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## 6271026023 : MAJOR PETROCHEMISTRY AND POLYMER SCIENCE
KEYWOR  hydrogen production, ZSM-5 nanosheet, in-situ catalyst, bio-alcohol
D: steam reforming, Pyrolysis of rice husk
Porapak Suriya : Hydrogen production by steam reforming of bioethanol
and fusel oil over Ni/ZSM-5 nanosheet and Ni/SiC. Advisor: Assoc. Prof.
PRASERT REUBROYCHAROEN Co-advisor: Asst. Prof.
THANAKORN WASANAPIARNPONG

In this research, hydrogen production is performed by steam
reforming of bio-alcohol over Ni-based catalysts. First section of the study, Ni/SiC
catalyst was synthesized and used in steam reforming of fusel oil (FSR). The SiC
support was prepared by pyrolysis of rice husk at 1500 °C to obtain f-SiC phase,
which benefit to reduce the carbon formation due to its good thermal conductivity
and durability. The Ni/SiC1500 indicated 90% of fusel oil gas conversion and 29%
of hydrogen yield during a 300 min of steam reforming of fusel oil at 700 °C, hence
presenting a good performance, and remaining stable in the steam reforming test.
However, there were some restrictions in FSR catalytic performances. This is
because fusel oil is a mixed alcohol, suggesting the complexity of reactions when
applying to a steam reforming reaction. To improve the catalytic performances in
terms of catalyst development, two-dimension ZSM-5 nanosheet was considered as
a catalyst support for Ni catalysts due to its high surface area, porous structure
properties, and thermal stability. Moreover, Ni/ZSM-5 nanosheet was applied to
bioethanol steam reforming (ESR) instead of FSR because the reaction mechanism
of ESR has been widely considered in the previous literature for many years and it
provides insights into the catalyst development. Hence, the second part of the
research investigates on ESR over Ni/ZSM-5 nanosheet. Ni/ZSM-5 nanosheet (in-
situ) catalyst was successfully synthesized by hydrothermal process, using
ethylenediamine as surfactant directing agent for nickel stabilizing precursor. The
catalyst presented 65% of H yield, 88% of ethanol conversion and only 17wt% of
coke deposition under steam reforming of bioethanol at 550 °C, compared to
impregnated catalyst. This was because two-dimension ZSM-5 nanosheet benefits
to reduce the carbon formation due to the decrease in surface diffusion barriers.
Moreover, in-situ method presented well encapsulated small size of nickel particles
in the interconnected lamellar layers of ZSM-5 nanosheet to prevent nickel sinter
and coke, hence giving an excellent catalytic performance, and maintaining a 48 h
of longevity during the steam reforming of bioethanol.
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CHAPTER 1
INTRODUCTION

Hydrogen (H2) energy has been recognized as an alternative energy source. It
is a direct source of clean energy and has applications in food industries,
petrochemical refineries, cutting/welding, metallurgy, etc. Hydrogen is commercially
produced by the electrolysis of water, reforming of natural gas, and gasification of
coal. Almost 50% of hydrogen production is from natural gas or light oil fraction by
steam reforming. However, the use of petroleum-based feedstock causes the effects of
unsustainable and undesirable greenhouse gases, whereas hydrogen produces a clean
form of energy with water as a by-product. Thus, hydrogen can be a clean energy
carrier if the technologies associated with it are clean. To reduce the pollution gases
[1-3], the alternative pathway for producing hydrogen is steam reforming of alcohol.

Bioethanol and fusel oil are attended to use as resources for hydrogen
production via steam reforming in this work. Bioethanol is an interesting renewable
alcohol source for hydrogen production since it is a clean reagent derived from
biomass, which is widely around the world at a relatively low cost. Nowadays,
bioethanol is mainly produced from the fermentation process of biomaterials, for
example, corn grains, sugar cane, wheat straw, and other starch-rich materials [4, 5].
The steam reforming of bioethanol (ESR) process is one of the low-cost methods for
hydrogen production. Industrial ethanol production causes a large number of by-
products, called fusel oil. Fusel oil is a mixture of C,-Cs alcohols, and it has been
considered a low-value reagent to produce solvents, extractants, energy resources, and
medicinal products. However, it can also be used as a cheap and renewable source to
produce hydrogen via steam reforming of fusel oil (FSR).

The metal active site on catalysts, used in steam reforming reactions, are
divided into two groups: noble metal catalysts (e.g., Rh, Ru, Pt, and Pd) [6-8] and
non-noble metal catalysts (e.g., Ni, Cu, and Co) [9-11]. Although noble-metal
catalysts present good catalytic performances in steam reforming reactions, their
usage in the catalytic reaction is undesirable because of their high cost. Therefore, the
non-noble metal catalytic system is most interesting in steam reforming reactions

since their cost is cheaper than those noble metal catalysts.



Nickel-based catalyst is particularly attractive non-metal catalysts, which have
been widely used in steam reforming reaction because of their ability in breaking
C—C, C—H, and C-O bond and their lower cost if compared with noble metals [12].
Nickel catalysts are basically prepared by the impregnation method on porous
supports. Although they exhibit good catalytic performances towards high hydrogen
selectivity in steam reforming reactions, the nickel metals over the external surface on
porous supports would be agglomerated during catalysis. This leads to catalyst
deactivation and carbon formation, bringing a decrease in catalytic performances.

To improve the catalytic performance of steam reforming, the catalyst
supports play an important role in reducing nickel sinter and coke. In this work,
silicon carbide (SiC) and ZSM-5 nanosheet are used for preparing nickel catalyst
supports.

Silicon carbide (SiC) supports in this work were prepared from rice husk. Rice
husk is an abundant biomass material, approximately composed of 40-50% of
cellulose, 25-30% of hemicellulose, 18-20% of lignin, 10-14% of mineral ash, and 8-
10% of water [13]. However, rice husk ash consists of 80-90% of silica (SiO2) [14].
The components in rice husk, such as cellulose and silica, can be formed SiC by
pyrolysis at 1300-1500 °C under inert gas purging [15]. For the pyrolyzed rice husk
over 1700 °C, the obtained product is the a-SiC phase and more stable than that of g-
SiC. However, the £-SiC is more attractive in this research because it is more active
with the metal active sites and their surface area is also higher, compared to a-SiC.
The p-SiC presents good thermal conductivity and high endurance properties,
decreasing the hot spots on the catalyst surface during the reaction at high
temperatures [16]. These properties reduce the amount of coke, blocking the active
sites of catalysts and enhancing catalytic performances. Therefore, p-SiC from rice
husk is appropriately used for catalyst supports [17-20].

ZSM-5 is a hierarchical porous material, known as an aluminosilicate zeolite.
It has been widely used for the isomerization, alkylation, and aromatization of
hydrocarbons in the petrochemical industry [21-23]. However, ZSM-5 composes of
regularly stacked lamellas with a thickness of one unit, and it causes slow molecular
transport in microporous systems due to the three-dimension structure. Therefore,

two-dimension ZSM-5 or ZSM-5 nanosheet (Z-NS) has gained more extensive



attention, due to its excellent properties as high accessibility of active centres on the
surface with reduced diffusion resistance and the improvement of molecular transport
[24, 25]. These abilities could be beneficial to the catalytic performance of nickel

catalysts.

Hydrogen Production

Steam Reforming Reaction

Steam Reforming of Fusel Oil Steam Reforming of Bioethanol
(FSR) (ESR)

Ni/SiC NiI/ZSM-5

SiC from Pyrolysis of ZSM-5 nanosheet Conventional ZSM-5
rice husk (2D) (3D)

In-situ In-situ

(encapsulation) iepeaghtion (encapsulation) Impregnation

Figure 1.1 Scope of the research.

In this work, FSR over Ni/SiC catalyst were firstly investigated, however,
there were some restrictions in catalytic performances. This is because fusel oil is a
mixed alcohol, suggesting the complexity of reactions when applying to a steam
reforming reaction. To improve the catalytic performances in terms of catalyst
development, two-dimension ZSM-5 nanosheet was considered as a catalyst support
for Ni catalysts due to its high surface area, porous structure properties, and thermal
stability. Moreover, Ni/ZSM-5 nanosheet was applied to ESR instead of FSR because
the reaction mechanism of ESR has been widely considered in the previous literature

for many years and it provides insights into the further catalyst development.



This research is then divided to two main parts regarding hydrogen production
via steam reforming as shown in Figure 1.1. The first part is hydrogen production by
FSR over Ni/SiC. The SiC support was prepared by pyrolysis of rice husk. The
influence of temperatures (1300, 1500, and 1700°C) on the morphology and
crystalline phase of SiC was discussed. The properties of the prepared supports and
catalysts were characterized by XRD, BET, H>-TPR, SEM-EDX, FESEM, and TGA
techniques. The catalytic performance of the Ni on pyrolyzed rice husk support on
FSR was studied at 700°C and compared with Ni on commercial SiC (Ni/SiC-com).

The second part is ESR over Ni/ZSM-5 nanosheet catalysts. This part aims to
investigate hydrogen production and improve catalytic performance via ESR over Ni
on different ZSM-5 supports between ZSM-5 nanosheet (Z-NS) and conventional
ZSM-5 (Z-CON) with a similar Si/Al ratio of 100. The catalysts were fabricated by
two different methods, employed for catalyst synthesis, that is, in-situ (IN) and wet
impregnation method (IMP). The prepared Ni catalysts were defined as Ni/Z-NS-IN
and Ni/Z-NS-IMP, Ni/Z-CON-IN, and Ni/Z-CON-IMP. The effects of different ZSM-
5 support and the preparation methods on the catalytic performance of Ni/ZSM-5

catalysts were further investigated in detail.

1.1 Scope of this work

1.1.1 Hydrogen production by FSR over Ni/SiC

1. Synthesis of silicon carbide (SiC) from pyrolysis of rice husk at high
temperatures.

2. Study on the influence of temperatures (1300 °C, 1500 °C, and 1700 °C) on
the pyrolysis of rice husk to investigate the morphology and chemical
properties

3. Preparation of nickel on SiC by wet impregnation method

4. Study on catalytic performances toward hydrogen vyield and fusel oil

conversion.



1.1.2 Hydrogen production by ESR over Ni/ZSM-5 nanosheet

1. Synthesis of two-dimension ZSM-5 nanosheet (Z-NS) and three-dimension

conventional ZSM-5 (Z-CON) by the hydrothermal process with the same
ratio of Si/Al.

Preparation of nickel catalyst by two different methods; in-situ and
impregnation, applied to both Z-NS and Z-CON.

Characterization of ZSM-5 supports and the prepared nickel catalysts to
investigate the different properties of the chemical surface, porosity, thermal
decomposition, and morphology.

Study catalytic performances of nickel catalysts in steam reforming of
bioethanol (ESR) in a fixed bed reactor toward hydrogen yield, ethanol
conversion, and stability test.

1.2 Objectives
121 Hydrogen production by FSR over Ni/SiC

1.

To utilize bio-waste materials, which are rice husk and fusel oil, as catalyst
support and a resource for steam reforming reactions.

To study the influence of temperatures (1300 °C, 1500 °C, and 1700 °C) on
the pyrolysis of rice husk to investigate the morphology and chemical
properties.

To investigate hydrogen production and improve catalytic performance via
FSR over a Ni/SiC catalyst

1.2.2 Hydrogen production by ESR over Ni/ZSM-5 nanosheet

1.

2.

To investigate hydrogen production and improve catalytic performance via
ESR over Ni on different ZSM-5 supports between ZSM-5 nanosheet (Z-NS)
and conventional ZSM-5 (Z-CON) with a similar Si/Al ratio of 100.

To study the insight properties of the catalyst, fabricated by two different

methods, which are in-situ (IN) and wet impregnation method (IMP).



CHAPTER 2
THEORICAL BACKGROUND AND LITERATURES

2.1 Hydrogen gas

Hydrogen (H2) energy has been recognized as an alternative energy source for
the future. It becomes an attractive energy option for transportation and electrical
applications. Hydrogen energy can be used in vehicles, in houses, for portable power,
and in many more applications [26]. Hydrogen can be produced from a variety of
resources, such as fossil resources (natural gas and light oil fraction) and renewable
resources (biomaterial and water). However, H» production from petroleum-based
feedstock causes the effects of unsustainable and undesirable greenhouse gases. To
reduce the pollution gases, the alternative pathway for producing H: is steam

reforming of bio-alcohol.

2.2 Steam reforming of fusel oil (FSR)

Fusel oil is a by-product obtained during bioethanol production. Fusel oil is
composed of a mixture of C,-Cs alcohols, which are 66.7, 12.5, 4.26, 3.43, 0.7, and
12% by weight of isoamyl alcohol isobutanol, propanol, ethanol, butanol, and water,
respectively [27]. It can be described as a clear yellow liquid with a strong smell as
shown in Figure 2.1.

Figure 2.1 A photograph of fusel oil.

A thousand liter of ethanol production produces five liters of fusel oil as a by-
product. In some countries where bioethanol is produced on a large scale, by-product

utilization has become an important issue in making the global process less polluting



and more useful. Fusel oil has been considered a low-value material that is only
burned to produce energy. However, it can be used as a cheap and renewable source

to produce Hz by steam reforming reaction [27].

C4.35H10710 + 7.7H20 —  13.05H: + 4.35CO; (2.1)

The steam reforming reaction (SRR) is an endothermic reaction. The overall
reaction is shown in Eq. (2.1). The process consists of 3 steps: (i) synthesis of gas
production, (ii) water gas shift, and (iii) gas purification, as shown in Eq. (2.2) -(2.4),

respectively:

CoHm + NH20 +heat ——>  nCO + (n+m/2)H; 2.2)
CO + H,0 — CO, + Ho (2.3)
CO + 3H; — CHs + HoO + heat (2.4)

Among these intermediate products, carbon dioxide (CO2) is converted to
carbon monoxide (CO) via reverse water gas shift (WGS) reaction, Eq. (2.5), while
methane (CH4) produced H> through SRR, as indicated in Eqg. (2.7) and (2.8).
According to the composition of fusel oil as a biomass and mixed C»-Cs alcohol, SRR
of fusel oil can produce carbon formation via Boudouard reaction and thermal
deposition of methane as shown in Eq. (2.11) and (2.12), respectively. Due to the

carbon deposition, the catalyst could be deactivated by decreasing active sites and H;

yield.

Reverse WGS reaction Ho + COo —>» CO + H0 (2.5)

WGS reaction CO + HO — > CO; + H, (2.6)

Methanation CO +3H, —* CHs +HO+heat (2.7)
CO; +4H, —* CHas + 2H20 (2.8)

SRR of methane CHs + 2H,O—> CO + 3H; (2.9)
CHs + 2H,O—* CO; + 4H; (2.10)

Boudouard reaction 2CO —* C + CO2 (2.11)

Thermal deposition of methane CHy —» C + 2H> (2.12)




2.3 Steam reforming of bioethanol (ESR)

Bioethanol has been produced by about 60% from sugarcane and 40% from
other crops. Figure 2.2 showed that the United States and Brazil remain the two
largest producers of bioethanol, followed by the European Union and China. The

world bioethanol production market is expected to grow further [28].
Global ethanol production
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Figure 2.2 A schematic diagram of global ethanol production by countries between
2007 and 2020 [28]

According to the huge scale of bioethanol production, it has been considered
one of the alternative resources to produce Hz by steam reforming reaction. The steam
reforming of ethanol (ESR) process is one of the low-cost methods for hydrogen
production [29, 30].

Many studies have investigated the ESR using Ni, Co, and noble metal
catalysts. An effective catalyst for hydrogen production from ESR must dissociate the
C-C bond at low temperatures, including maintaining the CO concentration low, and
remaining stable during catalysis. The overall ESR reaction for hydrogen production
is given below in Eq. (2.13).

CH3CH20H + 3H20 — 2CO3 + 6H> (2.13)

The ESR is an endothermic process. The possible reactions taking place in

ESR could be summarized as shown in Eq. (2.14)-(2.26) [31].



Ethanol steam reforming

C2Hs0H+3H20 < 2CO: + 6H2 (2.14)

C2Hs0H + H20 & 2CO + 4H, (2.15)
Ethanol dehydrogenation

C2HsOH < CH3CHO + H> (2.16)
Methane formation

2CO + 2H2 & CH4 + CO2 (2.17)

CO + 3H2 & CH4 + H20 (2.18)

CH3CHO & CH4+ CO (2.19)
Water gas shift

CO +H20 & CO2 + H» (2.20)
Oxidation

CH3CH,0H < CH3COOH + 2H> (2.21)
Acetic acid steam reforming

CH3COOH + 2H,0 < 2CO» + 4H> (2.22)
Carbon formation

CHs & C+2H> (2.23)

2CO& C+CO2 (2.24)

H, + CO & C + H0 (2.25)

CO2 + 2H; & C + 2H,0 (2.26)

2.3.1 Proposed reaction scheme of ethanol steam reforming over metal
catalysts

The reaction mechanism of ethanol steam reforming (ESR) has been widely
considered in the previous literature for many years. The different reaction pathways
for ESR are presented in Figure 2.3. Several pathways are considered in the ESR
reaction: (i) dehydrogenation of ethanol, (ii) cleavage of the C-C bond of C;
intermediates to produce CO and CHg, and (iii) steam reforming of C1 products to
produce more hydrogen.

The ESR reaction can also proceed through two main pathways: (i)
dehydration to produce ethylene (C2Ha4), (ii) dehydrogenation to produce acetaldehyde
(CH3CHO) as shown in Figure 2.4. Both C2H4 and CH3CHO can interact further
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with steam to generate CO, and methane (CH.) and it could be dehydrogenated to
perform carbon deposits. To effectively produce hydrogen, the undesired by-products
such as CO, CHa, C2H4, and carbon deposits must be reduced [32].

Steam
> reforming
A
1 -
CH;COCH;,
S —— N A4
CH,COOH > co+H, | 5 Coking—
| Jfwes '
Dissociative " —
adsorption > CO;+H, C+H,
1 v o
—{ EtOH  —>Decomposition Methanation  Polymerization
A
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Y
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Figure 2.3 The possible reaction scheme of ethanol steam reforming over metal
catalysts [32].

Coke L3
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A
L 4
N Steam N
EGZI e reforming P Hy
N
Dehydrogenation

—Hs AcetaldM’—pr CHy |
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Figure 2.4 Pathways for the steam reforming of ethanol over bifunctional catalysts
[32].
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2.4 Ni-based catalysts

2.4.1 The ability of Nickel catalyst in steam reforming reaction

There are several catalysts, including transition metals (Ni, Co, Cu, and Fe)
and noble metals (Pt, Pd, Ru, and Rh), have been used in steam reforming reactions as
mentioned before. Ni-based catalyst is a particularly attractive transition/non-metal
catalysts, which have been widely used in the ESR because of their ability in breaking
C—-C, C—H, and C—O bond. Moreover, Ni-based catalysts can be industrially produced
at a low cost, compared to noble metals.

Ni-based catalyst has been widely deposited onto alumina supports because of
their capability of tolerating reactive circumstances. However, due to the alumina acid
sites, hence this supports favors carbon deposition, leading to catalyst deactivation as
shown in Figure 2.5 [33]. Furthermore, the nickel particles have a tendency to sinter
during the ESR reaction. Additionally, acid sites on alumina favor the
dehydrogenation of ethanol into ethylene rather than the dehydrogenation into
acetaldehyde. Therefore, the sintering of nickel particles and alumina acidity simply
cause carbon deposits, which deactivate the catalyst. There are several ways to
prevent such circumstances such as adding a promoter, modifying catalyst

morphology, and preparing catalysts by metal encapsulation.

STEAM REFORMING
WATER-GAS SHIFT
Ethanol ARBON NAN
STEAM REFORMING /—A\
WATER-GAS SHIFT
/CO.
’ ) (@ s

| H, C.H,
/C;H. | C,H, H,0

H2 \ ’ H (
Y
(o0 W VAR v\‘
“ a Acid site  Acid site u

AlL,O,

Figure 2.5 Schematic reaction of steam reforming over Ni on alumina support [34].
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2.4.2 Carbon deposition

Many reactions are contributed to carbon formation in ESR, including (i)
ethanol dehydration, producing ethylene, (ii) thermal decomposition of methane, (iii)
Boudouard reaction, and (iv) methane and ethylene decomposition. These proposed
reactions can further perform carbon deposition. The carbon deposition rate depends
on the reaction conditions, including the catalyst. For example, the Boudouard
reaction favors producing coking at low reaction temperatures, while the
decomposition of hydrocarbon favors at high temperatures.

According to the previous research [35], there were three main types of carbon
deposition produced from Ni-based catalysts during the steam reforming process:
amorphous, filamentous, and encapsulating carbon as shown in Figure 2.6. The
carbon that is the most damaging to the dispersion of Ni is the filament or whisker
carbon. Because the carbon atoms are soluble in the metal lattice, hence this form of
carbon is uniquely found in Ni and Co catalysts. The growth of filamentous carbon is
believed to occur by the diffusion of adsorbed carbon atoms through large Ni
crystallites. (>7 nm) and condense at the base, raising the Ni particle off the surface,
resulting in the formation of the whisker. The amorphous carbon is found at low
temperatures between 200-500 °C, whereas the carbon filament is formed at high

temperatures.

Figure 2.6 SEM images of different types of carbon formation over a Ni/MgAl.Oa

catalyst (A) amorphous, (B) encapsulating, and (C) filamentous carbon [35].
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2.4.3 Nickel sinter

Metal sintering is one of the important keys, leading to the deactivation of
catalysts. The Ni sintering is considered to become a significant deactivation cause at
high temperatures between 600—700 °C in Ni catalysts, depending on the catalyst
structure, the reaction conditions, and metal-support interactions. The presence of
high temperature could induce significant sintering. The catalyst preparation method
plays an important role in determining catalytic activity and stability during the steam
reforming catalysis due to the preparation method can accompany the Ni particle
sizes. Hence, the proper preparation method should be provided to form the small
metal particle sizes with uniform dispersion. Moreover, the metal-support interaction
should be strong enough to stabilize small particles during catalysis [36].

Figure 2.7 [37] demonstrated TEM images corresponding to the fresh catalyst
and spent catalysts at a time on stream, at 50, 75, 90, and 100 min (Figure 2.7b—e).
The round, darkest, and most sharply defined areas in the TEM images are Ni°
particles. The distribution of Ni particle size for fresh and spent catalysts is depicted
in Figure 2.8. The distribution of Ni particle sizes turns higher and broader when
increase of time on stream. The Ni sintering leads to bigger and more ununiformly

(a) Fresh r' . ;
as 50 nm
3 2| d w

particle sizes.

F’T » (b) 50 min

@7smn

(e) 100 min

Figure 2.7 TEM images of the fresh catalyst (a) and spent at different time on stream
of 50 min (b), 75 min (c), 90 min (d) and 100 min (¢) [37].
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Figure 2.8 The distribution of Ni° particle size of the fresh and spent catalyst, based
on TEM images, after steam reforming reaction [37].

2.5 Catalyst preparation

The catalytic activity of Ni-based catalyst in ESR reaction is influenced by the
catalyst preparation methods. In general, there are several techniques of catalyst
preparation method, used for preparing Ni-based catalysts, for example, impregnation,
deposition-precipitation, strong electrostatic adsorption, co-precipitation, and metal

encapsulation.

2.5.1 Metal encapsulation

The catalyst deactivation is generally observed as a result of metal sintering
and structural deformation. However, the problems increasing upon metal
agglomeration or metal loss have become more challenging to solve. The
conventional methods of introducing metals into supports, such as impregnation, co-
precipitation, and deposition—precipitation, have been studied and have still
experienced those problems. Hence, metal encapsulation into the support structure has
been considered the most believable approach for reducing catalytic deactivation

issues.
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The metal encapsulation can confine the size and shape of metal particles
within the support structure and inhibit their aggregation and further growth due to the
confinement effects immobilizing metal particles. The throughout pore network
performs the mass transfer more efficiently during the catalysis.

Xu et al, 2018 [38] studied the encapsulation strategies for metal nanoparticles
(NPs) within the mesoporous zeolite. The encapsulation of metal NPs inside the
porous zeolites can be mainly divided into two classes of strategies: a post-synthetic
process and a one-step (in-situ) process. The post-synthetic strategy can be referred to
the introduction of metal NPs after the complete zeolitic structural framework. In
contrast, the one-step (in-situ) method needs the co-crystallization of zeolites and

metallic precursors.

2.5.1.1 Post-synthetic metal encapsulation

The post-synthetic strategy is widely used to introduce metal NPs into porous
zeolite structures as it does not restrict the types of zeolite frameworks. The process
can be reached by soaking the zeolite supports in soluble metal precursors. The pore
channels inside zeolites provide the area for the NPs metal loading. The diffusion of
metal precursors is usually accelerated in the mesopores, but it is difficult to enter the
structures of zeolites where most of them only load on the external surface. Most of
the studies for the preparation of zeolite-encapsulated metal NPs catalysts apply
soluble metal precursors or a wetness impregnation method. In this process, metal
species can easily diffuse into the inner structure and load in the pores after the

elimination of solvent.

2.5.1.2 One-step (in-situ) metal encapsulation
The metal precursors can be loaded into the zeolite intra-structure through the
one-pot hydrothermal synthetic process as shown in Figure 2.9 and Figure 2.10. In
this strategy, the soluble metallic precursors were firstly mixed with the synthetic
zeolite gel, which contains structural-directing agents (SDA), silica-alumina
resources, deionized water, and sodium hydroxide. The mixture was then conducted at
a high temperature for the crystallization of zeolites. The metal-encapsulated products

were further calcined to eliminate the organic species.
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Figure 2.10 Schematics of the encapsulated Pt@MCM-22 [40].
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2.5.2 Impregnation

Impregnation is the simplest and least expensive method. Impregnation can be
termed wet or dry, depending on the volume of impregnating solution, whether it is
equal to the pore volume of the catalyst support. For the preparation of silica
supported metal catalysts, the impregnation process is frequently employed.

When using a dry impregnation method (as known as incipient wetness
impregnation), a substantial amount of metal complex-containing solution is applied
to the support to effectively wet it. Wet impregnation involves adding more metal
solution than the pore volume of support material. The metal is attracted to the
support through the interaction of physical adsorption.

The impregnation method requires three steps of preparation. Firstly, a metal
precursor salt, such as nickel (I1) nitrate hexahydrate, is first dissolved in deionized
water and added drop by drop to the support while being constantly stirred. Then, the
mixture is dried in an oven overnight to eliminate water. The catalyst is then reduced
to its catalytically active state by calcining it at the appropriate temperature in the
atmosphere to remove the metal ligands. Although the impregnation approach can
create small metal particles, it is challenging to achieve a narrow particle size
distribution. The type of precursor, rate of temperature increase, and temperature of
calcination are the factors that might have an influence on the properties of the
catalyst that is produced [41].

2.5.3 Strong electrostatic adsorption (SEA)

Strong electrostatic adsorption (SEA) [42] is a catalyst preparation method,
based on the electrostatic attraction of oppositely charged particles. The principal
consideration of the SEA method is that ions only adsorb on the oxide surface of the
catalyst when it is charged. If the oxide surface of the catalyst is positively charged,
then it can adsorb anions. Furthermore, ions could not adsorb at the point of zero
charge (PZC) of metal oxides due to the catalyst surface is neutral. PZC can be

determined by pH titrations.
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2.5.4 Deposition-precipitation (DP)

Deposition precipitation (DP) [43] relates to the precipitation of a metal
precursor onto a suspended support material through a change of pH, temperature, and
evaporation, so that metal compounds can be formed with low soluble ability. DP
method can be performed in the presence of existing support, and the concentration of
the new compound increases gradually. It is possible to achieve precipitation on the
existing support because adding the support to the solution either lowers the surface
free energy of small nuclei or stabilizes the precipitate, lowering the energy barrier for
nucleation. Basically, the DP method was developed to prepare catalysts with metal

loadings greater than those obtained by impregnation, which is limited by solubility.

2.5.5 Co-precipitation

The salt of catalyst support and active metal are mixed and dissolved with a
basic solution of sodium hydroxide (NaOH) or potassium hydroxide (KOH). The
hydroxide precipitation of catalyst support and the active metal is produced. Then, the
precipitate is filtrated, washed, dried, and calcined. Sodium carbonate (Na.COz3) and
potassium carbonate (K2COs3) are used to change pH during the process of
preparation, while carbonate (H.CO3) and NaOH can stabilize the pH. To avoid
undesired nucleation events and different growth patterns, temperatures and
concentration have to be considered.

The different catalyst preparation methods can be seen in Figure 2.11. There

was gold catalyst prepared by different methods [44].



19

(a) Deposition-precipitation (OF)

2-3 AuNPs (@)

Filtration |  Reduction
——

Washing & Ory H;

Oxide support ()}

2-3 nm AuNPs (8)
» ©
-

<
*
4 &9
seC
Calcination
—
air or Oy

Oxide support (b)

Hydrolyzed &
Pracipitation - Filtration

NaOH or Na,CO, e Washing 8 Ory | M8

2.30 nm AuNPs (8)

Filtration

Washing & Ory

Calcination
Alror ©;

Oxide supporn (“)

3-12 nm AuNPs (9)

Oxide support (b)

Figure 2.11 Gold catalyst with different preparation methods [44].

2.6 Catalyst supports

The catalyst supports are played an important role during catalysis, which is
because the support could decrease the sintering of active metal and affect the
reaction pathways under a high temperature. Hence, the catalyst supports should
provide the properties against carbon formation: (i) high surface area, (ii) strong
interaction between metal-support, (iii) good heat/mass transfer to enhance metal
dispersion and stabilize metal particle size.

2.6.1 Rice husk

Rice husk (RH) is a natural by-product recovered from the rice grains after the
rice milling process. The casing of rice husk is generally composed of 20% lignin,
20% hemicellulose, 30% cellulose, 10% of mineral ash, and impurities, while over
90% of mineral ash consisted of silica (SiO2) as shown in Table 2.1. When the rice
husk was burned by controlled thermal decomposition, it becomes the residue into
ashes.
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Rice husk is claimed as an organic waste product that becomes a major
concern regarding disposal issues. Therefore, several attempts have been made to
reuse rice husk and minimize its waste. Rice husk ash is considered using as an
additive cementing material in the construction industry. As an admixture, rice husk
ash creates a high-strength concrete with a lighter weight, and the cement with rice
husk ash produces low-cost. Moreover, rice husk has been used as a sorbent material,
especially to absorb heavy metals in industrial wastewater. Furthermore, rice husk has
been considered to pretreat and use as catalyst support due to the components in rice
husk, such as cellulose and silica, which can be formed SiC by the pyrolysis process
[14].

Table 2.1 The composition of rice husk [45].

Composition Percentage
Cellulose 31.12
Hemicellulose 22.48
Lignin 22.34
Mineral ash 13.87
Water 7.86
Extractives 233
Chemical analysis of mineral ash
S10, 93.19
K,O 3.84
MgO 0.87
Al,O4 0.78
CaO 0.74
FEQO_‘, 0.58

2.6.2 Silicon carbide

Silicon carbide (SiC) is one of the non-oxide materials, used in many
applications due to its properties such as hardness and mechanical stability, and good
thermal conductivity. SiC can be used in the semiconducting field, it is also used for
products such as bulletproof vests, ceramic materials, crucibles, and car clutches.

Furthermore, the surface area toward porous character makes it becomes an

alternative catalyst support.
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SiC is a tetrahedral structure. The carbon atom is linked to three Si atoms. SiC
is polymorphic with the ability to crystallization in different ways as shown in Table
2.2. Due to the nature of polymorphism, there is a sequence of consecutive atoms,
which will arrange in one direction. According to this feature, the silicon carbide
atomic arrangements can be crystallized in several different ways, depending on the
seed orientation as shown in Figure 2.12. SiC seed orientation is divided into two
types according to the structure: a-SiC (6H-SiC) and £-SiC (3C-SiC). The stacking of
atoms in a crystal depends on a surrounding factor when crystallization takes place.
To form a SiC crystal, both temperature and pressure are applied to induce the atoms
in the sequence. When applying the temperature below 1700 °C, SiC is crystallized to
form p-SiC with cubic zinc-blende, but when the temperature is above 1700 °C, the
crystal structure is formed a-SiC with the hexagonal crystal structure. These different
seed orientations cause different physical and chemical properties of SiC [16]. The S-
SiC is more attractive in some research fields because it is more active with the metal

and its surface area is also higher, compared to a-SiC.
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Figure 2.12 The crystal orientation of SiC: a-SiC (6H-SiC) and B-SiC (3C-SiC) and
SiC tetrahedral structure [16].
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Table 2.2 SiC structural crystalizing properties [46].

Polytype 3¢ (B) aH 6H (Q)
Crystal structure Zinc blende Hexagonal Hexagonal
(cubic)
Lattice constants (A°) 4.3596 3.0730; 10.053 | 3.0810;
15.12
Density (g/cm?) 3.21 3.21 3.21
Bandgap (eV) 2.36 3.23 3.05
Bulk m lus (GP 250 220 220
Thermal conductivity (W m™'K™) 360 370 490

SiC is commercially produced through the Acheson process, based on the
carbothermal reduction of SiO2 by carbon in an electric arc furnace. However, the
Acheson process consumes excessive energy, for example, a long reaction period, and
high cost. The SiC product from this process is in the a-SiC form due to it is difficult
to control the structure at high temperatures (2500 °C) [47].

2.6.2.1 Silicon carbide from rice husk

Due to the limitations of the Acheson process as mentioned before, there has
been a lot of studies done on low-cost, renewable sources of silicon carbide. Rice
husk has emerged as one of these attractive possibilities. The advantage of employing
rice husk as a raw material is that it is inexpensive because it is typically abandoned.

SiC synthesis from rice husk was done in two steps [15]. The rice husk was
first carbonized. The carbonization of rice husk was performed at different
temperatures, ranging from 270 to 650 °C. The pyrolysis was then performed at a
high temperature between 1200-1700°C under inert gas purging. SiC production from
rice husk takes place at lower temperatures than processes involving solid quartz and
graphite (1200 to 2000 °C) as mentioned above. The chemical equation between silica

and carbon in the composition of rice husk was shown in Eq. (2.27) - (2.29).
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SiOzs + 3Cs) —»  SiC) + 2COy) (2.27)
SiOys + 2Csy  —» Si + 2CO(y (2.28)
SiOzi) + Cyy) —» SiO( + CO( (2.29)

2.6.3 Conventional ZSM-5

ZSM-5 is a hierarchical porous material, known as an aluminosilicate zeolite,
and it is widely used in the catalytic cracking of hydrocarbon. Moreover, ZSM-5 is
attractive in the field of steam reforming as catalyst support due to its high surface
area, microporous structure properties, and thermal stability. However, the
microporous structure exists in conventional ZSM-5 zeolite, and the diffusion
efficiency of the molecule is low. The large reactant molecules are difficult to diffuse
in micropores. This leads to carbon deposition, blocking the pore channels. The length
of the diffusion pathway in conventional ZSM-5 zeolite is long, which interrupts the
diffusion of the molecule resulting in a low catalytic performance [48]. Figure 2.13
exhibited that the metal particles were deposited into the conventional ZSM-5 support
as a catalyst. It could deactivate quickly during catalysis due to its three-dimension
structure, resulting in simple porous structures, strong acid sites, and a long diffusion
pathway as mentioned above. Therefore, many investigations have been carried out to
overcome these restrictions, such as the preparation of zeolite with special
morphology, hierarchical zeolite, zeolite nanosheet, and compound modification.

Figure 2.13 TEM images of (a, a’) 5% Ni/ZSM-5 catalysts; (b, b") 17% Ni/ZSM-5;
and (c, c¢') 17% Ni/ZSM-5-DP catalysts. (Ni particles counted at 100 for analysis)
[49].



24

2.6.4 ZSM-5 nanosheet

ZSM-5 nanosheet has gained more extensive attention, due to its two-
dimension structure, resulting in excellent properties such as high accessibility of
active centres on the surface with reduced diffusion resistance and the improvement
of molecular transport. The zeolite nanosheet contained both microporous and
mesoporous structures, which promoted the diffusion of reactant molecules. In
addition, the ZSM-5 nanosheets consist of very thin lamellar layers (Figure 2.14),
which reduced the diffusion lengths and improved the catalytic performance as well
as a long lifetime. Besides, the nanosheet zeolite could be used as an excellent catalyst
supporter for loading metal nanoparticles and it can also be applied to the catalytic
reaction. The metal nanoparticles could uniformly disperse within the zeolite structure
and prevent the metal sinter. While for the conventional ZSM-5, the metal particles
are only loaded on the external surface, and it is easy to sinter resulting in the drop of
BET surface area and the pore channel blockage. The disadvantages of the zeolite
nanosheet are the duration of the synthesis process. The whole synthetic process is
usually more than 5 days, consuming time, and energy in industrial manufacture.
Hence, developing a time-saving method to prepare the nanosheet zeolite is

significant [48].

Figure 2.14 TEM images of the Fe/ZSM-5 zeolites nanosheet prepared at a Si/Fe of
360 [50].
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2.7 Relevant literature reviews

Zhang et al, 2012 [51] have successfully prepared self-pillared nanosheets by
the one-step hydrothermal process of crystal growth with tetra(n-butyl) phosphonium
hydroxide solution (TBPOH) as a surfactant directing agent (SDA). The thickness of
prepared nanosheets was only 2 nm, suggesting a short diffusion pathway and high
surface area. This leads to promoting the reaction of large molecules.

Wetchasat et al, 2021 [25] have successfully synthesized the ultra-small Pt-
NPs, distributed over hierarchical zeolite nanosheet surfaces by a one-step
hydrothermal process using ethylenediaminetetraacetic acid (EDTA) as a ligand
stabilizing agent. Moreover, the 0.6%Pt-NPs on zeolite surfaces were applied as a
catalyst for the hydrodeoxygenation of 4-propyl phenol. The catalyst revealed an
excellent catalytic performance, almost 100% of cycloalkane product can be obtained.

Kumar et al, 2019 [52] prepared Ni/ZSM-5 and Co/ZSM-5 by wet
impregnation method to investigate the catalytic performance under ESR. They found
that the 10% Ni/ZSM-5 catalyst produced 72% hydrogen selectivity at 600 °C,
suggesting that Ni is a more stable catalyst as compared to Co/ZSM-5 support.
However, C2H4 was found main undesirable product at 600 °C. This study indicated
that a 10% Ni/ZSM-5 catalyst can be used as low-cost catalyst for hydrogen
production.

Cimenler et al, 2017 [53] studied hydrocarbon steam reforming using zeolite
encapsulated Ni-based catalyst. The nickel catalyst was prepared by encapsulation of
nickel with a silicalite-1 (pore size 0.44-0.55 nm) zeolite. The findings showed that
1.6%Ni/1.2wt%Mg/Ceo.6Zr0.402 steam reforming composite catalyst was synthesized
by a physical coating technique. Steam reforming of CHs and C7Hg at 800°C on the
composite Ni catalyst demonstrated that the catalyst showed 10 h of time on stream
while the non-encapsulated catalyst deactivated.

Davidson et al, 2014 [54] studied hydrogen production via steam reforming of
alcohols and sugar alcohols over various kinds of catalysts. The Ni/CeO2-Al>Oz is one
of the effective catalysts, prepared by the impregnation method. It revealed good
catalytic performance. Moreover, the Ni/CeO,-Al>O3 catalyst showed conversion of
ethanol at 95%, while the H> yield is around 60%. There was also carbon formation in

the process while the reaction proceeded at 500°C.



26

Jiang et al, 2014 [55] synthesized silicon carbide/porous carbon (SiC-PC)
hybrids materials with high specific surface areas via a facile evaporation-induced
assembly approach combined with a thermal treatment in the presence of TEOS as a
bifunctional agent. Then, platinum particles (20 wt%) were loaded onto the SiC-PC
hybrid as Pt/SiC-PC by a borohydride reduction method in alkaline media. These
Pt/SIC-PC have great potential as high-performance catalyst supports for fuel cell
electrocatalysts.

Wang et al, 2015 [56] investigated catalytic steam reforming of n-propanol
over ruthenium (Ru) and ruthenium nickel (Ru/Ni) bimetallic catalysts supported on
ceria-alumina oxides with different ceria loading (0-10% CeO. wt/wt) which were
prepared by wetness impregnation method. Steam reforming activity was tested in a
fixed bed tubular flow reactor at 450 or 500°C using a feed of n-propanol/water
mixture. They found that catalysts with 3 wt% Ru, 10 wt% Ni and 3 or 10 wt % ceria
were very reactive and stable at both 450 and 500°C with high selective to Hz (60%).
When the reaction was proceeding, the selectivity and yield products decreased after 5
hours due to carbon deposition covered on the metal active sites.

Prasongthum et al, 2017 [57] synthesized carbon nanotubes-silica fibrous
composite (CNTs-SF) by the steam reforming of ethanol over a Ni/silica fiber catalyst
prepared by electrospinning technique. The reaction performance of the NiCNTs-SF
catalysts was investigated and compared with the Ni/silica fiber (NiSF) and Ni/silica
porous (NiSP) catalysts. The effect of temperatures on the ethanol conversion and
product distribution was studied in the range of 300 and 500 °C. They found that the
NiCNTs-SF catalyst (10 wt% loading of Ni) exhibited the best performance in terms
of stability and high activity at the lower reaction temperature. The catalyst showed
almost 100% of ethanol conversion and 50% of Hz product yield.

Mhadmhan et al, 2018 [58] investigated the performance of the Ni/SF
catalysts for hydrogen production from ethanol steam reforming at various conditions
in comparison with a conventional Ni/silica porous (Ni/SP) catalyst. The catalysts
were prepared by three different preparation techniques: impregnation (IM),
deposition precipitation (DP), and strong electrostatic adsorption (SEA). The Ni/SF-
SEA catalyst was found to exhibit the highest ESR catalytic activity at 600°C in terms
of giving the highest H> yield of 65%.
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Sumrunronnasak et al, 2020 [59] successfully synthesized CeCoOx mixed-
oxide catalysts with different Ce/Co ratios. The catalyst was applied to steam
reforming of fusel oil for hydrogen production. 60%Ce (Ceo.sC0040x) presented
excellent catalytic performance, 60% of fusel oil was converted, 21% of hydrogen
was produced, and the catalyst remained stable for 300 minutes, indicating that the
presence of Ce®" and active oxygen in CeCoOx catalysts encouraged oxygen mobility
and reduced coking.

Olivares et al, 2018 [60] synthesized Ni/MgAl.Os—CeO, catalysts. The
catalysts were used over ethanol steam reforming and were prepared using different
impregnation media (ethanol or water) and Ni precursors (nitrate or acetate). The best
catalytic behavior was found over the catalyst prepared from an ethanolic solution of
Ni(NOs)2. The Ni/MgAl.0s—CeO; catalysts showed high selectivity to Hz, the highest
CO formation, and an amount of deposited carbon of 14% after 6 h in reaction.

Ogo et al, 2020 [61] studied Co-based and Ni-based catalysts used for ethanol
steam reforming catalysts because of their high activity and low cost. They
investigated various kinds of catalysts, for example, Ni/Mg-Attapulgite, Ni/CeO.-
MgO, Ni-Co/MCM-41, and Ni-Co/CeO,. This catalyst showed almost 100% of
ethanol conversion and over 60% of Hz product yield. However, these non-noble
transition metal catalysts present severe difficulties including the deactivation of
activity by the formation of coke.

Makornpan et al, 2014 [62] fabricated silicon carbide from rice husk. The
silicon carbide (SiC) ceramics were prepared by in-situ bonding of rice husk under a
carbothermal reduction reaction. The carbonized rice husk was pretreated with acid to
eliminate the impurities. The sample was then mixed with Si metal powder and was
pyrolyzed at high temperatures in Ar or N2 atmosphere separately to compare the
structural differences. SiC phase was found in pyrolyzed rice husks. Cristobalite was
formed under the Ar atmosphere pyrolysis process while silicon oxynitride was found
when pyrolyzed in a N2 atmosphere at lower than 1500 °C. Silicon carbide whisker is
the main phase on the surface of pyrolyzed rice husk. Increasing pyrolysis
temperatures reduced the size and amount of the silicon carbide whisker but increased
the silicon carbide particle. Increasing the pyrolysis temperature to 1700 °C led to the

porosity decrease due to the sintering process.
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Krishnarao et al, 1998 [63] studied the pyrolysis of raw rice husks directly in a
graphite resistance heating furnace at a temperature between 1100-1400 °C in a
nitrogen atmosphere. The SiC can be obtained without applying a catalyst. Increasing
the pressure during the pyrolysis reduced the formation of SiC whiskers. However,

pyrolysis of rice husk in a nitrogen atmosphere resulted in SiC whiskers forming.
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CHAPTER 3
RESEARCH EXPERIMENT

The experimental works are divided into two main sections due to the different

both resources and catalyst supports.

3.1 Hydrogen production by FSR over Ni/SiC

3.1.1 Materials

Fusel oil composed of 68.19, 20.07, 8.02, 4.13, and 0.01 % by weight of
isoamyl alcohol, iso-butanol, propan-1-ol, ethanol, and water, respectively, was
commercially available from KTIS Bioethanol Co. Ltd. (KTBE). The fusel oil had a
density of 0.8152 g/cm? at 25°C and a molecular weight of 78.91 g/mol. The Rice
husk obtained from the Sukhothai rice mill was used as a precursor to synthesize SiC.
Silicon carbide (SiC), commercial grade, was purchased from DU B-1, Showa Denko,
Japan. Nickel nitrate hexahydrate (Ni(NO3)..6H>O) was purchased from Sigma-
Aldrich. 36.5-38% Hydrochloric acid (HCI) was purchased from J.T Baker. 99%
purity of nitrogen gas (N2), hydrogen gas (Hz), argon gas (Ar), and air-zero gas (O2)

were purchased from Bangkok Industrial Gas Co., LTD.

3.1.2 Preparation of SiC from rice husk

Rice husk (RH) was washed with DI water for removing the dirt and dried at
110°C overnight. After that, it was carbonized at 300°C for 2 h under the atmosphere
and grounded into powder (RH300). Then, the RH300 was washed and stirred by 0.1
M HCI at room temperature for 12 h to remove the alkali oxide, then washed and
filtrated by DI water several times until the filtrate reached pH 7 and dried at 110°C
overnight (RH300H). The RH300H was pyrolyzed by a furnace at 1300, 1500, and
1700°C (heating rate 10°C/min) under Ar purging (1 L/min) to obtain SiC1300,
SiC1500, and SiC1700, respectively. The commercial SiC (SiC-com) was also used
for catalyst support to compare the catalyst performance in steam reforming of fusel

oil. The whole process is shown in Figure 3.1.
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Figure 3.1 Preparation of SiC from rice husk from pyrolysis process.

3.1.3 Preparation of nickel catalysts

Catalysts (Ni/SiC1300, Ni/SiC1500, Ni/SiC1700, Ni/SiC-com) were prepared
by an excess solution impregnation method as follows: Ni(NO3)..6H20 and DI water
were mixed and homogenized. After that, the support was put into the solution and
stirred at 50°C for 3 h until it dried. Then, the dried mixture was dehydrated at 110°C
overnight and calcined at 700°C for 3 h.

3.1.4 Catalyst characterization

X-ray diffraction (XRD) was performed to examine the crystal structure, and
particle size of catalysts at room temperature in a Bruker D8 Advance equipped with
Cu-Ka radiation. The profile was scanned in the 2-degree (20) range of 5°- 80° at 0.02
steps. Similarly, the XRD phases of SiC, pyrolyzed from rice husk, were detected via

the same instrument.
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The weight percentage of metal on support was measured using energy
dispersive X-ray analysis (EDX) from FESEM-EDX (7610F). The weight percentage
of the element of rice husk before and after pyrolysis was measured via the same
method.

The specific surface areas and pore size of the catalyst sample were measured
in ASAP 2020 at liquid nitrogen temperature (-196°C). Prior to analysis, the catalysts
were degassed at 200 °C for 2 h. The specific surface area was estimated by
Brunauer-Emmett-Teller (BET) equation, the pore volume and the average pore
diameter were calculated by the Barrett-Joyner-Halenda (BJH) method.

Temperature-programmed reduction (H2>-TPR) was carried out by a
Micromeristics TPD/TPR 2920 system to analyse the reduction of the metal oxidation
state. The catalyst sample was pre-treated with nitrogen flow at 100°C for 30 min to
remove a trace of water. After that, the catalyst was exposed to reduce in 5%H2/N;
while the temperature was increased up to 900 °C at the rate of 10 °C/min.

The morphology was obtained using a Field Emission Scanning Electron
Microscope and Energy Dispersive X-Ray Spectrometer (FESEM-EDS) of JEOL
JSM-7610F, Oxford X-Max 20 model. Similarly, the morphology of rice husks before
and after pyrolysis was detected through the same method.

Thermogravimetric analysis was carried out in a TGA/DSC 1 (Mettler Toledo)
instrument at a heating rate of 20°C/min from 30 to 1000 °C to estimate the amount of

coke on the spent catalyst.

3.1.5 Catalytic activity evaluation

The catalytic performance of the prepared catalysts in the FSR was examined
in a fixed-bed reactor containing 200 mg of catalyst at 700 °C. Before FSR, the
catalyst was reduced in-situ under 5%H2/N at 700 °C for 1 h. Then a mixture of DI
water and fusel oil with a molar ratio (S/C) of 5 was fed into the reactor through the
pump (0.04 ml/min) under N flow at 45 ml/min. The effluent gases were trapped and
cooled via an ice trap to condense the liquid product and unreacted fusel oil. The
effluent gas from a fixed-bed reactor was detected online by gas chromatography. The
gas products were analysed by thermal conductivity detector (TCD) and flame
ionization detector (FID) with Porapak Q column. The results were reported in terms
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of fusel oil gas conversion, selectivity of gas products, and hydrogen yield, defined as
follows: Eqg. (3.1)-(3.3).

Fin — Fout
X(Fusel) = %x 100 3.1

Where X(Fusel) is fusel oil gas conversion, Fin is the molar flow rate of fusel oil inlet,
and Fout is the molar flow rate of fusel oil outlet.

~_ Fc (3.2
S(@) = Fcoutx 100

Where S(i) is the selectivity of each gas product, Fciis the molar flow rate of the

carbon-containing species (i) in the gas products, including CO, CO2, CHa, C2H4, and

C2Hes, and Fcout is the molar flow rate of C atom total in the gas outlet.

molH2produce — molFusel oil converted (3.3)
Y(H2) = 4.35/13.05 x 100

Where Y(H>) is percentage of hydrogen yield, molH> produced is mole of hydrogen
gas, and molFusel oil converted is mole of converted fusel oil.

HPLC pump

= &

Evaporator

Fixed-bed
Water:Fusel oil reactor

Ny H,

Liquid trap

GC column Analyzer

Figure 3.2 Schematic of steam reforming of fusel oil over Ni/SiC catalysts.
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3.2 Hydrogen production by ESR over Ni/ZSM-5 nanosheet

3.2.1 Materials

The two-dimension ZSM-5 nanosheet (Z-NS) was successfully synthesized by
hydrothermal process. Tetraethyl orthosilicate (TEOS: >99.0%, Sigma-Aldrich) was
used as a silica source and was mixed with tetrabutylammonium hydroxide (TBAOH:
40% in aqueous solution, Sigma Aldrich), used as a structure directing agent (SDA).
Aluminium isopropoxide (NaAlO2: >98.0%, Sigma-Aldrich) was used as an alumina
source. Sodium hydroxide (NaOH: Sigma-Aldrich) and ethylenediamine (99%,
Sigma-Aldrich) were used as a mineralizer and a stabilizing agent, respectively.
Nickel nitrate hexahydrate (Ni(NO3)2.6H20: >98% Sigma-Aldrich) was used as a
nickel source for catalysts. The conventional ZSM-5 (Z-CON) support was
synthesized with a similar process but using tetrapropylammonium hydroxide solution
(TPAOH: 40% in aqueous solution, Sigma-Aldrich) as an SDA.

3.2.2 Preparation of ZSM-5 supports
3.2.2.1 ZSM-5 nanosheet

The ZSM-5 nanosheet (Z-NS) was synthesized by a hydrothermal process.
The ratio of Si/Al was 100. 8.4 g of TEQS, 8.1 g of TBAOH, and 0.086 g of Al
isopropoxide were mixed first, then added 0.02 g of a basic solution of NaOH. After
that, the mixture was stirred at room temperature for 15 h, then it was heated up to
130 °C for 48 h by using an autoclave for the crystallization process. Then, the
autoclave was cooled down to room temperature, and the Z-NS gel was washed with
DI water by using the centrifuge, and it was dried at 110 °C overnight. The dried
powder was calcined at 550 °C for 5 h by using the heating rate of 2 °C/min.

3.2.2.2 Conventional ZSM-5
The conventional ZSM-5 (Z-CON) was synthesized by mixing 3.5 g of TEOS
and 2.02 g of TPAOH and 0.041 g of Sodium aluminate, then adding 0.07 g of a basic
solution of NaOH. The crystallization process was heated at 180 °C for 72 h in the
autoclave, then the obtained Z-CON gel was washed with DI water by using the
centrifuge, and it was dried at 110 °C overnight. The dried powder was calcined at
650 °C for 8 h by using the heating rate of 5 °C/min.
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3.2.3 Preparation of nickel catalyst

3.2.3.1 In-situ method

To synthesize Ni on Z-NS under the in-situ method, 8.4 g of TEOS and 8.1 g
of TBAOH, and 0.086 g of Al isopropoxide were mixed, then added 0.02 g of a basic
solution of NaOH. After that, the mixture was stirred at room temperature for 15 h.
The solution of [Ni(NH2CH2CH2NH.)3](NOs)2 was prepared by mixing 0.25 g of
ethylenediamine, 1.17 ml of DI water, and 0.38 g of Ni(NO3)..6H>O, then
homogenizing the solution and dropwise into the Z-NS solution. Next, the mixture
was further stirred for 1 hour. Then, the crystallization and calcination conditions
were similar to Z-NS. The obtained catalyst was named Ni/Z-NS-IN.

To synthesize Ni on Z-CON under the in-situ method, there were the same
processes with a synthesis of Z-CON and the solution of
[Ni(NH2CH2CH2NH2)3](NOs), was added before the crystallization process. The
obtained catalyst was named Ni/Z-CON-IN.

3.2.3.2 Wet impregnation method

The Z-NS support was used as catalyst support, mixed with the nickel nitrate
solution at 3wt% of Ni loading. After that, the mixture was stirred at 60 °C for 2 h
until it dried, then it was dried at 110 °C overnight. The dried powder was calcined at
550 °C for 5 h by using the heating rate of 2 °C/min. The obtained catalysts were
called Ni/Z-NS-IMP.

The Z-CON support was also used as a support for Ni catalysts, prepared by
the same wet impregnation method. The obtained catalyst was defined as Ni/Z-CON-
IMP.

3.2.4 Catalyst characterization

The prepared catalysts were characterized by X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), H2 temperature-programmed reduction (Ho-TPR),
NH3z temperature-programmed desorption (NH3-TPD), thermogravimetric analysis
(TGA), scanning transmission electron microscopy (STEM), N2 adsorption-
desorption inductively coupled plasma-optical emission spectrometry (ICP-OES),
energy dispersive X-ray analysis (EDX). In-situ diffuse reflectance infrared Fourier
transform spectroscopy (in-situ DRIFTS).
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3.2.5 Catalytic performance

The prepared catalysts, used in a fixed-bed reactor, were pelletized and sieved
to obtain a size between 250-425 microns. Before doing the ESR, the fresh catalysts
were reduced to form nickel metals by flowing 5% H/Ar at 500°C for 1 h. The ratio
of Steam/Carbon at 8/1 was used to investigate the catalytic performance of all
catalysts. The absolute ethanol at 0°C and steam water at 55°C were purged by Argon
gas at flow rates of 65.7 ml/min and 27.5 ml/min, respectively, through the reactor,
which was packed with 50 mg of a fixed-bed nickel catalyst. The steam reforming
reaction of ethanol was carried at different temperatures; 300, 400, 500, and 600 °C to
produce the Hz production. For the longevity test, the ESR was set up at 550 °C for 48
h. All gas products were detected by GC-online. The results were reported in terms of
EtOH gas conversion, selectivity of gas products, and hydrogen yield, defined as
follows: Eq. (3.4)-(3.6).

F(in) — F(out :
X(EtOH) = ( )F (in)( )x 100 (34)
Where X(EtOH) is EtOH gas conversion, F(in) is the molar flow rate of EtOH inlet,
and F(out) is the molar flow rate of EtOH oultlet.
Fc(i)
XFc(out)

(3.5

S@) = x 100

Where S(i) is the selectivity of each gas product, Fc(i)is the molar flow rate of the
carbon-containing species (i) in the gas products, including CO, CO, CH4, CH3CHO,
and C2H4 and XFc(out) is the summation of molar flow rate of C gas products in the
gas outlet.

le(Hyd. .
mole(Hydrogen) 100 (3.6)
6 X mole(EtOH)

Where Y (Hydrogen) is percentage of hydrogen yield, mole(Hydrogen) is the molar

Y(Hydrogen) =

flow rate of produced hydrogen, and mole(EtOH) is the molar flow rate of converted
EtOH.
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Figure 3.3 Schematic of steam reforming of ethanol over Ni/ZSM-5 nanosheet

catalysts.
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CHAPTER 4
RESULTS AND DISCUSSION

The study in this chapter is distributed into two sections as mentioned before.
The first section is hydrogen production by FSR over Ni/SiC and the
second section is hydrogen production by ESR over Ni/ZSM-5 nanosheet. The
catalyst preparation methods, the characterizations of prepared catalysts, and catalytic
performances will be investigated. Furthermore, the spent catalysts after the steam

reforming reaction will also be studied on carbon formation and nickel sinter.

4.1 Hydrogen production by FSR over Ni/SiC

4.1.1 Characterization of rice husk and as-prepared catalysts

4.1.1.1 Morphology and elemental composition of rice husk

The morphology and the composition of RH before and after pyrolysis at
different temperatures were shown in Figure 4.1 and Table 4.1, respectively. Before
the pyrolysis process, natural RH (Figure 4.1a) showed rough surfaces of cellulose
and lignin, which mainly consisted of C, O, Si at 65.33, 31.93, and 2.19 wt%,
respectively, and 0.55 wt% of some other metal impurities (Al, Mg, and K). After
carbonization at 300 °C for 2 h, noted as RH300 (in Figure 4.1b), the surface of
RH300 was less rough, compared to RH. The components of RH300 showed less
amount of C at 32.8 wt%, while Si and O, increased to 19.11 and 44.95 wit%,
respectively, and 3.14 wt% of other metal impurities (Al, Mg, K, P, Ca, and Mn)
appeared after celluloses and lignin were carbonized. Then, RH300 was treated with
0.1 M HCI for 12 h, named RH300H, to eliminate the metal impurities. The
morphological surface of RH300H in Figure 4.1c was smoother than that of RH300
due to the loss of metal impurities after acid treatment, similar to the composition of
RH300H, showing that 20.20 wt% of C, 48.54 wt% of O, and 30.99 wt% of Si were
the main components, which were the remained SiO2 and cellulose. After pyrolysis of
RH300H at high temperatures (1300, 1500, 1700 °C), noted as SiC1300, SiC1500,
and SiC1700, respectively, SiO2 was reacted with cellulose to form SiC as it showed
only Si and C components, and the small amount of Al from natural RH structure

remained in the structure, while the commercial SiC (SiC-com) exhibited SiC without
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Al. However, the FESEM image of SiC1300 in Figure 4.1d showed an unchanged
morphological surface, while that of SiC1500 in Figure 4.1e, illustrated SiC rod
structures with a diameter of 80 nm, as whisker forms. With the Further increasing
temperature at 1700 °C, the diameter of SiC1700 in Figure 4.1f as rod structures
continuously increased from 80 nm to 200 nm as the SiC whisker forms were sintered.

A similar result has been obtained by Pereira et al, 2020 [15].

c. RH300H

Figure 4.1 FESEM images of a. RH, b. RH300, c. RH300H, d. SiC1300, e. SiC1500,
f. SiC1700.

Table 4.1 The composition of RH before, after pyrolysis and after loading Ni
determined by SEM-EDS.

The composition (wt%)

Samples

C Si O Al Mg K P Ca Mn
RH 65.33 219 3193 0.23 0.07 025 -
RH300 32.80 19.11 4495 0.27 0.46 040 0.68 1.08 0.25
RH300H 20.20 30.99 4854 0.26 - - -
SiC1300 50.21 49.22 - 0.57 - - -
SiC1500 56.48 4225 - 1.27 - - -
SiC1700 56.30 43.09 - 0.61 - - -

SiC-com 49.30 50.70 - - - - -
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4.1.1.2 Chemical composition of SiC supports and catalysts

Figure 4.2 exhibited an XRD pattern of all supports and catalysts: (a) SiC1300,
(b) SiC1500, (c) SiC1700, (d) SiC-com, and (e) Ni/SiC1500. SiC-com consists of
both p-SiC and a-SiC phases. The £-SiC phase showed 26 peaks at 35.6°, 41.6°, 60°,
and 71.8°, while that of the a-SiC phase showed 34.2°, 38.2°, 45.5°, 55°, and 66°,
similar to the previous work, reported by Yi et al, 2013 [64]. Stein et al, 1993 [65]
have suggested that the phase of the SiC structure depends on seed orientation. In this
work, the 5-SiC phase was obtained by pyrolysis below 1700 °C. However, the a-SiC
phase was formed over 1700 °C. Pyrolysis of RH at 1300 °C shows that it was
completely amorphous with no significant crystalline phases. This may have been
caused by the coarse nature of the starting materials, where the surface area of the RH
was not sufficient for chemical reactions to proceed at this temperature and the
pyrolysis duration was only 3 h. The XRD patterns of SiC1500 and SiC1700 showed
their 20 peaks of the £-SiC phase at 35.6°, 60°, and 71.8°, respectively. The NiO
phases of all Ni/SiC catalysts were observed at 36.9°, 43°, and 62.6°, corresponding
to the crystal plane of (1 0 0), (2 0 0), and (2 2 0), respectively. This finding was also
reported by Hu et al, 2007 [66].
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Figure 4.2 XRD patterns of SiC supports and after loading 10 wt% of Ni.
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Representative TPR spectra of the catalysts were shown in Figure 4.3. There
were two ranges of Ho-TPR for NiO reduction to form Ni. Firstly, the presence of
peaks over 300-500 °C (a-NiO region) showed weak interaction between NiO and
supports. In the cases of Ni on pyrolyzed RH supports, which are Ni/SiC1300,
Ni/SiC1500, and Ni/SiC1700, H2-TPR peaks in a-NiO region shifted towards higher
temperatures at 470 °C, 490 °C, and 440 °C, respectively, compared to that of Ni on
SiC-com at 400 °C, due to the smaller NiO particles, as evidenced by SEM analyses
in Figure 4.5. Secondly, the B-NiO region over 500-800 °C showed that NiO strongly
interacted with SiC supports. The peaks in the second range (B-NiO) of Ni/SiC1500,
and Ni/SiC1700 were at high temperatures, which were 700 °C and 730 °C,
respectively, because the small Ni particles strongly reacted with porous structures of
SiC, and the peaks were broad because the rest of the carbon in the pores of RH may
decompose during the reduction. The Ho-TPR discussion can be referred to our earlier

research study by Reubroycharoen et al, 2010 [67].
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Figure 4.3 Ho-TPR profiles of fresh Ni/SiC catalysts.

4.1.1.3 Surface area and porosity
The nitrogen adsorption-desorption technique was used to determine N>
adsorption-desorption isotherm, BET surface area, pore size, and pore volume of the
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supports and catalysts, with the results shown in Table 4.2 and Figure 4.4. The surface
area of the SiC-com showed a relatively smallest BET surface area and pore volume
due to its non-porous material. Similarly, the N2 adsorption-desorption isotherm of the
SiC1300 support was linear with a relative pressure of P/Po of 0 and had a small BET
surface area and pore volume, showing that the support was a non-porous structure
due to uncomplete pyrolysis. The SiC1500 support noticeably showed type IV
isotherms with hysteresis loop, suggesting a porous material as reported by Touhami
et al 2017 [68]. The surface area of the SiC-com showed a relatively smallest BET
surface area (5.83 m®g) and zero pore volume due to its non-porous material.
Similarly, the N2 adsorption-desorption isotherm of the SiC1300 support had a small
BET surface area (19.20 m®/g) and a small pore volume (0.03 cm®/g), showing that
the support was a non-porous structure. In contrast, the surface area of SiC1500
exhibited markedly larger than that of the SiC-com. The BET surface area and pore
volume of SiC1500 were 64.79 m?/g and 0.13 cm®g, respectively, because the
impurities were decomposed and silica reacted with carbon, forming -SiC during
pyrolysis. The g-SiC as whisker forms showed the rod structures, and they caused
higher surface area as confirmed by FESEM images in Figure 4.1e. However, once
the temperature of pyrolysis was as high as 1700 °C, the BET surface area and pore
volume decreased to 25.48 m?/g and 0.04 cm®/g, respectively. This was due to the /-
SiC as whisker forms were sintered and SiC grains were getting bigger. The results
indicated that the optimum pyrolysis temperature of RH was 1500 °C to retain the
higher surface area.

The 10wt% of Ni was loaded to SiC supports, confirmed by SEM-EDS
mapping as shown in Figure 4.6 and Table 4.2. After loading Ni, the isotherms
remained type 1V isotherms with a hysteresis loop, suggesting a porous material. The
BET surface areas of 10%Ni/SiC1300, 10%Ni/SiC1500, and 10%Ni/SiC1700
increased to 27.07, 83.72, and 31.80 m?/g, respectively, due to Ni particles were
distributed on the SiC support surfaces and some particles may possess inside the
pores. However, SiC-com support was a non-porous material, as mentioned before.
Therefore, the BET surface area of 10%Ni/SiC-com decreased to 4.47 m?/g after Ni
impregnation because Ni particles on the surface area were easily sintered without

pores.
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Table 4.2 Physical properties of supports and catalysts.

Samples Sbet, (m?/g) Vps (cm?/g) Pore  sizec Niloadings Ni particle
(A) (Yowt) sizes (nm)

SiC1300 19.20 0.03 56.62 - -

SiC1500 64.79 0.13 77.69 - -

SiC1700 25.48 0.04 65.42 - -

SiC-com 5.93 0.00 - - -

10%Ni/SiC1300 27.07 0.05 69.22 9.72 23.6

10%Ni/SiC1500 83.72 0.16 76.17 9.52 12.4

10%Ni/SiC1700 31.80 0.06 78.49 10.73 13.7

10%Ni/SiC-com 4.47 0.01 7.99 10.15 40.3

a; BET surface area from Brunauer-Emmett-Teller equation, b; Total pore-volume
weas calculated from the Barret-Joyner-Halenda (BJH) equation, c; Average pore
diameter was calculated from the Barret-Joyner-Halenda (BJH) equation, and d; The

amount of Ni loading was detected from SEM-EDS mapping.
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Figure 4.4 N, adsorption—desorption isotherm of the SiC supports after pyrolysis.

4.1.1.4 Morphology of catalysts and distributions of Ni particle sizes
The surface areas of SiC1300 and SiC-com were smaller than those of
SiC1500 and SiC1700, as shown in Table 4.2. The lower surface area caused Ni
particles to have less interaction area with SiC supports, and the Ni particles
agglomerated themselves when they were at a high concentration of nickel nitrate
solution. This causes Ni particle sizes of 10%Ni/SiC1300 and 10%Ni/SiC-com were
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larger than that of 10%Ni/SiC1500 and 10%Ni/SiC1700 as shown in the histograms
in Figure 4.5. To compare Ni particle sizes from the largest to smallest, there were
10%Ni/SiC-com > 10%Ni/SiC1300 > 10%Ni/SiC1700 > 10%Ni/SiC1500, which
were 40.3 > 23.6 > 13.7 > 12.4 nm, respectively, as shown in Table 4.2. The
10%Ni/SiC1500 and 10%Ni/SiC1700 showed more uniform Ni particle size
distribution, compared to that of 10%Ni/SiC1300 and 10Ni/SiC-com. The Ni particle
size distributions were analyzed from the ImageJ software (N=100). There were also
weak interactions between Ni and SiC surfaces from the wetness impregnation
method. Therefore, after calcination at 700 °C, some Ni particles were released from
the SiC surfaces, and the rest of the Ni particles were aggregated, mildly affecting the
dispersion of Ni particles. These results are in agreement with those obtained by Kim
et al, 2012 [69].
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Figure 4.5 FESEM images of calcinated catalysts and their NiO size distribution: a.
10%Ni/SiC1300, b. 10%Ni/SiC1500, c. 10%Ni/SiC1700, and d. 10%Ni/SiC-com.
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Figure 4.6 SEM-EDS mapping of as-prepared Ni/SiC catalysts.

4.1.2 Catalytic performance

The catalytic performance of prepared catalysts was investigated with
different parameters, which were Ni loading amounts, reaction temperatures,
steam/carbon molar ratios, and feed rate, to optimize the catalytic activity of FSR. In

this research, Ni/SiC1500 was applied to study the effect of each parameter.

4.1.2.1 The influence of Ni loading amount

Figure 4.7 illustrated the gas conversion of fusel oil, hydrogen yield, and
product distribution of Ni/SiC1500 with different Ni loading amounts at 700 °C, S/C
of 9. It was observed that loading 5wt% of Ni on catalyst support exhibited only 26%
of fusel oil conversion and 4% of hydrogen yield. This was because the percentage of
Ni active sites may be too low. The 10wt%Ni on catalyst support showed fusel oil
conversion at 93% and hydrogen yield at 36%, while those of 15wt% presented at
82% and 32%, respectively. This was probably due to an increase in metal loading
may lead to metal agglomeration, causing the decrease in metal active sites. The
product distribution of 10wt%Ni and 15wt%Ni displayed higher selectivity of CO and
COz but smaller, CH4 and C2Has, compared to those of 5wt%. This supported the C-C
and C-H cleavage bonding of nickel properties. From these results, loading Ni at
10wt% was considered for catalysts.
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Figure 4.7 Gas conversion of fusel oil, hydrogen yield, and product distribution of
Ni/SiC1500 with different Ni loading amounts. The reaction conditions; 700 °C, S/C
of 9/1, feed rate at 0.04 ml/min.

4.1.2.2 The influence of reaction temperatures

Figure 4.8 showed the catalytic performances in FSR toward gas conversion of
fusel oil, hydrogen yield, and product distribution of Ni/SiC1500 with different
reaction temperatures ranging from 600-800°C. The FSR at low temperatures, 600 and
650 °C, showed the low gas conversion of fusel oil and low hydrogen vyield at
approximately 20% and 10%, respectively. When the temperature reached 700 °C, the
gas conversion of fusel oil increased to 93% and the hydrogen yield also rose to 34%.
However, when further increased temperature to 750 °C, the catalyst exhibited lower
gas conversion of fusel oil and hydrogen yield at 77% and 22%, respectively.
Similarly, the catalyst revealed 65% of gas conversion of fusel oil and 16% hydrogen
yield at 800 °C. According to the composition of fusel oil as a biomaterial base and
mixed alcohol, FSR produces carbon formation via the Boudouard reaction and
thermal deposition of methane at high temperatures. Due to the coking, the catalyst is
deactivated by decreasing active sites, and it leads to reduce the yield of H:
production. Hence, performing the FSR at 700 °C could be the suitable reaction

temperature to produce hydrogen yield.
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Figure 4.8 Gas conversion of fusel oil, hydrogen yield, and product distribution of
Ni/SiC1500 with different temperatures at 600-800 °C. The reaction conditions;
10wt%Ni loading, S/C of 9, W/F of 15 gcatalyst.n/mol ™.

4.1.2.3 The influence of steam/carbon molar ratio

The influence of the S/C molar ratio on the catalytic performance of steam
reforming reaction Ni/SiC1500 was studied at 700 °C with the different S/C ratios of
5,9, 12, and 15 as shown in Figure 4.9. The highest fusel oil gas conversion of 93%
and hydrogen yield of 34% was achieved at an S/C ratio of 9. It can be clearly seen
that S/C of 15 produced a large amount of CO> but a small amount of CHas. This was
because an increase in S/C ratio promoted steam reforming of methane and WGS but
not methanation. Although the product distributions of 9 and 12 were similar, the
fusel conversion and hydrogen yield from S/C of 12 presented lower percentages. It
can be concluded that high ratios of steam would be unfavorable for the hydrogen
production in this study. Therefore, the S/C of 9 exhibited the highest hydrogen yield

as well as fusel oil gas conversion.
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Figure 4.9 Gas conversion of fusel oil, hydrogen yield, and product distribution of
Ni/SiC1500 with different S/C molar ratio. The reaction conditions; 700 °C, 10wt%Ni
loading, W/F of 15 geatalyst.n/mol ™.

4.1.2.4 The influence of space time

The different W/F was varied by changing the feed flow rate. Figure 4.10
exhibited that at low space-time at 9 geatatyst.n.mol™, the fusel oil gas conversion was
very low, at 30%, because fusel oil and steam had high velocities when going through
the active sites of the catalyst. This could be explained that the reactants had a short
time to interact between their molecules. Then, at the space-time at 15 Qeatalyst.n.mol™,
the fusel oil gas conversion significantly increased to 92% due to the fact that a large
W/F meant a longer time for interaction between fusel oil and steam. Therefore, steam
reforming of methane was favored, resulting in a high hydrogen yield of 42% and
70% of CO selectivity. At the space time at 25 Qeatayst.n.mol™?, the fusel oil gas
conversion slightly dropped 88%, similar to hydrogen yield, decreasing to 22%. The
long period of interaction between fusel oil and steam not only favored the steam
reforming of methane to perform CO but also caused the Boudouard reaction and
thermal deposition of methane, which lead to produce carbon deposition. Hence, the
space-time at 9 Qeatanst.n.mol? presented good catalytic performances regarding

hydrogen yield and fusel oil gas conversion.
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Figure 4.10 Gas conversion of fusel oil, hydrogen yield, and product distribution of
Ni/SiC1500 with different W/F. The reaction conditions; 700 °C, 10wt%Ni loading,
S/C of 9.

4.1.2.5 The influence of different SiC supports

The optimum conditions, which were 10wt%Ni loading, 700 °C, S/C of 9, and
WI/F of 15 geatalyst.h.mol™, were applied to FSR over catalysts with different SiC
supports, obtained from RH. The performances of the Ni/SiC catalysts on steam
reforming of fusel oil were studied at an FSR reaction for 300 min. The gas
conversion and hydrogen yield, obtained from each catalyst, are presented in Figure
4.11a and 4.11b. The fusel gas conversion obtained with all Ni/SiC catalysts reached
an equilibrium state after 90 min of reaction. However, the steam reforming of fusel
oil over 10%Ni/SiC1300 showed that the reaction was running for only 180 min
because of the carbon formation blockage inside the reactor, so the gas reactants could
not flow through. According to the XRD patterns in Figure 4.2, SiC1300 was not
properly pyrolyzed to form SiC, this decreased property of heat transfer of SiC
support and caused a large amount of coking. However, steam reforming of fusel oil
over 10%Ni/SiC1500 presented good catalytic performances. After 90 min of
reaction, the fusel oil gas conversion remained over 90% throughout 300 min and the
hydrogen yield remained at 29%. It was because SiC1500 support was a $-SiC form,
showing a good heat transfer and high thermal conductivity, which benefitted
reducing coke formation during steam reforming. Noh et al, 2019 [70] also observed
that Ni-based catalysts with modified supports containing SiC enhanced the thermal
conductivity and coke formation resistance for effective hydrogen production by
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steam reforming of methane. The catalytic activities of 10%Ni/SiC1700 showed
fluctuated gas conversion, 58-87%, and hydrogen yield dropped from 56 to 25%
during 300 min time on steam. The 10%Ni/SiC-com catalyst presented high gas
conversion, 99% at 210 min of reaction, after that, it dramatically decreased to 46% at
300 min, similar to hydrogen yield, which gradually decreased from 62% at 90 min to
9% at 300 min of the FSR.

The selectivity of gas products also exhibited that CO was produced
significantly as presented in Figure 4.11 (c, d, e, f). Both 10%Ni/SiC1500 and
10%Ni/SiC1700 presented similar selectivity of CO, about 50% for 300 min of FSR
due to the reverse water gas shift and steam reforming of CH4. These results further
support the experimental work, performed by Le-Mai et al, 2022 [71].
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Figure 4.11 a. Gas conversion of fusel oil (%), b. Hydrogen yield (%), Selectivity of
gas products (%) of ¢.10%Ni/SiC1300, d.10%Ni/SiC1500, e.10%Ni/SiC1700,
f.10%Ni/SiC-com of all Ni/SiC catalysts (FSR at 700 °C for 300 min, S/C of 9, W/F
of 15 Qeatalyst.n/mol ).
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4.1.3 Characterization of spent catalysts
4.1.3.1 Morphological and chemical properties

The FESEM images in Figure 4.12A presented morphologies of the spent
catalyst after FSR at 700 °C for 300 min, showing the sintering of Ni and carbon
formation. The XRD patterns of the spent catalysts are presented in Figure 4.12B. The
diffraction peak at a 26 of 26° was the carbon nanotubes (CNTSs) as carbon formation
on the surface of spent catalysts. The peaks, located at a 26 of 44.5° and 52° for all
spent catalysts, were assigned to metallic Ni, which may sinter during catalysis. The
XRD peak positions were similar to the result, obtained by Lamacz et al, 2020 [72].
This evidence indicated that steam reforming of fusel oil over Ni/SiC generated

coking formation in the form of CNTs, confirmed by XRD in Figure 4.12B.
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Figure 4.12 A. FESEM images and B. XRD patterns of spent catalysts after FSR at
700 °C for 300 min: a. spent 10%Ni/SiC1300, b. spent 10%Ni/SiC1500, c. spent
10%Ni/SiC1700, and d. spent 10 %Ni/SiC-com.

4.1.3.2 Carbon formation
The TGA profiles of the spent catalysts after 300 min running steam reforming
of fusel oil showed the percentage of weight loss, and they were attributed to the
combustion of coke deposition, shown in Figure 4.13. The spent 10%Ni/SiC1500
presented 44.3 wt%, the smallest amount of coke according to smallest %weight loss,
followed by 62.8 wt% of the spent 10%Ni/SiC1700, while the amount of coking of
the spent 10%Ni/SiC1300 and spent 10%Ni/SiC-com were larger and similar (at
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about 75 wt%). The results suggested that less carbon deposited was formed on the
10%Ni/SiC1500 surfaces because f-SiC support enhances the thermal conductivity
and coke formation resistance. This should be the reason why the gas conversion level
after 90 min of reaction was unchanged and remained constant for all of the 300 min
period on steam. Moreover, all spent catalysts presented a weight loss step in the
temperature 600-700 °C, indicating the combustion of coke, which were filamentous
carbon forms as presented in FESEM images in Figure 4.12A. Trane et al, 2012 [31]
also observed that filamentous carbons were from the decomposition of hydrocarbon
between 500-700 °C.
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Figure 4.13 The TGA profiles of the spent Ni/SiC catalysts after FSR at 700 °C for

300 min; a. spent 10%Ni/SiC1300, b. spent 10%Ni/SiC1500, c. spent

10%Ni/SiC1700, and d. spent 10%Ni/SiC-com.

4.2 Hydrogen production by ESR over Ni/ZSM-5 nanosheet
4.2.1 Characterization of as-prepared catalyst
4.2.1.1 Chemical properties
The as-prepared Ni/ZSM-5 catalysts were characterized by the XRD technique
to confirm the identification of as-prepared catalysts, and the results were displayed
in Figure 4.14. The diffractions characteristic peaks of ZSM-5 were observed at 26 of
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8.1°,9.0°, 14.1°, 15.0°, 23.3°, 24.2°, 24.6°, and 45.0° as reported by Pérez-Page et al,
2016 [73]. After loading Ni, the catalysts formed NiO due to the calcination in the air.
The characteristic peaks of NiO were basically located at 37.2°, 43.3°, and 62.4°.
These results agree with those obtained by Tang et al, 2014 [74].
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Figure 4.14 XRD pattern of calcinated Ni/ZSM-5 catalysts.

Figure 4.15 presented the chemical surface of Ni/ZSM-5 catalysts, prepared by
different methods, using the XPS technique. The Ni/Z-NS-IN showed binding peaks
indicated at 855.1, 861.2, 872.5, and 878.7 eV, corresponding to the Ni 2pap, satellite
Ni 2ps2, Ni 2p12, and satellite Ni 2pi2, respectively, while those of Ni/Z-NS-IMP
were at 853.2, 858.8, 870.6, and 876. eV. The binding energies of Ni/Z-NS-IN were a
bit higher than those of Ni/Z-NS-IMP. Similarly, Ni/Z-CON-IN also showed a similar
XPS pattern, Ni 2ps2 and Ni 2p12 were shifted to higher binding energies, compared
to those of Ni/Z-CON-IMP. It could be concluded that the in-situ catalyst reflects
stronger metal-support interactions. Moreover, the agglomeration of NiO would rather
take place in impregnation catalysts, leading to weaker interactions between metal and
supports. However, the XPS patterns of all nickel catalysts towards the Ni 2p were
attributed to Ni%* in NiO on these fresh nickel catalysts. The results are in agreement
with those obtained by Cui et al, 2020 [75]. In addition, Ni/Z-CON-IMP displayed the
shoulder peaks of Ni 2ps and Ni 2pi2, corresponding to the Ni-OH species. This
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could be because of the nickel incorporation into the ZSM-5 structure, forming Ni-
OH-Si linkages as reported by Hu et al, 2018 [76].
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Figure 4.15 XPS spectra of different catalysts: (a) Ni/Z-CON-IMP, (b) Ni/Z-CON-IN,
(c) Ni/Z-NS-IMP and (d) Ni/Z-NS-IN.

4.2.1.2 Metal-support interaction

The H2-TPR was studied to investigate the metal-support interaction. The Ha-
TPR spectra of the catalysts were shown in Figure 4.16a. There was for NiO reduction
to form metal Ni, as shown in Eq. (4.1). Ni/Z-NS-IN and Ni/Z-NS-IMP exhibited the
H>-reduction temperature in a-NiO (300-500 °C) and B-NiO (500-650 °C) ranges,
which were weak NiO and bulk NiO species, respectively, located outside the
mesopore of ZSM-5 supports. They also showed the H-reduction in the range of vy-
NiO (650-850 °C), suggesting that NiO species strongly interacted with ZSM-5
support inside the mesopore. Ni/Z-CON-IN exhibited a curve of the Hx-reduction
temperature in the y-NiO range due to encapsulated Ni particles in the Z-CON
structure with strong interactions as confirmed by higher binding energies from XPS
result in Figure 4.15. In contrast, Ni/Z-CON-IMP showed a curve in the a-NiO area

according to weak NiO deposited on the Z-CON surface. Similar H>-TPR results can
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be referred to the previous research investigated by Sarkar et al, 2012 [77]. In this

research, all catalysts performed the Hz-reduction at 500 °C to reduce both a-NiO and

B-NiO, indicating the reduction of free and weak interaction of NiO species with the

support. Table 4.3 reports the total amount of Hz-consumptions of Ni/Z-NS-IN (0.260
mmol/g), and Ni/Z-NS-IMP (0.218 mmol/g) are higher than that of Ni/Z-CON-IN
(0.199 mmol/g), and Ni/Z-CON-IMP (0.134 mmol/g). This could be correlated with
different mesopore volumes between Z-NS and Z-CON as the data shown in Table

4.4. Ni/Z-NS-IN and Ni/Z-NS-IMP had much larger amounts of mesopore volume,

which causes a higher opportunity to reduce NiO species by consuming Hz, compared

to Ni/Z-CON-IN and Ni/Z-CON-IMP.

Moreover, reducing a catalyst at a high temperature leads to nickel

aggregation and loss of surface area. This also decreases catalytic performance in

terms of hydrogen yield. Figure B1 (Appendix B) presented the influence of reducing
the temperature at 400 °C, 500 °C, and 650 °C on ESR catalytic performances. The
findings showed that reducing the catalyst at 500 °C gave 65% of the highest

hydrogen vyield at the reaction temperature at 600 °C while reducing the catalyst at

650 °C exhibited below 20% of hydrogen yield at the same reaction temperature.
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Figure 4.16 (a) H2-TPR spectra and (b) NH3-TPD profiles of Ni/ZSM-5 catalysts.
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Table 4.3 The total amount of H> consumption and the total acid amount on ZSM-5

supports and their nickel catalysts

Catalysts Total amount of H Total acid amount
consumption (mmol/g) (mmol/g)
Z-NS 0.086 0.275
3%Ni/Z-NS-IN 0.260 0.153
3%Ni/Z-NS-IMP 0.218 0.163
Z-CON 0.021 0.254
3%Ni/Z-CON-IN 0.199 0.146
3%Ni/Z-CON-IMP 0.134 0.116
Z-COM-25 0.095 0.545
3%Ni/Z-COM-25 0.750 0.829

The acidic properties of supports and catalysts were studied by NH3z-TPD
analysis as shown in Figure 4.16b and the total acid amounts were reported in Table
4.3. The NHs-TPD profiles of Z-NS and their nickel catalysts indicated weak acid
sites, located in the temperature range of 50-300 °C, which can be attributed to the Al
content and the desorption of physisorbed NHs as reported by Hu et al, 2018 [76].
The total amounts of acid of Z-NS, Ni/Z-NS-IN, and Ni/Z-NS-IMP were
0.275 mmol/g, 0.153 mmol/g, and 0.163 mmol/g, respectively. The acid amounts were
observed to have a lower amount of weak acidity after loading nickel, compared to
that of bare Z-NS, it is probably due to the interaction of Ni with the silanol group of
the support as Saini et al, 2022 [78] mentioned in their research. The Z-CON and their
nickel catalysts indicated the NHs-TPD profiles between 80-350 °C, representing
weak acid sites due to the weak NH3 adsorption. The total amounts of acid of Z-CON,
Ni/Z-CON-IN, and Ni/Z-CON-IMP were 0.254 mmol/g, 0.146 mmol/g, and 0.116
mmol/g, respectively. The acid amount decreased after loading nickel, it could be the
same phenomenon with Z-NS and their catalysts as previously mentioned. Moreover,
Shetsiri et al, 2019 [79] studied the effect of catalyst acidity on the ESR. They found
that the catalyst with strong acid sites can promote coke formation. Therefore, the

strong acid sites are disadvantageous to producing hydrogen via ESR.
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4.2.1.3 Thermal properties

TGA thermograms of the Z-NS, Z-CON, and their nickel catalysts were
measured in the temperature range from 50 to 850 °C and the thermogravimetric
curves are shown in Figure 4.17. The initial weight loss region below 200 °C were
determined to be weakly physisorbed water interlayer molecules, which can mobile
and freely bounded. The second range of 300-500 °C was attributed to strongly
bonded water molecules of the interlayer structure. The result is in agreement with
those obtained by Ayodel, 2017 [80]. From the TGA profiles, there were no essential
weight loss peaks shown due to the ZSM-5 framework is thermally stable up to 930
°C. Pérez-Page et al, 2016 [73] observed that the phase transitions of zeolite would

change when the temperature is above 1500 °C.
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Figure 4.17 Thermal analysis of ZSM-5 supports and Ni/ZSM-5 catalysts.

4.2.1.4 Morphology and chemical composition
Figure 4.18 showed the morphology of different ZSM-5 supports and their
nickel catalysts with the same amount of 3 wt% Ni loading, including Ni particle size
distributions and a HAADF image. In Figure 4.18a, the Z-NS supports were formed
by several thin sheets, grown in one direction and the size of the entire particle was
about 200 nm. The thickness of each lamellar stacking, composed of ZSM-5
framework, was about 10-20 nm. In contrast, Z-CON had a sphere-shaped particle
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with diameters in the range of 500-700 nm as shown in Figure 4.18d. TEM
investigation clearly indicated that there is some correlation between the SDA
molecular size. There were different SDAs, TBAOH, and TPAOH, used for the
synthesis of Z-NS and Z-CON, respectively. The Z-NS was templated by the larger
SDA, TBAOH, exhibiting larger pore size distributions as shown in Figure 4.20b. To
synthesize Z-CON by using TPAOH, the processes required longer treatment and
higher temperatures to induce substantial crystallinity as a sphere-shaped particle. The
catalysts loaded a similar amount of Ni at 3wt%. To compare Ni particle sizes from
the smallest to largest, there were Ni/Z-NS-IN < Ni/Z-NS-IMP < Ni/Z-CON-IMP,
which were 5.6 < 7.8 < 31.7 nm, respectively. Although, the TEM image of Ni/Z-
CON-IN indicated no Ni particles, the inserted HAADF image in Figure 4.18e proved
that Ni particles distributed over the Z-CON. In addition, the Ni/Z-NS-IN and Ni/Z-
NS-IMP showed more uniform Ni particle size distribution, compared to that of Ni/Z-
CON-IMP. The Ni particle size distributions were analyzed from the ImageJ software
(N=100).

The amount of Ni loading of all catalysts was proved by the ICP-OES
technique, the catalysts were loaded Ni at 3wt% and the results showed the actual
amount between 2.4-3.0 wt%, displayed in Table 4.4. Besides, the spatial distributions
of O, Al, Si, and Ni elements on the prepared catalysts were further studied by the
SEM-EDS element mapping analysis, as confirmed by Figure 4.19, the Ni active sites
had successfully been loaded over all these catalysts. In addition, Figure 4.19c could
be confirmed that the nickel particles had been efficiently encapsulated into the Z-
CON, although there was no evidence of nickel on the TEM image of the Ni/Z-CON-
IN catalyst.
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Figure 4.18 TEM images of ZSM-5 supports and prepared catalysts regarding Ni
particle size distribution and HAADF: (a) Z-NS, (b) Z-CON, (c) 3%Ni/Z-NS-IN, (d)
3%Ni/Z-NS-IMP, (e) 3%Ni/Z-CON-IN and (f) 3%Ni/Z-CON-IMP.
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Figure 4.19 SEM-EDS mapping analysis of fresh catalysts: (a) 3%Ni/Z-NS-IN, (b)
3%Ni/Z-NS-IMP, (c) 3%Ni/Z-CON-IN and (d) 3%Ni/Z-CON-IMP.
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4.2.1.5 Surface area and porosity

The N adsorption-desorption technique was employed to determine the
porosity of ZSM-5 supports and their nickel catalysts. The N2 adsorption-desorption
isotherms and pore size distributions are presented in Figure 4.20 and the pore
properties are summarized in Table 4.4. As shown in Figure 4.20a, all the ZSM-5
supports and their nickel catalysts showed the inflection points of the catalysts at
relative pressure from 0 to 0.1, indicating the fingerprint of a microporous structure.
In addition, their adsorption-desorption isotherms revealed the type IV isotherms with
the hysteresis loop, suggesting all the samples indicated that both micropore and

mesopore exist in the structures as reported by Feng et al, 2019 [81].

The N2 adsorption-desorption isotherms of their BET surface areas range from
320 m?/g to 390 m?/g, and their pore size distributions are in the range of 1.8-2.0 nm,
displayed in Figure 4.20b. Although the pore size of these catalysts after loading
nickel did not show significant change, it indicated that the catalyst structures did not
shrink or collapse during the synthesis process and provided excellent thermal
stability as previously mentioned on thermal decomposition in TGA profiles in Figure
4.17. In addition, the Z-NS, and their nickel catalysts; Ni/Z-NS-IN and Ni/Z-NS-IMP,
had approximately half smaller external surface areas, compared to Z-CON and their

nickel catalysts.

However, the adsorption-desorption isotherms of the Z-CON and their nickel
catalysts; Ni/Z-CON-IN and Ni/Z-CON-IMP showed a hysteresis loop at a relative
pressure from 0.1 to 1.0, suggesting that the mesopores were proved the capillary
condensation of nitrogen in the mesoporous channels with multilayer adsorption. Their
mesopore volume is very small (0.1 cm®g) due to the mesopores originating from
voids between the aggregation of Z-CON particles as it can refer to the same results
from Meng et al, 2017 [50]. Those of Z-NS support and their catalysts; Ni/Z-NS-IN
and Ni/Z-NS-IMP indicated a remarkable hysteresis loop at a relative pressure, which
typically was from 0.45 to 1.0, suggesting the existence of mesopores, which was
derived from the interparticle voids between the stacked lamellas of nanosheet. These
N2 adsorption-desorption results of Z-NS are in agreement with the previous research
by Kore et al, 2014 [82] and Feng et al, 2020 [83].
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Figure 4.20 (a) N2-adsorption-desorption isotherms, and (b) pore size distributions of

ZSM-5 supports and their nickel catalysts.

Table 4.4 Physicochemical properties of ZSM-5 supports and catalysts.

Materials aS‘Z’ET bszext Viet deicro Vineso Ni
(m°/g) (m°/g) (cm?3/g) (cm?3/g) (cmdlg)  (Wt%)

Z-NS 376 73 0.638 0.117 0.521 -
3%Ni/Z-NS-IN 322 72 0.514 0.097 0.417 3.04
3%Ni/Z-NS-IMP 330 47 0.570 0.108 0.462 2.62
Z-CON 385 154 0.200 0.088 0.112 -
3%Ni/Z-CON-IN 390 149 0.221 0.103 0.118 2.68
3%Ni/Z-CON-IMP 357 145 0.201 0.079 0.122 2.42
"Seer  is BET surface area (P/Po = 0.05-0.25)
bSext is the external surface area, determined according to the t-plot method
Vi IS the total pore volume calculated at P/Po = 0.99
% ... isthe micropore volume calculated from t-plot method
Y is the mesopore volume, calculated by using V=V, -V .. was calculated from N, uptake

meso

at a relative pressure (P/P) of 0.99
fNi is the amount of Ni loading, determined by using ICP-OES analysis


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/physicochemical-property
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4.2.2 Catalytic performances
4.2.2.1 The influence of temperatures

The effect of temperatures of ESR on the EtOH conversion, H: yield, and gas
product distribution of Ni/Z-NS-IN, Ni/Z-NS-IMP, Ni/Z-CON-IN, and Ni/Z-CON-
IMP catalysts, studied in the range between 300 and 600 °C, as illustrated in Figure
4.21. When the temperature was increasing, the conversion of EtOH of all catalysts
increased significantly. The EtOH conversions on the Ni/Z-NS-IN and Ni/Z-NS-IMP
catalysts hit above 80% at 500 °C and reached 100% at 600 °C. In contrast, the
complete EtOH conversion over the Ni/Z-CON-IN, and Ni/Z-CON-IMP catalysts
could be accomplished at 500 °C and 400 °C, respectively. According to the H> yield,
when the temperature was at 500 °C, the impregnated catalysts; Ni/Z-NS-IMP and
Ni/Z-CON-IMP exhibited a higher H: yield, compared to those of in-situ catalysts;
Ni/Z-NS-IN, and Ni/Z-CON-IN. This was because of the effect of catalyst preparation
methods. The impregnated catalysts showed that Ni particles distributed on the
external surface as shown in TEM images in Figure 4.18c and 4.18f and could
actively interact under ESR at lower temperatures. When the temperature was up to
600 °C, the H> yields of all catalysts were about 60%, which were insignificantly
different. To investigate the selectivity of carbon gas products, the temperature was
increased from 300-600 °C for ESR. At 300 °C, all catalysts revealed a large amount
of acetaldehyde (CH3CHO), which is an intermediate reactant from ethanol
dehydrogenation, as mentioned in Eq. (2.16). At 500 °C, CH3CHO was still detected
by in-situ catalysts; Ni/Z-NS-IN and Ni/Z-CON-IN because the Ni could not properly
interact with ethanol or steam because the majority of Ni are encapsulated inside the
pores of ZSM-5 support. However, CH3CHO would be further converted to other
carbon gas products and would be absent at high temperatures. After the temperature
increased to 600 °C, there were only three main carbon gas products, which were CO,
CHg, and CO..
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Figure 4.21 Influence of temperature on catalytic performances of ESR at 300-600 °C
over (a) Ni/Z-NS-IN, (b) Ni/Z-NS-IMP, (c) Ni/Z-CON-IN, and (d) Ni/Z-CON-IMP.

4.2.2.2 The influence of acidic catalyst
As mentioned before regarding the effect of acidic catalysts on ESR. In the
supplementary work, the acidic catalyst was prepared by loading the same amount of
nickel on commercial ZSM-5 (Si/Al ratio at 25) by the wet impregnation method. The
catalyst was defined as Ni/Z-COM25. Some characterization of Z-COM25 and its
nickel catalyst can be found in Figure B2 (Appendix B). The Ni/Z-COM25 catalyst
indicated both weak and strong acid sites with a total acid amount of 0.829 mmol/g,

which ascribed to Brgnsted acid sites according to a large amount of Al content as
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shown in Table. 4.3 The ESR catalytic performance of Ni/Z-COM25 showed that the
main gas product was ethylene (C2H4) due to the acid sites favour dehydration of the
ethanol process and CoH4 basically leads to carbon formation as seen in Figure 4.22b.
Furthermore, the stability test exhibited that hydrogen yield dramatically decreased
from 60% to 20% after 24 h of ESR catalysis, while ethylene gas gradually reached
60%, as seen in Figure 4.22c and 4.22d. The TGA of spent Ni/Z-COM25 in Figure B3
(Appendix B) presented the amount of coke at 47wt%, which was approximately
three times higher than that of Ni/Z-NS-IN. Hence, the strong acid sites are

disadvantageous to producing hydrogen via ESR because it also produces a lot of
carbon formation.
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Figure 4.22 (a) EtOH conversion and H> yield, and (b) selectivity of gas products on
ESR catalytic performance at 300-600 °C, and (c) Hz yield, and (d) selectivity of gas
products on stability test at 550 °C for 48 h.
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4.2.2.3 Study of possible surface species (in-situ DRIFTS)

To study insight into the possible surface species responsible for the activity
and selectivity of ESR, the in-situ DRIFTS spectra were collected from the Ni/Z-NS-
IN under ESR (Steam/Carbon ratio of 8) at 350 °C. The peaks are stack-plotted at 3
min, 5 min, 10 min, and 15 min as shown in Figure 4.23a. The peaks are
insignificantly different, it could be assumed that the ESR over Ni/Z-NS-IN has
remained stable. The negative broad hump from 3745 to 3000 cm™ indicated the OH
group from the adsorbed water molecules. The CH stretching bands were assigned
between 2800 and 3000 cm®, with the CH stretching (v), symmetric (s) and
asymmetric (as) modes, found at 2950, and 2900 cm™ (CHsvas, and CHavs). The
characteristic peak at 2345 cm™ was indicted to CO-. The species between CO and Ni
are assumed in three forms. The hollow structure between CO and Ni was observed at
2100 cm?, while the bridge structure was at 1950 cm™. Further, the linear form of CO
and Ni was displayed at 1845 cm™. The shoulder peak at 1750 cm™ was assigned to
C=0 stretching, confirming the existence of CHO species from acetaldehyde. The
shoulder around 1590 cm™ could be assigned to the CO stretching of acetaldehyde,
which is rapidly oxidized to form acetate species (HCOO). These results are in
agreement with the catalytic performance obtained at low temperatures in the range of
300-400 °C, where the intermediate was acetaldehyde as shown in Figure 4.21. The
peak at 1300 cm ! was assumed to be CH bending band from the acetate and the
shoulder peaks at 1190 and 1120 were assigned to the ethoxy CO band. Figure 23b
exhibited the comparison of in-situ DRIFTS spectra between Ni/Z-NS-IN and Ni/Z-
CON-IN at 5 min of ESR at 350 °C with a steam/carbon ratio of 8. It could be seen
that the DRIFTS spectra revealed similar species under the same condition. The
resulting DRIFTS spectra were interpreted on the basis of the relevant works of
literature for band assignments, reported by Lui et al, 2022 [84] and Xu et al, 2013
[85].
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Figure 4.23 In-situ DRIFTS spectra of Ni/Z-NS-IN under ESR at 350 °C
Steam/Carbon of 8).

4.2.2.4 Kinetic study

The kinetic study, having a low conversion of ethanol (<15%), was further
used to calculate the activation energy (Ea) of ESR to compare reaction rates between
in-situ and impregnation catalysts. The activation energy of the ESR in Figure 4.24
was obtained from the Arrhenius equation as presented in Eq. (4.2). The activation
energy of in-situ catalysts, Ni/Z-NS-IN and Ni/Z-CON-IN, displayed the lower
activation energy at 66 and 88 kJ/mol, compared to those of impregnation catalysts,
Ni/Z-NS-IMP and Ni/Z-CON-IMP at 105 and 93 kJ/mol. The lower activation
energy of the in-situ catalyst results in a higher reaction rate because there is a smaller
energy barrier to starting the reaction. This can be assumed that the in-situ catalysts
were more active than impregnation catalysts due to the smaller Ni particle sizes that
could be initially activated to perform ESR at low temperatures. However, the kinetic
study needs to be carefully considered at much higher EtOH conversion along with
higher reaction temperature, it could be different from the low temperature. Increasing
the temperature of ESR has the effect of increasing the number of reactant molecules,
which are EtOH and water, and they have more energy than the activation energy.
Likewise, incremental temperature increases initial catalytic performance but
decreases catalyst life due to the catalyst’s deactivation, caused by carbon formation
at high temperatures. These results further support the experimental work, performed

by Zhurka et al, 2018 [86].
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Ink = InA — Ea/RT (4.2)
where K is the rate constant, T is the absolute temperature (Kelvin), A is the pre-
exponential factor, Ea is the activation energy for the reaction, and R is the universal
gas constant.
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Figure 4.24 Arrhenius plots to determine activation energy of the catalytic ESR

(<15% of ethanol conversion).

4.2.2.5 Stability test

The stability test was studied from ESR at 550 °C for 48 h over different types
of Ni/ZSM-5 catalysts as shown in Figure 4.25. Figure 4.25a showed the percentage
of Hz yield. The H> yield of Ni/Z-NS-IN remained at 64% for 48 h of the longevity
test, while that of Ni/Z-NS-IMP slightly decreased from 65% to 60% due to the
carbon formation easily blocking external Ni particles on the outer catalyst surfaces.
Although the H> yield of Ni/Z-CON-IN continued the same all along the ESR, it was
only around 50%. The H> yield of Ni/Z-CON-IMP significantly went down from 65%
to 50% because the coking was simply formed.

Figure 4.25b revealed the percentage of EtOH conversion. The EtOH
conversion of Ni/Z-NS-IN presented slightly dropped from 99% to 88% and remained
stable over 48 h, while those of Ni/Z-NS-IMP and Ni/Z-CON-IMP dramatically
reduced to 70% and 50%, respectively. The carbon gas products of all catalysts
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mainly were CO2 and CO and were unstable at the first 10 h but constantly remained
the same for the rest of the time. However, the EtOH conversion of Ni/Z-CON-IN
was noticeably almost 100% for 48 h because the carbon gas products remained
CH3CHO. This could be assumed that Ni/Z-CON-IN catalysts were prepared by in-
situ method and the ZSM-5 support was a three-dimension zeolite with a spherical
shape and a thickness of one unit (shown in Figure 4.18e), thus the accessibility of
active centers was suppressed. Hence, the catalysis occurred on the ZSM-5 surfaces
instead of nickel active sites. ZSM-5 favors the hydration of alcohol reaction, and the

majority of gas product is acetaldehyde as confirmed by Atchimarungsri et al [87].
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Figure 4.25 Stability test of catalysts over ESR at 550 °C for 48 h (S/C=8) regarding
(a) EtOH conversion, (b) H2 yield, and carbon gas product selectivity of (c) Ni/Z-NS-
IN, (d) Ni/Z-NS-IMP, (e) Ni/Z-CON-IN and (f) Ni/Z-CON-IMP.
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4.2.3 Characterization of spent catalysts
4.2.3.1 Morphology

The TEM images from Figure 4.26 illustrated the morphology of spent
catalysts after 48 h of the ESR stability test at 550°C. Figure 4.26a showed small spots
of Ni particles because the particles were trapped into the interconnected lamellar
layers of Z-NS, suggesting nickel sintering was suppressed during catalysis. Ismaila et
al, 2022 [88] have suggested that the encapsulated catalyst method is an effective
strategy for preparing highly dispersed metal into supports, hence, it prevents metal
particles from sintering and coke formation. On the other hand, the other spent
catalysts showed larger nickel particle sizes of nickel sintering due to the weak metal-
support interaction as it can refer to earlier research studied by Yang et al, 2016 [89].
The TEM images of spent catalysts also exhibited filamentous carbon or carbon

nanotubes (CNTSs) as they are the carbon formation.

(b) Spent 3%Ni/Z-NS-IMP

Figure 4.26 TEM images of spent catalysts after 48 h of ESR stability at 550 °C: (a)
Ni/Z-NS-IN, (b) Ni/Z-NS-IMP, (c) Ni/Z-CON-IN, and (d) Ni/Z-CON-IMP.
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4.2.3.2 Chemical properties
The XRD patterns of spent catalysts are presented in Figure 4.27. The 20
peaks located at 44.5° and 52° were assigned to metallic Ni, while the peak at 26° was
detected to carbon. A similar XRD pattern was reported by Prasongthum et al, 2017
[57].
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Figure 4.27 XRD patterns of spent catalysts after stability test.

4.2.3.3 Carbon deposition

The TGA profiles of the spent catalysts after 48 h, running ESR, presented in
Figure 4.28, could confirm the amount of coke deposition according to the percentage
of weight loss. The decomposition temperature of TGA between 450-650 °C was
ascribed to CNTs. Bannov et al, 2020 [90] also observed that the TGA of CNTs
showed decreases in the mass loss within the same thermal region. The spent Ni/Z-
NS-IN presented 17 wt%, the smallest amount of coke according to the smallest
weight loss. The Ni-catalysts on Z-NS supports have high accessibility of active
centres on the surface with reduced diffusion resistance and the thin layers of Z-NS
support the heat transfer. Moreover, when nickel particles form and grow inside the
pores, they would be well encapsulated due to their small sizes and be not easy to
escape from between lamellar layers of Z-NS. These properties could suppress carbon

formation on nickel active sites during catalysis. The spent Ni/Z-CON-IN presented
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25 wt% of carbon amounts. Although it was three-dimension Z-CON catalyst support,
the in-situ preparation method flourished coking decrement due to nickel active sites
formed intramolecular in Z-CON structures. However, the amount of coking of the
spent Ni/Z-NS-IMP and spent Ni/Z-CON-IMP were the same percentage of weight
loss, which were about 33 wt%. The impregnated catalysts, showing a larger amount
of coke, consisted of Ni active sites, mostly located on the outer catalyst surfaces.
Thus, the carbon deposition was continuously grown further from the Ni particles

after ESR until they finally became CNTs.
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Figure 4.28 TGA results of spent catalysts after 48 h on stability of ESR at 550 °C.
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CHAPTER 5
CONCLUSIONS AND SUGGESTION

5.1 Conclusions

5.1.1 Hydrogen production by steam reforming of fusel oil over Ni/SiC

We have successfully synthesized the SiC from rice husk by pyrolysis at high
temperatures. The FESEM and XRD analyses demonstrated that pyrolyzed SiC
consisted of £-SiC and a-SiC phases. Pyrolysis of RH at 1300°C was not properly
formed SiC, while at 1500 °C and 1700 °C, S-SiC and a-SiC phases were formed, and
rod structures were obtained with a diameter of 80-200 nm. The prepared SiC from
pyrolysis of rice husk possessed a markedly larger than that of the SiC-com. When
applied as a support for a 10wt%Ni catalyst in steam reforming of fusel oil at 700 °C,
SIC of 9, W/F of 15 geatayst.n.mol?, the Ni/SiC1500 exhibited the highest catalytic
performance in terms of giving the stable fusel oil gas conversion of 90% during a
300 min of reaction and the highest hydrogen yield of 29%. The larger surface area of
the pyrolyzed rice husk support enhanced the dispersion of nickel to achieve smaller
nickel particle sizes, while the presence of unique rod structure and f-SiC phase in the
Ni/SiC1500 catalyst could be beneficial to reduce the carbon formation due to the
property of thermal conductivity, hence presenting a superior performance, and
maintaining higher stability in the steam reforming test.

5.1.2 Hydrogen production by steam reforming of bioethanol over
Ni/ZSM-5 nanosheet

The synthesis of a two-dimension ZSM-5 nanosheet (Z-NS) was successfully
performed. The Z-NS supports were formed by several thin sheets, grown in one
direction and the size of the entire particle was about 200 nm. The thickness of each
lamellar stacking, composed of ZSM-5 framework, was in the range of 10-20 nm. The
Z-NS was used as the support for preparing nickel catalysts because it shows high
accessibility of active centers on the surface with reduced diffusion resistance, which
enhances catalytic performances. Two different methods were prepared for nickel

catalyst synthesis, that is, in-situ (IN) and wet impregnation method (IMP). The Ni/Z-
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NS-IN catalyst exhibited a more uniform nickel particle size of 5.6 nm, while that of
Ni/Z-NS-IMP showed 7.8 nm with some agglomerated nickel particles. The three-
dimension Z-CON, which is a spherical shape with a large particle of 500-700 nm,
was also used for nickel catalyst supports and to compare the catalytic performance
with nickel catalysts of Z-NS. The prepared nickel catalysts were applied for ESR to
produce hydrogen. The stability test of the catalysts was investigated at 550 °C for 48
h (S/C of 8). The Ni/Z-NS-IN presented excellent catalytic performance, showing
65% of H> yield, 88% of ethanol conversion, and only 17wt% of coke deposition,
compared to those of other catalysts. Therefore, two-dimension Z-NS could be
beneficial to reduce carbon formation due to the reduction of surface
diffusion barriers. Moreover, the in-situ method presented well-encapsulated small
sizes of nickel particles in the interconnected lamellar layers of Z-NS for preventing
nickel sinter and coke, hence giving a good performance, and maintaining longevity

in the steam reforming test.

5.2 Suggestion and recommendation

Hydrogen production of fusel oil over Ni/SiC

To reduce carbon deposition, silicon carbide (SiC) from rice husk could be
developed into foam structures that can prevent carbon deposition. The SiC could be
efficiently employed as a foam support for controlling the dispersion of the active
phase. It also decreases a pressure drop during the reaction proceeding with thermal
stability. The metal can also be coated on the SiC foam supports with a thin and
uniform layer, prepared by an impregnation method. The foam catalysts also improve
mass and heat transfer, and catalytic reaction as well as hydrogen yield [91, 92].

Hydrogen production of bioethanol over Ni/ZSM-5 nanosheet

Although the Ni/Z-NS-IN exhibited the improvement of catalytic activities
with the encapsulated nickel particles as well as enhanced the longevity test, some
aspects of the ESR and Ni catalysts need further investigation to improve hydrogen
yield. Therefore, catalyst development with high hydrogen yield is required for
further research. A fusion of a small amount of the noble metals (Pd, Pt, Rh, and Ru)

to Ni catalysts have been suggested as a promising way to improve the hydrogen yield
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as well as catalytic stability. In this work, the steam/carbon ratio is 8, hence varying
the proper ratio could enrich more hydrogen yield products with low amounts of coke.

Due to an excellent thermal property of Ni/ZSM-5 nanosheet catalyst, this
research would further study the catalyst regeneration, which is process of
regenerating spent catalysts to make them reusable. This process also involves
recovering the chemical characteristics of spent catalysts and restoring their
effectiveness in catalytic performances.

The Ni on ZSM-5 nanosheet catalysts presented good catalytic performances
of ESR according to the two-dimension structures giving the reduction of surface
diffusion barriers. The use of a two-dimension ZSM-5 nanosheet as catalyst support

could be one of the most attractive choices for other catalytic reactions.



Appendix A

Hydrogen production of FSR over Ni/SiC

Component and chemical formulation of fusel oil

Chemical Density Peak area Peak area Mw
(g/cmd) (pure) (real fusel oil)

Ethanol 0.789 126231 4579.41 46

Propan-1-ol 0.803 176557 12217.6 60

Iso butanol 0.802 184065 31898.5 74

Isoamy! alcohol 0.8104 195143 113019 88

The weight percentage component of fusel oil was calculated based on the
peak area of pure each chemical, compared with real fusel oil. It was found that there
are four components in real fusel oil. (iso-amyl alcohol, iso-butanol, propanol, and
ethanol). The GC was conducted by Tham Le.

Weight of injection (g) = 0.001 x 0.789 = 0.000789 g
Mol of ethanol (pure) = 0.000789/46 = 1.71522E-05

Mol of ethanol (real fusel oil) = (Peak area of real fusel x mol of pure ethanol)/peak area of
pure ethanol = (4579.41 x 1.71522E-05)/126231 = 0.000000622 mol

In case of iso amyl-alcohol, iso butanol, and propanol were 0.000005334, 0.000001878, and
0.000000926, respectively.

Weight of each component in fusel oil:

Methanot = 0.000000622 x 46 = 0.0000286 g

Mpropanot = 0.000000926 x 60 = 0.0000556 g

Misobutanol = 0.000001878 x 74 = 0.0001390 ¢

Misoamy! = 0.000005334 x 88 = 0.0004694 g

Total of weight = 0.0000286 + 0.0000556 + 0.0001390 + 0.0004694 = 0.0006925 g
%wt of each component in real fusel oil:

% Ethanol = (0.0000286/0.0006925) x 100 = 4.13%

% Propanol = (0.0000556/0.0006925) x 100 = 8.02%
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%Iso-butanol = (0.0001390/0.0006925) x 100 = 20.06%
%Iso-amyl = (0.0004694/0.0006925) x 100 = 67.7%
To calculate the general formulation in fusel oil using this equation:

_ > wt%
W= wit%
Z Mwi

M,, : Average molecular weight

> wt%: total of weight percentage

Mwi : weight molecular of each component

Hence,

> wit% =4.13% + 8.02% + 20.06% + 67.7% =1

3 (Wt%/Mwi) = Y ((4.13%/46) + (8.02%/60) + (20.06%/74) + (67.7%/88)) = 0.0126
Mw =3 wt% /Y (Wwt%/Mui) = 1/0.0126 = 79.36

The general formula for the representation of an alcohol is

CnH2n+20

Where n refers to the number of carbon atoms in the chain. Put down the values of molecular
mass of C, H and O.

12n+(2n+2) + 16
The general formulation as CnH2n+1OH
14n + 18 =79.36; n = 4.36

Therefore, the general formulation was Ca 36H10.720



The determination of water content in fusel oil
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The water content was detected by Karl Fischer Titration from Thailand

Institute of Scientific and Technological Research. The result reported there was

0.01% of water content, assuming that no water in fusel oil.
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Hydrogen production of ESR over Ni/ZSM-5 nanosheet

The calculation of Ar flow rate for ethanol and water, measuring by vapor pressure.

Ethanol Vapour Pressure Total Flow 100
a= -53411 ¥ = In (P)
b= 19.955 K= (T K)
T TS P P (kPa) Dilution factor | He Flow (miimin) |C1 (ppm)
t) [ K €2 (ppm) 10000
0 | 273 0.39053114 1.477765479 1.47776548 C2 (%) 1
H20 Concentration (Vol%) 5 — Change the concent
Water, H20 Total Flow 100 === Change
Y = -5206.6x+18.607 a= -H206.67 Y =In(P}
b= 18.607 X=(1T (K})
%T'ﬂ”:’“—m In (P) P (kPa) Dilution factor | ArFlow (mi/min)
55 | 328 2.7330061 15.37904852 3.0758097 H20 (g, sccm) 5

The hydrogen standard calibration and the calculation.

H2 feed rate

Propene feed rate

(ml/min) H2 peak area (ml/min) Propene peak area
0 0 4 73882
0.5 218531.5 4 73843.5
1 459809 4 73734
2 920751 4 73806.5
3 1350662 4 73945.5
4 1761308 4 73841
5 2151262 4 73913
H, std calibration
Ha/Propene Ha/Propene .
Cppm Peak area a 30 y=2316R -
0 0 "é“ 25 RE=0 9995“__‘_..---"'
1.25 2.959387082 5 f“ e
25 6.236051211 % 10 .
5 12.47520205 & s —e T
7.5 18.26564159 R . . . v o
10 23.85271055 CppmH2/PP

125

29.10532653




ZSM-5 calculation
Calculation of ZSM-5 nanosheet (Si/Al = 100)

S102 = 200,= E =100
Al203 T Al

chemical | TEOS Al isopropoxide | TBAOH NaOH DI
Mole ratio | 0.042 0.00021 0.01 0.0017 0.58
Mw 208.33 204.24 259.5 40 18
g 8.4 0.086 8.1 0.02 2.32
gSiO2 =0.042 x 60g/1mol = 2.5 g Si02
g Al203 = 0.00021 x 102g/1mol = 0.02 g Al203
To prepare 3%Ni/Z-CON-IN

. _ 3 gNi 1molNi 1molNi(NO3)2 290.81 gNi(NO3)2
g of Ni(NO3)2 = 97 gSupport ~ 58.69 gNi 1 molNi 1 mol Ni(NO3)2 X 2.52

=0.38¢

chemical EDA DI water Ni(NO3)2
Mole ratio 3.25 50 1
Mole of use 0.004225 0.065 0.0013
Mw 60.1 18.0 290.8
g of use 0.25 1.17 0.38
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Calculation of ZSM-5 conventional (Si/Al = 100)

chemical | TEOS NaAIO3 TPAOH NaOH DI
Mole ratio | 0.02 0.0002 0.01 0.0017 0.58
Mw 208.33 81.97 203.36 40 18

g 3.5 0.0164 2.02 0.0693 10.47

g Si02 =0.02 x 60g/1mol = 1.2 g Si02
To prepare 3%Ni/Z-CON-IN

3gNi 1molNi 1molNi(NO3)2 290.81 gNi(NO3)2
97 gSupport = 58.69 gNi 1 molNi 1 mol Ni(NO3)2

=0.184 g = 0.0006 mole Ni(NO3)2
The mole ratio of the stabilizing agent mixture is 3.25EDA : 50DI water : 1 Ni(NO3)2

x 1.2

g of Ni(NO3)2 =

chemical EDA DI water Ni(NO3)2
Mole ratio 3.25 50 1

Mole of use 0.00195 0.03 0.00063
Mw 60.1 18.0 290.8

g of use 0.12 0.54 0.18

Calculation of 3wt%Ni/ZSM-5 impregnation

Basis 1 g of ZSM-5 support
97 g ZSM-5 loaded 3 g Ni
1 g ZSM-5 loaded (3x1)/97 =0.03 g

58.69 g Ni use 290.81 g Ni(NO3)2.6H20
0.03 g Ni use (290.81 x 0.03)/58.69 = 0.15 g Ni(NO3)2.6H20
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Figure B1. Influence of reduction temperature on the catalytic performances of SRE
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Figure B3. (a) FETEM images, and (b) TGA profile of spent 3%Ni/Z-COM25
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