming and dry reforming process

are also presented. A brief discussion on catalysts is provided.

Chapter 3 gives a review on the synthesis technique of catalyst via co-wet impregnation
method. This chapter also provides brief description on the characterization of catalyst
via Brunauer-Emmet-Teller (BET), X-Ray Diffraction (XRD), Scanning Electron
Microscopy (SEM) and Fourier-Transform Infrared Spectroscopy (FTIR). A description
on experimental work of CO> glycerol dry reforming over various type of metal-based
catalysts supported on oxides are also presented. The analysis of the product was carried
out using Gas Chromatography-Mass Spectrometry (GC-MS).

Chapter 4 discuss on the experimental results of catalyst characterization based on the
catalyst morphology, surface composition and specific surface area. Preliminary studies
on CO: glycerol dry reforming over nickel catalyst supported on lanthanum oxide were

also discussed.

Chapter 5 draws together a summary of the thesis and presents the recommendations for

the future work.



2 LITERATURE REVIEW

2.1 Energy

Energy comes from many sources and many forms such as light, heat, sound and
motion. Energy sources can be classified into several groups which are non-renewable
energy and renewable energy sources. Non-renewable energy source is energy that has
limited supplies and extremely low to be regenerate includes natural gas, petroleum,
coal, gasoline, diesel, propane, oil and petroleum products. Besides, non-renewable
energy seems large and because of that, some experts believe that if the energy is used
wisely, the energy supplies will be safe and long lasting for our future generations. Oil
and diesel have becoming a good choices for fuels of vehicles. Furthermore, non-
renewable energy has market value and enhancing economics. It can be used as
bargaining tools to help economic stay afloat. However, there are many disadvantages
of non-renewable energy. Burning of fossil fuels such as oil and diesel can contribute to
global warming and pollution as it will produces carbon dioxide (CO2) which is believe

as a major causes of global warming to the earth.

On the other hand, a renewable energy source is energy that comes from a source that
can be renewed. It is renewable, sustainable and never run out include wind energy,
solar energy, methane, geothermal, hydroelectricity and biomass. Using renewable
energy sources can give environmental advantage. This energy produce a little or no
waste products such as carbon dioxide (CO>) or other chemical pollutants that can give
bad effects to the environment. Most of renewable energy produces no solid waste and
reduces pollution too. This is because, solar energy, wind energy and hydroelectricity
produce no emissions since none of renewable energy needs to be involve in burning
process. Thus, using renewable energy did not contribute to greenhouse effect that link
to global warming. Still, there are some disadvantages of renewable energy. Renewable
energy often relies on the weather for its source of power. For examples, hydro
generators need rain to fill dams to supply flowing turn blades and solar collectors need

sunshine to collect heat to make electricity.

Today, global demand for energy has risen with industrial development and population

growth. Energy is used among economic sectors such as residential, commercial,



transportation and industrial. Heating, cooling our homes, manufacturing of products
and driving cars are all require energy. Most of energy demand is actually from fossil-
based resources. According to 2009 World Energy Outlook, which published by the
International Energy Agency, world demand for oil will increases from 2000 million
tons of oil to 16800 million tons of oil in 2030. Craving for energy is predicted continue
rise, especially developing countries like China and India which seek the fuels for their
rapid economic growth. However, burning fossil fuels will produce carbon dioxide and
caused the increasing of greenhouse effect. Concerns are grown and focussed is also
increase among researchers to replace fossil fuels in order to save environment. Finally,

renewable options are necessary to achieve sustain energy requirements for future.

2.2 Synthesis Gas (Syngas)

The word syngas is derived from “synthesis gas” or producer gas, which is a gas
mixture comprises of carbon monoxide (CO), hydrogen (H2), and very often some
carbon dioxide (CO). The name of synthesis gas is actually comes from its use as
intermediate for production of ammonia or methanol. Besides, synthesis gas is a vital
building block for the petrochemical industry and it is also used to prepare various
chemicals (Lin, 2012). Synthesis gas is normally derived from a variety of different

materials that contain carbon, such as natural gas or biomass.

Natural gas can be a reactants for production of bulk chemicals such as ammonia,
methanol and dimethyl ether (Aasberg-Peterson et al., 2011). According to Aasberg-
Peterson et al. (2013), a method to convert natural gas to products is by synthesis gas
with certain composition of reactants. For production of ammonia, the ratio is in range
of 3:1 mixture of hydrogen and nitrogen while for production of dimethyl ether the ratio
is in the range of 1:1 mixture of hydrogen and carbon dioxide. Besides that, catalyst and

catalytic process is also important in synthesis gas using natural gas as a feedstock.

Today, many researchers around the world very interested in the use of biomass as a
renewable energy. Source of biomass includes living organisms obtained from plant,
trees or animal material. Examples of biomass are wood chips, corn, and left over food
products like vegetable oils, animal fats that can produce biodiesel. The production of
hydrogen or syngas is becoming one of popular process for biomass as a feedstock

(Peres et al., 2011). The production of syngas can be performed by different processes



such as pyrolysis, gasification and reforming. Reforming includes steam reforming,
auto-thermal reforming, aqueous phase reforming and dry reforming which are recently
studied by researcher worldwide (Peres et al., 2011). In conclusion, syngas can be

produced by using biomass as a feedstock in order to reduce dependences of fossil fuels.

2.3 Glycerol: Biodiesel By-product as a Feed of Glycerol Dry Reforming

2.3.1 Biodiesel
Biodiesel derived from biomass is renewable, abundant and one of the major sources for

alternative fuels. Biodiesel is made from vegetable oil, animal oil or fats, waste cooking
oil and algal oils by transesterification reactions in the presence of catalyst or without
using catalyst. The transesterification process is the three steps reversible reaction of
triglyceride (fat/oil) with an alcohol such methanol to form fatty acid methyl ester and

glycerol. The general equation of transesterification reaction is shown in Eq. (2-1).

Triglyceride ~ + 3CH30s ™' 3R.C(OCH3)O + CsHs(OH)s (2-1)
—>
(Vegetable Oil)  (Methanol) (Methyl Ester) (Glycerol)

In biodiesel production process, oils with high free fatty acid (FFA) content will
undergo pre-treatement for example esterification for reducing the FFA level of oil and
then followed by transesterification reaction for converting fatty acid into fatty acid
methyl ester. Transesterification reaction produce two layers of product after the settling
process. The top phase is crude biodiesel while bottom phase is crude glycerol. Crude
biodiesel were then refined in order to produce acceptable biodiesel for biodiesel
industry. The article by Yang et al. (2012) described that, the increased biodiesel
production will increased the production of crude glycerol as biodiesel production
generated about 10 % (w/w) from total production of biodiesel as main by-products.
This is also indicated that every gallons of biodiesel is actually generates approximately
1.05 pounds of crude glycerol (Yang et al., 2012).



Pre-treatment of oils/fats
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Transesterification [4—— Methanol and KOH
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Figure 2-1: Illustration of the process flow diagram of biodiesel production process by
Silvey (2011)

2.3.2 Glycerol
Glycerol, known as glycerine is trihydric alcohols which are colourless, odourless,

sweet-tasting, syrupy liquid and one of the most widely available chemicals in the
world. It is also useful chemicals with many applications. Its melting point is at 17.8 °C
and boils with decomposition at 290 °C (Perry and Green, 1997). Lin (2012) stated that
glycerol is classified as natural glycerol or synthetic glycerol. Natural glycerol can be
derived from transesterification of biodiesel production and also through splitting of fats
by saponification in the production of soap while synthetic glycerol can be derived from
preparation of propylene oxide process. Based on report of Werpy et al. (2004),
saponification is found as the major market supply for glycerol for a few last decades,
however due to an increases of biodiesel production nowadays, glycerol produced from

transesterification process was quite large as well (Pagliaro and Rossi, 2010).

From the biodiesel market overview, the world biodiesel market is expected to reach 37
billion gallons in 2016 (Yang et al., 2012). As a result, the market of glycerol changes
rapidly as biodiesel production becoming a global supply. Lin (2012) stated that,
between 2010 and 2011, the price of glycerol in Asia market increases from US$520 to
US$640 per tonne in the first quarter of the year and the latest prices of refined glycerol
in 2012 were in range of US$838 to US$948 per tonne. This shows that, the prices of
glycerol is increasing every year. However, Lin (2012) also stated that the price of

glycerol, sometimes dropped in a certain year and this cause the price of glycerol is



difficult to be predicted for the future. According to Behr (2008), the large amount of
glycerol derived by palm oil from countries like Malaysia and Indonesia which are the
largest glycerol producers played a part in in the price falling of glycerol to 33 cents per
kilogram or less. Besides, most of companies produce glycerol have problem to purified
and eliminate it due to its high cost. This has led the market of crude glycerol is swamp.
Thus, biodiesel producers must find out value-added chemical uses for this glycerol to

make the biodiesel production more cost effective.

2.3.3 Uses of Glycerol
There are three types of alternatives process that used crude glycerol as a feedstock

which are purification, fermentation and synthesis gas process.

2.3.3.1 Purification
Crude glycerol can be refined into pure glycerol and then be used for cosmetic

industries, pharmaceutical and food industries. However, it is too expensive to perform.
Unrefined glycerol can be purified using distillation method. The crude glycerol
obtained from biodiesel production contain a large amount of contaminants include fatty
acid, soap, methanol and other degraded glycerine products. Therefore, purification of
crude glycerol by vacuum distillation has to be done to prevent degeneration of
glycerine (Xiao et al., 2013). Although vacuum distillation is widely used for purifying
glycerine to prevent degeneration of glycerine, the investment cost of vacuum
distillation unit is not reasonable for small to medium-scale biodiesel producers. This
can cause the production cost of biodiesel increases. Then, according to Ahmed and
Papadias (2010), as the production of biodiesel plant increased, market of pure glycerol
will oversaturated and the price of crude glycerol will dropped as well. Thus, instead of
purifying and selling the crude glycerol, biodiesel plant will have to pay to disposed it
(Silvey, 2011). In order to find alternatives ways to make biodiesel production more

cost effective and reliable it is important to find out the market for this crude glycerol.

2.3.3.2 Fermentation
Crude glycerol derived from biodiesel production can become a feedstock in

fermentation process for the production of chemicals such as lactic acid and citric acid.
Lactic acid is very useful in food and beverage sector as a preservative and pH adjusting
agent. It is used in the pharmaceutical and chemical industries, as a solvent and starting

material in the production of lactate ester. Besides that, lactic acid is also used as active



ingredient in personal care products such as moisturising, pH regulating and skin
lightning properties. In order to solve biodiesel cost issue, glycerol can be used as
carbon source for production of lactic acid using pellet-form fungus Rhizopus oryzae
NRRL 395. Vodnar et al. (2013) have studied on lactic acid production using pellet-
form Rhizopus oryzae NRRL 395 on biodiesel crude glycerol. They had used fed-batch
fermentation with crude glycerol, inorganic nutrients and lucerne green juice for the
process. In their studies, they found out the growth of fungal is good on crude glycerol
at 75 g I'* concentration with lucerne green juice supplementation of 25 g* and it also
can be conclude that amount of crude glycerol and lucerne green juice affect the L (+)-
lactic acid production. Besides, citric acid also has been used widely as flavouring agent
and is found in everything from candies and soda. It is also useful as an environmental
cleaning agent and antioxidant. In industrial application, citric acid is widely used for
making detergents while in pharmaceutical industry, citric is used as flavouring and
stabilizing agent in pharmaceutical preparations. Rywinska et al. (2009) conducted the
study on production of citric acid using acetate-negative mutants of Yarrowia lipolytica
with crude glycerol in fed-batch fermentation. The yield of the product were the highest
when Y. lipolytica Wrastislovia AWG?7 strain was used in the culture with crude
glycerol. Furthermore, with a medium containing 200 g/l of glycerol, production of

citric acid reached a maximum of citric acid which is about 139 g/l after 120 hours.

2.3.3.3 Synthesis Gas (Reforming)
Production of hydrogen which is also known as synthesis gas is a viable alternative to

improve economic viability of biodiesel industry and to increase the use of crude
glycerol. Hydrogen is clean energy source with many uses and expected to increases in
the future. In petroleum industries, hydrogen is used in order to remove sulphur while in
chemical industries, hydrogen is used to produces chemicals such as ammonia,
methanol and hydrochloric acid. Hydrogen is very useful in metal refining, food
processing and electronic manufacturing. Food industries use hydrogen to make
hydrogenated vegetable oils such as butter and margarine and welding companies use
hydrogen for welding torched for steel melting. Converting glycerol to hydrogen is also
considered as a renewable alternative to reduce dependences on fossil fuels (Peres et al.,
2011). There are several processes available for hydrogen and synthesis gas production

include pyrolysis, steam reforming, auto-thermal reforming, aqueous phase reforming
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and dry reforming (Lin, 2012). All this processes use crude glycerol as a feedstock for
synthesis gas production.

2.4 Process Routes for Glycerol Reforming

2.4.1 Pyrolysis
Pyrolysis is the process which can be done in two condition, one is the catalyzed

pyrolysis and another one is catalytic fast pyrolysis (Peres et al., 2013). Pyrolysis is a
simple process and cheap method for energy conversion. Glycerol pyrolysis is also
thermal decomposition process which occurring in the absence of oxygen. The process
is highly endothermic (Lin, 2012). This process also has high thermal efficiency, short
residence time and low CO. emission. There are two pathways involve for glycerol
pyrolysis, one with the presence of carrier gas and another one without the carrier gas.
Both processes produced hydrogen in a fixed bed reactor. According to Chaudhari and
Bakhshi (2002), they ran the pyrolysis process at 400°C and 500°C with flow rate
approximately 2 g/h. However, it was reported that the operation was quite difficult
without using carrier gas because of disposable solid waste (char) formation in feed
inlet. The glycerol pyrolysis reaction is shown in Eq. (2-2).

CaHsO;  C 3CO + 4H; (2-2)
(Glycerol) (Carbon Dioxide) (Hydrogen)

2.4.2 Steam Reforming
The process of steam reforming is the most widely used to convert glycerol to hydrogen

with the presences of catalyst. According to Adhikari et al. (2009), in steam reforming
process, the substrate is reacted with steam in the presence of a catalyst to generated
hydrogen, carbon dioxide and carbon monoxide. The process is highly endothermic and
low pressure favours the selectivity to hydrogen. The steam reforming process involves
combination of glycerol pyrolysis with water-gas shift reaction (i.e. reaction of water
with carbon monoxide) (Lin, 2012). However, steam reforming is reported has side
reactions which are methanation and carbon formation (Lin, 2012). On the other hand,
Cheng (2011) analysed that the steam reforming process is a mature techniques which
do not involve any complex control instrument. The equation for this process is shown
in Eq. (2-3).
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Catalyst
CsHsOs + 3H20 3CO. + TH> (2-3)
«—

(Glycerol)  (Water) (Carbon Dioxide) (Hydrogen)

2.4.3 Aqueous Phase Reforming
APR is a gasification process that transform glycerol in an aqueous phase without the

pre-vaporization (Davda et al., 2002). Step is performed in liquid phase under moderate
temperatures and pressures. The products of this process are hydrogen and carbon
dioxide. According to Cheng (2011), aqueous phase reforming can utilize low grade
purity glycerol as reactant and occurs at temperature below than 573 K in single
reaction. In addition, hydrogen can be extracted and purified from product stream of
CO2 and H: using pressure swing adsorption technology. Overall reaction of aqueous

phase reforming is shown in Eq. (2-4).

CsHsOs  +  3H20 Catalyst 3CO; +  TH (2-4)

(Glycerol) (Water) (Carbon Dioxide) (Hydrogen)

2.4.4 Auto-thermal Reforming (ATR)
Glycerol also can be converted to hydrogen via auto-thermal reforming (ATR) process.

ATR process is the combination of steam reforming and partial oxidation effects by
feeding fuel, air, and water together into reactor with the presence of catalyst. The
products of this reaction are carbon monoxide, carbon dioxide and hydrogen. Partial
oxidation process generates heat that can be utilized in the stream reforming process.
Davenhauer et al. (2006) have studied ATR to produce hydrogen via glycerol. The
process is actually not requiring any energy for reaction to take place. However, the
amount of H> generated from the ATR process would be less based on thermodynamic
studies (Sabri, 2013). They are four reactions involve for this process which are shown
in Eq. (2-5), Eq. (2-6), Eq. (2-7), and Eqg. (2-8).

Partial oxidation:

CsHgO3 + 20 Catalyst 3CO + 4H,0 (2-5)
—’ .
(Glycerol) (Oxygen) (Carbon Monoxide) (Water)
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Parallel steam reforming of glycerol:

CsHgOs  +  3H20 Catalyst 3CO, + 7H> (2-6)
(Glycerol) (Water) (Carbon Dioxide)  (Hydrogen)

Series water-gas shift reaction:

CcO + H,0 Catalyst CO + Haz (2-7)

_

(Carbon monoxide) (Water) (Carbon Dioxide)  (Hydrogen)

Overall reaction:

2C3HO3 +H0 + 20 Catalyst 5CO2 + 9H, + CO (2-8)
—_—
(Glycerol) (Water) (Oxygen) (Carbon Dioxide) (Hydrogen) (Carbon Monoxide)

2.4.5 Dry Reforming
Dry reforming process is a greener process and one of alternative route for syngas

production. In this process, the parameters that commonly being investigate are reaction
temperature, pressure, residence time, catalyst loading and carbon dioxide-to-glycerol
ratio. This process also believed to offer a better pathway for glycerol reforming (Siew
et al., 2013). Dry reforming process used glycerol and carbon dioxide as reactants and

produce hydrogen, water and carbon monoxide as by-products.
Dry reforming of glycerol for synthesis gas production reaction:

CsHgOs +  CO; Catalyst - 3n, +  4CO + H0 (299)

(Glycerol) (Carbon Dioxide) (Hydrogen) (Carbon Monoxide) (Water)

Lee et al. (2013), studied the dry reforming of glycerol using Ni-catalyst support as
catalyst. He developed cement clinker which comprised of 62% of calcium oxide
supported nickel catalyst with metal loadings of 5, 10, 15 and 20 wt%. In this research,

the reaction were conducted at 1023 K and they found that the H> and CO ratios
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obtained is less than 2. Siew et al. (2013) also conducted glycerol dry reforming process
over alumina (Al203) with non-promoted and lanthanum-promoted Ni catalysts. The
experiment was carried out at 873 K and it was reported that 2 wt% La-Ni/Al.O3 gave
the highest H. yield compared to other catalysts. Besides, 5 wt% La-doped catalyst also
showed poor performance due to excessive doping of La which resulted by
encapsulation of available active sites. In another work, Wang et al. (2009) has
conducted glycerol dry reforming and it was reported that, atmospheric pressure is
preferable for this process with the conversion of glycerol yielded to 100%. According
to same group of researchers, synthesis gas production via dry reforming able to
produce 6.4 moles of syngas per mole of glycerol.

2.5 Catalyst

Catalyst plays an important role in glycerol dry reforming and mainly used to increase
the reaction rate, increase the hydrogen selectivity and decrease the coke formation. The
most important factor that need to be focussed on selecting the best catalyst for this
process is the ability of catalyst to successfully reform glycerol. Most of studies have
focussed on steam reforming process and very few studies have been performed on dry
reforming process. According to Silvey (2011), it is important to select the best catalyst
based on high order of reactivity level. For steam reforming process, the order of
reactivity level of catalyst is (Ruthenium) Ru # Rhodium (Rh) > Nickel (Ni) > Iridium
(Ir) > Cobalt (Co) > Platinum (Pt) > Palladium (Pd) > Iron (Fe) (Hirai et al., 2005). A
good catalyst should have high activity for C-C and O-H bond cleavage. Good
reforming catalyst are mostly from group VIII transition metals which have excellence
properties of tensile strength and rigidity includes Pt, Pd, Ni, Ir, Ru, Fe and Co (Davda,
2005). Cobalt is a non-noble metal which is widely used in reforming process. As
outlined by Llorco, (2002), Song, (2007), and Moura, (2012), cobalt catalyst has been
discovered to provide similar activity to noble metal catalysts in the C-C bond cleavage
even at low temperature. This has been proved by Zhang et al., (2007) where they
revealed that Co-supported CeO2 was active in glycerol steam reforming process as
resulting complete glycerol conversion and 88 % hydrogen selectivity with low values
of Co and CHa.

Noble metal catalysts such as Pt and Pd plays a crucial role in the production of

hydrogen. However, many researchers indicates that, Pt and Pd are effective catalyst,
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but there are very expensive. This can increase the production cost of hydrogen. The
usage of base metal catalyst, such as nickel is thousand times less expensive than Pt and
Pd. Nickel has most widely used catalyst in steam reforming process and also in dry
reforming process for production of hydrogen. Nickel has high activity for C-C and O-
H bond cleavage. Also, nickel is successful at making H atoms bond to form molecular
H>, because it has hydrogenation. Moreover, Ni catalyst able to make production of

hydrogen from glycerol more cost effective due to its low cost.

Still, Ni catalyst also undergo severe deactivation due to coke formation. Pakhare and
Spivey (2014), have studied on dry reforming of methane over noble metal catalyst and
they found that noble metal catalysts are typically found to be much more resistant to
carbon deposition than Ni catalysts, but are expensive compared to Ni catalyst. Hence,
developing and improving the catalyst which can increases hydrogen production is very
necessary. For this present study, nickel and cobalt are decided to be used and tested in
glycerol dry reforming process. In order to increases the economic feasibility of
synthesis gas production, the nickel and cobalt catalyst is used with supported by oxides
to avoid carbon deposition. The suitable choice of supported material and promoter is
important to avoid coke formation. Table 2-1 and Table 2-2 below shows the catalysis

studies in glycerol reforming process that have been studied before.
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Table 2-1: Glycerol reforming process over Ni-based catalyst supported by oxides

Entry Process Active Support T(K) S/C ratio Space X Stz or Yz (%) Reference
Phase Velocity glycerol
(%)
1 Steam Ni TiO,, MgO, 873 4 N.c. 60-100 Sto=28-75 Adhikari et al. (2008)
Reforming CeO;
2 Aqueous Phase Ni Mg, Zr, Ce, 873 33 25ht 100 Sh2=60-70 Iriondo et al. (2008)
Reforming and or La-
Steam doped
Reforming Al,Os
3 Steam Ni Al,O3 1073 0-0.3 1.35-5.4 h?! 100 Sr2>90 Valliyappan et al. (2008)
Gasification
4 Steam Ni Al,O3 673-973 3 15x10°mL  60-100 Shz2 = 40-80 Dou et al. (2009)
Reforming gcatth?
5 Steam Ni CeOy, 773-873 46 7.7ht 25-100 Y2 =30-90 Iriondo et al. (2010)
Reforming Al;0O3 and
Ce-doped
Al;03
6 Steam Ni ZrO; 850-923  2-3 1.5x10%h? 100 Stz = 64-95 Wang et al. (2010)
Reforming
7 Steam Ni Al203 723-823 1.1-4 15x10*-4.2 54.2-79.8 Spup=92-137 Cheng et al. (2011)
Reforming x 10° mL geat
lh—l
8 Steam Ni v- Al,O3 873 8 1.8x10°mL  70-100 Yh2> 90 Choi et al. (2011)
Reforming gcatth?
9 Dry Reforming Ni Cement 1023 N.c. 3.6x10*mL  46-76 Y h2 =29-66 Lee etal. (2014)
clinker gcatth?
10 Dry Reforming Ni La-doped 873 N.c. 3.6 x 10 mL <96 YH2<2.0 Siew et al. (2015)
Al,O4 gcatth’?

N.c.: not communicated. X glycerol (%): glycerol conversion. S/C ratio: steam-to-carbon ratio. Yy: H yield. Suo: Hy selectivity
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Table 2-2: Glycerol reforming process over Co-based catalyst supported by oxides

Entry Process Active Support T(K) S/C ratio Space X glycerol Stz Or Y2 Reference
Phase Velocity (%) (%)
1 Steam Co La,03 773-873 3.3 5.4 x 10° ml 29.2-93.4 Ywz2=23-72  Hirai et al. (2005)
Reforming gcatth?
2 Steam Co Ce0O, 698-823 N.c 1.1 x 10 ml 100 SH2=88-93  Zhang et al. (2007)
Reforming gcatth?
3 Steam Co-Ni Al,Os 773-823 1.1-4 5.0 x 10* ml N.c Stz ~ 65 Cheng et al. (2010)
Reforming gcatth?
4 Steam Co Al,O3 723-823 1.1-4 2.4 x10%1.0 10-70 Sw2=60-70  Cheng et al. (2010)
Reforming x10*ml gcat”
1h—1
5 Steam Co-Ni 773-1123 1-3 N.c 100 Yh2>90 He et al. (2010)
Reforming hydrotalc
ite
6 Agueous Phase Ni-Co v-Al,O3 493 N.c N.c. N.c Yu2=40-65  Luo et al. (2010)
Reforming (Ce
promoted)
7 Supercritical Co Zr0,, YSZ, 723-848 N.c N.c 94 Yh=3.72 Pairojpiriyakul et al. (2013)
water reforming Lax0s, y-
Al;Og, a-
Al,O3

N.c.: not communicated. X glycerol (%):

glycerol conversion. S/C ratio: steam-to-carbon ratio. Ywz: H yield. Suz: Hz selectivity. YSZ:yttria-stabilized zirconia.
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2.5.1 Catalyst Support
A catalyst support usually a solid with high surface area. Most of steam reforming and

dry reforming studies used catalyst support such as lanthanum oxide (La203), alumina
(Al203), cerium oxide (CeO.), magnesium oxide (MgO), titanium oxide (TiO2) and
silica (SiO.), to avoid carbon deposition. Based on Adhikari et al. (2009) research, they
used TiO2, MgO and CeO> to support Ni in steam reforming process. From their studies,
they found that Ni/CeO> produce highest conversion of hydrogen compared to Ni/MgO
and Ni/TiOz. According to Silvey (2011), CeO. and MgO have tendencies to avoid coke
formation due to their basic nature. In addition, based on Davda et al. (2005), they have
tested 10 different supports for Pt by aqueous phase reforming for production of
hydrogen. They have reported that, TiO> shows highest hydrogen yields followed by
carbon and Al>Os. Silicon oxide (SiO2) was found to have poor performance in the
aqueous phase reforming process. Alumina is also considered as a good support because
it has high surface area which provide a higher metal dispersion. Besides, alumina have
a good mechanical and chemical resistance (Alberton et al., 2007). Siew et al. (2013)
used alumina as supported material of Ni and from their studies, the 2 wt% La-Ni/Al>O3
gave the highest hydrogen yields as compared to Ni/Al203 1 wt% La-Ni/Al,O3 and

calcined alumina due to smaller crystallite size and larger BET surface area.

Importantly, as outlined by Zhang et al. (1996), Sun et al. (2005) and Carrara et al.
(2008) La20s is one of the supporter that provide good advantage in reforming process
as it provides efficient performance for hydrogen production in several studies.
Fatsikostas et al. (2002) investigated ethanol steam reforming by using Ni-supported by
La203, y-Al203, YSZ and MgO. From their studied, Ni/La2Os showed an excellent
performance with high activity towards hydrogen rich gas and higher stability compare
to Ni/ y-Al203, Ni/YSZ and Ni/MgO. Furthermore, Zhang et al. (1996), Sun et al.
(2005), Carrara et al. (2008) and Tsipouriari & Verykios (1999) also decribed La203 is
acted as a dynamic oxygen pool in reforming process over Ni/La203. On the other hand,
according to Carrara et al. (2008), fast deactivation from carbon formation also was not
found when La,O3 was employed in methane reforming as it is due to lanthana
participated in cleaning the catalyst surface which reacted with carbon formed in
methanation. Thus, it is practically and theoretically had proven that, La;Os is one of
good supporter catalyst and it is recommended to be tested in glycerol dry reforming.
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However, only a several researcher had investigated glycerol dry reforming process
over based catalyst supported by La,Oz. As a conclusion, La2Os is chosen in this present
study as supported catalyst of Ni and Co to be tested in glycerol dry reforming for

further experimental investigation.

2.5.2 Promoter of Catalyst
It is known that performance of supported catalyst can be improved by an addition of

catalyst promoter. Besides, good choices of promoter catalyst could also maximize the
hydrogen production and lead to an improvement in catalyst activity and stability in
glycerol reforming process. Various promoter have been tested with metal-based
catalyst to decrease carbon deposition and prolong the life of catalyst. According to
Siew et al. (2013), promoter, La>Oz practically ensures lesser carbon deposition,
improves catalyst sintering and also increase surface area of supporter catalyst like
aluminium oxide (Al>Oz). Furthermore, acidic catalyst supports, Al.O3 can promote side
reactions during steam reforming process. In order to control the density of acid sites in
these support, promoter such as cerium oxide (CeO2) and lanthanum oxide (La2O3) is
one of possible alternative to solve this problem (Montini et al., 2010). In addition,
according to Sharma (2013), CeO- also reported to be good promoter in methane dry
reforming reaction at intermediate temperature. Still, CeO2 can cause side reactions that
cause changes at surface site. Based on Fatish et al. (2012) research, they found that Zr
promoter enhanced the gasification of formed carbon while the study of SanJose'-
Alonso et al. (2011) revealed that the addition strontium as promoter could prevent the
catalyst from carbon deposition. Alternatively, Yu et al. (2012) studied the effect of
strontium as a promoter on the catalytic performance of Co/Al>O3 catalyst for partial
oxidation of methane. They found that the performance was greatly enhanced the
catalyst activity and stability. In conclusion, catalyst performance can be improve either

choosing suitable strong metal support for catalyst or addition of promoter to catalyst.
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3 MATERIALS AND METHODS

3.1 Introduction

This chapter provides information and application on chemicals and gases used during
catalyst preparation and dry reforming experimental work. It also includes theoretical
and procedures of catalyst preparation by impregnation method and catalyst
characterization instruments in detail. Lastly, detail description on dry reforming

experimental work was also presented in this chapter.

3.1.1 Chemicals
Glycerol (Fisher Scientific, 99.95% purity, liquid), nickel (Il) nitrate hexahydrate

(Acros Organics, 99%, powder), cobalt (11) nitrate hexahydrate (Sigma Aldrich, 98%,
powder) and lanthanum (I11) oxide (Acros Organics, 99.99%, powder) was employed
for this work. Glycerol is used as a feedstock in dry reforming, nickel powder and
cobalt powder as based catalyst whereas lanthanum oxide were used as a catalyst
support. The list of gases used in this research are carbon dioxide (CO) and nitrogen
(N2). All this gases were provided by Faculty of Chemical and Natural Resources
Engineering Laboratory, Universiti Malaysia Pahang. Carbon dioxide is used as
reactants of dry reforming process and nitrogen gas is used as reforming agent carrier

gas for the glycerol dry reforming process.

3.2 Catalyst Preparation

5 wt % Ni/La;03, 10 wt % Ni/La203, 15 wt % Ni/La203 and 10 wt % Co/La,O3 was
prepared by wet impregnation method. Initially, La,Oz support from Acros Organics
was calcined at 1073 K for 6 hours in a Carbolite furnace. Nickel powder was weighed
and filled in the beaker with deionized (DI) water. After that, an accurately weighted
calcined La2O3 was mixed with Ni(NO3z)2.6H20 aqueous solution and then magnetically-
stirred for 3 hours. Then, the slurry was dried overnight in an oven at 383 K for 12
hours to remove excess water. The product was crushed and calcined again for 6 hours
at 1073 K. It was then cooled down and sieved to a particle size of 90-200 um for
characterization and reaction studies. The procedures was repeated for 10 wt %
Co/La20:s.
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3.3 Catalyst Characterization

The catalyst were undergo the characterization analysis using Scanning Electron
Microscopy (SEM), Brunauer-Emmet-Teller (BET), X-Ray Diffraction (XRD) and
Fourier Transform Infrared Spectroscopy (FTIR). The surface structure of catalysts
were determined by SEM, specific surface area of catalyst is obtained from BET and
crystalline structure of catalysts were obtained from XRD analysis. Then, FTIR was
also performed to obtain the functional group of catalysts.

3.3.1 Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) is performed on catalyst to analyse the catalyst

morphology. The surface structure of the catalysts were captured by using Scanning
Electron Microscopy (SEM) unit JOEL.JSM- 7800F model. The analysis was carried at
3kV with 10,000 x magnification.

Figure 3-1: Scanning electron microscopy (SEM)
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3.3.2 Bruanauer-Emmett-Teller (BET)
Brunauer-Emmett-Teller (BET) analysis was carried out using Thermo-Scientific Surfer

to determine the specific surface area of the calcined catalysts. In the analysis, liquid N>
with a cross-sectional area of 16.2 A? was used as the adsorbate at temperature 77 K.

Temperature ramping for this analysis is 573 K.

Figure 3-2: Bruanauer-Emmett-Teller (BET)

3.3.3 X-ray Diffraction (XRD)

X-Ray Diffraction (XRD) analysis was conducted using Rigaku Miniflex Il to obtain
crystalline structure of the catalysts. This analysis was carried out using CaKa radiation
(L = 1542 A° at 15 mA and 30 kV. The scan rate was 1° min~! for values between
26 =10° and 80°.
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Figure 3-3: X-ray Diffraction (XRD)

3.3.4 Fourier-Transform Infrared Spectroscopy (FTIR)
Fourier Transform Infrared Spectroscopy (FTIR) was also performed for this study to

obtain the functional group of the catalysts. Infrared spectra for each catalyst were

measured at wavelength range from 1000 to 4000 cm™.

Figure 3-4: Fourier-Transform Infrared Spectroscopy (FTIR)
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3.4 Dry Reforming Experimental Work
Figure 3-5 shows a schematic diagram of the apparatus used for glycerol dry reforming
for syngas production. In this experiment, 0.2 g of catalyst powder is weighted

accurately and placed into the tubular reactor supported with quartz wool inside it.

Glycerol
Thermocouple
Glass wool
Electric furnace
Quartz wool
Catalyst bed
Reactor

Figure 3-5: Schematic diagram of reactor

Figure 3-6 below shows the schematic diagram of glycerol dry reforming process. The
glycerol dry reforming was carried out using 0.2 g of catalyst in a stainless-steel fixed
bed reactor (ID = 0.95 cm; length 40 cm) under a pressure of 1 bar. Volume ratio of
CO2 to glycerol is 1:1. Glycerol which was delivered by HPLC pump is flow downward
through the reactor at fixed temperature, 973 K. The reactor was positioned at the centre
of the furnace and glass wool also placed at top and bottom of the furnace to minimal
heat losses. Flow of nitrogen gas to the reactor was set at 0.1 L/min flow rate at 1 bar
while flow of carbon dioxide gas to the reactor was set at 9.9 ml/min at 1 bar. Reactor
outlet gases were passed through a condenser flask for liquid products capture and then
over a silica gel flask to absorb moisture. The exit gas was collected into a gas sampling

bag. Product stream flow rate was measured using a bubble meter. The composition of
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syngas produced was determined using online Agilent gas chromatography (GC) with
TCD capillary columns, HP-MOLSIV (Model No. Agilent 19095P; 30.0 m X 530 um X
50.0 um) and HP-Plot/Q column (Model No.Agilent 19095-Q04; 30.0 m X 530 um X
40.0 um).

Reactor ‘ t § ) Ghecerol
=

HPLC Pump

Bubble meter

Flow controller

(=)

| |
i

Condensed liquid flask

Figure 3-6: Schematic diagram of dry reforming experimental work

3.5 Product Analysis

The products from the reactions of glycerol dry reforming were determined using
Agilent gas chromatography (GC) with TCD capillary columns, HP-MOLSIV (Model
No. Agilent 19095P; 30.0 m X 530 um X 50.0 um) and HP-Plot/Q column (Model
No.Agilent 19095-Q04; 30.0 m X 530 um X 40.0 um) under an oven temperature of
393K. The TCD will detected and analysed the gases products such as N2, Hz, CO, CHg,
CO: and higher level hydrocarbons. For this research, performance of the glycerol dry

reforming will investigated based on hydrogen yield and also the glycerol conversion.
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Figure 3-7: Agilent Gas Chromotography-Mass Spectrometry (GC-MS)
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4 RESULTS AND DISCUSSTIONS

4.1 Overview

This chapter presents the characterization results and reaction study of glycerol dry
reforming. There were five catalysts involve in glycerol dry reforming, i.e. calcined
La203, 5 wt% Ni/Laz03, 10 wt% Ni/Laz0s, 15 wt% Ni/La;Os and 10 wt% Co/La20s.
The characterization of the catalysts was conducted by using Bruanauer-Emmet-Teller
(BET), X-Ray diffraction (XRD), Scanning electron microscopy (SEM) and Fourier-
transform infrared spectroscopy (FTIR). Reaction study which focussed on hydrogen

yield and glycerol conversion were also discussed in this chapter.

4.2 X-Ray diffraction (XRD) analysis

Figure 4-1 presents the XRD pattern for all calcined catalysts. From the diffraction
spectra of calcined La>Os, well defined peaks for lanthanum hydroxide species are seen
at 20 = 15.61°, 27.26°, 27.95°, 31.47°, 35.84° 39.45° 42.20° 47.07°, 48.64°, 55.20°,
63.88° and 77.57°. Importantly, the peak of lanthana after impregnation with nickel
resulting in Ni/La203 has shifted to the lower 20. The results are in agreement with the
result reported by Zangouei et al., (2010) where this is probably happen due to diffusion
of NiO into the support to form Ni/La2Os phase. The very weak appearance of La>O3
peaks in diffractograms of the Ni/La2Os suggests a very fine dispersion of La>Os on
NiO. Diffraction lines corresponding to NiO species were undetectable in 5 wt%, 10
wit% and 15 wt % Ni/La20s. This shows that NiO species are either incorporated into
pore network of La»Os, highly dispersed on the surface as amorphous phases
contributing to undetectable crystallites or they coincide with the support peaks. This
findings were in an agreement with the results reported by Thyssen et al. (2013) and
Mazumder & Lasa, (2014).

Interestingly, La,O3 species that exists in 10 wt% Ni/La;O3 and 15 wt% Ni/La;03 was
undetectable from XRD analysis. This is most probably due to an increase in level of
La>O3 dispersion in the sample of higher percentage of Ni. According to Lucrédio et al.
(2007), finely-dispersed La>Os is practically ensures lesser carbon deposition, increase
surface area and improve catalyst sintering. In addition, the major amounts of La

supporter peak incorporated indicate formation of smaller crystallite that confirm the
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accessibility of active catalytic area (Siew et al., 2013). On the contrary, the profile of
Co-based catalyst displays additional peaks compared to the profile of La>O3 supports
with new peak appealing 20 = 23.42°, 33.18°, 40.86° and 47.75° showing the formation
of Co304 phase in the system resulting larger Co crystallite form, hence lower metal

dispersion as compared to 10 wt% Ni/La>03 and 15 wt% Ni/La20:s.
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o .
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vy — 0 .
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Figure 4-1: XRD patterns of catalysts

4.3 Scanning Electron Microscopy (SEM)

Surface morphology of catalyst is illustrated in Figure 4-2. From the SEM images, it
can be observed that the morphology of the particle is different for calcined La20s, 10
wit% Ni/La;03 and 10 wt% Co/La20s. It can be observed from Figure 4-2, the calcined
La,O3 shows one kind of morphology which indicates as La>O3 support however 10
wt% Ni/La;O3 and 10 wt% Co/La,O3 shows different kinds of morphology which
contains small and larger size of particles. The larger size of particles in 10 wt%
Ni/La203 indicates as nickel species which are accumulated on the surface of La>Os
support. The surface morphology of 10 wt% Ni/La,O3 catalyst also shows some
crystallite particles with small diameter covered the lanthanum oxides support
consistent with XRD result. On the contrary, the surface morphology image of 10 wt%
Co/La;03 shows large particles and is the likely significant agglomeration of

crystallites.
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Figure 4-2: Surface morphology of a) calcined lanthanum, b) 10 wt% Ni/La>Os and
¢) 10 wt% Co/La,03

4.4 Bruanauer-Emmett-Teller (BET) analysis

The BET isotherms in Figure 4-3 show similar hysteresis indicative mesoporous
structure of 10 wt% Ni/La>Os. From the N physisorption result, it was found that BET-
specific-surface area of 10 wt% Ni/La2Oz is higher compared to 10 wt% Co/La20s.
Morever, the cumulative pore volume of 10 wt% Ni/La20s is higher compare to 10 wt%
Co/La20s. This finding indicates that smaller nickel species crystallite has led to a
higher surface area as verified by SEM images shown in Figure 4-2. Besides, the
surface area of 10 wt% Co/La>03 smaller as compared to 10 wt% Ni/La>Os because the
pores on the lanthanum oxide support was covered by nickel species crystallites. Table
4-1 below shows the BET results of 10 wt% Ni/La203 and 10 wt% Co/La20:s.
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Table 4-1: BET analysis

10 Ni/La203 10 Co/La203
- g 2 -
BET specific sulr)face area (m* g 98.99 13.032
Cumulative pore volume (m® g?) 0.0574 0.0211
10 wt% Ni/La203 Isotherm
70
60
— 50
bo
mE 40
= 30
o
- 20
10
0
0 0.2 0.4 0.6 0.8 1 1.2
p/pPo
10 wt% Co/La>03 Isotherm
60
50
=40
bo
£ 30
E 20
10
0
0 0.2 0.4 0.6 0.8 1 1.2
p/pPo

Figure 4-3: BET isotherm of catalysts
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4.5 Fourier-Transform Infrared Spectroscopy (FTIR) analysis

The surface chemical bonding of fresh calcined catalyst was analyse by FTIR and the
resulting FTIR spectra is presented in Figure 4-3. Based on Figure 4-3, it can be seen
that the sharp peaks at 3609 cm-1 for all catalyst is a signal of O-H group that
increasing with Ni loading which indicates interaction of hydroxyls groups or
chemisorbed water on lanthanum support by hydrogen bonding (Lei & Zhang, 2002). In
addition, according to Kapteinjn et al. (1994), this is probably due to Ni metallic oxide
species decrease the surface hydration degree on La,Oz, causing intensity decrease of
the peak when precursor loading increased. However, the peak at 3609 cm™ for 10 wt%
Ni/La2Oz is higher compare to other catalysts which is may be possessed higher surface
area and this observation also may be related to the changes in the hydration degree or
metal induced hydrophilicity of the catalyst’s surface (Siew et al., 2014). Interestingly,
a small band from 3406 cm™ to 1376 cm™ was displayed at Co/La,03 and invisible with

other catalyst and it is mainly attributed to CosO4 species.
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Figure 4-4: FTIR spectra of catalysts

4.6 Reaction studies

Figure 4-5 shows the result comparison for glycerol dry reforming using different Ni
loading supported on La,O3. The reaction was conducted at 973 K for the duration of 3
hours (180 min). From the results, it can be seen, 10 wt% Ni/La>O3 shows the most
convincing result as compared to others. At time of 90 min, 10 wt% Ni/La>03 gave the
highest H> yield of 11.8 % while calcined La.O3 only produced 1.7 %. It is also can be
observed that 5 wt% Ni/La>O3 showed poorer performance compared to 10 wt% and 15
wt% Ni/La;Os3 catalysts. It was shown that the addition of Ni in catalyst helps to

increase the performance of catalyst.

32




Figure 4-7 shows the comparison between cobalt and nickel as a based catalyst. 10 wt%
Co/La20s3 yielded lower H, as compared to 10 wt% Ni/La>Os. Therefore, it was proven
that the performance of H» yield influenced by the type of based catalyst used. As
foregoing, it may explained that Ni/La2Os catalyst demonstrated excellences
performance due to high activity towards hydrogen rich gas and great stability. As
outline by (Pairojpiriyakul et al., 2013), the improved stability is happen as a result of
the scavenging of carbon formation on the Ni surface by intermediate formation of
La20.CO3 (La203 + COy). Besides, based on Zhang et al. (1996) and Tsipouriari et al.
(1999), they also described that La>Os support is acted as active oxygen pool in
reforming process over Ni/La,Oz catalyst. In addition, the Ni catalyst have high
reactivity level compared to Co catalyst (Hirai et al., 2005). This have been proven

Ni/La.O3 is more effective in producing hydrogen compared to Co/Laz0:s.

Figure 4-6 and Figure 4-8 illustrate the conversion of glycerol versus time for different
catalysts. From the graph, it shows that the H. yield and glycerol conversion decreased
in the order 10 wt% Ni/La,0O3 > 15 wt% Ni/La,O3 > 10 wt% CO/La203 > 5 wt%
Ni/La2O3 > calcined La>Oz. Both H> yield (11.8 %) and glycerol conversion (18.6 %)
for 10 wt% Ni/La203 show the highest as compared to other catalysts. This can be
supported by XRD and BET results where 10 wt% Ni/La,O3 have smaller crystallite
structure and high surface area which can contribute to accessibility of active catalytic
area. Besides, higher percentage of Ni (>10 wt%) in the catalyst could cover the active
sites of the catalyst resulting 15 wt% Ni/La>O3 yielded lower H; as compared to 10 wt%
Ni/La20s.
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Figure 4-6: Conversion of glycerol versus time (min)
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4.7 Summary

Ni and Co catalyst supported by La>O3 have been investigated in glycerol dry reforming
and successfully produced hydrogen. From the results, 10 wt% Ni/La>Oz gives the
highest H, yield and glycerol conversion as compared to calcined La;Os, 5 wt%
Ni/La203, 15 wt% Ni/La203 and 10 wt% Co/La203, mounted to 11.8 % yield and 18.6
% conversion respectively. It may be explained due to high activity of 10 wt% Ni/La203
towards hydrogen rich gas and great stability. Characterization analysis of XRD and
BET results also revealed that 10 wt% Ni/La.O3 catalyst have smaller metal crystallite
size which provide higher metal dispersion and larger surface area which is also proved
by SEM analysis. In conclusion, this experimental work have suggested glycerol dry
reforming process over 10 wt% Ni/La;O3 is very promising process with transient

catalytic stability of at least 90 min of reaction.
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5 CONCLUSION

5.1 Conclusion

Carbon dioxide (CO) dry reforming of glycerol for hydrogen production using
Ni/La;03 and Co/La2Os has been successfully investigated. Characterization of fresh
catalysts including calcined La;Os, 5 wt% Ni/La;03, 10 wt% Ni/La203, 15 wt%
Ni/La203 and 10 wt% Co/La>03 has been carried out using Bruanauer-Emmett-Teller
(BET), X-Ray diffraction (XRD), Scanning Method (SEM), Tragivametric analysis
(TGA) and Fourier-transform infrared spectroscopy (FTIR). Catalyst characterization
provided information on physiochemical properties of catalysts. The information was
used to find out relationship between performance of catalysts and its physical and

chemical properties.

Glycerol dry reforming experimental work was successfully carried out using Ni/La2O3
and Co/La20s in a fixed bed reactor at 700 °C, 1 atm and CO.: glycerol of 1:1. The
experiment was carried out and it was found that 10 wt% Ni/La2Oz gives highest Ha
yield and glycerol conversion as compared to calcined La,O3 5 wt% Ni/La203, 15 wt%
Ni/La203, and 10 wt% Co/La>03 that peaked at 11.8 % and 18.6 % respectively. From
this reaction studies, it was proven that the performance of H> yield influenced by the
type of based catalyst used. 10 wt% Ni/La2Os catalyst demonstrated excellences
performance due to high activity towards hydrogen rich gas and great stability. This is
also can be supported by XRD and BET results where 10 wt% Ni/La>O3 have smaller
crystallite structure and high surface area which can contribute to accessibility of active

catalytic area.

5.2 Recommendation of Future work
The following are the recommendation suggested for future work.

5.2.1 Catalyst Preparation
o Different catalyst preparation method could be conducted such as incipient

impregnation, sequential impregnation and other catalyst preparation, e.g. sol-

gel and solution-precipitation.
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5.2.2 Glycerol Dry Reforming Reaction
e Further work is necessary to compare the performance of Ni/La;Os with

different promoter, e.qg. silver, platinum or cerium.
e An extensive study could be carried out to improve hydrogen yield in glycerol
dry reforming reaction by investigating the effect of reaction temperature,

catalyst loading and feed mole of ratio of glycerol to CO..
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APPENDIX A

Calculation for Preparing of Catalyst

Al Preparation of catalyst using wet impregnation method

Table A1 Molecular weight of sample

Materials

Molecular weight, MW (g/mol)

Nickel nitrate hexahydrate, Ni (NO3)s. 6H20
Nickel, Ni
Cobalt nitrate hexahydrate, Co (NO3)z. 6H20

Cobalt, Co

290.7950

58.69

291.03

58.69

Catlayst Type =5 wt % Ni/La203

Basis = 10 g of catalyst

Amount of La203 needed = % X 10 g

=95¢

Amount of Ni (NOg)26H20 = — x 10 g X

=25¢

250.7950
5B.69
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The calculated amount of sample and water are summarised in Table A2:

Table A2: Catalyst Preparation Recipe

Component Amount
La,03 95¢g
Ni (NO3)2.6H20 259
Deionized water 30 ml
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APPENDIX B

Calculation of Glycerol Dry Reforming Analysis

B1 Reaction condition

The reaction temperature = 973 K
Pressure = 1 bar

Reaction time = 3 hours

Inlet glycerol = 0.03 ml/min

COz inlet = 9.96 ml/min

N2 inlet = 100 ml/min

Total outlet flowrate = 120 ml/min
Volume =20 ml

Catalyst Weight =0.2 ¢

Ratio of CO; : C3HgO3 = 1:1

The performance of the catalyst is presented here in terms of H> yield, H2 conversin and

CO yield in the gaseous phase. Based specifically on the follwing reaction equation:

CsHgOs (g) + CO2 (9) ——>8H2(g) + 4CO0 (g) + + H20(g)

The step calculation is given as below:

B2 Area of the sample

Average flow rate = 116.8683 ml/min (sample for calcined La>Oz3)

Inlet glycerol = 0.00040721 mol/min

The standard area for each component is given as follow:

Components Area Mol (%)
CO2 67.18 0.1017
H2 73.517 10.03
CH4 40.419 0.1017
CO 53.315 0.1018
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B3 Mole (%) of sample

Area of sample

Area std x mol (0)sed

Mol % =

B4 Composition of outlet sample

Outlet flow rate of composition (ml/min) = molar (%)x Average flow/100

Outlet molar flow rate in mol/min

PV =nRT
PV

n=—
RT

Where P = 101325 kPa
R=8.314 J/mol.K
T=298 K

B5 Rate of Formations (mol/g.s)

Molar flowrate

r=
Catalyst weight x 60

B6 Conversion of Glycerol

2FH2+4 F CH4

Glycerol Conversion (%) = o F C3HB02 X 100%

Where FH; is the number of mole flow rate (mol/min)

B7 H, Yield

. 2nH2
Yield (%) = Rp— X 100%
n
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