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ABSTRACT

4781002063:  Petrochemical Technology Program
Somsak Thaicharoensutcharittham: Catalytic Upgrading of Pyrolytic
Oil Using CeO»-ZrO2 Mixed Oxide Catalysts.
Thesis Advisors: Asst. Prof. Boonyarach Kitiyanan, Assoc. Prof.
Pramoch Rangsunvigit, Assoc. Prof. Thirasak Rirksomboon, Assoc.
Prof. Vissanu Meeyoo 113 pp.

Keywords: Methane/ Acetic acid/ Ethanol/ Acetone/ Hydrogen production/

Nickel/ Ceria-Zirconia/ Cobalt/ Potassium

Bio-oil produced from biomass is a mixture of oxygenated compounds
including acids, alcohols, ketones, esters, ethers, aldehydes, phenols, and derivatives,
as well as carbohydrates, and a large proportion (20-30 wt.%) of lignin-derived
oligomers. One possible application of bio-oil being considered is converted to
hydrogen by steam reforming. This thesis is to reports the development of catalyst
for hydrogen production of steam reforming reaction over Ni supported on CeO»-
Zr0». Acetic acid, ethanol and acetone are used as a model of bio-oil. It was found
that the Ni/Ceo.75Zr0250 exhibits an excellent activity for an acetic acid steam
reforming comparing to Ni/MgO and Ni/AlxO;. This is due to good redox properties
of Ceo.75Z10.2502. Moreover, by adding potassium over Ni/Ceo.75Zr02502 catalyst is
able to modify NiO phase from a rhombohedral to a cubic phase, resulting in the
improvement of catalytic properties of the Ni/Ceo 75Zro2502 catalyst. The presence
of K species, can also suppress carbon deposition. For the Co/CeixZrxO> catalysts
exhibit excellent activity for steam reforming of acetone. The catalytic steam

reforming of acetone occurs on both mixed oxides supports and metal phases.
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CHAPTER |
INTRODUCTION

1.1 Significance of Research

Biomass has been recognized as a major renewable energy source due to
three main reasons. First, it is renewable and sustainable. Second, it appears to have
positive effect to environment since there is no net release of carbon dioxide (CO»)
and very low sulfur content. Third, it appears to have significant economic potential
comparing to increasing cost of fossil fuel (Ozcimen et al., 2004; Jefferson et al.,
2006; Cadenas et al., 1998).

Pyrolysis is one of the alternatives to be considered for conversion of
biomass to fuels and other chemicals. Pyrolysis processes of biomass at moderate
temperatures (380-600°C) yield gas, liquid, and solid fractions. The liquid or
pyrolytic oil is a mixture of organic chemicals with water. The process conditions can
be optimized to maximize the production of this product depending on a specific
application (Inguanzo et al., 2002). Pyrolytic oil, frequently called bio-oil, is a
complex mixture, whose major components are oxygenated compounds such as
alcohols, acids, aldehydes and ketones, as well as more complex carbohydrates and
lignin derived materials (Zhang et al., 2005). This bio-oil can be reformed as a whole
or separated by water extraction in two fractions: an organic fraction with lignin
derived materials that can be used for the production of more valuable products
(Garcia et al., 2000; Jindarom et al., 2007), and a water soluble fraction that can be
catalytically steam reformed. The steam reforming of bio-oil presents significant
difficulties, especially in terms of carbonaceous deposits (i.e., coke formation).

Complete steam reforming is described by the following reaction:

C.H.O, +(2n—k)Hzo<—>ncoz+(22”+:”)H2 (1)

Note that the yield is also influenced by the water gas shift reaction (Eq. (2))

depending on the conditions of the reaction:



CO +H,0«—CO, +H, (2)
Due to the high temperature of this reaction, it is likely that partial thermal

decomposition (Eq. (3)) and Boudard reaction (Eq. (4)) can occur simultaneously:

C.H, O, «—CH,0, +gase¢H,,H,0,CQCQ,CH,,...)+coke (3)

200 «——>C0, +C 4)

Carbon formation is one of the major problems in the reforming reaction.
Fundamentals of carbon formation as well as strategies for its minimization have been
thoroughly discussed in the literature (Trimm, 1997 and Jens, 1997). The most
significant factor is the ratio of carbon in the feedstock to steam. It is also known that
carbon formation increases with unsaturation, molecular weight, and aromaticity of
the feed. Two strategies can be employed to decrease carbon deposits on the catalyst.
The first one is based on enhancing steam adsorption on the catalyst with the
objective of gasifying any carbon or carbon precursors formed on the catalyst surface.
The second strategy aims at modifying the surface reaction is due to the effect of
altering the crystallite size when several metals are present in the catalyst formulation
or to the formation of alloys that interfere with the process of carbon dissolution in the
metal.

Many catalysts containing mainly Ni, Cu, Co and noble metals, such as Rh,
Ru, Re, Pd and Pt were employed in investigations of steam reforming reaction
(Breen et al., 2002; Liguras et al., 2003; Salge et al., 2005). Among those, Ni- and
Co-based catalyst shows an excellent catalytic activity in hydrocarbon steam
reforming performance due to its low cost and their high activity for C-C bond
cleavage (Llorca et al., 2002; 2003). Various metal oxides have been used to support
in order to provide large surface area as well as good thermal stability, leading to high
cobalt dispersion even at high temperatures (Llorca et al., 2002). Recently, Ce-ZrO,
widely use in support its highly oxygen storage capacity and redox property which

show good resistance to coke formation (Pengpanich et al., 2004).



From the above reason, the search for more active and cost-effective
catalysts based on metal oxides for steam reforming reaction and resistance towards
carbon formation remains essential. Therefore, the present proposed research study
aims at a better understanding of the activities of Ni and Co supported on CexZrxO2

mixed oxide catalysts toward the steam reforming reaction.

1.2 Objective and Outline of Thesis

The main objective of this thesis is to reports the development of catalyst for
hydrogen production from acetic acid, ethanol and acetone (model oxygenate
hydrocarbon for water soluble fraction of bio-oil). The catalysts used in this
dissertation are based on Ni and Co supported on CeO2-ZrO;. The following chapter
gives a very brief background of processes for hydrogen production and a review of
related literature.

The general overview of bio-oil (pyrolysis liquid product, application of
liquid products and the catalysts used for upgrade liquid product are provided in
Chapter 2. Chapter 3 describes the various experimental techniques utilized in the
catalyst preparation, characterization, and reaction studies. Details of the catalytic
activity test system are also given. The steam reforming of acetic acid over
Ni/Ceo.75Z10.2502 catalyst is described in Chapter 4. This chapter includes the activity,
selectivity and stability of Ni/Ceo.75Zr0250> catalyst compared with Ni/Al,O3; and
Ni/MgO catalysts for this reaction. The role of reducible support on decrease of coke
formation is discussed. In an attempt to lower carbon deposition, the effect of addition
of K into Ni supported Ceo.75Zr0.250> catalyst on ethanol steam reforming was
investigated and described in Chapter 5. The alternative Co catalyst investigated on
the steam reforming of acetone are examined in Chapter 6 and compared to the results
on Ni/Ceo.75Z10.250> catalyst. Furthermore, methane oxidation over Ni/CeO2-ZrO;
catalyst and reaction kinetic expressions is also purposed in Chapter 7. Finally, in
Chapter 8, the overall conclusions of this thesis are discussed along with some

recommendations for future research.



CHAPTER II
LITERATURE REVIEW

2.1 Pyrolysis

Pyrolysis is the process in which the organic materials are heated up in the
absence of oxygen, resulting in breaking of organic molecules, to useful gases,
liquids (bio-oil) and solid residues. Relatively low temperature, 300-600°C, are
generally employed in pyrolysis process, comparing to 800-1000°C or even higher in
gasification and combustion. The pyrolysis process has more advantages over the
combustion process due to the economic, the energy utilization and low to none
releasing of heavy metal to natural resource. The distribution and characteristics of
the pyrolysis products strongly depend on the pyrolysis reactor, the characteristics of
raw material and reaction parameters. The liquid, as a major product, contains
several different chemicals in varying proportions. It can potentially be either
directly used as fuel or extracted for some chemicals. The solid residue is typically
composed of mostly stabilized carbon and inorganic compounds, which can be
further utilized as a solid fuel or as an adsorbent or even safely goes directly to the

disposal.

2.2 Liquid Product Characteristic

Generally, as produced pyrolysis liquid has a higher heating value of about
17 MJ/kg and contains about 25% wt. of water that cannot be separated (Bridgwater
et al., 2000). The liquid is often referred to as “oil” or “bio-0il” or “bio-crude”
although it will not mix with any hydrocarbon liquids. It is composed of a complex
mixture of oxygenated compounds and this mixture provides both the potential and
challenge for utilization. There are some important features of this liquid that should
be emphasized and the main properties are shown in Table 2.1.

The overview of compound classes and prominent representatives that
found in bio-oil is show in Table 2.2. Chemicals from biomass bio-oil by fast

pyrolysis are given in Table 2.3. The presence of the several compound classes has



different effects on the bio-oil properties. Bio-oil with a dominating content of
oxygenates is highly reactive. These will alter the some properties of the bio-oil such
as its bad odour, high viscosity and its instability can be a disadvantage for marketing
the oil. Nonetheless, it is possible to improve the characteristics of this oil. Like
many other bio-fuel derived oils, it has high oxygen content that induces instability
within the oil through polymerization reactions, which then increases the viscosity of
the oil.

Esterification of the pyrolysis oil with ethanol and sulfuric acid (as a
catalyst) was found to improve the odour characteristics significantly. Moreover, this
method not only improves the stability of the oil making it more suitable to be stored
for long-term use, but also contributes to an increase in the heating value of the oil by
up to 9% (Doshi et al., 2005).

Beside the esterification of bio-oil, the method to upgrade the crude bio-oil

for using as a fuel replacing the fossil fuel will discuss in detail in section 2.4.

Table 2.1 Typical properties and characteristics of Wood Derived Crude Pyrolysis
Oil (Bridgwater et al., 2000)

Physical property Typical value
Moisture content 15-30%
pH 2.5
Specific gravity 1.2
Elemental analysis  C 56.4%
H 6.2%
O 37.3%
N 0.1%
Ash 0.1%
HHYV as produced (depends on moisture) 16-19 MJ/kg
Viscosity (at 40°C and 25% water) 40-100 cp
Solids (char) 1%

Vacuum distillation Max. 50% as liquid degrades




Characteristics

- Liquid fuel,

- Easy substitution for conventional fuels in many static applications — boilers,

engines, turbines,

- Heating value of 17 MJ/kg at 25%wt. water, is about 40% that of fuel

oil/diesel,

- Does not mix with hydrocarbon fuels,

- Not as stable as fossil fuels,

- Quality needs definition for each application,

- Standards required,

Table 2.2 An overview compound classes and some representative in pyrolytic

liquid (Morf, 2001)

Compound class Representatives Formula
Acids Acetic acid C2H40,
Propionic acid C2HeO2
Butanoic acid C4HgO2
Sugars Levoglucosan CeHi1005
Fructose CeHi120:s
Cellobiosan C12H2006
Ketones Acetol C3HsO2
Cyclopentanone CsHgO
2-Methyl-2-cyclopenten-1-one | CsHsO
Phenols, Cresols Phenol CeHsO
0, m, p-Cresol C7HgO
x, y-Dimethylphenol CsH100
2-Ethylphenol CsHi0O
Guaiacols Guaiacol C7HgO2
4-Methylguaiacol CsHi0O2
4-Ethylguaiacol CoH1202
Furans Furan C4H40




Compound class Representatives Formula
Furfural CsH40O
5-Methylfurfural CsHeO2

BTX Benzene CeHe
Toluene C7Hg
0, M, p-Xylene CsHio

Polyaromatic Naphthalene CioHs

Hydrocarbons (PAH) Anthracene CiaHio
Benzo [a] pyrene C20Hi2
Coronene Ca4Hi2

Table 2.3 Chemicals from biomass bio-oil by fast pyrolysis (Balat M, 2009)

Chemical Minimum, wt% Maximum, wt%
Levoglucosan 2.9 30.5
Hydroxyacetaldehyde 2.5 17.5
Acetic acid 6.5 17.0
Formic acid 1.0 9.0
Acetaldehyde 0.5 8.5
Furfuryl alcohol 0.7 5.5
1-hydroxy-2-propanone 1.5 53
Catechol 0.5 5.0
Methanol 1.2 4.5
Methyl glyoxal 0.6 4.0
Ethanol 0.5 3.5
Cellobiosan 0.4 33
1,6-anhydroglucofuranose 0.7 3.2
Furfural 1.5 3.0
Fructose 0.7 2.9
Glyoxal 0.6 2.8
Formal dehyde 0.4 2.4
4-methyl-2,6-dimethoxyphenol 0.5 2.3




Chemical

Minimum, wt%

Maximum, wt%

Phenol

Propionic acid
Acetone
Methylcyclopentene-ol-one
Methyl formate
Hydroquinone

Acetol
2-cyclopenten-1-one
Syringaldehyde
1-hydroxy-2-butanone
3-ethylphenol

Guaiacol

0.2
0.3
0.4
0.3
0.2
0.3
0.2
0.3
0.1
0.3
0.2
0.2

2.1
2.0
2.0
1.9
1.9
1.9
1.7
1.5
1.5
1.3
1.3
1.1

2.3 Application of Liquid Products

2.3.1 Combustion

Although the heating value of bio-oil is much lower than fossil fuel
oil and it contains a significant proportion of water, it has been successfully used as a
fuel by many organizations both in test campaigns and commercially. Tests have
been successfully carried out at Canmet in Canada (Shaddix, 1997), at MIT, and by
Neste in Finland (Gust, 1997), and the bio-oil is routinely used as a boiler fuel by
Red Arrow in the USA. Problems reported are the high viscosity which is adjusted
by addition of alcohol (Gust, 1997) and by in-line preheating (Shaddix, 1997). In
both cases, the boiler or furnace requires preheating with conventional fuels before
switching over to bio-oil and a more complex start-up sequence is therefore required

as bio-oil is not miscible with fuel oil or diesel. Once burning, emissions are quite

acceptable.

2.3.2 Engines




Due to the higher added value of electricity compared to heat and its
ease of distribution and marketing, electricity production has attracted considerable
attention as an application, which has been encouraged by the various incentives on
offer in different countries as described earlier. The results of extended engine tests
are reported during which crude bio-oil without any pretreatment has been
successfully burnt in a modified 250 kWe dual fuel diesel engine by Ormrod (Leech
et al., 1997). Long term operational experience is required to establish optimum

conditions and obtain sufficient data for warranties.

2.3.3 Gas Turbines
The successful use of filtered bio-oil in a silo combustor fitted 2.5
MWe gas turbine, and effect of bio-oil combustion in gas turbines in a static test rig
(Patnaik et al., 1997). Long term operational experience is required to establish

optimum conditions and obtain sufficient data for warranties.

2.3.4 Transport Fuels and Synthetic Fossil Fuels

Two routes to transport fuels are possible -
hydrotreating/hydrocracking to a naphtha-like product with upgrading to diesel
(Kaiser, 1997); or zeolite cracking to aromatics (Solantausta et al., 1994). None of
these routes is proven technically with most concern being over catalyst stability and
life. In addition the high pressure and high hydrogen requirement of hydrotreating
routes makes this route too expensive. The zeolite route does not have these

disadvantages, but still results in unacceptably high product costs.

2.3.5 Chemicals
The production of chemicals is potentially much more attractive due
to their high value. A comprehensive review of current work and opportunities was
reported (Radlein et al., 1997). The only currently commercial application is for food
flavourings such as liquid smoke but other possibilities include speciality chemicals
for pharmaceuticals and synthesis, fertilizers, environmental chemicals and resins.

The current constraints inhibiting development is lack of defined markets and
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inadequately developed production methods. The co-production of chemicals and
fuels undoubtedly offers the most interesting opportunities.
The possibilities for the utilization of crude and modified bio-oil are

shown in Figure 2.1.
)
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Figure 2.1 Processes and products from pyrolysis of biomass.
2.4 Upgrading of Pyrolytic Liquid

The deleterious properties of high viscosity, thermal instability and
corrosiveness present many obstacles to the substitution of fossil derived fuels by
bio-oil. Therefore reducing the oxygen content is required for upgrading the bio oil.

The recent upgrading techniques are described as follows.

2.4.1 Hydrodeoxygenation

Hydro-process is performed in hydrogen providing solvents activated
by the catalysts of Co-Mo, Ni-Mo and their oxides or loaded on Al,O3; under
pressurized conditions of hydrogen and/or CO. Oxygen is removed as H>O and CO»,
and then the energy density is elevated. The volatile from pyrolysis of eucalyptus in a
two stage reactor was upgraded by hydrodeoxygention. Hydro-cracking without

catalysts was operated in the first stage, and catalytic hydrotreatment was operative
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in the second stage with lower temperature and the same pressure compared with that
in the first stage. The analysis indicated that the deactivation of the catalyst did not
result from carbon deposition. Instead, the embodiments of volatile components
blocked the activated sites in the zeolite catalyst. This hydro-process produced much
water and complicated the bio-oil with many impurities. (Pindoria et al., 1997,
Pindoria et al., 1998)

Zang et al. (2005) separated the bio-oil with a yield of 70% into water
and oil phases, and the oil phase was hydrotreated and catalyzed by sulphided Co-
Mo-Pt/Al,O3. The reaction was operated in an autoclave filled with tetralin (as a
hydrogen donor solvent) under the optimum conditions of 360°C and 2 MPa of cold
hydrogen pressure. The oxygen content was reduced from 41.8% of the crude oil to
3% of upgraded one, and besides, the crude oil was methanol soluble while the
upgraded one was oil soluble.

Elloit and Neuenschwander (1996) examined the hydrocatalytic
reactions of bio-oil in a continuous feed fixed bed reactor. Higher conversion was
obtained in the down flow configuration compared to the up flow one. The
conversion was doubled on NiMo/y-Al,O3 compared to the CoMo/spinel at elevated
temperature.

Weiyan et al. (2010) examined the hydrodeoxygenation of phenol,
benzaldehyde and acetophenone were used as model compounds of bio-oil. Co-Mo-
B amorphous catalysts exhibited high catalytic activity in phenol, benzaldehyde and
acetophenone. The catalyst activity was increased with the Co/Mo ratio increase of
surface composition. Both the conversion and the total deoxygenation rate could be
high to 100%. The high catalytic activity of the Co—Mo—B amorphous catalyst
depended on the sufficient supply of free hydrogen and the high content of Mo*"
Brensted acid on the catalyst surface.

Zhao et al. (2011) studied hydrodeoxygenation of guaiacol as model
compound for pyrolysis oil on transition metal phosphide hydroprocessing catalysts.
The activity for HDO of guaiacol follows the order: Ni2P>Co2P>Fe2P, WP, MoP.
The major products for HDO of guaiacol are phenol, benzene, methoxybenzene, with

no catechol formed at higher contact time.
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Apparently the hydro-treating process needs complicated equipments,
superior techniques and excess cost and usually is halted by catalyst deactivation and

reactor clogging.

2.4.2 Emulsification

The simplest way to use bio-oil as a transport fuel seems to be to
combine it with Diesel directly. Although the bio-oil are immiscible with
gydrocarbons, they can be emulsified by the aid of a surfactant, Chiaramonti et al.
(2003) prepared emulsified bio-oil by the ratios of 25, 50 and 75 wt% and found the
emulsions were more stable than the original ones. The higher the bio-oil content, the
higher the viscosity of the emulsion. The optimal range of emulsifier to provide
acceptable viscosity was between 0.5% and 2.0%. In particular, the effect of the long
term use of emulsions on the stainless steel engine and its subassemblies should be
estimated.

Emulsification does not demand redundant chemical transformations,
but the high cost and energy consumption input cannot be neglected. The
accompanying corrosiveness to the engine and the subassemblies is inevitably

serious.

2.4.3 Catalvytic Cracking of Pyrolysis Liquid

Oxygen containing bio-oil are catalytically decomposed to
hydrocarbons with the removal of oxygen as H,O, CO; or CO. Nokkosmaki et al.
(2000) proved ZnO to be a mild catalyst on the composition and stability of bio-oils
in the conversion of pyrolysis vapors, and the liquid yields were not found to be
substantially reduced. Although it had no effect on the water insoluble fraction
(lignin derived), it decomposed the diethyl insoluble fraction (water soluble
anhydrosugars and polysaccharides). After heating at 80°C for 24 h, the increase in
viscosity was significantly lowered for the ZnO-treated oil (55% increase in
viscosity) compared to the reference oil without any catalyst (129% increase in
viscosity). Despite the indicated deactivation of the catalyst, the improvement in the

stability of the ZnO treated oil was clearly observed.



13

Adijaye and Bakhshi (1995) studied the catalytic performance of the
different catalysts for upgrading of bio-oil. Among the five catalysts studied, HZSM-
5 was the most effective catalyst for producing the organic distillate fraction, overall
hydrocarbons and aromatic hydrocarbons and the least coke formation. Reaction
pathways were postulated that bio-oil conversion proceeded as a result of thermal
effects followed by thermocatalytic effects. The thermal effects produced separation
of the bio-oil in light organics and heavy organics and polymerization of the bio-oil
to char. The thermocatalytic effects produced coke, tar, gas, water and the desired
organic distillate fraction.

Guo et al. (2003) reviewed various catalysts used in bio-oil upgrading
in detail and believed that although catalytic cracking is a predominant technique, the
catalyst with good performance of high conversion and little coking tendency is
demanding much effort.

Hew et al. (2010) find the optimum operating condition to upgrade the
EFB (Empty Fruit Bunches) derived pyrolysis oil (bio-oil) to liquid fuel, mainly
gasoline using Taguchi Method. They found that the zeolite ZSM-5 catalyst is a
potential catalyst for conversion of bio-oil to gasoline through the catalytic cracking
process. The optimum operating condition for the catalytic cracking process is at
400°C, reaction time of 15 min and utilizing catalyst weight of 30 g that results in the
highest yield of gasoline fraction obtained, which is 91.67%.

Although catalytic cracking is regarded as a cheaper route by
converting oxygenated feedstocks to lighter fractions, the results seem not promising

due to high coking (8-25 wt%) and poor quality of the fuels obtained.

2.4.4 Extraction
Hundreds of the components of bio-oil are determined, and reclaiming
one or more kinds of small and valuable chemicals arouses great interests among
scholars and businessmen. There are many substances that can be extracted from bio-
oil, such as phenols used in the resins industry, volatile organic acids in formation of
de-icers, levoglucosan, hydroxyacetaldehyde and some additives applied in the
pharmaceutical, fiber synthesizing or fertilizing industry and flavoring agent in food

products (Bridgwater and Peacocke, 2000). Commercialization of special chemicals
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from bio-oils requires more devotion to developing reliable low cost separation and

refining techniques.

2.4.5 Steam-reforming Process

In the steam-reforming reaction, steam reacts with hydrocarbons in the
feed to predominantly produce CO and Hz, commonly called syntheses gas. Steam
reforming can be applied various solid waste materials including, municipal organic
waste, waste oil, sewage sludge, paper mill sludge, black liquor, refuse-derived fuel,
and agricultural waste. Steam reforming of natural gas, sometimes referred to as
steam CHjy reforming is the most common method of producing commercial bulk H».
Steam reforming of natural gas is currently the least expensive method of producing
Ha, and used for about half of the world’s production of Ho.

Garcia et al., (2000) obtained catalytic steam reforming of bio-oil
derived from pyrolysis of biomass is a technically viable process for hydrogen
production. Magnesium and lanthanum were used as support modifiers to enhance
steam adsorption while cobalt and chromium additives were applied to reduce coke
formation reactions. The cobalt-promoted nickel and chromium-promoted nickel
supported on MgO-La>O3-a-Al,O3 catalysts showed the best results in the laboratory
tests. At the reaction conditions progressive catalyst deactivation was observed
leading to a decrease in the yields of hydrogen and carbon dioxide and an increase in
carbon monoxide. The loss of activity also resulted in the formation of higher
amounts of methane, benzene and other aromatic compounds.

Yan et al. (2010) obtained catalytic steam reforming of bio-oil
aqueous fraction. The Ni/CeO»-ZrO, catalyst had superior catalytic activity for
hydrogen production by steam reforming of bio-oil as compared to commercial
nickel-based catalyst (Z417). The reaction temperature and water-to-bio-oil ratio
(W/B) had profound effects on the hydrogen yield and content of the product gas. At
T =800 °C and W/B = 4.9, the hydrogen yield and content reached the maximum
value of 69.7% and 61.9% respectively in the range of experimental temperature
over the Ni/CeO»-ZrO> (12 wt% Ni, 7.5 wt% Ce) catalyst, which were higher than
those of the commercial nickelbased catalysts (Z417).
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Seyedeyn-Azad et al. 2011 investigated catalytic steam reforming of
bio-oil by using Ni/Al,O; catalyst. It was revealed that the Al,O; with 14.1% Ni
content gave the highest yield of hydrogen (73%) among the catalysts tested, and the
best carbon conversion was 79% under the steam reforming conditions of S/C=S5,
WpHSV=13 1/h and temperature=950°C. The H» yield increased with increasing
temperature and decreasing WbHSV; whereas the effect of the S/C ratio was less
pronounced. In the S/C ratio range of 1 to 2, the hydrogen yield was slightly
increased, but when the S/C ratio was increased further, it did not have an effect on

the H» production yield.

2.5 Catalysts

The number of studies in the literature on steam reforming of oxygenate
hydrocarbon catalysts has significantly increased in recent years. Catalysts utilized
are mainly Ni, Cu, Co and noble metals, such as Rh, Ru, Re, Pd and Pt (Breen et al.,
2002; Liguras et al., 2003; Salge et al., 2005). Although supported noble metal
catalysts have been shown to have good performance but the high cost and limited
reserves is also cause for concern. As a less expensive alternative, cobalt and nikel-
based catalysts have been reported to have superior hydrocarbon steam reforming
performance due to their high activity for C-C bond cleavage (Llorca et al., 2002;
2003).

2.5.1 Ni-based Catalysts

Nickel based catalysts are attractive for this reaction due to their high
activity and low cost. Hegarty et al. (1998) studied steam reforming and partial
oxidation of methane over Cu, Co, Fe and Ni supported on ZrO; catalysts at the
temperatures from 400 to 800°C. The result showed that the activity of the catalysts
were found to decrease in the order Ni>Cu>Co>Fe.

Frusteri et al. (2004, 2006) studied ethanol reforming over Ni catalyst
supported on MgO, and applied it in the molten carbonate fuel cells. It was found
that Ni/MgO exhibited high steam reforming activity and H» selectivity. However,
Ni/MgO also exhibited high selectivity for CO and CH4. CO was a poison for the
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molten carbonate fuel cells. CHs seized the hydrogen atom, leading to the decrease of
H> selectivity, and the decomposition of CHs4 was an important factor for coke
formation.

In the work of Galdamez et al. (2005) coprecipitated nickel catalysts
were investigated, some of them promoted with lanthanum. The results indicate that
the highest hydrogen yield was produced with the Ni—Al catalyst. This catalyst had a
nickel content (Ni/(Ni + Al)), relative at.% of Ni equal to 33.

The influence of the nickel content has been previously investigated.
Thus, coprecipitated Ni—Al catalysts with three different nickel contents (15, 33 and
53 relative at.% of nickel) have been tested in steam reforming of methane by Al-
Ubaid and Wolf (1988). Sahli et al. (2006) have recently studied Ni—Al catalysts
prepared by the sol gel method with different nickel contents. They concluded that it
would be of interest to study nickel contents in the catalyst smaller than 33 relative
at.% of nickel.

However, Ni is easily deactivated by carbon deposition. It is believed
that hydrocarbons dissociate on the nickel surface to produce highly reactive carbon
species (Cq) which are probably atomic carbon (McCarty et al., 1979; Bartholomew,
1982). C, is easily gasified, however, if there is excess of C, formed or gasification is
slow, then polymerisation to C, is favoured. The carbon may be gasified, may
dissolve in the nickel crystallite, or may encapsulate the surface. The dissolved
carbon diffuses through the nickel to nucleate and precipitate at the rear of the
crystalline. This continuing process leads to the formation of carbon whisker, which
lifts the nickel crystallite from the catalyst surface, and eventually results in
fragmentation of the catalyst (Trimm, 1977; Rostrup-Nielsen, 1977). Not all of the
coke formed on the surface dissolves in nickel. At least some carbon remains on the

surface and encapsulates nickel (Trimm, 1977; Rostrup-Nielsen, 1977).

2.5.2 Co-based Catalysts

Co catalysts is alternatives due to their low cost. Co/AlO3 shows
considerable activity for the CH4/CO, reaction (Wang and Ruckenstein, 2001;
Takanabe et al., 2005), the Fischer-Tropsch synthesis (Schanke et al., 1995; Jacobs
et al., 2003; Inache et al., 2004) and the steam reforming of ethanol (Batista et al.,
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2004). The catalytic activity of cobalt catalysts is influenced by the supporting
materials (usually metal oxides), but the cobalt species are believed to be the active
center for the cleavage of the C—C bond in ethanol. However, the effect of the
supporting materials on catalytic activity has not been investigated thoroughly. The
supporting materials could chemically play multiple roles in either modifying the
formation of active Co metal species, or in altering the reaction routes where the
supporting materials contribute toward active sites with different catalytic functions
relative to the Co metal species (Anderson and Fernandez Garcia, 2005).

In steam reforming of ethanol, AlbO3 is generally used as a support
but its acid sites promote the dehydration of ethanol to ethylene (Fatsikostas, and
Verykios, 2004). MgO contains strongly basic sites, which are proposed to be highly
active for ethanol dehydrogenation to acetaldehyde (Llorca et al., 2001). Ceria and
ceria-containing mixed oxides have also been proposed to be catalytically active
components of supported metal catalysts for ethanol conversion reactions due to their
high oxygen storage capacities, suggested to improve catalyst stability (Lima et al.,
2008; Cai et al., 2008), and because of their ability to promote the dissociation of
molecules of the type ROH (e.g., HO and ethanol) (Jacobs et al., 2007). In addition,
the strong metal-support interaction has been postulated to prevent metal particle
sintering, which can contribute to catalyst deactivation (Romero-Sarria et al., 2008).

Hua Song and Umit S. Ozkan (2009) investigated the effect of oxygen
mobility on the bio-ethanol steam reforming of ZrO;- and CeO»-supported cobalt
catalysts. The result showed that the significant deactivation of Co/ZrO; catalysts
through deposition of carbon on the surface, mostly in the form of carbon fibers, the
growth of which is catalyzed by the Co particles. The addition of ceria appears to
improve the catalyst stability due to its high oxygen mobility, allowing
gasification/oxidation of deposited carbon as soon as it forms. The high oxygen
mobility of the catalyst not only suppresses carbon deposition and helps maintain the
active surface area, but it also allows delivery of oxygen to close proximity of ethoxy
species, promoting complete oxidation of carbon to CO», resulting in higher

hydrogen yields.

2.5.3 Ceria-Zirconia Mixed Oxides
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In general, the deposition of carbon would occur over the metalic sites
as well as on the acid sites of the support. Therefore, the studies of highly active and
stable catalyst have been focused. Selection of a support material is important to
reduce carbon deposit on catalysts. Oxygen storage capacity and redox property of
support are promising to gasify carbon deposition. Ceria (CeO2) has been widely
used as a promoter and an oxidation catalyst because of its unique redox properties
and high oxygen storage capacity (Trovarelli et al., 1999). However, pure CeO: has
poor thermal stability. Recently, it has been reported that the addition of Zirconia
(ZrOy) to CeOs leads to improvement not only in its oxygen storage capacity, redox
properties and catalytic activity, but also resistance to high temperature (Pengpanich

etal., 2002).

2.5.4 Promoters
A promoter is a substance that is added in relatively small amounts
into the catalyst to improve activity, selectivity or stability. The common additives
are alkali metals, and transition metals. In some cases, the precious metals such as Pt,
Pd and Rh have been used.
2.5.4.1 Precious Metals

Soyal-Baltacioglu et al. (2008) investigated the ethanol
reforming on catalysts having 0.2-0.3 wt.% Pt and 10-15 wt.% Ni contents. It was
found that the best ethanol steam reforming performance was achieved over 0.3 wt.%
Pt-15wt.% Ni/3-Al>0s.

Dias and Assaf (2008) studied the effect of introducing small
amounts of Pt, Pd and Ir into Ni/Al,O3 catalysts for the autothermal reforming
ofmethane, with the aim of making the reaction ignite without previous reduction of
the catalyst with H. It was concluded that the samples promoted with palladium
nitrate were very active in the auto-thermal reforming of methane, and this was
attributed to expansion of the metal surface.

Luciene P.P. Profeti et al. (2009) investigated the ethanol
reforming over NiM/LaAl (M=Pd, Pt) catalysts with two different noble metal
contents (0.1 and 0.3 wt.%) were prepared by the impregnation method. The result

show that the Ni/LaAl promoted catalysts produced a hydrogen-rich gas mixture. In
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the experiments performed at 450°C, the Ni/LaAl catalyst showed lower H»
formation and higher acetaldehyde production than the promoted catalysts.
Moreover, the bimetallic catalysts showed a higher ethanol conversion and
higherhydrogen yield than the Ni/LaAl catalyst, irrespective of the nature or

concentration of the noble metal.

2.5.4.2 Alkali Metals and Transition Metals

Liberatori et al. (2007) investigated the catalytic behavior of
Ni/Al,O3 catalysts modified with La and Ag in the steam reforming of ethanol. They
found that the addition of La decreased the coking on Ni catalysts during the steam
reforming of ethanol and promoted the selectivity to hydrogen. This resistance to
coke deposition on the catalyst was attributed to the formation of lanthanum
oxycarbonate, which reacts with surface carbon to form CO and regenerate La>Os.

A.C. Basagiannis and X.E. Verykios (2006) investigated the
reforming reaction of acetic acid on nickel catalysts. The resulted shown that the
carbon deposition occurs at a high rate in the presence of Al,Os3, and at a
significantly lower rate in the presence of La,Os. This is due to the acidity of Al,Os
which favours decomposition and polymerization reactions, resulting in the
formation of significant carbonaceous species on the carrier, which are of the
graphitic type.

Basagiannis et al. (2007) studied the steam reforming of
aqueous fraction of bio-oil over Ru/MgO/Al,O3 catalysts. It was found that the
presence of magnesium is improved catalytic activity and decrease coke formation
on catalyst. The role of MgO in the catalyst composition seems to be related to
enhanced O and/or —OH anion spillover from the carrier onto the metal particles.

Victor A. et al. (2008) was studied the effect of iron promoter
on cobalt-based catalysts, active in the ethanol steam reforming.. FexCo03.xO4
(0<x<0.60) oxides prepared by co-precipitation and an Fe-doped Co3O4 prepared by
wetness impregnation. Decreasing the production of undesired CO and CH4 by-
products for catalyst derived from Feo.15C02.58504 is found.

Xun Hu and Gongxuan Lu (2009) were evaluated in acetic

acid reforming reaction over Ni/Al,O3 catalysts modified with a series of promoters
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(Li, Na, K, Mg, Fe, Co, Zn, Zr, La, Ce). The addition of Co, Zr, La, or Ce to
Ni/Al,O3 promoted the methanation reaction, and consequently promoted methane
formation. Conversely, alkali metal modified samples effectively inhibited methane
formation, especially the Ni-K/AlbO; catalyst. Besides, the addition of K to a
Ni/Al,O3 catalyst remarkably enhanced the stability of the Ni catalyst, due to the

promotion of K on the gasification of coke deposit.



CHAPTER Il
EXPERIMENTAL

In this chapter, the materials used in this research are described. The various

experimental techniques utilized in the catalyst preparation, characterization and

reaction studies will be explained. Details of the catalytic activity test system are also

given.

3.1 Materials

3.1.1 Gases

The gases used in this research were:

1.

Helium (He 99.99%) was obtained from Praxair (Thailand)
Co.,LTD.

Nitrogen (N2 99.99%) was obtained from Praxair (Thailand)
Co.,LTD.

Argon (N2 99.99%) was obtained from Praxair (Thailand)
Co.,LTD.

Air Zero was obtained from Thai Industrial Gas Co.,LTD.
Hydrogen (H2 99.99%) was obtained from Praxair (Thailand)
Co.,LTD.

Methane (CHs 99.99%) was obtained from Thai Industrial Gas
Co.,LTD.

3.1.2 Chemicals

The chemical reagents used in this research were:

1.

Cerous (III) nitrate hexahydrate (>99%) was obtained from Fluka
Chemie A.G.

Zirconium oxychloride (>99%) was obtained from Fluka Chemie
A.G.

Urea (>99%) was obtained from Fluka Chemie A.G.

a-Alumina (>96%) was obtained from Johnson Matthey.
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5. Nickel (IT) nitrate hexahydrate (>99%) was obtained from Fluka
Chemie A.G.

Magnesium nitrate (>99%) was obtained from Unilab

Potassium chloride (>99%) was obtained from Analar

Cobalt (II) nitrate (=99%) was obtained from Univar

e N

Acetic acid (>99.7%) was obtained from Lab-Scan, Analytical
Sciences.
10. Acetone was obtained from Lab-Scan, Analytical Sciences.

11. Ethanol was obtained from Fluka Chemie A.G.

3.2 Experiment

3.2.1 Catalyst Preparation
3.2.1.1 Ceria-Zirconia Mixed Oxide

Mixed oxides of ceria-zirconia samples were prepared via
urea hydrolysis. The ceria-zirconia mixed oxide samples were prepared from
Ce(NO3)3.6H20 (99.0%, Fluka) and ZrOCl2.8H>O (99.0%, Fluka). The synthesized
procedure has been reported elsewhere (Pengpanich et al., 2002). Briefly, the starting
metal salts were dissolved in distilled water to the desired concentration (0.1 M). The
ratio between the metal salts was altered depending on the desired concentration:
Ce1xZrkO2 in which x = 0, 0.25, 0.50, 0.75 and 1.0. Then, the mixed metal salt
solution was added with a 0.4 M of urea (99.0%, Fluka) solution with the salt to urea
solution ratio of 2:1 (v/v), and the mixture was kept at 100 °C for 50 h. The sample
was then allowed to cool to room temperature prior to being centrifuged to separate a
gel product from the solution. The gel product was washed with ethanol and dried
overnight in an oven at 110 °C. The product was then calcined at either 500 °C for 4
h.

3.2.1.2 Magnesium Oxide
Magnesium oxide was prepared via urea hydrolysis.
Ce(NO3)3-6H20 (99.0%, Fluka), Mg(NO3) was used as sources of Mg. The synthesis
procedure of magnesium oxide was similar manner as mention in section 3.2.1.1.

3.2.1.3 Ni-supported Catalysts
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The catalysts were prepared by the incipient wetness
impregnation method. To prepare Ni supported mixed oxide catalysts, Ni (5, 15 and
25 wt.%) was loaded by the incipient wetness impregnation method into the mixed
oxide supports using its nitrate salt solution. The catalysts were then calcined at
500°C for 4 h. Ni/a-Al,O3 and Ni/MgO catalyst was also prepared for comparision
purposes.

3.2.1.4 Ni-K supported Ceo.75Zr0.2502 Catalysts

The catalyst were prepared by a co-impregnation method
using aqueous solutions of Ni(NO3)2-6H>0O and KNOs. The nominal loading amount
of Ni was kept constant at 15 wt.% and the amount of K loadings was 8 wt.%. The
catalysts were then calcined at 500 °C for 4 h in air.

3.2.1.5 Co-supported Catalysts
The catalysts were prepared by the incipient wetness
impregnation method. To prepare Co supported mixed oxide catalysts, 15 wt.% Co
was loaded by the incipient wetness impregnation method into the mixed oxide
supports using its nitrate salt solution. The catalysts were then calcined at 500°C for

4 h.

3.2.2 Catalyst Characterization
3.2.2.1 X-ray Diffraction
An X-ray diffractometer (XRD) system (Rigaku) equipped

with a RINT 2000 wide-angle goniometer using Cu K, radiation and a power of 40
kV x 100 mA was used for examination of the crystalline structure. The intensity
data were collected at 25 °C over a 20 range of 20-90° with a scan speed of 5°
(20)/min and a scan step of 0.02° (20).
3.2.2.2 BET Surface Area

The specific surface area, the pore volume and the pore size
distribution of the samples were determined from adsorption and desorption
isotherms of nitrogen at 77 K using a Quantachrome Corporation Autosorb. Prior to
the analysis, the samples were outgassed to eliminate volatile adsorbents on the

surface at 250°C for 4 h.
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3.2.2.3 Temperature Programmed Reduction
Temperature programmed reduction (TPR) measurements
were carried out to investigate the redox properties over the resultant materials.
About 50 mg of catalyst was placed in a quartz tube and pretreated in a 20 ml/min He
atmosphere at 400 °C for 1 h prior to running the TPR experiment, and then cooled
down to room temperature in He. The feed of 1% CO in He at a flow rate of 50
ml/min was used as a reducing gas. The temperature of the sample was raised at a
constant rate of 10 °C/min. The amount of CO consumption during the increasing
temperature period was measured using a mass spectrometer (Balzer Instruments
modeled Thermostar GSD 300T).
3.2.2.4 Hz Chemisorption
The dispersion degree of nickel was measured by Hz-pulse
chemisorption at 50 °C using an Ar flow of 50 ml/min and each pulse of 0.1 ml (10%
H: in Ar). For measurements, about 100 mg of sample was placed in a quartz reactor.
Prior to the pulse chemisorption, the sample was reduced at 500 °C under H:
atmosphere for 1 h. Then the sample was purged with Ar at 500 °C for 30 min and
cooled to 50 °C in flowing Ar. The H» pulses were carried out with an injection
interval of 6-8 min until the areas of successive hydrogen peaks were identical. The
nickel dispersion was calculated assuming the adsorption stoichiometry of a
hydrogen atom per nickel surface atom.
3.2.2.5 Temperature Programmed Oxidation
Temperature programmed oxidation (TPO) was carried out in
a homemade TPO micro-reactor coupled with an FID detector. TPO was used to
determine the amount of carbonaceous deposition on the spent catalysts. Typically,
about 30 mg sample was heated in a 2%0> in He (40 ml/min) mixture at a heating
rate 10°C/min up to 900°C. The output gas was passed to a methanation reactor
containing 15 wt% Ni/Al,O3 as a catalyst. In this methanation reactor, CO, formed
form the carbon was completely converted with excess H, into methane, to permit
precise quantification in a FID detector. After the TPO system reached 900°C, where
all carbon had been burned off, the FID signal for methane was calibrated by

injecting 100 pl of CO; pulses into the methanation reactor, and sending the methane
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produced into the FID. By integrating the methane signal during the entire TPO run,
it was possible to calculate the amount of carbon removed from catalyst.
3.2.2.6 Thermogravimetric Analysis (TGA)

The amount of carbonaceous deposition on the spent catalysts
was carried out using a TG7 Perkin-Elmer thermogravimetric analyzer under N>
atmosphere. Typically, ca. 5 mg of sample were used for each run. The sample was
heated up from ambient temperature to 105°C and held at this temperature for
approximately 10 min to ensure that free-water was completely removed. Then, the
sample was further heated to 800°C with a heating rate 10°C min™'. By calculating the
weight loss during the entire TGA run, it was possible to calculate the amount of
carbon removed from catalyst.

3.2.2.7 Transmission Electron Microscope

The morphology of the fresh catalyst and carbon deposition
on the spent catalysts was observed by transmission electron microscopy (TEM) with
a JEOL (JEM-2010) transmission electron microscope operated at 200 kV. The
samples were dispersed in absolute ethanol ultrasonically, and the solutions were
then dropped on copper grids coated with a lacey carbon film.

3.2.2.8 Scanning Electron Microscope

The morphology of the fresh catalyst and carbon deposition

on the spent catalysts was observed by transmission electron microscopy (TEM) with

a JEOL (JEM-2010) Scanning electron Microscope.

3.2.3 Catalytic Activity Tests

3.2.3.1 Catalytic Activity Test for Model Oxygenate Hydrocarbon of

Bio-oil aqueous phase Steam Reforming
Catalytic Activity Test for model oxygenate hydrocarbon of
the bio-oil aqueous phase (acetic acid, ethanol and acetone) steam reforming were
carried out in a differential fixed-bed quartz tube reactor (i.d. 6 mm). Typically, 0.1 g
of catalyst was packed between the layers of quartz wool. The reactor was placed in
an electric furnace equipped with K-type thermocouples. The temperature of catalyst
bed was monitored and controlled using Shinko temperature controllers. A piston

metering pump (Eldex) is used as feeding device which fed a liquid mixture
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consisting of a known composition of model oxygenate hydrocarbon aqueous
solution was introduced into an evaporator at ca. 150 °C to vaporize. Gaseous
products were analyzed using a Shimadzu GC 8A equipped with a CTR I (Altech)
column and a TCD detector and a Shimadzu GC 17A equipped with a HP-1 (Agilent
technologies) column and an FID detector. The schematic diagram of the
experimental setup was shown in Figure 3.1. The conversions were determined by

dividing the moles of reactant consumed by the moles of initial reactant.

Figure 3.1 Schematic diagram of the experimental setup for model oxygenate

hydrocarbon steam reforming.

3.2.3.2 Catalytic Activity Test for Methane Oxidation
Catalytic activity tests for the methane oxidation conducted
by using the atmospheric flow experimental system shown in Figure 3.2. A fixed-bed
quartz tube microreactor (i.d. & 6 mm) was used. Typically, 0.1 g of catalyst were
packed between the layers of quartz wool. The reactor was placed in an electric
furnace equipped with K-type thermocouples. The temperature of catalyst bed was

monitored and controlled by Shinko Shinko FCR temperature controllers. 3%CHa,
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10%0-, and balanced He gases were mixed and fed into the reactor at a gas hourly
space velocity (GHSV) of 39 000 h™! using Brooks 5850 E mass flow controllers. An
effluent gas was analyzed using a Varian CP-3380 GC fitted with a TCD.

The kinetic studies were carried out at the temperature range
of 400-550°C and atmospheric pressure with variations of methane concentration
between 2 and 4%, and of oxygen concentration between 10 and 20%. The kinetic
data were attained using the initial rate method at the linear conversion range of less
than 20% in all cases as well as conformed to Mears and Weisz criteria to ensure the

absence of mass transfer limitations at such reaction conditions.

Figure 3.2 Schematic diagram of the experimental setup for methane oxidation.



CHAPTER IV
HYDROGEN PRODUCTION BY STEAM REFORMING OF ACETIC ACID
OVER Ni-BASED CATALYSTS

4.1 Abstract

The Ni metallic phase supported metal oxides such as a-Al2Os,
Ceo.75Z102502, and MgO were tested under the steam reforming of acetic acid
selected as a representative compound for the aqueous phase of the bio-oil derived
from biomass pyrolysis. It was found that the catalytic activity and carbon formation
for the catalysts studied were significantly dependent on the Ni content and the
nature of support. The 15%Ni/Ceo.75Zr02502 catalyst exhibited the highest catalytic
performance in terms of C-C breakage conversion and hydrogen yield. In addition,
the redox property of Ceo.75Z1r02502 provided higher stability than the MgO and a-

Al>,Os due to its less carbon deposition even at low steam-to-carbon ratios.

4.2 Introduction

Hydrogen is being considered as an environmentally friendly source of
energy for power generation with fuel cells. Currently, hydrogen is produced from
fossil fuels such as natural gas, naphtha and coal (Peiia et al., 1996). However, these
resources utilized result in a large quantity of greenhouse gas emission. For this
reason, a renewable energy source such as biomass may be used as an alternative
feedstock because it appears to have formidably positive environmental properties
resulting from no net releases of carbon dioxide (CO») and very low sulfur content
(Saxena et al., 2009). Biomass can be converted to bio-oils by fast pyrolysis and then
the bio-oils can be converted to hydrogen (H») by catalytic steam reforming (Czernik
et al., 2007; Takanabe et al., 2006; Zhang et al., 2005).

Bio-oils produced from biomass pyrolysis are virtually separated into the oil
and water-rich phases. The oil phase contains lignin-derived materials that can be
used for the production of more valuable products while the water-rich phase

contains mostly carbohydrate-derived compounds that can be catalytically reformed



29

with steam (Kelley et al., 1997; Shabtai et al., 1997; Jindarom et al., 2007). Since
acetic acid is one of the major components of the water-rich phase of bio-oil (Zhang
et al., 2005; Bimbela et al., 2007), therefore, steam reforming (SR) of acetic acid has
been extensively investigated as a model reaction in order to understand the integrity
required for designing the efficient catalysts for use in the SR of the bio-oil water-
rich phase.

Ni based catalysts are intensievely used for steam reforming of
hydrocarbons including oxygenate hydrocarbons (Vizcaino et al., 2008; Hu and Lu,
2007; Wang et al., 1996). It was reported the major problem of a Ni-based catayst is
its fast deactivation due to carbon deposition and/or metal sintering (Garcia et al.,
2000; Baker et al., 1987). Alternative supports such as dolomite, olivine, MgO and
MgO-CaO were reported to improve the catalytic stability (Sato and Fujimoto, 2007,
Swierczynski et al., 2007; Miyazawa et al., 2006). Recently, it has been reported that
Ce1xZ1rxO> mixed oxides exhibited a superior resistance to carbon formation on the
partial oxidation and steam reforming of hydrocarbons (Bampenrat et al., 2010;
Pengpanich et al., 2004), due to the high oxygen vacancy and oxygen mobility. In
our early study, we have also found that Ceo.75Zro2502 solid solution exhibited the
highest reducibility and activity for oxidation reactions (Bampenrat et al., 2010;
Pengpanich et al., 2004, Thammachart et al., 2001). In this study, we investigate the
effect of the supports on the steam reforming catalytic activity and stability of acetic
acid as a biomass-derived oxygenate compound model over Ni/Ceo.75Zr0.2502, Ni/a-

Al>O3 and Ni/MgO catalysts

4.3 Experimental

4.3.1 Catalyst Preparation and Characterizations

Ceo.75Z1r02502 and MgO were prepared via urea hydrolysis and
precipitation method, respectively, whereas a-Al>O3 was obtained from a company.
Ni(NO3)2 aqueous solution as Ni precursors was incorporated into the supports by
the impregnation method. The desired amounts of Ni loading were 5-25 wt% for
Ceo.75Z102502, and 15wt% for both MgO and 0-AlbOs. The -catalysts were
characterized by BET, XRD, TPR, TPO, and TEM techniques. The detailed
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synthesis procedure and characteristics of catalysts were reported elsewhere

(Pengpanich et al., 2004).

4.3.2 Catalytic Activity Testing

To compare the catalytic activity and stability of the catalysts on the
steam reforming of acetic acid, the reaction was carried out at 650 °C with steam-to-
carbon (S/C) ratios ranging from 1 to 6. Typically, 0.1 g of catalyst was packed
between the layers of quartz wool in a quartz tube microreactor (i.d. 10 mm) placed
in an electric furnace equipped with K-type thermocouples. The temperature of
catalyst bed was monitored and controlled using Shinko temperature controllers. A
liquid mixture feed consisting of a known composition of acetic acid aqueous
solution was introduced into an evaporator at ca. 140 °C to vaporize and mix with a
gas stream prior to entering the reactor set at a desired temperature. Gaseous
products were analyzed using on-line gas chromatographs in series equipped with
TCD and FID detectors. Prior to running the reaction, the catalyst was reduced in-
situ with a flow of 50% H> in N> gas at 600 °C for 2 h. The C-C breakage conversion
of acetic acid was defined as a molar ratio of the gaseous single carbon compounds
(CHa4, CO and COy) in the product stream to the acetic acid reactant and the product
yield was defined as a molar ratio of the product to the theoretical amount of product
produced from steam reforming of acetic acid. The C-C breakage conversion and

product yield reported in this work were calculated as follows:

MOk, o +MOky o +MOky

C-C breakage conversion (%) = xmol x100 (1)
X pcaH in

o v moIHz,Out

YoYield, =—————x100 (2)
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4.4 Results and Discussion

4.4.1 Catalytic Characterization

The BET surface areas, degree of metal dispersions, and mean size
diameters of the catalysts are shown in Table 4.1. As for the Ni/Ceo.75Z10.2502
catalysts, their surface areas are in the range of 58-78 m?/g and decreased with
increasing Ni loading. At a given support, the degree of metal dispersion is decreased
and the mean size diameter is increased as the Ni loading is increased. This is due to
the formation of NiO bulk particles (Pengpanich et al., 2004). However, at a given
Ni loading (15wt%), the Ni/Ceo.75Zr02502 catalyst possesses the highest metal
dispersion degree with the smallest mean size diameter. The low metal dispersion
degree of 15%Ni/a-Al;O3 is due to the low surface area of the support while that of
15%N1/MgO is owed to the formation of NiO-MgO solid solution.

The XRD patterns of the Ni/Ceo.75Zr0.2502 catalysts indicate a typical
cubic fluorite structure of ceria with the presence of NiO phase (37°, 43 ©, and 62 °
(20)) as shown in Figure 4.1. However, the Ni or NiO phase was absent in the case of
low Ni loading (5 wt%). Since the peak intensity was amplified with increasing Ni
loading, it was suggested that NiO species is present in the forms of nano-particles
and bulk agglomerated particles at a low- and a high-Ni content, respectively
(Pengpanich et al., 2004). This result appears to be in good agreement with the data
on degree of metal dispersion. Nevertheless, the XRD pattern of the 15%Ni/a-AlOs
catalyst reveals the separate phases of NiO and a-Al>Os, yet the absence of Ni-Al
alloy phase. However, that of the 15%Ni1/MgO catalyst indicates a NiO-MgO solid
solution as similar to what reported elsewhere (Barbero et al., 2003).

Figure 4.2 depicts the H>-TPR profiles for Ni/Ceo.75Zr02502, Ni/a-
Al,O3 and Ni/MgO. The results showed that the reducibility of the 15 wt% Ni
loading catalysts is in the following order: Ni/Ceo.75Zr0.2502 > Ni/a-Al,O3 > Ni/MgO.
Noticeably, two H, consumption peaks are observed for Ni /Ceo.75Z1r0.250> catalyst as
compared with that for Ni/a-Al>O3 catalyst. The low temperature peak in the range of
250-300 °C can be associated with the reduction of free NiO particles and the other
peak in the range of 300-450 °C can be attributed to the reduction of complex NiO

species in intimate contact with the oxide supports (Pengpanich et al., 2004; Roh et
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al., 2002; Montoya et al., 2000). This suggests that interaction between Ni and the
Ceo.75Z10.2502 support makes the catalysts more reducible, which probably enhances
the oxygen mobility during the reforming reaction. For the Ni/a-AlOs3 catalyst, only
one broad peak attributed to agglomerated Ni is observed at ca. 410 °C. Similar
reduction patterns were found in the cases of 5 and 25 wt% Ni loadings on
Ceo.75Z10.2502 with slightly lower reduction temperatures. It should be noted that the
absence of the reduction peak for 15%Ni/MgO catalyst might be due to the
incorporation of NiO into the MgO lattice resulting in the formation of NiO-MgO
solid solution (Barbero et al., 2003; Wang et al., 2009).

4.4.2 Catalvytic Activity for Acetic acid Steam reforming

To investigate the effect of support on the catalytic activity and
stability, the a-Al,Os (inert) and MgO (basic support) were selected to compare with
Ceo.75Z10.2502 support for steam reforming of acetic acid. The performance of the
catalyst was defined as C-C breakage conversion and hydrogen yield. The results
showed that 15%Ni/Ceo.75Zr0250, is the most active catalyst while the 15%Ni/a-
Al,O3 was the least active one for such a steam reforming reaction as shown in
Figure 4.3. This could be in part ascribed to the nature of supports steering different
degrees of metal dispersion in which these were 3.06, 2.11, and 1.98% for
15%Ni/Ceo.75Z10.2502, 15%Ni/MgO and 15%Ni/a-AlOs, respectively. It should be
noted that for 15%Ni/a-Al>O3, the catalytic activity is solely due to Ni metal.

During the course of our experiments H, and CO; are not only the
steam reforming products found, CO and a trace of CH4 were detected at low steam
to carbon ratio (S/C=1). It was reported CO could be generated from ketene
decomposition (Basagiannis et al., 2007) as shown in Eq. (6-7). The absence of C,Ha
in this case would be, then, suggested that CO is probably produced via the
decomposition of acetic acid (Eq. 8) as reported elsewhere (Basagiannis et al., 2007)
or from the reverse water gas shift reaction (Wang et al., 1996). Since the
methanation reaction is not thermodynamically favoured under our conditions, CH4
might be generated from the decomposition of acetic acid (Eq. (9)) (Wang et al.,
1996).
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CHCOOH—CHCO+H,O (6)
2CH ,CO ——»C,H, +2CO (7)
CH,COOH——>2CO+2H, (8)
CH ,CO0H <> CH, +C0, 9

The results also showed that the hydrogen yield increases steadily
with the increase in steam to carbon ratio, in parallel with the carbon dioxide
concentration, due to the shift in the water gas shift equilibrium toward hydrogen
production. The absence of methane in the case of S/C = 3 and 6 for
15%Ni/Ceo.75Z102502, and 15%Ni/a-AlbO3 catalysts might be due to the steam
reforming reaction of methane. However, a trace amount of CH4 was still observed
on the 15%Ni/MgO catalyst at S/C ratios of 3 and 6, which might be due to the
presence of NiO-MgO solid solution.

The effect of Ni loading on the Ceo.75Zr02502 support was further
investigated. It was found that the catalytic activity at a low S/C ratio was dependent
on the nickel loading as shown in Table 4.2. The optimal loading is 15 wt%, which is
related to the metal surface area and the metal particle size. At a high steam to carbon

ratio (S/C = 6), the effect of Ni loading seems to be less pronounced.

4.4.3 Carbon Formation

The results showed that C-C breakage conversion of 15%Ni/a-Al,Os3
decreases from 57% to 39% while those of 15%Ni/Ceo.75Z10.2502 and 15%Ni/MgO
are rather stable, reported at 76% and 71%, respectively (at S/C =1) as shown in
Figure 4.4. This suggests that 15%Ni/Ceo.75Z10.2502 and 15%Ni/MgO are more active
and stable than 15%Ni/a-Al>Os. It is noticed that although 15%Ni/a-Al2O3 shows the
lowest C-C breakage conversion, the amount of carbon formed is somewhat higher
than that of 15%Ni/Ceo.75Zr0.2502 and 15%Ni/MgO (Figure 4.5). At higher S/C ratios
(S/C = 3 and 6), 15%Ni/Ceq.75Z1r02502 exhibits a better activity with less carbon
formation compared to 15%Ni/MgO and 15%Ni/a-AlOs. This indicates that the
synergetic effect of an ease of reducibility and a good oxidation ability of the

Ceo.75Z102502 mixed oxide could promote the oxidation of carbon precursors on the
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nickel surface as similar to reported elsewhere (Pengpanich et al., 2004; Biswas and
Kunzru, 2007). The spent catalysts were found to be covered with filamentous
carbon as shown in Figure 4.6 and the results comform to the TPO analysis, which
indicated mainly high temperature oxidation peak at ca. 650 °C (the results are not

shown).

4.5 Conclusions

It can be concluded that the nature of the support affects the catalytic activity
and stability by influencing the metal degree of dispersions and water activation.
Ceo.75Z10.2502 supported catalysts exhibit an excellent activity and stability for an
acetic acid steam reforming. This is due to good redox properties and an oxygen
mobility of Ceo.75Zr02502; promoting the oxidation of carbon species. At a high
steam to carbon ratio (S/C = 6), the effect of the support on the activity was found to

be less pronounced but was still present on the carbon formation of the catalysts.
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Table 4.1 BET surface area, degree of metal dispersion and mean size diameter of

the catalysts

BET Degree of metal | Mean size | Mean size

Catalyst surface area dispersion diameter* | diameter**
(m*/g) (%) (nm) (nm)
5%Ni/Ceo.75Z10.2502 78 8.29 - 12.2
15%Ni/Ceo.75Z10.250: 68 3.06 29.5 33.0
25%Ni/Ceo.75Z10.2502 58 2.15 447 47.0
15%Ni/Al>03 4 1.98 47.6 51.0
15%Ni/MgO 50 2.11 - 47.8

*calculated from XRD
** calculated from Hz-chemisorption
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Table 4.2 Acetic acid steam reforming on 0.1 g of 5%Ni/Ceo.75Z10.250x,
15%Ni/Ceo.75Z10.2502 and 25%Ni/Ceo.75Z10250> catalysts at T= 650 °C and WHSV

(HAc)=22h'
. Yield* (%) C-C breakage
Catalyst S/C ratio H> CO | CO; | CH4 | conversion* z(%%))

1 33.84 | 15.78 | 22.52 | 0.00 38.29
5%N1/Ce0.75Z10.2502 3 64.39 | 10.89 | 57.55 | 0.00 68.44

6 98.52 | 8.46 | 90.53 | 0.00 98.98

1 62.98 | 32.06 | 43.20 | 1.30 76.56
15%Ni1/Ceo.75Z10.2502 3 93.83 | 19.10 | 80.25 | 0.00 99.35

6 99.34 | 9.59 |89.15 | 0.00 98.84

1 60.66 | 30.69 | 41.35 | 0.84 72.88
25%Ni/Ceo.75Z10.2502 3 73.62 | 11.65 | 65.44 | 0.00 77.09

6 98.74 | 931 |[89.43 | 0.00 98.74

*At time on steam of 40 min.
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Figure 4.1 XRD patterns for the catalysts investigated (a) 5%Ni/Ceo.75Zr0.2502, (b)
15%Ni/Ceo.75Z10.2502, (¢) 25%Ni/Ceo.75Z10.2502, (d) 15%Ni/MgO, and (e) 15%Ni/a-
AlOs.
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Figure 4.2 H>-TPR profiles for the catalysts with a heating rate of 10 °C/min, a
reducing gas containing 5% H> in N> with a flow rate of 30 ml/min: (a) 15%Ni/MgO,
(b) 5%Ni/Ceo.75Z10.2502, (c) 15%Ni/Ceo.75Z10.2502, (d) 25%Ni1/Ceo.75Z10.2502, and (e)
15%Ni/a-AlO;.
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Figure 4.3 Effect of S/C ratio on the C-C breakage conversion, the yields of carbon
containing products and hydrogen yield over: 15%Ni/Ceo.75Zr0.2502, 15%Ni/MgO
and 15%Ni/a-Al>03 at 650°C and s/c ratio: (a) 1, (b) 3 and (c) 6.
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Figure 4.4 Catalytic activity for acetic acid steam reforming over
15%Ni/Ceo.75Z10.2502, 15%Ni/a-AlO3, and 15%Ni/MgO catalysts: T = 650°C and
S/C ratio = 1.
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Figure 4.5 Total amount of carbon deposited on catalysts via acetic acid steam
reforming over 15%Ni/Ceo.75Z102502, 15%Ni1/MgO and 15%Ni/a-AlOs3 catalysts;
after 320 min on stream, at 650°C, S/C ratios of 1 — 6.
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Figure 4.6 TEM images of the spent catalysts: (a) 15%Ni/a-AlbOs, (b)
15%Ni/Ceo.75Zr0.2502, (¢) 15%Ni/MgO.



CHAPTER YV
STEAM REFORMING OF ETHANOL OVER Ni/Ceo.75Zr0.2502 AND
Ni-K/Ceo.75Zr02502 CATALYSTS

5.1 Abstract

In this study, the catalytic activity of Ni/Ceo.75Zro2502 and Ni-
K/Ceo.75Zr02502 catalysts prepared by urea hydrolysis and incipient wetness
impregnation was investigated for steam reforming of ethanol. The results showed
that the potassium promoted on Ni/Ceo.75Zr0250> catalyst exhibit good activity for
steam reforming of ethanol. It was found that the presence of K alters the NiO phase
rhombohedral phase (R-3m) to cubic phase (Fm-3m), which is more favor for C-C
breakage. Moreover it was found that the amount of carbon deposited decrease when
potassium introduce to Ni/Ceo.75Zr0.250; catalyst. This might be due to the fact that
the presence of K species makes Ni active sites less favor for methane activation

resulting in the suppression of carbon deposition.

5.2 Introduction

Currently, hydrogen is produced from fossil fuels such as natural gas,
naphtha and coal (Pefia et al., 1996). However, these resources utilized result in a
large quantity of greenhouse gas emission. For this reason, a renewable energy
source such as biomass may be used as an alternative feedstock because it appears to
have formidably positive environmental properties resulting from no net releases of
carbon dioxide and very low sulfur content (Saxena et al., 2009).

Ethanol has shown good features for hydrogen production (Haryanto et al.,
2005) and it owns a series of advantages, mainly handling safety and a renewable
origin, since it can be produced in large quantities from several biomass sources
(corn, wheat, sugar cane, barley and their waste materials). Thus, ethanol steam
reforming is an interesting alternative for hydrogen production. Noble metals such as
Rh, Pt, Pd (Breen, et al. 2002; Diagne et al. 2002; Navarro et al. 2005; Liguras et al.
2003; Cavallaro et al. 2003) bimetallic oxides such as Ni-Rh catalysts (Kugai et al.
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2005, 2006) and transition metals such as Ni, Co show good catalytic performance
for steam reforming of ethanol (SRE) (Chica and Sayas 2009; Fatsikostas and
Verykios 2004) The catalysts based on noble metals are reported to be more active
and less sensitive to coking than the Ni-based catalysts. However if one considers the
aspects of high cost and limited availability of noble metals, it is more practical, from
the industrial standpoint to develop Ni- and Co- based catalysts which are resistant to
carbon deposition, and exhibit high activity for the reaction. Thus, basic supports
(Ruckenstein and Hu, 1995; Chang et al., 1996; Wang et al. 2001; Zhang and
Verykios 1996), highly dispersed Ni catalysts (Hwang et al., 2001; Tomiya et al.
2003) and/or promoters (Tomishige et al., 1998; Lemonidou et al. 1998) have been
used to lower the rate of coke deposition. The use of metals with catalytic properties
for the carbon gasification reaction as promoters for Ni is another promising
alternative.

In Ni-based catalysts, CeO; has been used as either an effective promoter or
support because of its characteristic oxygen storage capacity (OSC), which allows it
to store and release oxygen, leading to the presence of highly active oxygen. This
makes the catalysts more active in many carbon formation-related reactions of
hydrocarbons, such as steam reforming, dry reforming and oxidation. Recently, it has
been reported that CeixZrxO> mixed oxides exhibited a superior resistance to carbon
formation on the partial oxidation and steam reforming of hydrocarbons (Pengpanich
et al. 2004; Thammachart et al. 2001; Bampenrat et al., 2010), due to the high
oxygen vacancy and oxygen mobility. But, the side reactions such as methanation of
carbon oxides may lead to methane formation cause decrease conversion and
hydrogen selectivity. This can overcome by the addition of alkali metal over
Ni/Al,Os catalyst (Hu et al., 2009). It was reported that the addition K (8 wt%) could
remarkably suppress methane production and improve Ni catalyst activity and
stability (Hu et al., 2009). Thus, the aim of the present work was to investigate the
effect of K on the catalytic steam reforming of ethanol over Ni catalyst on a redox

support such Ce/Zr.

5.3 Experimental
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5.3.1 Catalyst Preparation and Characterization

Ceo.75Z102502 was prepared via urea hydrolysis. Cerium nitrate
(Ce(NO3)3:6H20 (99.0%), Fluka), and zirconium oxychloride (ZrOCl2-8H>O
(99.0%), Fluka) were used as sources of Ce and Zr, respectively. The starting
solution was prepared by mixing 0.1 M of metal salt solutions with 0.4 M of urea
solution at a 2 to 1 volumetric ratio. The ratio between ceria and zirconia salt was 3
to 1 volumetric ratio. The catalyst were prepared by a co-impregnation method using
aqueous solutions of Ni(NO3)2-6H>O and KNOs. The nominal loading amount of Ni
was kept constant at 15 wt.% and the amount of K loadings was 8 wt.%. The
catalysts were then calcined at 500 °C for 4 h in air.

Brunauer—-Emmett-Teller (BET) surface areas were determined by N>
adsorption at 77K (seven point BET method using a Quantachrome Corporation
Autosorb). Prior to the analysis, the samples were outgassed to eliminate volatile
adsorbents on the surface at 250 °C for 6 h.

A Rigagu X-ray diffractometer system equipped with a RINT 2000
wide-angle goniometer using Cu Ka radiation and a power of 40 kV x 30 mA was
used for examination of the crystalline structure. The intensity data were collected at
25°C over a 20 range of 20-80° with a scan speed of 5° (20)/min and a scan step of
0.02° (26).

Temperature programmed reduction (TPR) measurements were
carried out to investigate the redox properties over the resultant materials. About 0.1
g of catalyst was placed in a quartz tube and pretreated in a 30 ml/min He
atmosphere at 150°C for 30 min prior to running the TPR experiment, and then
cooled down to room temperature in He. The feed of 5% H» in N at a flow rate of 30
ml/min was used as a reducing gas. The temperature of the sample was raised at a
constant rate of 10°C/min. The amount of H> consumption during the increasing
temperature period was determined by TCD.

The amount of deposited carbon on the spent catalysts was carried out
using a TG7 Perkin-Elmer thermogravimetric analyzer. The standard involved the
weight change of the sample (10 mg) during its heating in 150 ml.min' of N> as
purge gas and 50 ml.min"! of O, as reactive gas from room temperature to 900°C at a

heating rate of 10°C.min"!. The thermogravimetric and differential thermogravimetric
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(TG-DTG) data were used to differential the oxidation behavior. The morphology of
carbon deposition on the spent catalysts was observed by transmission electron
microscopy (TEM) using a JEOL (JEM-2010F) transmission electron microscope
operated at 200 kV. The sample was dispersed in absolute ethanol ultrasonically, and

the solutions were then dropped on copper grids coated with a lacey carbon film.

5.3.2 Catalyst Activity Tests

To compare the catalytic activity and stability of the catalysts on the
SRE, the reaction was carried out at temperature rang 500-650 °C with steam-to-
carbon (S/C) ratios ranging from 1 to 6 and GHSV (20000-60000 h™'). Typically, 0.1
g of catalyst was packed between the layers of quartz wool in a quartz tube
microreactor (i.d. 10 mm) placed in an electric furnace equipped with K-type
thermocouples. The temperature of catalyst bed was monitored and controlled using
Shinko temperature controllers. A piston metering pump (Eldex) is used as feeding
device which fed a liquid mixture consisting of a known composition of ethanol
aqueous solution was introduced into an evaporator at ca. 150 °C to vaporize. The
vaporized reaction mixture was then fed into the reactor using Ar as the carrier gas.
Gaseous products were analyzed using on-line gas chromatographs with TCD
detectors. Prior to running the reaction, the catalyst was reduced in-situ with a flow
of 50% H; in N> gas at 600 °C for 2 h. The C-C breakage conversion of ethanol was
defined as a molar ratio of the gaseous single carbon compounds (CH4, CO and CO»)
in the product steam to the ethanol reactant and the product yield was defined as a
molar ratio of the product to the theoretical amount of product produced from steam
reforming of ethanol. The C-C breakage conversion, hydrogen yield and product

selectivity reported in this work were calculated as follows:

— [C O]out +[CQ]OUt +[C H4]0U'[ X]_OO

C-C breakage conversion (%) 2%[C.H,0] (1)

%Yield, =2l 100 @)
> 6x[C,H,O]

%Sq = [C Olow x 100 3)

" [COly +[CO 1oy +ICH, Iow
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Where [C2HeO] is the concentration of ethanol entering the reactor,
and [CO]Jout, [CO2]out, [CHa4]out and [H2]out are the concentrations of carbon monoxide,
carbon dioxide, methane, and hydrogen leaving the reactor, respectively. N2 was

particularly used as an internal standard for chromatographic analysis.
5.4 Results and Discussion
5.4.1 Catalyst Characterization

5.4.1.1 BET surface area, XRD and SEM analysis
The results showed that the BET surface area of

Ni/Ceo.75Z10.250> decreased drastically with the presence of K as reported in Table
5.1. This might be due to the blockage of mesopores by the presence K is confirmed
by the SEM images as shown in Figure 5.1.

The X-ray diffraction patterns of Ni/Ceo.75Zr02502 and Ni-
K/Ceo.75Zr02502 catalysts are presented in Figure 5.2 indicating typical peaks of
CeO; cubic fluorite structure at about 29°, 33°, 47°, and 58° (20) with several small
peaks characteristic of NiO rhombohedral phase observed at about 37.31°, 43.35°,
62.99 ° and 75.88° (20). The results are similar to those reported elsewhere
(Pengpanich et al., 2004; Bampenrat et al., 2010). The addition of K over
Ni/Ceo.75Z10.250> reveals typical peaks of K cubic structure at 23.59 © and 41.48 ° (20)
with the absence of K>O peaks. However, the TPR results showed a reduction of
K70 at ca. 550 and 570 °C for Ni-K/Ceo.75Z10.2502 and K/Ceo.75Z1r0.250>, respectively.
This suggests that KoO might be well dispersed on Ce.75Zr02502 and cannot be
detected by XRD. It was also noticed that the presence of K alters the NiO phase
from a rhombohedral to a cubic phase indicating by a shift in a diffraction pattern to

a value 0f 37.09°, 43.08 °, 62.59 ° and 75.25° (20).



Table 5.1 Textural properties of Ni/Ceo.75Z10.2502 and Ni-K/Ce.75Z10.250> catalysts

Ni® K particl BET
Catalsyts particle | particie surface
size (nm) size (nm) | e (m?/g)
Ni/Ceo.75Z102502 47.00 - 56.68
Ni-K/Ce.75Z102502 56.00 74.00 6.44
a Determined by XRD
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Figure 5.1 SEM images of Ni/Ceg.75Zr0.2502 (a) and Ni-K/Ceg.75Zr0.2502 (b) catalysts.
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Figure 5.2 XRD patterns of Ni/Ceo.75Zr0.2502 and Ni-K/Ceo.75Zr0.250; catalysts.

5.4.1.2 H>-Temperature Programmed Reduction

Figure 5.3 shows the H>-TPR profiles of the
Ni/Ceo.75Zr02502 and Ni-K/Ceo.75Zr02502 catalysts. The results showed that
Ni/Ceo.75Z10.2502 exhibits three distinct H> consumption peaks that show maxima at
262 °C, 354 °C and 810 °C. The first two peaks at 262 and 354°C indicate the
reduction of NiO to Ni® whereas the others are assigned to the reduction of support
(Roh et al., 2002) Typically, for supported Ni catalysts, the lower temperature peak
(262 °C) is attributed to the reduction of the relatively free NiO particles while the
higher temperature one (354 °C) is attributed to the reduction of complex NiO
species in intimate contact with the oxide support (Montoya et al. 2000; Pengpanich
et al., 2004; Roh et al., 2002). The addition of K over Ni/Ceo.75Zr0.250> catalyst was
found to increase the reducibility of NiO. The reduction peak at 354 °C was shifted
to 426 °C with the disappearance of the peak at 262 °C indicating that the strong

interaction between nickel and potassium.
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Figure 5.3 TPR profiles of the Ni/Ceo.75Zr02502 and Ni-K/Ceo.75Z102502 catalysts.

The reducing gas contains 5% H> in N> with a flow rate of 30 ml/min and a heating

rate of 10°C/min.
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5.4.2 Catalytic Activities and Stability for Steam reforming of Ethanol

The typical products for ethanol steam reforming detected in this
study are Ho, CO,, CO and CH4 with the absence of other hydrocarbons as shown in
Table 5.2. It was suggested that the steam reforming of ethanol occurs through the
dehydrogenation of ethanol to acetaldehyde route following with the decomposition
of acetaldehyde to methane and carbon monoxide or ethanol dehydration route
(Chica and Sayas 2009; Fatsikostal and Verykios 2004). Hydrogen and carbon
dioxide are the products for methane steam reforming and a water-gas-shift reaction.
The results showed that at low temperature (500°C), the catalytic activity and
stability of Ni-K/Ceo.75Zr0.2502 is obviously higher than that of Ni/Ceo.75Z10.250>. This
suggested that the presence of K species interact with nickel by forming a partial
coverage and/or modify the structure of Ni particle as indicated by XRD, to form
highly active Ni sites (plane 1,1,1) which are more favor for C-C breakage (Hu et al.,
2009; Nandinik et al., 2005). The presence of the alkaline metal was also found to
suppress the reaction pathway for methane formation (Hu et al., 2009), indicating by
low methane selectivity at low temperature for Ni-K/Ceo75Zr02502. At higher
temperatures, the catalyst activity and stability of both catalysts are rather similar. It
was reported (Horiuchi et al., 1996; Nandinik et al., 2005) that the surface of the Ni
catalyst with basic metal oxides was favor for CO, adsorption while the surface
without them was rich in adsorbed CHas. This creates an unfavorable condition for
methane activation and, as a result, carbon deposition was suppressed during the
reforming reaction on Ni-K/Ceo 75Zr 02502, which is also indicated by lower H» yield
and selectivity.

It is also found that by increasing GHSV from 20 000 to 60 000 h!,
the catalytic activity of Ni/Ceo.75Zro2502 is drastically decreased while Ni-
K/Ceo.75Z10.250: is slightly decreased with increasing GHSV as show in Figure 5.4.

This suggests that Ni with present of potassium catalyst is more active than the other.



55

Table 5.2 C-C breakage conversion (%), products distribution (%), temperature and
time on stream for the steam reforming of ethanol over the Ni/Ceo.75Zr0.2502 and Ni-

K/Ceo.75Z10250, steam-to-carbon ratio = 6, GHSV = 20 000 h™!

Tx X Selectivity (%)
Catalysts t c-C br"fakage (%) Yieldi

C) (min) conversion(%) ™ co CO, CH,
Ni/Cey.75Z10250, 500 40 51.9 29.1 71.1 2.8 62.9 342
200 22.5 9.3 65.5 7.9 59.5 32.6
360 10.4 2.6 49.4 8.3 53.8 37.8
550 40 96.4 71.4 89.0 11.7 74.5 13.8
200 97.1 72.3 89.1 12.0 74.3 13.7
360 97.0 71.7 88.7 12.2 73.7 14.1
600 40 96.9 79.1 96.9 14.4 81.6 4.0
200 97.0 79.3 96.9 14.4 81.7 39
360 95.7 79.6 96.9 14.3 81.7 4.0
650 40 97.0 83.6 99.2 13.7 85.2 1.1
200 96.4 84.0 99.1 13.7 85.1 1.2
360 97.1 84.6 99.1 13.8 85.1 1.2
Ni—K/CCoV75ZF0_z502 500 40 62.7 37.7 76.8 12.7 59.9 273
200 38.0 18.9 70.4 9.6 58.9 31.4
360 239 10.3 66.1 9.7 57.1 332
550 40 96.4 75.3 91.5 8.4 80.6 10.9
200 97.0 75.3 91.4 8.3 80.7 11.0
360 96.8 74.5 91.4 8.3 80.8 10.8
600 40 96.8 75.8 93.3 9.3 82.2 8.5
200 96.9 75.2 93.0 9.1 82.2 8.7
360 96.2 75.7 93.3 9.5 82.0 8.5
650 40 96.3 77.2 94.8 8.7 84.7 6.6
200 96.5 77.9 94.9 8.5 85.0 6.5
360 96.6 71.5 94.6 8.6 84.6 6.8
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Figure 5.4 C-C breakage conversion (%) and products distribution (%) vs. GHSV
for the steam reforming of ethanol over (a) Ni/Ceo.75Zr02502 and (b) Ni-

K/Ceo.75Z10.250; catalysts; steam-to-carbon ratio = 6, temperature = 600°C.
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5.4.3 Effect of Steam-to-Carbon Ratio

The effect of the steam to carbon ratio (s/c) on the catalytic activity of
Ni/Ceo.75Zr0.2502 and Ni-K/Ceo.75Z10.2502 catalysts was investigated by varying the
s/c ratios from 1 to 6 at 600 °C. As show in Figure 5.5, it was found that the C-C
breakage conversion increases with increasing s/c ratio, in parallel with hydrogen
and carbon dioxide yields indicating that the steam reforming of ethanol reaction is
shifted to the right due to the H>O surplus. Carbon monoxide and methane are not
favored by the high steam content in the feed (Sahoo et al., 2007). Especially for
methane, the s/c ratio necessary to achieve negligible concentration to the product
mixture is about 6. The effect of potassium is more pronounce at lower s/c ratios (1
to 3). It was found that C-C breakage conversion of the potassium-containing catalyst
is higher due to highly active Ni sites as above mentioned. The results showed that
the ethanol steam reforming over Ni/Ceo.75Zr0.2502 and Ni-K/Ceo.75Z102502 catalysts
might favor ethanol dehydrogenation route at low s/c ratio (1) as indicated by no
C>Hs, which produced from ethanol dehydration route, detected in the product
streams. It was also found that CHs yield of Ni-K/Ceo.75Zr0.2502 is higher than

Ni/Ceo.75Z10.2502 due to less adsorb CH4 over Ni-K which mention above.
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Figure 5.5 C-C breakage conversion (%) and products distribution (%) vs. steam-to-
carbon ratio (S/C) for the steam reforming of ethanol over (a) Ni/Ceo.75Z10.2502 and

(b) Ni-K/Ceo.75Z10.2502; GHSV = 20 000, temperature = 600°C.
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5.4.4 Carbon Deposition

Figure 5.6 shows the amount of carbon deposited (%) for the spent
Ni/Ceo.75Zr0.2502 and Ni-K/Ceo.75Zr0.2502 catalysts after 6 h of reaction at 550°C are
43%.% and 34wt.%, respectively. This indicated that the carbon deposition is
strongly ingibited in the presence of K. TEM images (Figure 5.7) reveal that carbon
deposited on the potassium containing catalyst is mainly amorphous while that of
Ni/Ceo.75Z1r0.2502 contains both amorphous and filament. This might be due to the
fact that the presence of K species makes Ni active sites less favor for methane
activation resulting in the suppression of carbon deposition or potassium can work as

a catalyst for the coke gasification (Hu et al., 2009; Nandinik et al., 2005).

45 —a— Ni/Ce__Zr O

07570252
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Figure 5.6 Carbon deposited (%) vs. temperature for the steam reforming of ethanol

over the Ni/Ceg.75Zr02502 and Ni-K/Ce 75Zr0 2502 steam-to-carbon ratio = 3, GHSV

=20000 h™.
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Figure 5.7 TEM images of (a) Ni/Ceo.75Zr0.2502 and (b) Ni-K/Ceo.75Zr0.2502 catalysts
after steam reforming of ethanol steam-to-carbon ratio = 3, GHSV = 20000 h™! for 6
h.
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5.5 Conclusions

The Ni-K/Ceo.75Zr02502 catalyst exhibit high activities and stabilities for
steam reforming of ethanol. The potassium promoted over Ni/Ceo.75Zr0250> catalyst
is able to modify NiO phase from a rhombohedral to a cubic phase which is more
favor for C-C breakage or interact with nickel, resulting in the improvement of
catalytic properties of the Ni/ Ceo.75Zr0.2502 catalyst. Furthermore, the presence of K
species makes Ni active sites less favor for methane activation resulting in the
suppression of carbon deposition or potassium can work as a catalyst for the coke

gasification.
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CHAPTER VI
CATALYTIC STEAM REFORMING OF ACETONE OVER Co/Ce1xZrxO2
CATALYSTS

6.1 Abstract

In this study, the catalytic steam reforming of acetone was carried out over
Co/Ce1xZ1xO2 (X = 0, 0.25, 0.5, 0.75 and 1) catalysts. It was found that the catalytic
activity was significantly dependent on the reducibility and the metal dispersion. The
Co/Ceo.75Z10.250, catalyst exhibited the highest catalytic performance in terms of
hydrogen yield. The results showed that with Co/CexZrxO2 (X < 0.5), the catalytic
steam reforming of acetone occur simultaneously on both supports and metal phases.
Roles of the supports are to promote the water gas shift reaction and prohibit the
metal sintering with subjected to the amount of Zr in the Ce-Zr mixed oxides. The
amount of carbon deposited on the catalysts is not related to the reducibility of the

support, and hence, the deactivation is found to be from the aggregation of metals.

6.2 Introduction

In recent years, there are many researches in new sources of energy,
especially clean energy. Biomass has been proposed as an alternative feedstock for
hydrogen production not only because it is renewable but also because it is a CO>
neutral energy supply. Biomass converts to bio-oil by fast pyrolysis and then the bio-
oil converts to hydrogen (Hz) by catalytic steam reforming (Czernik et al. 2007;
Takanabe et al. 2006; Zhang et al. 2005). Bio-oil is a mixture of oxygenated
compounds including acids, alcohols, ketones, esters, ethers, aldehydes, phenols, and
derivatives, as well as carbohydrates, and a large proportion (20-30 wt.%) of lignin-
derived oligomers (Oasmaa et al. 2002). By the addition of water, bio-oil can be
separated into a hydrophobic-lignin derived fraction and an aqueous fraction (50
wt.% of the bio-oil) containing mostly carbohydrate-derived monomeric compounds
(Piskorz et al. 1988). Steam reforming of the single compound such as acetic acid in

the aqueous fraction of bio-oil has been the subject of many research efforts (Birot et
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al. 2008; Sun et al. 2008). Acetone (C3HeO) is the model compound selected as a
representative of the ketones present in bio-oil at appreciable amounts up to 2.8%
(Diebold 1999). Therefore, steam reforming of acetone has been investigated as a
model reaction in order to understand the requirements for the design efficient
catalysts for the steam reforming of bio-oil. Up to now, very limited reports (Rioche
et al. 2005; Hu and Lu 2009; Vagia and Lemonidou 2008) in producing hydrogen
from acetone have been published, and only few catalysts have been investigated, for
example, Rh/Al,Os3, Pd/CeZrO; and cordierite catalysts.

The number of studies in the literature on steam reforming of oxygenated
hydrocarbon catalysts has significantly increased in recent years. Catalysts utilized
are mainly Ni, Cu, Co and noble metals, such as Rh, Ru, Re, Pd and Pt (Breen et al.
2002; Liguras et al. 2003). Although, supported noble metal catalysts have shown to
have a good performance but the high cost and limited reserves are also causes for
concerns. As a less expensive alternative, cobalt-based catalysts have been reported
to have superior hydrocarbon steam reforming performance due to their high activity
for C-C bond cleavage (Mielenz 2001; Llorca et al. 2002, 2003). Various metal
oxides such as TiO2, V20s, ZnO, La;0O3 and CeO; have been used to support Co in
order to provide large surface area as well as good thermal stability, leading to high
cobalt dispersion even at high temperatures (Llorca et al. 2002 ). CeOx-ZrOx mixed
oxides exhibited a superior resistance to carbon formation due to high oxygen
vacancy and oxygen mobility (Bampenrat et al. 2010; Pengpanich et al. 2004). Yet,
the redox supports such as CeixZrxO> mixed oxides, which reported a good carbon
resistant, were rarely used with cobalt for steam reforming reaction. It was reported
that Ce1xZrxO> supporting Ni showed a superior resistant to coke formation during
steam reforming of acetic acid, naphthalene and methane partial oxidation
(Bampenrat et al. 2010; Pengpanich et al. 2004; Thaicharoensutcharittham et al.
2011). Here, this leads us to investigate of the effect of CeixZrxO> supports and the

catalytic activity of Co for steam reforming of acetone.

6.3 Experimental

6.3.1 Catalyst Preparation
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Ce1xZrxO> mixed oxides were prepared via urea hydrolysis. Cerium
nitrate (Ce(NO3)3-6H20 (99.0%), Fluka), and zirconium oxychloride (ZrOCl,-8H,O
(99.0%), Fluka) were used as sources of Ce and Zr, respectively. The starting
solution was prepared by mixing 0.1 M of metal salt solutions with 0.4 M of urea
solution at a 2 to 1 volumetric ratio. The ratio between each metal salt was altered
depending on desired solid solution concentration: Ce1xZrxO2, where x =0, 0.25, 0.5,
0.75 and 1.0. The synthesis procedure has been reported elsewhere (Pengpanich et al.
2004).

Co was loaded onto the support via wetness impregnation method
using cobalt nitrate solution. The nominal loading amount of Co was kept constant at

15 wt.%. The catalysts were then calcined at 400°C for 4 h in air.

6.3.2 Catalyst Characterization

Brunauer—Emmett—Teller (BET) surface areas were determined by N>
adsorption at 77K (seven point BET method using a Quantachrome Corporation
Autosorb). Prior to the analysis, the samples were outgassed to eliminate volatile
adsorbents on the surface at 250°C for 6 h.

A Rigagu X-ray diffractometer system equipped with a RINT 2000
wide-angle goniometer using Cu Ko radiation and a power of 40 kV x 30 mA was
used for examination of the crystalline structure. The intensity data were collected at
25°C over a 20 range of 20-80° with a scan speed of 5° (20)/min and a scan step of
0.02° (260).

Temperature programmed reduction (TPR) measurements were
carried out to investigate the redox properties over the resultant materials. About 0.1
g of catalyst was placed in a quartz tube and pretreated in a 30 ml/min He
atmosphere at 150°C for 30 min prior to running the TPR experiment, and then
cooled down to room temperature in He. The feed of 5% H> in N> at a flow rate of 30
ml/min was used as a reducing gas. The temperature of the sample was raised at a
constant rate of 10°C/min. The amount of H, consumption during the increasing
temperature period was determined by TCD

The dispersion degree of cobalt was measured by H»-pulse

chemisorption at 50°C using an Ar flow of 50 ml min! and individual pulses of 0.1
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ml (10% H» in Ar). For measurements, about 100 mg of sample was placed in a
quartz reactor. Prior to the pulse chemisorption, the sample was reduced at 500°C
under H> atmosphere for 1 h. Then the sample was purged with Ar at 500°C for 30
min and cooled to 50°C in flowing Ar. The H: pulses were continued with an
injection interval of 6—8 min until the areas of successive hydrogen peaks were
identical. The cobalt dispersion was calculated assuming the adsorption
stoichiometry of one hydrogen atom per cobalt surface atom.

The amount of deposited carbon on the spent catalysts was
quantitatively determined by temperature-programmed oxidation (TPO) technique,
which was carried out in a TPO reactor analyzer coupled with an FID, was used to
quantify the amount of coke formation in the spent catalysts. Typically, about 40 mg
of sample was heated at a constant rate of 10°C/min from room temperature to 800°C
using 2% O; in He as an oxidizing gas at a flow rate of 40 ml/min. The output gas
was passed to a methanizer packed with 15% Ni/Al>Os3 as a catalyst prior to the FID
detector. After the temperature reached 800°C, 100 ul of CO> pulses was injected in

order to evaluate the quantity of coke formed.

6.3.3 Catalytic Activity Tests

To compare the catalytic activity and stability of the catalysts on the
steam reforming of acetone, the reaction was carried out at temperature rang 550-
700°C with steam-to-carbon (S/C) ratios 6 and LHSV of 15.3 h!. Typically, ca. 0.1 g
of catalyst was packed between the layers of quartz wool in a quartz tube
microreactor (i.d. 6 mm) placed in an electric furnace equipped with K-type
thermocouples. The temperature of catalyst bed was monitored and controlled using
Shinko temperature controllers. A liquid mixture feed consisting of a known
composition of acetone aqueous solution was introduced into an evaporator at ca.
150°C to vaporize. The vaporized reaction mixture was then fed into the reactor
using Ar as the carrier gas. Gaseous products were analyzed using on-line gas
chromatographs in series equipped with FID and TCD detectors. Prior to running the
reaction, the catalyst was reduced in-situ with a flow of 50% H> in N2 gas at 600°C
for 2 h. The conversion and product yield reported in this work were calculated as

follows:
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6.4 Results and Discussion

6.4.1 Catalyst Characterization

6.4.1.1 BET surface area, metal dispersion, SEM and XRD analysis

The BET surface areas and metal dispersion of the catalysts
are shown in Table 6.1. The surface areas of Co/Ce1xZrxO2 (X =0, 0.25, 0.5, 0.75 and
1) catalysts are in the range of 49-65 m?/g, where the Co/ZrO; exhibits the lowest.
This might be due to a low metal-interaction between cobalt and zirconia resulting
the sintering of cobalt, and zirconia itself, possesses a low surface area (Fornasiero et
al. 1996). The deegree of metal dispersion was found in the following decreasing
order: Co/Ceo.75Zr02502 > Co/CeO2 > Co/Ceos50Zr0.5002 > Co/Ceo.25Z10.7502 >
Co/ZrO> as depicted in Table 6.1, indicating that Co particles are better dispersed on
CeO; than ZrO>. As shown in Fig. 6.1 small particles of Co304 well disperse on
Ce0,, resulting from a strong metal-integration of Co3O4 with CeO; bulk phase ,

While Co304 sintered to form large particles on ZrO, surface.



Table 6.1 BET surface areas and metal dispersion of the catalysts
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Catalysts BET surface area (m%/g) | Metal dispersion (%)
Co/CeO2 58.52 1.98
Co/Ce.75Z10.2502 62.65 2.13
Co/Ce.50Z10.5002 63.14 0.69
Co/Ce.25Z10.7502 64.70 0.60
Co/ZrOs 49.65 0.58

The X-ray diffraction (XRD) patterns of CeixZrxO> mixed

oxides impregnated with 15% Co (Co/Ce1xZrxO) are presented in Fig. 6.2, showing

typical peaks of CeO; cubic fluorite structure at about 29°, 33°, 47°, and 58° (20),

similar to what reported elsewhere (Thammachart et al. 2001). The presence of only

the cubic phase in the samples (CexZrxO2, where X < 0.5) indicates that Ce and Zr

are highly homogeneously distributed. Conversely, the evidence of a tetragonal

phase was found when X is higher than 0.5 and the presence of a monoclinic phase is

also observed at a higher ZrO» content. Several small peaks characteristic of C0304

are observed at about 36°, 44° and 65° (20), corresponding to the (3 1 1), (4 0 0), and

(4 4 0) planes, respectively. There are no peaks of CoO and other CoOx as also

observed by Lin et al. (2009) indicating that Co3O4 are preferably formed on the

surface of CeO;,-ZrO; mixed oxide.
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Figure 6.1 SEM images of (a) Co/CeO, and (b) Co/ZrO, catalysts.
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Figure 6.2 XRD patterns of Co/Ce.xZrkO> catalysts (x = 0, 0.25, 0.5, 0.75 and 1)

6.4.1.2 H>-Temperature Programmed Reduction
H>-TPR profiles of catalysts are shown in Fig. 6.3. For the
unsupported Co3Os, two main reduction peaks were observed for which the first peak
(at 320°C) and the other one (at 390°C) are attributed to the reductions of
Co,0, - CoO andGO — Cc , respectively (Paryjczak et al. 1980). However, in

the presence of the support, the TPR profile are different due to the metal support
interaction. The H>-TPR profile of Co/ZrO» still shows a two-step reduction:
Co0,0, — CoO — Cc , but shift to higher temperatures. We speculate that this shift

in the high temperature region is a result of the irreducible structure of the material
caused by ZrO,. The results showed that the reduction temperature was shifted to the
lower temperature when Ce was present. It is apparent that the reducibility of the
catalysts was found the in the similar order as the supports in the following order:
Co/Ce0.75Z102502 > Co/CeO2 > Co/Ceo.50Zr0.5002 Co/Ceo.25Z107502 > Co/ZrO;. This,
then, suggests that the reducibility of cobalt oxide is modified by the interaction

between Co and supports. It was found that the metal interaction is improved with
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the presence of Ce in the mixed oxide supports. This is similar to what reported

elsewhere with Ni/Ce1xZrxO> (Pengpanich et al. 2004).

Co/Ce0,

Co/Ceg 75715 2504

A\

N

\"—x_ Co/Cey 50219 500,
>\ e
N\

Co/Cep 15215150,

signal (a.u.)
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NSO

__/

Cobalt oxide

150 250 350 450 550 650
Temperature (=C)
Figure 6.3 TPR profiles of the Co/Ce-xZrxO; catalysts (x =0, 0.25, 0.5, 0.75 and 1)
and cobalt oxide. The reducing gas contains 5% H> in N> with a flow rate of 30

ml/min and a heating rate of 10 °C/min.

6.4.2 Catalytic activity and stability for steam reforming of acetone

6.4.2.1 Steam reforming of Acetone over Ce1xZrxO2 (x =0, 0.25, 0.5,

0.75and 1)

Firstly, steam reforming of acetone was carried out on the bare
Ce1xZ1xO2 mixed oxides support. The reaction was carried out in a temperature range
of 550-700°C with a s/c ratio of 6 and LHSV of 15.3 h!. The results showed that the
catalytic activity of the Ce1xZrxO2 (x =0, 0.25, 0.5 and 0.75) mixed oxide is higher
than that of ZrO, and found to relate to their reducibilities as show in Table 6.2 and
Fig. 6.4. The catalytic activity for acetone steam reforming is decreased in the
following order: Ceo.75Zr0.2502 > CeO2 > Ceo.50Z10.5002 > Ceo.25Z1r0.7502 > ZrOs.

Ceo.75Z10.2502 was found to exhibit the highest acetone conversion as related to the
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highest reducibility amongst the mixed oxides, which was similar to what reported in
our previous work on napthalene steam reforming (Bampenrat et al. 2010). The
gaseous products found during the reaction are mainly CH4, CO», CO, H; and a trace
of CoHa. However, ZrO> does not yield the reforming products at temperature below
650 °C, which suggests that Zr rich mixed oxides are less active for the steam
reforming of acetone. The high yield of methane indicates that the reaction mainly
occurs via the decomposition of acetone to ketene (6) and its further hydration to the
formation of CH4 and CO; (7) (Duan and Page 1995). These contribute to the CH4
yield prevails over CO; about to 2 times. The small amounts of ethylene were found
in the products stream. This might be produced from ketene convert to ethylene and
CO via reaction (8) (Rice and Vollrath 1929). The amounts of acetic acid may also
arise from the ketene hydration to acetic acid (9) and/or the alternative reforming of
acetone via reaction (10) (Smith et al. 1943). The purposed reaction scheme of

acetone steam reforming over CexZr1xO> is illustrated in Figure 6.5.

CH,COCH, - CH,CO + CH, (6)
CH,CO + H,0 — CH, + CO, (7)
2CH,CO — 2C0 + C,H, )
CH,CO + H,0 = CH,COOH )
CH,COCH, + 2H,0 — CH,COOH + CO + H, (10)

It should be noted that carbon balance loss ca. 10-20% was observed
throughout the catalytic tests, which suggests that the acetone undergoes cracking
and leave carbon deposited on the surface of the mixed oxides. This is similar to the
case of acetone reforming over Pt/ZrO, where there was a carbon balance loss up to

30% (Takanabe et al. 2006).
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Table 6.2 Conversion (%) and products yields (%) for the steam reforming of

acetone over Ce1xZrkO2 (x = 0, 0.25, 0.5, 0.75 and 1), steam-to-carbon ratio = 6,

) Product yields (%)

Catalysts Temperature | Conversion otic

°C) (%) H, CO CO; CH4 CyHy
acid

CeO, 550 51.16 0.00 |2.69 |9.39 21.02 | 0.00 2.82
600 73.61 6.33 | 10.81 | 14.73 | 27.93 | 0.28 2.81
650 84.34 10.02 | 16.39 | 20.15 | 32.69 | 0.26 2.39
700 90.63 13.46 | 21.83 | 21.55 | 34.28 | 0.35 2.30

Ceo.75Zr02502 | 550 58.71 2.14 | 545 |1447 | 2643 0.00 1.22
600 76.41 5.54 |7.62 |17.63 |39.41 | 0.00 1.22
650 86.33 10.18 | 18.23 | 19.16 | 34.01 | 0.18 2.34
700 95.30 1525 | 21.86 | 24.54 | 42.12 | 0.19 1.55

Ceo.5Z10502 550 50.76 0.00 |3.17 |9.62 20.90 | 0.52 2.60
600 67.47 377 | 649 |9.48 29.79 | 0.60 3.51
650 79.64 941 | 13.56 |20.36 |30.34]0.59 3.51
700 88.54 12.61 | 22.45 2195 | 31.74 | 0.00 2.13

Ceo25Zr0.7502 | 550 12.63 0.00 | 1.60 |0.77 1.52 | 0.00 0.00
600 21.84 1.97 |2.88 |1.95 3.85 | 0.00 0.20
650 29.26 291 |7.01 |2.82 541 ]0.00 0.20
700 35.44 7.28 | 799 |3.96 7.09 | 0.00 0.20

Zr0, 550 12.18 0.00 | 0.00 |0.00 0.00 | 0.00 0.00
600 12.62 0.00 | 0.00 |0.00 0.00 | 0.00 0.00
650 27.96 1.28 |3.35 |0.96 3.80 | 0.00 0.00
700 35.26 4.80 |891 |1.69 5.80 | 0.00 0.16

LHSV of 15.3 h'!, time on stream = 2 h, temperature range of 550-700 °C
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Figure 6.4 Conversion (%) for the steam reforming of acetone over CexZrxO2 (x =
0, 0.25, 0.5, 0.75 and 1), steam-to-carbon ratio = 6, LHSV of 15.3 h*!, time on stream
= 2 h, temperature range of 550-700 °C.

Figure 6.5 Diagram for the possible reaction of acetone over CeiZrxO> mixed

oxide.



77

6.4.2.2 Steam Reforming of Acetone over Ni/Ceo75Zr02502 and

Co/Ce1xZryO2 Catalysts

Figure 6.6 summarizes the catalytic activity of Co/Ce1xZrxO2
catalysts for steam reforming of acetone. It was found that the acetone conversion
increases with increasing reaction temperature. Hydrogen, carbon monoxide and
carbon dioxide yields are also increased. Unlike the catalytic reforming over the
mixed oxides support, the typical products detected in the case of Co/CexZrxO; are
mainly Ha, CO,, CO and a trace of CH4 with the absence of other hydrocarbons. The
absence of CoHy4 and other hydrocarbons may be due to the further reforming of these
compounds by cobalt phases or the reaction pathway might not follow the
aforementioned reaction scheme. In all cases, no significant carbon loss was
observed (>98% carbon-balance). It was reported that metallic phases of the cobalt-
base catalyst are effective for hydrogen production by steam reforming of acetic acid
and ethanol with high selectivity at low temperature (Hu and Lu 2007; Lin et al.
2009). As depicted in Table 6.2, ZrO; is not active for reforming reaction at
temperature below 600°C. By introducing cobalt phases, the reforming reaction was
found to improve immensely. The acetone conversion and hydrogen yield were
comparable to those of Co/Ce1xZrxO2 (X < 0.5). This, in turn, suggests that cobalt
phases are essential for the steam reforming of acetone.

Interestingly, with CeixZrxO2 (X < 0.5) supports, the acetone
conversion was not improved with the presence of cobalt phases but increases the
hydrogen yield. This suggests that cobalt phases might play role in reforming of the
products originating from the supports, particularly CHas. It is believed that the
increase in hydrogen yield is through the steam reforming of methane as indicated by
the diminishing methane yield. The difference in hydrogen yield of the catalysts was
found to owe to the different water gas shift activity of the supports, which is related
to the redox properties (Pengpanich et al. 2004;Bampenrat et al. 2010) and metal
dispersions of the catalysts. It is apparent that the catalytic activities of Co/Ce1.xZrxO2
(x =10, 0.25, 0.5, 0.75 and 1) are in the following order: Co/Ce.75Zr0.2502 > CoCeO>
> Co/Ceo.50Z10.5002 > Co/Ce.25Z10.7502 > Co/ZrO, which is similar to the activity of

the support. This seems that a superior activity of Co/Ceo.75Zr02502 for catalytic
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steam reforming of acetone is from the combination of the best reducibility of the

support and the highest metal dispersion.

Figure 6.6 Conversion (%) and products yields (%) for the steam reforming of
acetone over Co/Ce1xZrxOz (x = 0, 0.25, 0.5, 0.75 and 1) and Ni/Ceq.75Z102502

catalysts, steam-to-carbon ratio = 6, LHSV of 15.3 h’!, time on stream = 2 h,

temperature range of 550-700 °C.
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6.4.2.3 Catalyst Stability and Carbon Formation

The stability of Co/Ce1xZrxO> catalysts for steam reforming
of acetone was compared with that of Ni/Ceo.75Zr0.250: catalyst. It was found that the
catalytic activity of Co/CeixZrxO2 (x = 0.25, 0.5, 0.75, 1) and Ni/Ceo.75Z10.2502
remained unchanged for at least 6 h on stream whereas a slightly deactivation was
observed for Co/CeO> catalyst after 3 h on stream as shown in Fig.6.7. The catalytic
activity of Co/CeO; decreases about 5% and 12% at the reaction temperature 600 °C
and 700 °C, respectively. The carbon deposition on the catalysts after 6 h of reaction
at 600°C and 700°C and s/c ratio of 6 was quantified by using TPO technique. As
shown in Fig. 6.8, the amount of carbon deposition was found to slightly decrease
with decreasing Ce/Zr ratio for Co/Ce1xZrxO2 (X =0, 0.25, 0.5, 0.75, 1) at 600°C,
following the catalytic activity. It is noticed the carbon deposition on
Ni/Ceo.75Z102502 is considerably higher than that on Co/Ceo.75Zr02502 even the
acetone conversion is rather similar. This indicates that carbon formation is less
favour when Co is an active metal.

It was reported that Ceo.75Zr0.2502 support help minimizing
carbon deposition by enhancing gasification of carbon formed on the surface in the
case of Ni/Ceo.75Zr0250, (Thaicharoensutcharittham et al. 2011). However, the effect
of Ce1xZrxO2 (X =0, 0.25, 0.5, 0.75 and 1) supports on the carbon formation is not
pronounced in the case of Co/Ce1xZrxO> attribute to the carbon formation on these
catalysts is not much different, mainly related to the acetone conversion. Ever, the
carbon deposition is not much different, Co/CeO, showed an obvious deactivation
during the course of reaction. As shown in Fig. 6.9, the Co particles of spent catalyst
are larger especially in the case of CeO; and less in the case of ZrO», This, in turn,
indicated that the deactivation of the catalyst is mainly caused by the aggregation of

Co particles.
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Figure 6.7 Conversion (%) vs. time on stream for the steam reforming of acetone

over Co/CeixZrxO2 (x =

0, 0.25, 0.5, 0.75 and 1) and Ni/Ceo.75Z10.250; catalysts,

steam-to-carbon ratio = 6, LHSV of 15.3 h! at temperature 600°C (a), 700°C (b).
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Figure 6.8 Carbon deposition for the steam reforming of acetone over Co/CeixZrxO:
(x=0,0.25, 0.5, 0.75 and 1) and Ni/Ceo.75Zr0.250> catalysts, steam-to-carbon ratio =
6, LHSV of 15.3 h'! at temperature 600 °C and 700°C time on stream 6 h.
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Figure 6.9 SEM images of (a) Co/CeO3, (b) Co/Ceo.75Z10.2502, (¢) Co/Ceo.50Z10.5002,
(d) Co/Ceo.25Zr0.7502, (e) Co/ZrO; after 3 h of steam reforming of acetone reaction at

700°C.
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6.5 Conclusions

In conclusion, it was found that the Co/Ce1.xZrxOz catalysts exhibit excellent
activity for steam reforming of acetone. The catalytic steam reforming of acetone
occurred on both mixed oxides supports and metal phases with Co/CeixZrxOz (X <
0.5) and mainly on the metal phases when x is greater than 0.5. The nature of the
support also influenced the catalytic activity and stability. It was found that the
activity decreases with a decrease in Ce/Zr ratio. Due to high reducibility, the
Co/Ce.75Z10250, catalyst was reported to have the highest activity and stability
among mixed oxide catalysts. The roles of the support are to enhancing the
decomposition of acetone and water gas shift reaction with the ceria rich mixed

oxides and to prohibit the metal sintering when Zr is present.
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CHAPTER VII
CATALYTIC COMBUSTION OF METHANE OVER NiO/Ceo.75Zr0.2502
CATALYST

7.1 Abstract

In this work, methane combustion over Ceo75Zr02502 and
NiO/Ceo.75Z102502 catalysts was investigated in the temperature range of 300-800°C.
Kinetic studies of the methane combustion over the catalysts were performed using
the initial rate method. It was found that the NiO/Ce.75Z10.250> catalyst yields higher
activity for methane combustion than Ceo75Zr02502 catalyst. The reaction order
determined is in good agreement with a pseudo first order with respect to methane.
The two-term model associated with the most adopted surface kinetic mechanism
suggests differences of the NiO and Ceo.75Zr02502 active sites whose activation
energies for methane combustion are observed as 63.10%2.51 and 74.26%2.40

kJ/mol, respectively.

7.2 Introduction

In recent years, catalytic combustion of methane has been extensively
studied as an alternative to conventional thermal combustion (Trimm, 1983; Pfefferle
et al., 1987; Zwinkels et al., 1993). This catalytic combustion has shown to be high
efficient in gas turbine combustors and effective in reduction of emitting pollutants
such as carbon monoxide and nitrogen oxides (Pfefferle et al., 1987; Saint-Just and
Kinderen, 1996). Another main application of catalytic total oxidation of
hydrocarbons is the abatement of methane emissions from natural gas or methane
combustion devices. Because methane is a potent greenhouse gas, it is important to
reduce its amounts emitted into the atmosphere. This would, in turn, cover a wide
range of applications such as abatement of methane emissions from lean-burn natural
gas vehicles (NGVs) and power generation processes.

Catalysts in catalytic combustion typically are noble metals or transition

metal oxides that are supported on a substrate. Precious metal such as Pt and Pd, and
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mixed metal oxide catalysts are typically employed for the oxidation of
hydrocarbons (Lee and Trimm, 1995; Gélin and Primet, 2002). However, due to its
rapid deactivation other various supports are being scrutinized. Ceria (CeOz) has
been extensively employed as a textural and structural promoter for the supported
noble metal catalysts because of its unique redox properties and high oxygen storage
capacity (Trovarelli et al., 1999). However, pure CeO> possesses poor thermal
stability. Recently, it has been reported that the addition of Zirconia (ZrO) to CeO»
leads to the improvement of not only its oxygen storage capacity, redox properties,
and catalytic activity but also resistance to high temperatures (Fornasiero et al.,
1996; Hori et al., 1998). CeO; or ZrO, oxides make themselves of interest for use as
a support in oxidation reactions. In fact, CeO2-ZrO, mixed oxides have shown the
catalytic activity for methane oxidation (Pengpanich et al., 2002).

Reducing the high cost of noble metal catalysts by making use inexpensive
metals for the complete oxidation of hydrocarbons remains the major research target.
Recently, it has been demonstrated that NiO/CeO; and NiO/ZrO> catalysts are active
for methane oxidation (Pakulska and Grgicak, 2007). As our previous studies
showed that Ni/Ceo 757210250, catalyst is superior to methane partial oxidation with
an insignificant coke formation (Pengpanich et al., 2004), thus, we explored the
catalytic activity and kinetics of NiO/Ceo.75Zr0250, catalyst for methane total

oxidation.

7.3 Experimental

7.3.1 Catalyst Preparation and Characterization

Ceo.75Z102502 mixed oxide was prepared via urea hydrolysis of
Cerium nitrate and zirconium oxychloride. The NiO/Ceo.75Zr0.250; catalyst at which
its Ni loading was 5% was prepared by the incipient wetness impregnation method.
The catalysts were characterized by BET surface areas, X-ray diffraction (XRD), and
H> temperature programmed reduction (H2-TPR). The detailed synthesis procedure

and characteristics of catalysts were reported elsewhere (Pengpanich et al., 2002).

7.3.2 Catalytic Activity tests and Kinetic Studies
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Catalytic activity tests for methane oxidation were carried out in a
differential quartz tube micro reactor (i.d. 10 mm). Typically, 0.1 g of catalyst were
packed between the layers of quartz wool. The reactor was placed in an electric
furnace equipped with K-type thermocouples. The temperature of catalyst bed was
monitored and controlled by Shinko FCR temperature controllers. 3%CHa4, 10%0-,
and balanced He gases were mixed and fed into the reactor at a gas hourly space
velocity (GHSV) of 39 000 h' using Brooks 5850 E mass flow controllers. An
effluent gas was analyzed using a Varian CP-3380 GC fitted with a TCD.

The kinetic studies were carried out at the temperature range of 400-
550°C and atmospheric pressure with variations of methane concentration between 2
and 4%, and of oxygen concentration between 10 and 20%. The kinetic data were
attained using the initial rate method at the linear conversion range of less than 20%
in all cases as well as conformed to Mears (1971) and Weisz (1954) criteria to ensure

the absence of mass transfer limitations at such reaction conditions.

7.4 Results and discussion

7.4.1 Catalyst Characterization

BET surface areas of Ceo.75Zr0.2502 and NiO/Ceo.75Zr0.250> catalysts
determined by N> adsorption at 77K (five point BET method using a Quantachrome
Corporation Autosorb) are 89.3 and 77.9 m?%/g, respectively. The presence of NiO
appears to some extent lead to a diminution of the surface area of its Ce.75Z10.2502
support. XRD patterns of the catalysts yield a typical cubic fluorite structure of ceria,
without separate phases of Ni and NiO, similar to those reported elsewhere
(Pengpanich et al., 2004).

H>-TPR profiles of catalysts are shown in Figure 7.1. For the
Ceo.75Z10.2502 catalyst, two peaks were observed for which the first peak (517 °C) and
the other one ( 810°C) are attributed to the reductions of surface oxygen and bulk
oxygen, respectively (Pengpanich et al., 2002). On the other hand, four peaks were
observed for the NiO/Ceo.75Z10.250 catalyst. The first two peaks at 244 and 340°C
indicate the reduction of NiO to Ni’ whereas the others are assigned to the reduction

of support (Roh et al., 2002). Typically, for supported Ni catalysts, the lower
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temperature peak (244 °C) is attributed to the reduction of the relatively free NiO
particles while the higher temperature one (340 °C) is attributed to the reduction of
complex NiO species in intimate contact with the oxide support (Pengpanich et al.,

2004; Roh et al., 2002; Montoya et al., 2000).

7.4.2 Catalvtic Activities for Methane Oxidation and Kinetic Studies

Figure 7.2 reveals that the NiO/Ceo.75Zr02502 catalyst at which its
temperature for 50% conversion (Tso%) of methane was reduced to 480°C yields
higher activity than Ceo.75Zr0250, catalyst having its Tsoy of 590°C. This might be
related to the degree of reducibility of the catalysts, where Ni1O/Ceo.75Z10.2502 shows
the highest reducibility, as indicated by H2-TPR results (Figure 7.1). Interestingly,
Tsov of the NiO/Ceo.75Zr0.250> catalyst is significantly lower than those reported for
the methane combustion over perovskite type oxides (525-780°C) (Arai et al., 1986),
NiO/CeO, and NiO/ZrO; (550-805°C)(Pakulska and Crgicak, 2007).

For kinetic studies of methane combustion, the effects of the
variations of the methane and oxygen partial pressures on the rate of reaction at
450°C are presented in Figure 7.3. It is apparent that the reaction rate is strongly
influenced by the methane partial pressure whereas it is insignificantly dependent on
the oxygen partial pressure. Based on a power law model, the reaction order with
respect to methane is found to be 0.95% 0.1 (ca. 1.0) while that with respect to
oxygen is 0.15% 0.02 (ca. 0). This conforms to the dependency of the partial pressure
of each reactant on the reaction rate. Such values are quite similar to those reported
for the methane combustion over cobalt oxides (Bahlawane, 2006), NiO/CeO; and
NiO/ZrO, (Pakulska and Crgicak, 2007) in which they were about zeroth order for
oxygen and a first order for methane. The apparent activation energy obtained from
the Arrhenius plot for a pseudo-first-order model is 55.68 % 1.43 kJ/mol. This value
falls in the range of the activation energies reported for methane combustion over Pd,
Pt, and metal oxide catalysts (30-120 kJ/mol) (Pengpanich et al., 2002; Pakulska and
Crgicak, 2007; Bahlawane, 2006; Hurtado et al., 2004; Klvana et al., 1994).

The kinetic models purposed for methane combustion in the literature
are mainly categorized into four types; Langmuir-Hinshelwood models (LH), Eley-

Rideal models (ER), Mars-van Krevelen models (MVK), and a two-term model (TT)
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(Pengpanich et al., 2002; Arai et al., 1986; Klvana et al., 1994; Vangiezen et al.,
1999). The details of each model are summarized in Table 7.1.

By performing a multi-linear regression analysis as presented in Table
7.2, it was found that LH1 and LH2 models assumed surface reaction as a rate
determining-step fit the experimental reaction rate well in the temperature range of
400-500 °C but descend to predict beyond 550 °C. Although the ER and MVK
models frequently used to describe the oxidation of organic compounds over noble
metals and metal oxides (Hurtado et al., 2004; Klvana et al., 1994; Vangiezen et al.,
1999; Ciuparu et al., 2002; Mccarty and Wise, 1990) yield positive parameters for
the reaction studied with R*’s of 0.998 and 0.997, respectively, they cannot be used
to clarify the catalytic reactions that take place at the coexisting two active sites as
the methane oxidation over NiO/Ceo.75Zro.25s might occur on two different active sites
simultaneously.

A two-term model modified from the ER model for two active sites
was then purposed in conjunction with few assumptions made. The rate expression

of CH4 oxidation over NiO can be expressed as K, Pm4by assuming a fast supply of

oxygen while that of over Ceo75Zro2502 can be expressed as kzPCH4 /PO2 by

assuming a small coverage of oxygen. Therefore, the overall rate expression can be

written as follows:

—la, :k1P0—|4 +kzpo—|4\/ PQ (1

where B, and R, denote the partial pressures of methane and

oxygen, respectively, ki and k> denote the reaction rate constants over NiO and
Ceo.75Z10.2502, respectively.

Figure 7.4 illustrates that the two-term model gives an excellent
agreement (R? = 0.998) with the experimental rate. Based on such a model, it should
be pointed out that the rate of methane oxidation over NiO sites is much higher as
three times than that over Ceo.75Zr0250; sites at a given temperature. Notably, the

methane oxidation rate of Ceo.75Zr0.250: sites is relatively close to what reported in
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our previous study (Pengpanich et al, 2002). The kinetic parameters for the two-term
model are graphically shown in Figure 7.5. The activation energies for NiO and
Ceo.75Z102502 sites are determined to be 63.10%2.51 and 74.26*2.40 kJ/mol,
respectively, which are in the range of values reported for other transition oxides
(Bahlawane, 2006; Hurtado et al., 2004; Klvana et al., 1994; Vangiezen et al., 1999;
Ciuparu et al., 2002; Mccarty and Wise, 1990).

7.5 Conclusions

NiO/Ceo.75Z10.2502 catalyst possesses high activity for methane combustion.
Based on the kinetic studies, the reaction rate of catalytic methane combustion
strongly depends on methane concentration in which the reaction occurs
simultaneously on NiO and Ceq.75Zr0.250; sites with a vigorously pronounced activity
of NiO. The reaction mechanism can be expressed as the two-term model for which

the dissociative oxygen reacting with methane is a rate-determining step.
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Table 7.1 Kinetic models tested in fitting the methane combustion for NiO/Ceo.75Zr0.250> catalyst
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Reaction mechanism

Rate determining step

Rate expression
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Table 7.2 Summary of kinetic parameters over NiO/Ce.75Zr0.250> catalyst

96

Rate

Temperature (°C)

; 2
Model Rate expression parameter 400 450 500 550 R
ron, =k Fo, ki (x107) | 2.863%0.492 6.530+ 1.071 12.310£2.051 | 22.620%3.235 0.784
T (It koPep,) ky (x10) | -1.548+0.274 | -1.643+0.241 | -1.709+0.231 | -1.758+0.189
Pow, ki (x10) | -0.536£0.315 | -0.557+0.138 | -0.555+0.239 | -0.740%0.181 0.975
LH1 | ~fon, = kzm k: (x107) | 5.605%0.863 13.430£0.920 | 26.470%£3.122 | 45.720%4.542
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I kikoPer, |/ Po, k:  (x10) 0.600+ 0.229 0.217+0.093 0.004£0.261 -0.155+0.175 0.988
M T kP, +oPom, ) ks (x10%) | 0.059%0.020 0.361+0.146 | 40.863+29.949 | -1.853+2.218
R ki (x107) | 0.717£0.270 1.634£0.592 3.089+ 1.111 5.639+ 1.843 0.199
¢ (I kaPo,) ke (x10) | -1.548+0.600 | -1.644%0.533 | -1.705+0.500 | -1.766%0.428 :
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- =k A k 107 0974
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2
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o, =ky—afeHFo, ke (x10) | 0.670£0331 | 02380147 | 0.017:0.018 | -0205%0212 '
(1+kiPo, +kaPeh,) ks (x10%) | 0.052£0.022 0.316%0.182 8.425t4.432 | -1.225t1356
ER | —rey, = Kifer, | P, ki (x10) 7.201+0.441 6.718+ 0.400 5.672+0.465 5.050+0.319
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MVK | —tep, = Kred Per, Ko Fo, ke (x10) 8.63810.838 19.667£1.180 | 37.898+3.415 | 66.638% 6.431 0.997
* kred P, +KoPo, ko (x10) 1.659%0.161 5.389+0.323 11.759£ 1.059 | 52.724%5.088 '
~ ki (x107) 5.160% 0.665 12.182£0.730 | 22.726£2.235 | 40.874%4.317
—rcn, =k P ko P P
TT CHa =HTen, TE27CH, VO, ke (x107) | 0.524%0.174 1.309+ 0.191 2.862+0.583 5.927+1.127 0.998
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Figure 7.1 TPR profiles of Ceg.75Zr02502 and NiO/Ceo.75Z10250, catalysts. The
reducing gas contains 5.32% H> in N> with a flow rate of 30 ml/min and a heating

rate of 10 °C/min.
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Figure 7.2 Light-off curves for Ceo.75Zr0.2502 and NiO/Ceo.75Zr0.250: catalysts. The

gas mixture contains 3.0%CHas, 10.0%0: in balanced He with a total flow rate of 100

ml/min.
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Figure 7.3 Experimental reaction rate ( o4, ) vs. methane partial pressure ( R, ) with

different oxygen partial pressures ( R, )for NiO/Ceo.75Zr0 250 catalyst at 450°C.



100

< 25.00

w2 A
220,00 -

k) A Two-term model
o 15.00 1 R* =0.998

=

2 10.00 -

S

B

= 5.00 -

E

=

8 0.00 ! ! ! !

0.00 5.00 10.00 15.00 20.00 25.00
Experimental rate x 10° (mol g'1 s'l)

Figure 7.4 The comparison between experimental reaction rates and calculated

reaction rates based on the two-term model for methane combustion over

NiO/Ceo.75Z10.250> catalyst.
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catalyst.



CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

In this thesis, the use of Ni/CeO,-ZrO, for the steam reforming of
oxygenated hydrocarbons was systematically investigated on which the various
functional-group representatives for the oxygenated hydrocarbons were acetone,
acetic acid, and ethanol. The findings can be summarized as follows:

1. Since the CeO2-ZrO; mixed oxides demonstrated a relatively high
catalytic activity for methane oxidation, this suggests that they be appropriate as
oxidation catalysts required for the reduction of carbon deposition on the catalyst
surface. In addition, such mixed oxides can only be active for the breakage of weak
C-C bonding compounds like acetone. The presence of Ni over CeO,-ZrO, mixed
oxides can immensely improve the catalytic activity for both the oxidation and steam
reforming reactions.

2. The catalytic activity and deposited carbon reduction on the
Ni/Ceo.75Z102502 catalyst can be further improved for steam reforming by the
addition of potassium (K). The presence of K species results in the modification of
Ni active sites to be unfavorable for the methane activation but favorable for the coke
gasification. Moreover, the potassium promoted Ni/Ceo 757210250, catalyst does not
only reduce carbon deposited but also modify the Ni surface which, consequently,
improves the catalytic properties of the Ni/Ceo.75Zr0.250> catalyst.

3. Ata given s/c ratio, acetic acid causes the most coke deposition onto
the Ni/Ceo.75Z10.250; catalyst as compared to the other compounds. This suggests that
the carbon formation can be generated by a few routes initiated with acetone
intermediates as well as ketene and ethylene intermediates.

4.  For steam reforming of acetone, the Co/Ceo.75Z10.2502 is more active

than the Ni/Ceo.75Z10.2502 in terms of less amount of coke deposition present.
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8.2 Recommendations

The mechanisms of steam reforming of the oxygenated compounds are very
complex in nature depending upon the catalysts used. Therefore, further studies on
the reaction mechanisms along with the routes for alleviating carbon formation
should be investigated in order to comprehend the particular catalytic system.
Moreover, the contents of oxygenated hydrocarbons in natural bio-oils are inevitably
varied by different sources, and hence, the effect of the content distribution should

also be investigated prior to the real applications.
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