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Abstract 
Synthesis of Aluminosilicate Nanomaterials using Surfactant Self-assembly as a Template and 
Their Catalytic Applications 

José Andrés Hernández Gaitán 

Graduate School of Engineering Science, Osaka University 

 

We are currently in the 6th technological wave, commonly called the nanotechnology wave. 
Nanotechnology is a relatively new field (establish in 1959 by Richard Feynman) with the possibility of 
creating fine-tuned and enhanced materials.  
Over the last 30 years, the research and use of nanotechnology has increased considerably, being the 
United States of America the biggest consumer of this technology followed by southern east and eastern 
Asia. In Japan alone both the research and spent budget on this technology has been steadily increasing 
over the last 15 years and the field of applications has been steadily increasing, venturing into many 
fields such as environment/energy, electronics, infrastructure, healthcare and life science.  
The main aspects for the need to change from bulk to nano materials is because nano materials have 
increased surface area, selectivity and performance and can be tailored to specific applications and most 
of them are heterogeneous materials. On the contrary nowadays common materials main detractors 
are; many of the current applications still use rare metals, which are scarce and expensive. From an 
environmental point of view, most of these materials generate homogeneous mixtures, difficult to 
separate. 
When synthesizing nanomaterials, there are two main synthetic approaches, top-down and bottom-up. 
The top-down approach means reduce the size of the structure toward the nanoscale. While the bottom-
up approach is the formation of large nanostructure from smaller atoms and molecules. Due to the 
nature of the top-down approach of using an external force to break the material into smaller pieces, 
the overall quality of the material is compromised and its properties are compromised.  On the other 
hand, bottom-up approach yields better quality materials with controlled properties, but their 
operational costs are high. Hence, more research on this topic is required and soft-templating methods 
for the synthesis of novel nanomaterials with catalytic applications are the main topics of this thesis.  
Chapter 1 is the general introduction section. Here, I have introduced the background and the overview 
of this study in this chapter as well as the main objectives which are described at the end. The basic 
concepts of lyotropic mixtures are described in this Chapter, which are required to understand the 
synthetic method and its potential. Finally, we describe the main characteristic of aluminosilicate 
materials and their potential and versatility as catalytic materials.  
 In Chapter 2, I established a bottom-up nanosheet synthesis method, named the "two-dimensional 
reactor in amphiphilic phases (TRAP) method." In this method, sparsely suspended amphiphilic 
bilayers work as the reactors in hyperswollen lamellar (HL) phases. This method has the potential to 
synthesize a wide range of nanosheets of various materials: polymers, metal-organic frameworks, MO, 
and metals for different applications. I focused on the controlled synthesis of amorphous 
aluminosilicate nanosheets (a-ASns) and further used them as universal precursors for various zeolite-
NSs. Secondly, I discuss the Emulsion Method, which allow us to synthesize crystalline aluminosilicate 
nanomaterials using a lyotropic mixture of Water/Surfactant/Organic solvent, with decreased diffusion 
resistance, increasing their performance in catalytic applications. Finally, I described the characteristics 
of these aluminosilicate nanomaterials and the characterization methods.  
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In Chapters 3, I evaluated the catalytic application of amorphous aluminosilicate nanosheet (a-ASns) 
as support for nickel metal catalyst in the Catalytic Decomposition of Methane (CDM). In this chapter 
I compared a-ASns with bulky and mesoporous amorphous aluminosilicates as supports. I further 
evaluate the promotion of known metal promoters such as Chromium and Lanthanum using different 
incorporation methods such as wet impregnation and alkaline precipitation of metal nitrates in 
combination with hydrolysis of Si and Al species. Lastly, I even evaluated the morphology of the active 
species, by synthesizing nickel nanoparticles and further studying their effect as active species and as 
supports itself.  
Lastly, in Chapters 4, I focus on one of the primary challenges of the 21st century; to insert conventional 
waste products into circular processes. Plant-based waste has been gaining interest in the research 
community, as new biorefineries breakthroughs take place. One of the main components of plants is 
lignin, and it has great potential, due to is composition of phenolic compounds, to be used in the 
production of high value chemicals, such as phenol. (Worldwide production of lignin is around 150 
billion tons, out of which 415 million tons come from five major crops). Hence, I study one of the 
intermediary reactions for the chemical breakdown of lignin “transalkylation”, by using a similar 
phenolic compound found in lignin, 4-propylphenol (ppp), and reacted it with supercritical benzene 
over nanometer sized MFI-type zeolites using a fix bed reactor.   
In summary, I have successfully adapted lyotropic mixtures to different nanomaterials and 
morphologies by modifying the composition of the mixture, and further control the nanomaterial 
particle size by controlling the reagents amount during the nanomaterial synthesis. These materials 
showed great promise in different catalytic applications due to their great surface area, tailored active 
sites and shape selectivity.  
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Chapter 1 
 

General Introduction  
 

We are currently in the 6th technological wave, “nanotechnology” and whether it will have 
the potential to be a general-purpose technology (GPT) is still under debate. However, is 
of general agreement that nanotechnology has revolutionized industries around the 
world, improving almost every industrial domain such as agriculture, food, medicine, 
clothing, materials, automobiles, civil engineering, environmental management, both 
energy storage and generation, life science among others. [1,2] 
This emerging technology offers great potential for manufacturing substantially 
improved performance products. Just in the United States alone, more than 42 billion 
dollars have been generated in revenue by American companies in 2017[3] with very 
current applications such as the COVID-19 vaccines where lipid nanoparticles were used 
in more than 676 million doses [4].  
In order to achieve further improvements, a great effort is being made in the research and 
development of nanomaterials, which are the core of nanotechnology.  
 

1.1 Nanomaterials 
As we decrease the size of the materials, we can 
reach the size of nanomaterials as seen in Figure 1.1. 
These materials, with at least one dimension in the 
range of 1 to 100 nm are considered nanomaterials. 
They exhibit superior catalytic properties compared 
to their bulk counterparts such as improved surface 
area, tailored morphology and increased active 
sites, which influence selectivity, performance and 
efficiency, as well as, improved magnetic, electric, optical and mechanical properties. [5] 
Currently, these materials have become a predominant research field for industrial and 
engineering applications such as energy generation and storage, [6–15] catalysis, [16–21] 
separation processes,[22–25] food industry,[26–30] and medical devices (diagnostic 
biosensors, drug delivery systems and imaging probes),[31–36] among other more 
specialized applications. Simply put, we are currently in the 6th technological wave of 
nanotechnology, and nanomaterials play a key role in the development of future 
technology.   

Nanomaterials

6th technological wave – Nanotechnology

nmmm

Figure 1.1 Nanomaterials 
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1.1.1 Synthesis Approaches 

There are two main approaches to the synthesis of 
nanomaterials “Top-down” and “Bottom-up”, as 
seen as Figure 1.2.  
Top-down approach starts from bulky materials 
and breaks them down to a nanosized scale. 
Usually, an external force or source of energy is 
required to breakdown the particles such as 
mechanical milling, laser ablation, etching, 
sputtering and electro-deposition. This approach 
usually has high yields and low costs, but the 
quality of the material is low and difficult to 
control.   
 
Conversely, bottom-up approaches start from atomic or molecular level and build up 
to nanostructures. This approach allows precise control of the properties and the quality 
of the nanomaterials, but more research is required to improve the efficiency of the 
process and decrease operational cost for scale-up. In this study I focus mainly on 
bottom-up approaches, specifically soft-template method  
 

1.1.2 Soft Templating 
This approach allows the synthesis of nanostructured materials molded by the 
intermolecular interaction of flexible organic molecules, high polymers and surfactants 
(anionic, cationic and non-ionic) creating with a wide range of morphologies depending 
on their concentration and the mixture composition, at mild conditions and 
straightforward implementation. I focus mainly on the surfactant-assisted soft-
templating. [37–40] 
Typically, soft template methods encompass macro and microemulsions, micelles or 
vesicles, and molecular super-structure self-arrangements, which give opens the door 
to new methods such as polymer networks, hydrogels, emulsion droplets, bicontinuous 
emulsions, etc.  
The research of this thesis focuses on emulsion and supramolecular assemblies soft-
templating methods.  
 
 

Bottom-up

Top-down
Mechanical Milling

Etching

Sputtering

,etc.

Spinning

CVD

Hard templating

Soft templating

,etc.

Figure 1.2 Nanomaterials synthetic 
approaches 
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1.1.2.1 Surfactants 

Surfactants are amphiphilic molecules which means that are composed of a hydrophilic 
“head” group and a hydrophobic “tail” region, with the capability to modify the 
properties of surfaces and interfaces between different media, as solid-liquid or liquid-
gas interfaces, hence their common name surfactants (from surface active agent). These 
molecules have the capability to self-assemble into super-structures of several shape 
anisotropies and sizes, acting as flexible templates where a wide range of material 
morphologies can be synthesized.  
Depending on their capability to interact with other molecules, and based on the 
surfactant charge, they can be classified in anionic, nonionic, cationic or amphoteric 
surfactants. This allows for different interactions in the templating method with the 
precursor’s molecules affecting the overall synthetic process. [40] 
 

1.1.2.2 Lyotropic Mixture 
Mixtures of amphiphilic molecules and solvents can create lyotropic mesophases, with 
unique characteristics. As previously stated, the amphiphilic molecules can arrange 
themselves into different super-structures, creating different templating systems of 
different sizes and shapes. 
 
A first classification approach based on the dimensions of these templates propose three 
big super-structure families, as seen in Figure 1.3: 
a. Micellar systems 

These aggregates have small shape anisotropy with typical dimensions of about 
10nm and shape anisotropy order of 1:2 in linear dimensions.  

b. Aggregates of large shape anisotropy 
These aggregates are sometimes referred to as infinite, with typical orders of 1:100 
in terms of linear dimensions.  

c. Bi-continuous systems  
In these structures, amphiphilic molecules self-assemble as three-dimensional 
continuous structures at scales larger than 1000 nm.  
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Figure 1.3 Amphiphile molecule super-structures in lyotropic phases. a) orthorhombic micelle, b) 
cylindrical aggregate, c) bicontinuous molecular aggregate with a cubic symmetry 

 
1.1.2.3 Self-assembled Systems 

When discussing lyotropic mixtures, an important concept to understand is the critical 
micellar concentration, CMC, [41–43] defined as the concentration at which amphiphilic 
molecules self-assemble into micelles. This term is the main the main chemical-
physical parameter of surfactants that determines their surface activity and self-
assemble aggregation. CMC value has become a key design target because it is 
correlated with many physicochemical properties such as detergency, equivalent 
conductivity, high frequency, conductivity, surface tension, osmotic pressure and 
interfacial tension.  
Let c be the concentration of amphiphilic molecules in the solution of amphiphiles and 
a solvent. For c < CMC, the amphiphile molecules remain isolated. For c > CMC, the 
fraction of isolated amphiphile molecules remains almost constant and the 
concentration of micelles increases with c.  
At a good temperature, CMC can be estimated based on the length of the surfactant, 
[44] given by the following equation: 
 

log10 CMC = 1.6 – 0.3 nc          Eq.1 
 
where nc is the number of carbon atoms in the chain.  
 
Besides CMC, the critical micellar temperature, C MT, is another concept that 
plays a similar role in the self-assembly of amphiphilic molecules. Which is the lower 
temperature limit between the hydrated solid phase and the micellar phase and 
depends on the amphiphilic molecule being used and on the ionic strength of the 
mixture. [45] 

a. b. c.
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Due to the dual hydrophobicity properties of 
amphiphile molecules, aggregates of these 
molecules can be of two-natures: direct and 
inverted, which refers to the relative concentration 
of polar and non-polar solvents with respect to the 
concentration of the principal amphiphile. In 
direct structures, the polar solvents have the 
largest concentration and in inverted, non-polar 
solvents, as seen in Figure 1.4.   
 
If the concentration of c increases to values much larger than CMC, we will reach 
anisotropic liquid crystalline phases. These crystalline phases display long-range 
orientational order and, in some cases, long or medium-range positional order in one 
or two dimensions.  
Lyotropic liquid crystals are intermediate states of matter or mesophases, halfway 
between an isotropic liquid and a solid crystal. They display orientational order and 
even positional order along some directions. These materials flow like an isotropic 
fluid and have characteristic optical properties of solid crystals. 
In summary, the polymorphism of a lyotropic mixture depends on the different 
parameters of the amphiphile itself; such as the ionic character of the polar head, the 
size and volume occupied by the head with respect to the parameters of the chain, the 
presence or absence of another surfactant (usually called co-surfactant) or of a salt in 
the mixture, pH, and ionic strength of the solution, the purity of the compounds, and 
the temperature, among other factors.  

 
1.1.2.4 Phase Diagrams of Lyotropic Mixtures 

Phase diagrams of lyotropic mixtures are useful tools to locate a wide range of stable 
structures and regions depending on which surfactant is used and its physical 
properties such as temperature, pressure and the relative concentration of the 
components. For constant temperature and pressure, triangular phase diagrams are a 
useful tool to locate these regions for each specific case, as seen in Figure 1.5.   
An interesting feature of lyotropics is the possibility of mixing a large number of 
components and the positioning of the different regions will vary depending on the 
components of the mixture, their concentration and the operational conditions of the 
system (temperature and pressure). 
 

a. b.

Figure 1.4 Examples of direct 
and inverted structures. a) direct 
micelle, b) inverted micelle 
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Figure 1.5 a) Different lyotropic mixture regions of stable amphiphile structures, b) Partial 
isotherm sketch of a quaternary mixture of SDS, dodecane, pentanol and water. (L1 = direct 
micelle, L2 = indirect micelle, L3 = sponge, H = Hexagonal)   

 
For this research I normally used complex mixtures, however here I classify them as  
ternary or quaternary lyotropic mixtures with the material precursors in the desired 
polar or non-polar phase. Ternary mixtures include water/non-polar/surfactant system, 
however, in quaternary mixtures; a co-surfactant is added to the system. Normally the 
surfactant or the co-surfactant is represented as a constant value correlated to one of the 
three previous components, as seen in Figure 5.  In general, similar features are observed 
in most of the partial isotherms of ternary mixtures composed by a surfactant, an alcohol 
and water.  
 

1.1.2.5 Structures and Terminology 
Lyotropic liquid crystals provide perhaps the richest examples of polymorphism among 
complex dfluid mixtures.  
 

1.1.2.5.1 Micellar Isotropic Phase  
Direct and inverted micelle structures can be found in different regions of the lyotropic 
phase diagram, with the ability to change their shape anisotropy depending on 
temperature and relative concentration of the compounds of the mixture. At low 
amphiphilic molecular concentrations (c ≥ CMC), micelles are mostly spherical in shape.  
At larger concentrations of amphiphiles (c ≈ 102 x CMC), micelles may have non-
spherical shapes. In some lyotropic mixtures, isolated micelles can have orthorhombic 
symmetry[46]. 
 
 
 
 

SURFACTANT

WATER OIL

cubic
packing

hexagonal 
packing

cylindrical
micelles

spherical
micelles

inverted
Hexagonal packing

crystals of surfactants

lamellar
structure

inverted cylindrical
micelles

inverted
spherical
micelles

disordered medium
Water/SDS = 1.2 Dodecane

Pentanol

L1

Lα

H L3

a. b.
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Micellar arrangements can lead to lyotropic nematic phases. Two of them with axial 
character NC (calamitic nematic) and ND (discotic nematic), [47–49] as seen in Figure 1.6, 
and a third phase of biaxial character NB. These mesophases are composed of micelles 
with short-range positional and long-range orientational order.  
Cholesteric phase can be formed if a nematic phase is doped with a chiral molecule or 
if a mixture contains a chiral amphiphilic molecule. [50] 
 

 
Figure 1.6 Sketch of different micellar orders in lyotropic mixtures in the context of the 
intrinsically biaxial cylinder-like micelle model. *a) The dots represent a particular surface of 
the micelle , b) cylinder-like micelles in cholesteric phase rotates around an axis perpendicular 
to the infinite-fold symmetry axes of the micelles (represented by the black arrows inside)        

 
1.1.2.5.2 Lamellar Phase 

In this phase, the amphiphile molecules arrange as supermolecular aggregates, 
forming layers with a large shape anisotropy. The thickness of these layers is mainly 
dependent on the length of the amphiphile molecule (usually of the order of two) 
and temperature. The layers of amphiphiles can show some orientational order or 
show an undulated topology (ripple), as seen in Figure 1.7.  
 

 
 

Figure 1.7 Sketch of a) lamellar structure, b) ripple phase, c) hexatic type ordering 
 
 

Crystal Cholesteric Discotic Calamitic

Nematic

Isotropic Liquid
nn

a. b.

c.
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1.1.2.5.3 Hexagonal Phase 
In this phase, amphiphile molecules self-arrange as long cylinder-like aggregates, 
with large shape anisotropy, as seen in Figure 1.8. The diameter of the cylinders is 
of the order of twice the length of the main amphiphilic molecule and the lengths 
usually are on the range of 50 times larger than the diameter. These cylinders can 
further order into hexagonal, rectangular and square packaging as seen in Figure 8. 
Another example of polymorphism in these molecular aggregates systems are long 
unfolded ribbons.  
 

 
 
Figure 1.8 Sketch of hexagonal phase, long cylinder-like aggregates with large shape 
anisotropy, a) hexagonal packing, b) square packing. 
 

1.1.2.5.4 Bicontinuous Phase 
For these phases, amphiphilic molecules self-assemble in a three-dimensional 
structure, as seen in Figure 1.9. This means that molecules, with their head in the 
aggregated surface, can diffuse continuously through all the structure without the 
need of going to the bulk in which the solvent is present. This characteristic is not 
found in phases with aggregates as micelles, cylinders or lamellae, where the 
molecule indeed requires going through the solvent to diffuse from one aggregate 
to another.  

 
Figure. 1.9 Sketch of the sponge phase 

a. b.
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1.1.2.6 Emulsion Method  
This method takes advantage of the templating capabilities of surfactant molecules. The 
desired precursors are dissolved in water, hydrolyzed with an organic directing agent 
(OSDA) at room temperature. Further mixed with a Surfactant/Organic Solvent solution, 
creating an emulsion, which encapsulates the reactants inside the formed micelles. The 
micelles formed in the Water/Surfactant/Organic solvent system quench the 
hydrothermal treatment on nucleation and the increased nucleation rate controlled by 
the concentration of reactants facilitates a narrow size distribution of zeolite 
nanospheres. [51–53] Two important parameters of this method are the concentration of 
the surfactant in the organic solvent and the molar ratio of water to surfactant due to 
their strong correlation with the morphology and crystal size of the synthesized zeolite. 
[54] 
Compared to other soft-template methods, the emulsion method can withstand high 
temperatures without compromising the templates (micelles) integrity.  
 

1.1.2.7 TRAP Method 
Figure 1.10 shows the TRAP method process which uses the hyperswollen lamellar (HL) 
phases of lyotropic liquid crystals, in which sparsely suspended amphiphilic molecules 
superstructures, consisting of many bilayers with several nm thicknesses, work as 
independent “two-dimensional reactors in amphiphilic phases” TRAPs,[55] for the 
synthesis of a wide range of nanosheet materials. They are useful for the nanosheet 
synthesis of various materials: polymers, [56] metal-organic frameworks [57] and 
metals.[58] This bottom-up TRAP method has allowed us to obtain thin nanosheets 
materials with high Sext. The nanosheets with widths of several hundred nm are 
composed of aggregated nanoplates with widths of several tens of nm. The patchy 
nanosheets can work as precursors of further complex nanomaterials. [59] 

 
Figure 1.10 TRAP method for the synthesis of amorphous aluminosilicates nanosheets 

(*MFI-type sample synthesized by two-step synthesis 1) a-ASns using TRAP + emulsion method hydrothermal synthesi) 

 
 

Hydrophilic TRAP method

Si source
Al source

Brij L4

100 nm

Lamellar

Nanosheets (10 nm )
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1.2 Aluminosilicates 
Aluminosilicates (AS) are materials that share a basic chemical composition of both 
silicon (Si) and aluminum (Al) oxides, as seen in Figure 1.11. AS materials belong to one 
of the more abundant elements of Earth crust and can be found in a wide range of chains, 
rings, layers and three-dimensional arrays. They can either be natural or synthetic, 
crystalline or amorphous, or have different arrangements of atoms and molecules leading 
to crystalline or amorphous structures with 
different physicochemical properties. Among the 
most researched aluminosilicate materials, we can 
find clays, zeolites and mesoporous 
aluminosilicates. These materials have excellent 
mechanical strength, thermal/hydrothermal 
stability, high surface area, shape-selectivity, and 
ion-exchange capabilities.[60] Among the many 
current applications of AS materials we have 
filtration, [61,62] energy storage,[63–65] 
catalysis,[16,66,67] mechanical and thermal 
reinforcement, among many others.  

 
1.2.1 Mesoporous Silica and Aluminosilicates  

Supramolecular templating has revolutionized the nanoscopic organization of silica 
resulting in new microporous materials. Cationic, anionic or nonionic amphiphile 
molecules act as templates to create these mesostructured materials. [68–70] 
The polymorphism of lyotropic mixtures allows for a wide range of morphologies for any 
material depending on the certain constraints related to their synthetic requirements. 
Silica and aluminosilicate materials are not the exception. The polar precursors of these 
materials are capable of dissolving in the water phase of lyotropic mixtures, and several 
morphologies are possible. Mesoporous silica with hexagonally close-pack arrays and 
other morphologies are possible by controlling the synthesis conditions (pH, temperature, 
concentration) and the nature of templates. [71–74] 
As discussed before, the surfactant nature and chain length, the nature of the reagents 
and precursors of the desired material and their interaction with the surfactant molecules 
are key factors in the control of the evolution of these silica/aluminosilicate materials, 
however, the significance of each factor may vary depending on the particular system and 
actual conditions. It is possible to modify the active sites by the introduction of AlO4 units 
into the framework or by isomorphously substituting Si4+ with other metal cations. [75] 

Oxygen

Silica

Aluminum

Sodium

Hydrogen

Figure 1.11 Basic chemical 
aluminosilicate structure 
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Mesoporous aluminosilicates are promising acid catalysts, however, more research is 
required since synthesizing well-ordered structures is more complicated than pure silica 
materials. 
 

1.2.2 Amorphous Aluminosilicates 
Amorphous aluminosilicate (a-AS) is an acidic solid consisting of silica and alumina. The 
conflict between tetrahedral and octahedral coordination, preferable for silicon and 
aluminum atoms, respectively, makes aluminosilicate amorphous; various shapes are 
allowed. Therefore, a-AS is a promising constituent for various materials: zeolite 
precursors, [59, 76, 77] geopolymer precursors, [78–80] supports of solid catalysts [81–84] 
and heterogeneous solid catalysts.[85–88] These products lead to many industrial 
applications: aluminosilicate glasses, high-strength fibers, [89] hermetic seals, [90] 
photonic glass [91] and adsorbents. [92–95] 
 
Substantial research on a-AS synthesis and properties: structure, morphology, and 
composition, [95–102] shows that their catalytic properties depend mostly on the acidity 
(Brønsted and Lewis acidity) and morphology. High external surface area (Sext) favors 
catalytic reactions of bulk molecules, such as cracking and isomerization reactions, 
[103,104] while acidity control will allow tailor-made catalysts for each application. 
Combining these two main variables paves the way for new precursors or supports for 
catalytic materials such as zeolite crystallization precursors and metal catalyst support. 

 
1.2.3 Zeolites 

One of the most important members of the aluminosilicate family compounds in the 
industry and several manufacturing processes are zeolites. These materials are 
considered as molecular sieves (microporous solids) which are widely used as filtering 
membranes, ion exchangers and as solid, shape selective Lewis-acid or redox catalysts. 
They form three-dimensional frameworks of tetrahedral SiO4 and AlO4 building units.  
Up to now, more than 200 types of zeolites are known and around 100 types of 
aluminosilicates are available. However, only a few types can be industrially 
manufactured, due to feasibility and quality issues. The main types of zeolites used in the 
industry are called the big five of high silica zeolites; FAU (faujasite, USY), *BEA (beta), 
MOR (high-silica mordenite), MFI (ZSM-5), and FER (high-silica ferrierite) as seen in 
Figure 1.14.c. [105] 
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Figure 1.14 Aluminosilicate materials, a) amorphous tetrahedral Si and Al framework 
without long-rang order, b) mesoporous, c) some Zeolite Framework Types (obtained from 
the Database of Zeolite Structures, https://www.iza-structure.org/databases/) 

 

1.3 Nanomaterials Catalytic applications  
 
With the advancement of nanotechnology, a wide range of new nanomaterials have been 
developed and constantly new applications are being research for each of them, 
especially with the tailoring capacity that nanotechnology allows in the synthesis of said 
nanomaterials. In this section, we will briefly discuss some of the current applications of 
the nanomaterials that will be discuss throughout this study.  
 
Aluminosilicate materials have gained great importance in the practical industrial 
catalysis due to their large specific surface areas, controlled micro and meso pores, 
adjustable acidity/basicity and depending on morphology, shape-selectivity.  And in the 
case of metals, they can dissociatively adsorb molecules, let the fragments react at their 
surfaces and allow product molecules to desorb, when becoming nanosized, their specific 
surface area is considerably increased and their catalytic potential as well. Table 1.1 and 
Table 1.2 show some relevant, related and additional catalytic applications for the 
nanomaterials discussed in this study.  
 
 
 
 
 
 
 
 
 

SODPHI

CHA MFI

a. b. c.
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Table 1.1 Catalytic applications for aluminosilicate nanomaterials.  
 

Material Catalytic Process Function  Ref. # 

Amorphous 
Aluminosilicate 

Catalytic 
Decomposition 

Support for Ni-species in 
the catalytic decomposition 
of methane 

a-AS nanosheets 
2.8 nm thick and 
mesoporous (45 
nm pore size) 

Hernandez G. 
et.al. [106] 

Methane decomposition 
to COx 

Catalyst support for Ni-
species 

a-AS hollow-
sphere with 8 – 
13 particle size 
range 

Awadallah et. 
al. [107] 

Upgrading of LTFT 
waxes 

Catalyst support for metal 
species (Co, Mo, Ni, Pt) 

Potential of a-AS 
as supports for 
metals in the 
upgrading of 
LTFT waxes 

Collins et.al, 
Leckel. 
[108,109] 

Zeolite synthesis Dry gel conversion of a-
AS.ns precursors into 
several zeolite frameworks 

a-AS.ns of 2 nm 
thick and 395 nm  

Sasaki et.al. [59] 

Hydrocarbon cracking 
catalysts 

Catalyst  Evaluation of the 
acidity of a-AS 
for catalytic 
applications 

Holm et.al., 
Schwarz et.al. 
[110,111] 

Zeolites 

Transalkylation Catalyst H-MFI Hernandez G. 
et.al [112] 

LDPE cracking Catalyst MFI Tsubota et.al., 
Kokuryo et.al. 
[113,114] 

Lignin fractionation Catalyst  Beta-zeolite Kramarenko 
et.al, Subbotina 
et.al. [115,116] 

UOP/Hydro MTO Catalyst for making light 
olefins 

SAPO-34 (CHA) Yilmaz et.al. 
[117] 

Methane-to-benzene Catalytic upgrading of 
methane into benzene and 
H2 generation over 
Mo/HZSM-5  

HZSM-5 
interframework 
structure of 
nanosheets 10 – 
30 nm  

Mishra et.al. 
[118] 
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Table 1.2 Catalytic applications for nickel nanoparticles. 
 

Material Catalytic Process Function  Ref. # 

Ni 
nanoparticles 

Hydrogen generation Ni-nanoparticles used as a 
catalyst or as support for 
CDM 

Ni nanosheets 
comprised of Ni 
nanoplates with 
a diameter of 23.2 
nm and height of 
8.9 nm 

Hernandez G. 
et.al [106] 

Benzene Hydrogenation Ni hexagonal close-packed 
and face-centered cubic 
nanoparticles for hydrogen 
storage 

Ni nanoparticles 
of 5 – 10 nm 

Wegner et.al. 
[119] 

Water splitting Ni and NiO nanoparticles 
loaded in graphen oxide 
sheets for photocatalytic 
applications 

Ni nanoparticles 
of 2 – 3 nm 

Agegnehu et.al. 
[120] 

Absorbent in sewage 
treatment 

Ni nanoparticles obtained 
from the reduction of Ni2+ 
aby NaBH4 for the 
adsorption of azo dyes.  

Ni nanoparticles 
of 10 – 30 nm 

Zhang et.al. 
[121] 

Chronoamperometric 
detection of glucose 

Ni-based electrode for the 
detection of glucose 

Ni nanoparticles 
of 2.2 nm – 3.4 
nm 

Neiva et.al. 
[122] 

 

1.4 Overview of This Study 
As previously stated, nanotechnology has revolutionized most of the known current 
technologies and has opened the door for the improvement of current processes and the 
achievement of critical goals that will have an impact on the survival and success of 
humanity and the achievement of balancing human activities and nature.  
In this study, I focus on a specific branch of the synthesis of nanomaterials, soft-
templating methodologies, and I further study the potential of surfactants self-assembly 
as templates for the synthesis of aluminosilicate and other nanomaterials and their 
catalytic applications. I developed several lyotropic mixtures for the synthesis of a wide 
range of materials in TRAP´s, as seen in Figure 1.15. 
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Figure 1.15 Different nanomaterials synthesized in two-dimensional reactor in 

amphiphilic molecules 
 

In this study, I discuss the synthesis of both amorphous and crystalline aluminosilicate 
nanomaterials using different lyotropic mixtures and synthetic processes, and I further 
study their catalytic applications.  
There are currently many synthetic methodologies for nanomaterials as well as an 
innumerable variation of nanomaterials for a wide range of catalytic applications. 
However, one of the main challenges for soft-templating remains the same, scaling up.  
One of the main novelties of this study is that we have selected a rather affordable 
surfactant Brij L4, as seen in Table 1.2, with the hope of developing a soft-templating 
methodology that could easily be scaled up.  
 
Table 1.2 Price comparison of some surfactants that can achieve lamellar phases.  
    Surfactant Price/100g 
    SOBS   ¥ 410,000.00 
    HDPB  ¥   23,000.00 
    CTAC   ¥   10,100.00 
    Brij L4  ¥     4,042.00 

*Prices obtained from Waken G Online-Shop 

 
To achieve this goal, not only does the surfactant have to be affordable, but the overall 
synthesis process must be cost-effective. This also includes high quality and homogeneity 
of the synthesized nanomaterials and the versatility of the system to adapt to several 
materials.  
 

Ni

PS 

PEDOT 

UV Radical 
polymerization

Oxidation rxn

Sulfonation
Nitration

Calcination

Crystallization

Impregnation 
Calcination

Ni nanosheet

Heteroatom carbon nanosheet Zeolite nanosheets

Hydrophobic

under research Metal catalyst’s

Hydrophilic

Electrochemical 
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nanosheet

Methane decomposition
catalyst
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The controlled synthesis of nanomaterials is still a challenging job. For example, a crucial 
challenge associated with carbon nanotube synthesis is to achieve chiral selectivity, 
conductivity, and precisely controlled diameters.[123,124] 
 
In this study I not only focused on the controlled synthesis of aluminosilicate materials, 
but also was able to synthesize other types of materials using the same TRAP 
methodology.  
 
By controlling the synthesis conditions, I was also able to decrease the degree of vertical 
agglomeration which is a common challenge in soft-templating due to physical 
entanglement electrostatic interactions, or high surface energy. [125] 
 
Figure 1.16 shows a general graphical description of the overview of this study. In 
Chapter 2, I discussed the control synthesis of amorphous aluminosilicate nanosheets in 
TRAP’s and two main critical variables were identified for the control of the size of 
amorphous aluminosilicate nanoplates and the aggregated nanosheet and the synthesis 
of crystalline MFI-type zeolite using the emulsion method (lyotropic mixture of O-15 non-
ionic surfactant/water/cyclohexane). Both methods, TRAP and emulsion method can 
maintain the main characteristics of the synthesized nanomaterials. 
 
In Chapter 3, I focused on the application of amorphous aluminosilicate nanomaterials as 
supports for nickel oxide particles in the Catalytic Decomposition of Methane (CDM). I 
further evaluate the effect of the morphology of amorphous aluminosilicates and nickel 
particles. I devised a new strategy for the synthesis of metallic nanosheet supports for Ni 
particles with promising catalytic activity in CDM.  
 
Finally, in Chapter 4, I calculated the kinetics of the transalkylation of 4-propylphenol and 
supercritical benzene over MFI-type zeolite nanomaterials, with improved the overall 
catalytic performance of this catalyst. Improved desired product yield was obtained due 
to the natural intrinsic shape-selectivity of two-dimensional sinusoidal channels (5.1 x 5.5 
Å) and one-dimensional straight channels (5.3 x 5.6 Å), including two-membered rings 
(10-Mr) micropore structures, of MFI-type zeolites, which favors the cleavage of Caro-Cα 
carbons and allows to produce phenol and propyl alkyls.  
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I improved the overall yield of the reaction by transferring the reaction conditions into 
the reaction controlling conditions region of the reaction by decreasing the diffusion 
limitations by reduction of the particle size and the improved stability of the reaction was 
obtained due to reduced coke formation by supercritical conditions.  
 

 
Figure 1.16 This study overview.  
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Chapter 2 
 

Synthesis of Aluminosilicate Nanoparticles  
 
2.1 Introduction 

As previously stated in Chapter I, aluminosilicates (AS) materials share a basic chemical 
composition of both silicon (Si) and aluminum (Al) oxides and have a wide range of 
applications. AS catalytic properties depend mostly on the acidity (Brønsted and Lewis 
acidity) and morphology. High external surface area (Sext) favors catalytic reactions of 
bulk molecules, such as cracking and isomerization reactions,[1,2] while acidity control 
will allow tailor-made catalysts for each application. Combining these two main variables 
paves the way for new precursors or supports for catalytic materials such as zeolite 
crystallization precursors and metal catalyst support.[3–10] 
 

2.1.1 MFI-type Nanospheres 
Open-framework aluminosilicate materials with orderly distributed micropores (zeolites) 
have unique characteristics such as lower diffusion resistance, shape-selectivity, tailored 
active sites and high hydrothermal stability and low production costs, makes them 
materials in several industries. Most important heterogeneous catalysts in petrochemical 
industries and promising conversion of sustainable feedstock into high-value biofuels 
and platform chemicals.[11,12]  
 
MFI-type zeolite catalyst shows great promise for several selective reactions such as 
cracking of alkanes[13–15] and transalkylation, [16–18] alkylation of aromatics,[19,20] and 
synthesis of olefins from alcohol and acetone.[20,21] However, a rate-limiting step of 
these type of reactions is the diffusion of the reactant/product molecules within the zeolite 
micropores. Hence, nano-size zeolites are a promising solution to achieve low diffusion 
resistance, because the diffusion length for the reactant/products decreases, together with 
the reduction of the zeolite crystal size.[20–22] In order to improve the efficiency of MFI-
type zeolite catalyst, two main approaches have been studied; formation of meso-
pores,[23–29] and the preparation of nano-crystalline zeolites.[30–38] In this study, I focus 
on the latter.  
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Nano-crystalline zeolites diffusion limitations decrease thanks to the decrease in the 
diffusion length, directly correlated to the crystal size, which also increases the outer 
surface area of these nanomaterials. Several methods for the synthesis of nano-crystalline 
zeolites have been reported. [39,40] 
 
In this chapter, I focus on the synthetic approaches for aluminosilicate nanomaterials 
using soft-template methods. Both amorphous and crystalline aluminosilicate materials 
were synthesized using TRAP’s and emulsion method, respectively. In the following 
chapters, I will discuss some catalytic applications for these materials from the many 
applications they can be used.   

 
2.2 Experimental  
2.2.1 Materials 

Tetraethyl orthosilicate (TEOS, Wako Pure Chemicals Co.), aluminum isopropoxide (AIP, 
Nacalai Tesque Inc.), sodium hydroxide (NaOH, Wako Pure Chemicals Co.), 
polyethylene glycol dodecyl ether (Brij L4, Sigma-Aldrich Co.), methanol (Wako Pure 
Chemicals Co.), heptane (Wako Pure Chemicals Co.), tetra-n-propyl ammonium 
hydroxide solution (abt. 10.0%V) (TPA-OH, Sigma-Aldrich Co.),  sodium chloride (NaCl, 
Sigma-Aldrich Co), Ammonium Nitrate (NH4NO3, Sigma-Aldrich Co.), and deionized 
water were used without further purification to prepare amorphous aluminosilicate 
nanosheets and nano-sized MFI-type zeolites.  
 

2.2.2 Soft-templating methodology 
I synthesized a-ASns in between the hyperswollen lamellar (HL) phases of the heptane 
solution of Brij L4 (6.91 wt%), methanol (1.00 wt%) and water (1.87 wt%). For the reactants, 
tetraethyl orthosilicate (TEOS) as the source of silicon (0.37 wt%), aluminum 
isopropoxide (AIP) as the source of aluminum (0.02 wt%) and sodium hydroxide (NaOH) 
as a catalyst at various concentrations (c, 0.7 × 10−2 - 2.1× 10−2 wt%) according to the 
previously reported procedure, [41] as seen in Figure. 2.1. 
 

 

Figure 2.1 a-ASns synthesis using TRAP’s.  

synthesis, T / ω washing &
drying

Water + [NaOH]
Brij L4
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For the emulsion method, two solutions were prepared: an aqueous solution containing 
the Si and Al sources and OSDA molecules, and an organic solvent containing the 
surfactant molecules. The aqueous solution was added to the surfactant/organic solution, 
and the mixture was stirred to obtain a homogeneous solution. The preparation 
procedure is described in detail in previous reports [42 – 44]. 
Micrometer-sized zeolite was synthesized by conventional methods. Three aqueous 
solutions (Si and Al source, OSDA source and alkaline source) were mixed; pH was 
adjusted to 10.0 for initial nucleation followed by a second adjustment to a pH of 9.50 for 
hydrothermal synthesis.  
 
The synthesized zeolites were centrifuged and washed with 2-propanol three times and 
calcined to eliminate the organic directing agent from the zeolite structure as seen in 
Figure 2.2. 
 

 
Figure 2.2 Macro and nano sized MFI-type zeolite synthesis methods.  

 
All nanometer and micrometer sized batches were heated at 150 °C in a Teflon-sealed 
stainless bottles for 72.0 – 84.0 h to improve crystallinity of the sample and obtain smaller 
Si/Al ratios by increasing the substitution of Si atoms for Al atoms (nanometer samples 
N.1 – N.3 and micrometer sample M.1). They were calcined at 550 °C for 12.0 hours to 
remove OSDA molecules and absorb hydrocarbons. Further ion exchange with 10.0% 
NH4NO3 aqueous solution at 80 °C for 9.00 h, centrifuge, and calcination at 550 °C K for 
12.0 h was performed to produce the H–form (H–MFI–type) to be used in the kinetic 
study.  
 
Both micrometer and nanometer MFI- type zeolite were activated by ion exchange for 
with NH4NO3, to obtain the H form zeolite. Ion exchange was performed three times with 
incrementing amounts of NH4NO3 dissolved in Wako water at a temperature of 70 °C. 
After ion exchange, the zeolite was washed with 2-propanol, centrifuge and calcinated 

Macro Nano

Conventional Method Emulsion Method
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for 24 hours. 
Finally, samples were pelletized. Micrometer size samples were pressed with 1-ton force 
for 40 minutes while nanometer size samples were pressed with 2-ton force for 20 
minutes. This palletization process allowed me to obtain samples with a bulk particle size 
of ca. 0.40 mm.  Before using for catalytic applications, samples were calcinated at 550 °C 
under a constant flow of air. 
 

2.2.3 Characterization 
2.2.3.1 Amorphous Aluminosilicate Nanosheets 

Amorphous aluminosilicate nanoparticles were observed by transmission electron 
microscopy (TEM), obtained using a Hitachi H-800 at 200 kV, as shown in Figure 2.3a. 
All samples were indeed amorphous, based on their X-ray patterns obtained using a  
PANalytical X'Pert PRO diffractometer with Cu Kα radiation (45 kV and 40 mA) to 
determine whether the a-ASns were amorphous or crystals. XRD pattern indicated that 
all the products have no crystallinity, as shown in Figure 2.3b. Therefore, synthesized 
nanoparticles are amorphous.  
 

 
Figure 2.3 Characterization of entry 20 in Table 1 (Ccat = 0.0195, T = 30 °C,  = 200 rpm). a) TEM 
image, b) XRD pattern.  

 
At the same time, TEM imaging allowed me to observe a complex morphology, where 
the overall nanosheet morphology showed that these nanosheets were the result of the 
lateral aggregation of smaller units, identified as disk-shaped nanoplates with diameters 
below 100 nm, supporting the evidence that TRAP’s successfully avoid vertical 
aggregation and promotes lateral aggregation only (2D nanomaterials). This conclusion 
was further confirmed by the particle height of the samples, estimated by atomic force 
microscopy (AFM) using a Veeco Instruments MMAFM-2, as shown in Figures 2.4. AFM 
images indicate that the average synthesized particles are nanosheets with a thickness of 
about 3 nm.  
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Few factors could significantly affect the thickness of the bilayer where the synthesis 
takes place; 1) the type of surfactant and its interaction with the solvent, 2) the surfactant 
concentration and 3) presence of salts, [45 – 49]. However, for this study the surfactant 
used was always Brij L4, with the same concentration and without presence of salts, hence, 
the thickness of the lipid bilayers where almost constant as seen in Figures 2.6.c and 2.7.c, 
where h was almost constant for all points except at low temperatures and high catalyst 
concentration. 

 
Figure 2.4 Characterization of entry 20 in Table 1 (Ccat = 0.0195, T = 30 °C,  = 200 rpm). a) AFM 
image, and b) particle height obtained from AFM analysis. 

 
Fourier-transform infrared (FT-IR) spectroscopy, using a JASCO FT/IR – 4600 with ATR 
PRO ONE single reflection accessory, was used to estimate the molecular structures of 
the products, as shown in Figure 2.5 The FT-IR spectra indicates that silicon and 
aluminum atoms are bonded to each other via oxygen atoms. This data is consistent with 
previously reported aluminosilicates.[50] Entry samples 17-25, showed the peak at 1045 
cm–1 attributed to Si-O-Si bonds (additional FT-IR spectra can be seen in Figure S.2.1). 
The samples synthesized with low Ccat showed splitting of the peak at 1045 cm–1 into two 
peaks at 1120 cm–1 and 1170 cm–1, corresponding to the Si-O vibrational modes.  
The peak at 2350 cm–1 suggests that there is strong quasi-symmetrical hydrogen 
bonding.[6] The spectrum has a small peak attributed to OH stretching around 3700 cm–

1. Its intensity was lower than the framework vibration such as Si-O-Si. Consistent with 
very thin nanosheets. Finally, I identified Al species in all the samples. All Al species are 
mostly Al2O3 that corresponds to the peak at 445 cm–1. However, peaks attributed to some 
tetrahedral and octahedral units could also be observed at 550 cm–1 and 790 cm–1, 
respectively. The octahedral configuration was preferred as the configuration of the 
products. 
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To verify the states of Al species in the amorphous aluminosilicate, I performed the magic 
angle spinning nucleus magnetic resonance (MAS NMR) spectroscopy for samples 21 
and 22. Both the spectra show two peaks as shown in Figure 2.5.  
The first peak, in the range of 0-10 ppm, corresponds to AlO6 sites, and the second one in 
the range of 55-60 ppm corresponds to the AlO4Na+ sites.[51] It is consistent with the IR 
spectrum. 

 
Figure 2.5 a) FT-IR spectra of entry 23 of Table 2.1, b) . 27Al MAS NMR spectra of amorphous 
aluminosilicate nanosheets for entries 21 and 22 of Table 2.1. 

* b) Scale was increased to show the chemical shift of the identified peaks. (original scale was from -

600 to 600, no additional peaks were found) 
 

Using adsorption isotherms, I estimated the external surface areas of the a-ASns by 
nitrogen (N2) adsorption on the a-ASns using a BELSORPmax (MicrotracBEL). All 
adsorption isotherms show an adsorption-desorption curve, as shown in Figure 2.6a. 
They display a type IV isotherm with a flat region in P/P0 = 0 - 0.85, and show a steep 
increase of the adsorption capacity, attributed to the meso- to macroporous materials 
with high surface areas.[52,53–55] A hysteresis loop observed here indicates a bottle-neck 
pore structure.[56] They are consistent with a card-house-like[57] or multiple spheres 
arrangement generating meso- to macropores between the particles. Therefore, it can also 
be attributed to some pores between connected a-ASnp in a-ASns, as shown in Figure 
2.6b. The synthesized a-ASns consisting of a-ASnp is expected to have higher Sext than 
conventional monolithic AS, and Sext is expected to depend on the size of a-ASnp. 
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Figure 2.6 Characterization of entry 20 in Table 1 (Ccat = 0.0195, T = 30 °C,  = 200 rpm). N2 
adsorption isotherm. Blue and red lines denote curves upon the absorption and desorption 
processes, respectively. f) FE-SEM image showing mesoporous structure after lateral and 
limited vertical aggregation. 

 
2.2.3.2 MFI-type zeolite particles 

Zeolite particles morphology as well as crystal size  were analyzed by field emission 
scanning electron microscopy (FE–SEM; JEOL JSM–6500F), scanning electron microscopy 
(VP–SEM; HITACHI SU1510), and X–ray diffraction (XRD; JEOL JDX–8020), which was 
also employed to evaluate the crystallinity of the synthesized zeolites. Nitrogen 
adsorption isotherm was measured using a Belsorp mini (MicrotractBEL Corp.) to 
determine the total and external surface areas of zeolites, calculated by BET and t–method, 
respectively. The acidity of the samples was evaluated by the NH3–TPD method [53], 
using a BELCAT II (MicrotractBEL Corp.) with BELMASS (MicrotractBEL Corp.). TPD 
experiment specific conditions are described in detail in previous reports [54]. 
 
Acidity of the samples (Si/Al ratios [-]) was calculated using Inductively Coupled Plasma 
mass spectrometry ICP (ICPE–9000, Shimadzu, Co). Calibrations curves were made using 
Silicon Standard Solution, 1006 mg L-1 (Wako, Japan, product number 197 - 18671) and 
Aluminium Standard Solution, 1002 mg L-1 (Wako, Japan, product number 016 - 15471) 
for ICP analysis. Samples were prepared by dissolving 10 mg of the samples in 5mL of 
potassium hydroxide solution 5 M. All solutions were prepared using ultra-pure water. 

 
 
 
 
 
 
 

150 nm

a. b.
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2.3 Results and Discussion  
2.3.1 Amorphous Aluminosilicate (a-AS) 

Considering the balance between the high Sext and the reusability of catalysts, nanosheets 
are promising.[52, 58 – 60] Hyperswollen lamellar (HL) phases, in which sparsely 
suspended amphiphilic bilayers work as the reactors, are useful for the nanosheet 
synthesis of various materials: polymers,[61] metal-organic frameworks[51] and 
metals.[62] The bilayer is called “two-dimensional reactor in amphiphilic phases 
(TRAP).”[63] This bottom-up TRAP method has allowed us to obtain thin nanosheets 
with high Sext. The nanosheets with widths of several hundred nm are composed of small 
nanoplates with widths of several tens of nm. The patchy nanosheets work as the 
precursors of monolithic zeolite nanosheets.[41] 
 
To create aluminosilicate precursors or supports with high Sext, I focused on the acidity 
and morphology of amorphous aluminosilicate nanoplates (a-ASnp) constituting the 
patchy nanosheets (a-ASns) because they determine some of the catalytic properties of 
the final nanomaterial, as shown in Figure 2.7. Each catalytic reaction requires specific a-
ASnp with the best combination of chemical composition, structure, morphology, and 
size, which can be tuned by controlling the conditions of TRAP solutions, such as 
temperature,[61] composition,[64] and shear rate.[65] 
 

 
 
 
 
 
 
 
Figure 2.7 Schematic illustration of a-ASnp assembly into a-ASns and further conversion to 
monolith zeolite nanosheet or catalytic supports. 

 
I was able to tune up the synthesis conditions to obtain 3 nm-thick a-ASns with controlled 
size. To do this, I look for operation variables using an all-factorials analysis of variance 
(ANOVA). I also discuss the dependence of the size of a-ASnp on Sext. 
I further investigated the application of these a-ASns as support for metal catalysts in the 
methane decomposition reaction, which I discussed in Chapter 3.  
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2.3.2 Two-Dimensional Reactor in Amphiphilic Phases (TRAP) for Controlled Synthesis 
of Amorphous Aluminosilicates nanosheets (a-ASns) 

Considering the industrial production and scaling-up, more affordable surfactant Brij L4, 
which is a mixture of polyethylene glycol dodecyl ethers, was used.[63] I was able to 
confirm the stability of TRAP solutions to be highly sensitive to composition and 
temperature, by observing the sample between crossed polarizers;[62] HL phases exhibit 
colorful textures based on the birefringence. Twenty-four hours after starting the reaction, 
I washed the product with ethanol three times, centrifuged at 11,000 rpm for 30 min and 
dried at 90 °C for 12 hours.  
 
To evaluate the significance of the explanatory variables and their effects on the response 
variables, I did two factorial analyses; one for screening of relevant factors (entries 1-16 
in Table 1) and the second one for more detailed analysis of the significant factors on the 
response variables (entries 17-25 in Table 2.1). The composition of each product was 
determined by scanning electron microscope-energy dispersive X-ray spectroscopy 
(SEM-EDX) using a JEOL JCM-7000 microscope at 15 kV. The SEM-EDX spectra showed 
that all the products have silicon and aluminum and that synthesis conditions influenced 
the final composition, as shown in Table 2.1. 
 

Table 2.1 Experimental results as explanatory and response variables. 
Entry T  

(°C) 

 
(rpm) 

Ccat Si/Al  Yield (%)  
(nm) 

Sext  
(m2/g) 

1 10 220 0.14 8.96 11.79 17.69 94.94 
2 10 220 0.29 5.09 37.52 33.99 17.21 
3 10 450 0.14 16.54 11.79 16.87 81.23 
4 10 450 0.29 9.53 35.56 35.60 75.98 
5 22 220 0.14 16.72 13.95 31.86 74.52 
6 22 220 0.29 8.52 43.22 34.98 32.68 
7 22 450 0.14 32.91 13.56 25.24 81.62 
8 22 450 0.29 15.54 43.61 26.86 52.30 
9 30 220 0.14 9.26 14.54 51.12 70.34 
10 30 220 0.29 12.62 49.31 51.26 53.59 
11 30 450 0.14 18.63 14.93 36.56 71.40 
12 30 450 0.29 15.96 45.58 39.44 50.92 
13 40 220 0.14 18.66 16.90 52.69 63.25 
14 40 220 0.29 29.16 46.37 65.34 37.59 
15 40 450 0.14 22.70 16.31 51.93 45.42 
16 40 450 0.29 21.86 49.71 84.18 38.27 
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17 24 220 0.10 19.85 5.70 19.20 66.13 
18 24 220 0.19 50.71 28.88 34.63 45.07 
19 24 220 0.29 59.16 46.17 40.93 31.22 
20 30 220 0.10 21.05 5.30 27.47 63.07 
21 30 220 0.19 51.53 29.86 36.31 39.77 
22 30 220 0.29 57.75 50.10 50.65 23.23 
23 38 220 0.10 24.30 6.29 28.64 53.11 
24 38 220 0.19 51.59 34.58 41.07 43.65 
25 38 220 0.29 57.39 52.06 60.79 24.97 

* Temperature (T), rotational frequency (  ), relative catalyst concentration (Ccat = [OH–]/[Si]), silica to 
aluminum ratio (Si/Al), average particle diameter ( ) and specific external surface area (Sext) 

 
2.3.2.1 Factorial Analysis of Variance 

TRAP method enables a controlled synthesis of the desired material, allowing control of 
morphology and size. Using this method, Sext, which is important factor in the synthesis 
of aluminosilicate, was used as the response variable.  
Therefore, I performed a first exploratory factorial analysis of variance (ANOVA) for all 
three factors based on Sext. The first ANOVA using entries 1-16 in Table 2.1 showed the 
importance of the analyzed factors: temperature (T), agitation rate (  ), and relative 
catalyst concentration (Ccat = [OH-]/[Si]). The full model statistical p-value was 1.49 × 10–

3. The main factor was Ccat, with a p-value of 1.83 x 10–3.  
The other factors did not significantly affect the Sext for a-ASnp: T and  p-values were 
5.47 × 10-2 and 8.04 × 10–2, respectively. These results indicate we should mainly control 
Ccat to control a-ASns size and composition.  
To verify that Ccat was the main variable for the control synthesis of a-ASns, I performed 
a second factor analysis varying only Ccat at several T, the second stronger factor. The 
second ANOVA used entries 17-25 in Table 2.1. The full model statistical p-value was 6.87 
× 10–5. Naturally, Ccat showed a low p-value of 2.43 × 10–5 to control the desired response 
variables: Sext, silica-to-aluminum ratio (Si/Al), particle diameter and height (   and  , 
respectively). For detailed analytical purposes, I focused on this factorial only. 
 
The correlation analysis showed a negative correlation between Sext and  or Si/Al with 
correlation coefficient of –0.92 for both cases, as shown in Table 2.2. As   or Si/Al 
increases, Sext decreases. Inversely, there is a positive correlation between Si/Al and factors 

  or   with a correlation coefficient of 0.82 and 0.57, respectively. In summary Sext 
negatively correlates to the following variables in correlation strength;  > Si/Al > . 
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Table. 2.2 Correlation coefficients for different analyzed response variables in the second factorial 
(entries 17-25 in Table 2.1)  

 Sext Si/Al   

Sext 1    
Si/Al -0.92 1   

 -0.92 0.82 1  
 -0.53 0.57 0.31 1 

 
Visually examination showed that the dependence of the physicochemical properties of 
a-ASnp on Ccat and T, as shown in Figures 2.8. The slopes of Sext and Si/Al with respect to 
T are almost zero for Ccat,1 (0.10), Ccat,2 (0.19) and Ccat,3 (0.29), as shown in Figures 2.8a and 
2.8b. Meanwhile, the slope of  with respect to T depends on Ccat, as shown in Figure 2.8c. 
As Ccat decreases,  is independent of T. The slope of  with respect to T slightly depends 
on Ccat, as shown in Figure 2.8d. Higher T tends to increase a-ASnp width. These results 
indicate that T had a small effect on the response variables.  
Moreover, they suggest that Ccat affects physicochemical properties more strongly. It is 
consistent with ANOVA. 
 

 
Figure 2.8 Temperature effect on the main physicochemical properties of the synthesized a-ASnp 
a) Sext as a function of Ccat, b) Si/Al as a function of Ccat, c)  as a function of Ccat, d)  as a function 
of Ccat. 
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Finally, I validated Ccat as the operation variable for the physicochemical properties of a-
ASnp, as shown in Figure 2.9. The slopes of Sext and Si/Al with respect to Ccat are almost 
the same for T1 (24°C), T2 (30 °C) and T3 (38°C), as shown in Figures 2.9a and 2.9b. As the 
response variable, Sext negatively correlates with Ccat. As the reaction rate increases, Sext 
decreases. Si/Al also showed a positive correlation with Ccat. Higher reaction rate is likely 
to stabilize the Al species in the framework better. Moreover, the Sext and Si/Al are almost 
independent of T. It is consistent with Figures 2.8a and 2.8b. Meanwhile, the slope of  
with respect to Ccat depends on T, as shown in Figure 2.9c. For higher T,  is larger and 
independent of Ccat. It suggests that reaction rate is too high so that TRAP cannot confine 
the particles. Furthermore, even when T is lower,  becomes larger in the TRAP solution 
with much higher Ccat that induces higher reaction rate. Destabilizing the TRAPs should 
cause the high . This means that stabilizing TRAP needs appropriate temperatures.[61]  
 
As theoretically expected,   negatively correlates with Sext. This means that slower 
particle growth increases the particle aspect ratio. The slope of  with respect to Ccat is 
positive and almost independent of T, as shown in Figure 2.9d and consistent with the 
discussion about the TRAP stability. From the results I was able to hypothesize that Ccat 
works as the operation variable for  and Si/Al. If we achieve higher stability TRAP’s 
solutions by adding cosurfactant, Sext becomes positive correlated with . [64] 
 

 
Figure. 2.9 Concentration effect on the main physicochemical properties of the synthesized a-
ASnp a) Sext as a function of T, b) Si/Al as a function of T, c)  as a function of T, d)  as a function 
of T. 
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The Si/Al ratio and Sext  of amorphous aluminosilicate nanoplates can be controlled as the 
response variables by tuning Ccat in TRAP’s as the operation variable, was confirmed. I 
expect that  simultaneously becomes the response variable if TRAP solution can be more 
stable. 
 

2.3.3 H-MFI-type Zeolites 
Narrow size distribution H-MFI-type zeolites with different crystals size and Si/Al ratios 
[-] were prepared by conventional and emulsion method, via hydrothermal synthesis.  
 
All zeolites were successfully synthesized; nonetheless, synthesized zeolites M.2 and N.3 
had less crystallinity compared to the other batches (M.1, N.1 and N.2). The main reason 
was due to the hydrothermal synthesis time. M.1, N.1, and N.2 had 84 hours of 
hydrothermal synthesis, while M.2 and N.3 had 72. 
 
Successful synthesis of MFI type zeolite was confirmed by XRD analysis (Figure 2.10 a)), 
when compared to the calculated powder diffraction pattern for MFI-type zeolite from 
the database of zeolite structure (International Zeolite Association), as well as good 
crystallinity of the samples. Approximate crystal size was determined by imaging of the 
samples using SEM and FE–SEM as seen in Figure 2.10 b), ranging from 100 – 2.00 x 103 
nm.  
 

 
Figure. 2.10 a) X–ray powder diffraction patterns of synthesized samples, b) Morphologies of 
samples 
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BET surface areas (SBET) and micropore volumes (Vm) of the nanometer- and micrometer- 
sized MFI type zeolites did not present any correlation with crystal size, ranging from 
0.150 – 0.168 cm3g–1 for Vm and 358 – 425 m2g–1 for SBET. As in previous reports [66], only 
external area (Sext) showed a clear difference between the micrometer– and nanometer–
sized MFI type zeolites, where nanometer-sized crystals showed much larger Sext, ranging 
from 26.2 – 50.7 m2g-1.   
 
For the micrometer (M.1) and nanometer (N.1) samples, used in the calculation of the 
kinetics of the transalkylation of ppp and benzene, the amount of NH3 desorbed at high 
temperatures (strong acid site) was 0.162 and 0.174 mmolg-1, respectively. Si/Al ratio [-] 
difference between the samples (6.80 %) was considered small enough to discuss effect of 
crystal size on the reaction rate. The Si/Al (associated to the strong acid site) ratios [-] used 
in the study range from 95 – 358 [–], evaluated by the NH3–TPD method. 
 
 

Table 2.3. MFI type zeolites properties used in this study 

Sample 
Si/Al a 
ratio (–) 

Vm 
(cm3g–1) 

SBET 
(m2g–1) 

SEXT 
(m2g–1) 

Crystallite 
size d (nm) 

Particle size 

e (nm) 
M.1 102 0.168  384 10.4 345.3 2.00 x 103 
N.1 95.1 0.165 425 50.7 26.7 160 
N.2 155 0.150 397 49.1 24.4 113 
N.3 358 0.151 358 26.2 22.4 100 

a Si/Al ratio was calculated by the NH3–TPD method. 
b Micropore volume (Vm) and external surface area (Sext) were obtained by t–method from 
nitrogen adsorption.  
c Surface area (SBET) was obtained by BET–method from nitrogen adsorption. 
d Crystallite size was calculated from XRD pattern using Scherrer equation and Origin 
software (Multiple peak fit) for each sample diffraction. Main diffractions peaks were 011, 
020, 421, 431, 250 and 053.  

 e Particle size was estimated from FE–SEM and SEM images 
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2.4 Conclusions 

I successfully synthesized aluminosilicate nanomaterials with controlled size and 
morphology. By using lyotropic mixtures of Water/Surfactant/Organic Solvent, it was 
possible to obtained different morphologies, plates, sheets and spheres of aluminosilicate 
materials, both amorphous and crystalline. Furthermore, in our laboratory, I successfully 
used these amorphous aluminosilicate nanosheets (a-ASns) as precursors for several 
zeolite nanosheets; hence, the control of this a-ASns was significant. In both synthetic 
methodologies (TRAP and Emulsion), controlling the concentration of reactants had a 
great impact on the amount of aluminum in the aluminosilicate framework and Sext.  
I determined that the concentration of alkaline catalyst for the hydrolysis of silica and 
aluminum reagents was the most significant variable for the control of particle size and 
amount of Lewis acid sites. The nanometer size particles showed improved surface area 
compared to their bulk non-porous counterparts. Finally, the concentration of the 
components in the lyotropic mixture and the type of surfactant have a great influence on 
the several available mesophases for that specific mixture. In my study I focus mainly on 
sheets (lamellar region), and spheres (micelle region).  
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Chapter 2 Supporting Information 
 

 
 

 
 

 
 
Figure S.2.1 a) FT-IR spectra of entries 17 - 25 
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Chapter 3 
 

Nanosized particle’s Role in the Design of Novel 
Catalysts for the Catalytic Decomposition of 
Methane (CDM) 
 
3.1 Introduction 

In this chapter, I focus on the catalytic applications of amorphous aluminosilicate 
materials as support for metal species.  
Fossil fuels are one of the main sources of greenhouse gas emissions and, currently, a 
primary source of energy in developing countries.[1] Alternative solutions, such as 
hydrogen energy systems, could become viable through intense research in production, 
storage and usage. Energy production using hydrogen technologies is starting to become 
viable, and the technological gaps are starting to close,[2–4] rapidly becoming a 
foreseeable alternative.  
 
From the different actual methods to produce hydrogen: steam methane reforming 
(SMR),[5] dry methane reforming (DMR),[6–8] coal and biomass gasification,[9] 
electrolysis,[10,11] water splitting,[12,13] and autothermal processes,[14] SMR is 
frequently used due to its simplicity and efficiency, however, large quantities of CO2 are 
generated in this process.[5] A viable alternative to this process is the catalytic 
decomposition of methane (CDM), which does not require a water-gas shift step and is a 
COx–free hydrogen process.  
 
CDM shows great methane conversion and hydrogen yield potential. By using different 
supports for the metal catalyst, CDM could be improved to reach a scalable turning point. 
Currently, many challenges regarding the surface area and stability of the supported 
catalyst, the interaction between the metal catalyst and the support and the fine 
dispersion of the metal catalyst in the support, are yet to be improved.[15]  
 
Studies regarding the effectiveness of different metal-based catalysts for methane 
decomposition have shown noble metals outstanding catalytic activity, however, their 
use is restricted because of their low availability and higher cost. Other than noble metals, 
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Ni-based catalysts have been proved to show the best catalytic performance for CDM 
reaction,[16–19] decreasing the thermal decomposition temperature from 1200 °C to 
temperatures between 500 – 600 °C. In addition, formation of carbon nanofibers and/or 
nanotubes at intermediate temperatures are attractive by-products for electrochemical 
applications.[20,21] 
Hasnan et al. review the nature of catalyst support, preparation method, Ni metal loading 
on the support, and Ni modification by the addition of second and noble metal promoters 
for the methane decomposition reaction. Optimal catalysts depend on the nature of their 
support, their acidity, which promotes methane decomposition, as well as its surface area, 
morphology and the proper interaction with the active metal, promoting the dispersion 
of the active phase and stabilizing the catalyst for improved resistance to sintering and 
coke formation.[22–25]  
 
In this chapter, I evaluate the effect of amorphous aluminosilicate nanosheets (a-ASns) 
used as supports for Ni particles in CDM and compared them to different a-AS 
morphologies supports. I further synthesized Ni(OH)2 nanoplates (Ni.np) and evaluated 
their capabilities as active species and as support itself in CDM. The overview of this 
study can be seen in Figure 3.1. a-AS.np and Ni.np were synthesized in between the 
layers of amphiphilic molecule (Brij L4) using a two-dimensional reactor in amphiphilic 
phases (TRAPs),[26–28] and their catalytic performance was evaluated.   
 
I evaluated the addition of different metal promoters for the new synthesized catalysts. 
Chromium III (Cr3+) species effect in crystalline aluminosilicates effect on the 
aluminosilicate support was evaluated due to their capacity to improve the acidity of the 
catalyst and their potential for decreasing coke formation in LDPE cracking and 
DMR.[6,29] Available literature on the effect of Cr species on CDM is scarce and 
inconclusive,[30,31] hence I decided to evaluate the effect of Cr3+ as a promoter for Ni/a-
AS catalyst on its own and with a known metal promoter for CDM; lanthanum III 
(La3+).[32,33] 
Finally, I took advantage of the improved characteristics of Ni.np high surface area, 
micro/meso porosity and lamellar structure morphology, to use it as a support for well-
known active metals for CDM: lanthanum and copper.[15,25,32,34,35]  
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Figure. 3.1 Nanoparticles role in catalytic decomposition of methane, size morphology 
and metal interaction analysis overview.   
 

3.2 Experimental 
 

3.2.1 Materials 
Tetraethylorthosilicate (TEOS, Wako Pure Chemicals Co.), aluminum isopropoxide (AIP, 
Nacalai Tesque Inc.), sodium hydroxide (NaOH, Wako Pure Chemicals Co.), nickel(III) 
nitrate hexahydrate (Wako Pure Chemical Co.), lanthanum(III) nitrate hexahydrate 
(Wako Pure Chemicals Co.), chromium(III) nitrate hexahydrate (Sigma-Aldrich Co.), 
chromium(III) oxide nonahydrate  (Sigma-Aldrich Co.), copper (II) nitrate trihydrate 
(Sigma-Aldrich Co.), polyethylene glycol decyl ether (Brij L4, Sigma-Aldrich Co.), 
methanol (Wako Pure Chemicals Co.), heptane (Wako Pure Chemicals Co.) and deionized 
water were used without further purification to prepare the different supports and Ni-
nanoparticles.  
 

3.2.2 Preparation of Amorphous Aluminosilicate Samples 
a-AS.b and a-AS.m samples were synthesized in an aqueous  solution of TEOS as the 
source of silicon (16.2 wt%), AIP as the source of aluminum (0.3 wt%) and NaOH as a 
catalyst (0.6 wt%), agitated at 200 rpm and room temperature. a-AS.b and a-AS.m 
reaction time was 0.5 h and 2 h, respectively. The final products were centrifuged at 11, 
000 rpm for 10 min, washed three times with ethanol and dried at 90 °C for 24 h.  
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TRAP was used to synthesize a-ASnp. The reaction takes place in the aqueous HL phases 
of the heptane solution. Composition of TRAP was Brij L4 (6.8 wt%), methanol (1.0 wt%), 
water (1.8 wt%), TEOS as the source of silicon (0.4 wt%), AIP as the source of aluminum 
(3.1 × 10-3 wt%) and NaOH as a catalyst (1.4 × 10-2 wt%),  agitated at 200 rpm at 15 °C for 
24 h. The final products were centrifuged at 11,000 rpm for 30 min and washed three 
times with ethanol and dried at 90 °C for 24 h.[27,28] 
 

3.2.3 Preparation of Lanthanum Oxide 
La2O3 was obtained by the calcination of La(NO3)3·6H2O in air at 550 °C for 5 h.  
 

3.2.4 Preparation of α-Ni(OH)2 Nanoparticles 
 α-Ni(OH)2 sheets were synthesized in the HL phases of the heptane solution of Brij L4 
(10.7 wt%), methanol (0.7 wt%), water (3.3 wt%), Ni(NO3)2·6H2O as the source of Ni (0.3 
wt %) and NaOH as a catalyst (2.2 × 10-2 wt%),  agitated at 200 rpm at room temperature 
for 24 h. The final products were centrifuged at 11,000 rpm for 30 min, washed three times 
with ethanol and dried at 90 °C for 24 h.  
 

3.2.5 Impregnation of Ni-particles  
An impregnation process was performed referring to our previous works. [6,36]and 
modify according to the needs of the different materials. Three types of wet impregnation 
methods were used for this study. 

 Ni(NO3)2·6H2O 
Ni(NO3)2·6H2O was dissolved in water and put in an ultrasound bath for 30 min. Then 
the solution of Ni(NO3)2 was added to the support in a mortar and crushed together until 
I obtained a homogeneous mixture. The mixture was dried at 90 °C for 24 h and then 
calcined under air at 550 °C for 5h. Ni-based catalyst obtained from commercial 
Ni(NO3)2·6H2O are referred to as Ni.b/support. Depending on the analysis, 25:75 and 
50:50 proportions were used for the loading of Ni. 

 α-Ni(OH)2 nanoparticles loading 
Since Ni(OH)2 doesn´t dissolve in water, I tried two different approaches substituting the 
water from the previous impregnation method. α-Ni(OH)2 nanoplates were dissolved in: 
- Dissolution in ethanol 
- Dissolution in HNO3 8 % (w/w) solution 
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The following procedure was the same as the procedure above. After dissolution, α-
Ni(OH)2 solution was added into a mortar and crushed together with the support. The 
mixture was then dried at 90 °C for 24 h and finally calcined under air at 550 °C for 5h. 
Ni-based catalyst obtained from commercial α-Ni(OH)2 are referred to as Ni.np/support 
and samples obtained from novel sheets are referred to as Ni.np/support. 
 

3.2.6 Preparation of Lanthanum and Chromium Series Samples 
A series of La/Cr supports were synthesized using a two-step wet impregnation method.  
In the first step La or Cr were added to the a-AS via wet-impregnation method. After  at 
90 °C for 24 h and calcined at 550 °C for 5 h, the promoted a-AS samples were loaded 
with 75% (w/w) Ni(OH)2· 6H2O, then dried at 90 °C for 24 h and finally calcined under 
air at 550 °C for 5h. 
 For La samples, I used a mass range of 3.8 % to 20.9 %. (w/w) La:a-AS.mref and for 
chromium, a mass fight between 43.4 – 19.7 (w/w) Cr:a-AS.mref. 
 

3.2.7 Preparation of La-Cr/a-AS Supports 
Three different metal-supports were synthesized using the following methodology. 

- La(1.4)a-AS was synthesized in an aqueous solution of TEOS (11.8 wt%), AIP (0.3 
wt%), La2O3 (2.5 × 10-1 wt%) and NaOH (0.6 wt%). 

- Cr(0.7)a-AS was synthesized in an aqueous solution of TEOS (11.8 wt%), AIP (0.3 
wt%), Cr2O3 (1.2 × 10-1 wt%) and NaOH (0.6 wt%). 

- La(1.4) Cr(0.7)a-AS was synthesized in an aqueous  solution of  TEOS (11.8 wt%), 
AIP (0.3 wt%), La2O3 (2.5 × 10-1 wt%), Cr2O3 (1.2 × 10-1 wt%) and NaOH (0.6 wt%). 

All samples were agitated at 200 rpm and room temperature for 2 h. The final products 
were centrifuged at 11000 rpm for 10 min, washed three times with ethanol and dried at 
90 °C for 24 h. 
 

3.2.8 Preparation of La(50)Cu(12.5)/Ni.np Catalyst 
50 % (w/w) La(NO3)3·6H2O and 12.5 % (w/w) Cu(NO3)2·3H2O were dissolved in water and 
put in an ultrasound bath for 30 min. The solution was then added to Ni.np (α-Ni(OH)2 
nanoplates) support, previously placed in a mortar, and crushed together until I obtained 
a homogeneous mixture. The mixture was dried at 90 °C for 24 h and then calcined under 
air at 700 °C for 5h.  
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3.2.9 Characterization 
The chemical composition of the synthesized supports, Ni-particles and Ni-based catalyst 
was analyzed by scanning electron microscope-energy dispersive X-ray spectroscopy 
(SEM-EDX) using a JEOL JCM-7000 microscope at 15 kV. The molecular structures of the 
synthesized materials were analyzed by Fourier-transform infrared (FT-IR) spectroscopy 
using a JASCO FT/IR – 4600 with ATR PRO ONE single reflection accessory and X-ray 
diffraction (XRD) using a PANalytical X'Pert PRO diffractometer with Cu Kα radiation 
(45 kV and 40 mA).  
XRD patterns were smoothen using and FTT filter by Origin2022 and compound 
reference patterns were generated using JADE 9 software. The morphologies of the 
particles were observed by transmission electron microscopy (TEM), obtained using a 
Hitachi H-800 at 200 kV. (N2) adsorption was used to determine adsorption isotherms, 
specific surface area (SBET) was calculated using BET method and porous analysis of the 
materials was obtained from BJH plot applied to the nitrogen adsorption isotherm using 
a BELSORPmax (MicrotracBEL). Temperature program reduction (TPR) and desorption 
(TPD) analysis measurements were performed using a BELCAT II equipped with a 
quadrupole mass spectrometer (MicrotracBEL).  
 

3.2.10 Catalytic Decomposition of Methane (CDM) in Severe Experimental Conditions. 
All Ni-based catalysts were pelletized using a hydraulic press at 2 ton for 10 min. Then, 
the pellets were crushed and sieved using the 300 and 850 micron sieves. The retained 
fraction was used for the CDM reaction. Harsh reaction conditions over Ni-based 
catalysts (5.0 mg) and under Ar flow at 550 °C were performed in a BELCAT II instrument 
(MicrotracBEL). The temperature program reduction consisted of a 2-step stabilization 
stage. First temperature stabilized at 500 °C under Ar flow, followed by a reduction 
treatment of pure H2 stream at the same temperature for 1 h. After the reduction 
treatment, residual H2 is removed by Ar while adjusting the reaction temperature to 
550 °C. Then, 80 vol% methane gas balanced by Ar was introduced into the reactor at a 
total flow rate of 25 sccm. H2 produced during the CDM reaction was detected using a 
BELMASS instrument (MicrotracBEL). H2 yield was calculated using a calibration curve 
using inert Ar as a standard. Deposited carbon amount was analyzed by 
thermogravimetric analysis (TGA) using a DTG-60 (SHIMADZU). However, it was very 
difficult to obtain a homogeneous sample and a mass balance was performed instead 
using the mass gained after the reaction. The mass balance showed that there were no 
significant problems in our reaction experiments, as seen in Table 3.1. 
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Table. 3.1 Main sample mass balance analysis 

Sample H2 yield, % 
Theoretical   
CH4 conv., % 

Experimental 
CH4 conv., % 

error % 

Ni.b(75)/a-AS.m 3.00 5.99 6.03 0.60 
Ni.np(75)/a-AS.m 3.40 6.81 7.05 3.63 
Ni.np(75)/La(1.4)a-AS 2.52 5.04 5.07 0.57 
Ni.np(75)/Cr(0.7)a-AS 2.99 5.99 6.07 1.40 
Ni.np(75)/La(1.4)Cr(0.7)a-AS 3.86 7.72 8.05 4.39 

 
3.3 Results and Discussion 

 
3.3.1 Amorphous Aluminosilicate Support Characterization  

Aluminosilicate based supports including zeolites have shown good synergic effect on 
CDM reactions,[6,24,34,37] showing high activities for hydrogen yield. In chapter 2 I was 
able to synthesize controlled a-AS.ns using TRAP’s, in this chapter I further evaluate 
them as supports for Ni particles in CDM.   
Two additional batches of a-AS were synthesized, as seen in Table 3.2, to compare the 
morphology effects on the surface area (SBET) and support capabilities for Ni particles in 
CDM reaction: conventional a-AS synthesized in alkaline solution with reaction times of 
0.5 and 2.0 h (a-AS.b & a-AS.m, respectively) and a-AS.ns synthesized in TRAPs. 
 
Table. 3.2 Amorphous aluminosilicate supports samples 

Sample  (nm) Si/Al (mol/mol) SBET  (m2/g-1) 
a-AS.b 60.0 45.5 18.3 
a-AS.s 100.0 21.6 74.0 
a-AS.m 45.0 14.4 180.6 

 
X-ray diffraction (XRD) patterns showed that a-AS samples were indeed amorphous as 
seen in Figure 3.2.a. Fourier transformed infrared (FT-IR) analysis confirmed the 
presence of the main functional groups of the aluminosilicate materials with 
characteristic Si-O-Si stretching band at 1063 cm-1 and different AlO species: Al2O3 (455.0 
cm-1), AlO6 (780.0 cm-1) and very small amounts of AlO4 (561.0 cm-1), as seen in Figure 
3.2.b. 
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Figure. 3.2 a) XRD patterns of a-AS supports, b) FT-IR spectra of a-AS supports     

 
Although a-AS samples have a similar plate-like primary structure, clear differences in 
their morphology and intra-crystalline/intra-agglomerate porous (  ) size 
composition were observed by TEM as seen in Figure 3.3. Barret, Joyne and Halenda 
(BJH) method showed the pore volume distribution for the a-AS samples. Both a-AS.b 
and a-AS.np samples presented   macropores (60.0 and 100.0 nm, respectively) 
compared to  mesopore of 45.0 nm for a-AS.m as seen in Figure 3.4.  
 

 
 
Figure. 3.3 STEM images of a-AS supports     

 
a-AS.b and a-AS.np main shape suggests an isotropic growth, as seen in Figure 3.3 for a-
AS.np, in between the HL phases of amphiphilic molecules, possibly attributed to an 
induced osmotic pressure between the bilayers containing the reactant phase and solvent. 
[38,39,40] Consequently, a-AS.np presented disc-shape nanoplates, with lateral 
aggregation to form a-AS.ns ranging in lengths from 65.1 – 406.7 nm, with an average 
particle size of 215.5 nm and an average height of 2.8 nm. a-AS.b are bulky materials (  = 
894.0 nm) with less than 0.5 cm3g-1  macropore volume. 
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Increased reaction time for a-AS.m showed that the same NaOH catalyst acted as an 
alkaline treatment in a one-pot synthesis for formed a-AS, hence, a characteristic 
boomerang-like shape and a pear-like shape counterpart, attributed to the breakdown of 
the original plates. Increased   pore volume for mesoporous samples could be 
attributed to the defects generated by the alkaline treatment that create mesoporous when 
aggregated compared to its plate counterparts as seen in Figure 3.4. The specific surface 
area (SBET) for a-AS.b, a-AS.s and a-AS.m supports were 18.3, 74.0 and 180.6 m2g-1, 
respectively. 
 

 
Figure. 3.4 BJH plot for a-AS samples 

 
a-AS morphology effect was evaluated by loading 75.0 % (w/w) nickel nitrate 
(Ni(NO3)2·6H2O) using a wet impregnation method, dried and calcined at 550 °C for 5 h 
to obtain Ni-based catalyst conformed of dispersed NiO on the a-AS surface. From this 
point on, I will refer to Ni-particles originated from bulk Ni(NO3)2·6H2O as Ni.b. 
 
Table. 3.3 Ni.b catalyst supported in a-AS 

Sample Si/Al (mol/mol) Ni/Si (g/g) SBET (m2g-1) 
Ni.b(75)/a-AS.b 6.2 1.8 9.5 
Ni.b(75)/a-AS.np 9.4 1.1 11.9 
Ni.b(75)/a-AS.m 8.9 0.8 73.6 

 
Table 3.3. shows the Ni/Si [-] loading capacity for each support observed by EDX, FE-
SEM and TPR analysis. a-AS.b showed the highest amount of nickel per gram of silica 
compared to the other samples.  
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However, we can observe in Figure 3.5 that a-AS.b loaded Ni-particles are bulky spheres 
with closed/closing powder morphology (  = 234.6  50.3 nm), which has been found to 
encapsulate impurities, decrease the rate of nickel reduction and wear out industrial 
equipment,[41] in agreement with TPR experimental data, where H2 conversion was 
almost nonexistent, as seen in Figure 3.6.  

 
 
Figure. 3.5 STEM/HAADF and FE-SEM of Ni.b loaded a-AS samples 

 
a-AS.np didn’t show a clear nickel morphology however, FE-SEM observation suggests 
that Ni-particles are in between a spherical open powder and aggregated crystals. 
Limiting the nucleation of nickel particles to flat surfaces promoted a vertical 
agglomeration of Ni-particles and vertical growth. Available free Ni-particles promoted 
CDM reaction; however, it was hindered by the unfinished dispersion of Ni-particles.  
Even when a-AS.m showed the lowest amount of Ni per gram of Si, TPR analysis showed 
the best CDM conversion. FE-SEM showed that Ni-particles were finely dispersed 
throughout the support and presented a truncated octahedron morphology. My 
conclusion is that porous materials with increased specific surface area promote the 
dispersion of Ni-particles throughout the support, avoiding agglomeration, reducing the 
size of the Ni-particles and increasing their dispersion.  
 

a b c

500 nm 500 nm500 nm

Ni.b(50)/a-AS.b Ni.b(50)/ a-AS.np Ni.b(50)/ a-AS.m



Chapter 3 

64 

 
Figure 3.6. H2 evolution on time for catalytic methane decomposition over Ni.b(75)/a-AS.b, 
Ni.b(75)/a-AS.np and Ni.b(75)/a-AS.m at severe reaction conditions (mcat =5.0 mg, 20.0 
sccm CH4/5 sccm Ar, 550.0 °C).    
 

3.3.2 Metal-Supports Interactions 
I further investigated the effect of metal promoters Cr and La on the Ni.b/a-AS.m catalysts. 
For this purpose, a new batch of mesoporous amorphous aluminosilicate (a-AS.mref) was 
synthesized due to the amount of sample required, using the previous established 
conditions for a-AS.m synthesis.  
 
Table 3.4. Ni.b catalysts supported in a-AS, promoted with La3+ and Cr3+ at different [C] 
 

Sample 
Si/Al 
(mol/mol) 

Ni/Si  
(g/g) 

La/Si  
(g/g) 

Cr/Si 
(g/g) 

SBET  
(m2g-1) 

Reference Ni.b(50) / a-AS.mref 16.2 0.25   64.8 

La-series 

Ni.b(50) / La(3.8)a-AS.mref 6.0 0.58 0.04  53.3 
Ni.b(50) / La(5.2)a-AS.mref 8.4 0.53 0.06  51.5 
Ni.b(50) / La(8.2)a-AS.mref 7.7 0.66 0.09  60.0 

Ni.b(50) / La(20.9)a-AS.mref 7.2 0.61 0.26  62.3 

Cr-series 

Ni.b(50) / Cr(3.4)a-AS.mref 8.3 0.55  0.01 36.1 
Ni.b(50) / Cr(4.8)a-AS.mref 7.1 0.56  0.02 31.4 
Ni.b(50) / Cr(7.4)a-AS.mref 7.7 0.58  0.03 25.8 
Ni.b(50) / Cr(19.7)a-AS.mref 6.3 0.60  0.09 52.9 

 
AS.mref samples were doped with promoters (La and Cr) and active metal (Ni) in a two-
step wet impregnation method. Table 3.4 shows a summary of La and Cr samples 
analyzed. It was interesting to note that the amount of Ni loading was rather stable 
throughout the La and Cr series.  
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First, I added La(NO3)3·6H2O or Cr(NO3)3·6H2O to a-AS.mref at different concentrations 
via a wet impregnation method, then dried for 24 h and calcined at 550°C for 5 h. Then 
50 % (w/w) Ni(NO3)3·6H2O was added to the newly promoted support via a wet 
impregnation method, dried for 24 h and calcined at 550°C for 5 h.  
 
Chromium oxides has been reported as an effective promoter in diverse catalytic 
reactions due to its ability to protect the catalyst from sintering at high temperatures and 
its ability to avoid coke formation,[6,29,42] however, for a-AS.m supports, a decrease in 
H2 yield in all combinations compared to unpromoted a-AS.mref was observed, as seen 
in Figure 3.7. FE-SEM showed high sintering at 550.0 °C with increased concentration of 
Cr and poor crystallization of Ni particles with no reaction at all for Ni.b(50) / Cr(19.7)a-
AS.mref. This suggests strong interactions between Cr species and hydroxyl groups of a-
AS,[29,42] and further strong interactions with Ni particles.  
 

 
Figure 3.7. H2 evolution on time for catalytic methane decomposition over Ni.b(50) / La(wt.%)a-
AS.mref, Ni.b(50) / Cr(wt.%)a-AS.mref at severe reaction conditions (mcat =5.0 mg, 20.0 sccm CH4/5 
sccm Ar, 550.0 °C).    

 
On the other hand, lanthanum oxide has been reported to increase the dissociation rate 
of C-H bond by electron charge transfer to nickel,[32,35] and promote fine dispersion of 
nanocrystalline nickel particles in the lanthanum oxide matrix formed from the reduction 
of lanthanum nickel oxide.[43] 
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I was able to confirm by FE-SEM that in fact, nanocrystalline nickel particles were formed. 
H2 yield was improved compared to unpromoted a-AS.mref, starting from a concentration 
of 7.4 % (w/w) of La(NO3)3·6H2O in the support. 
 

3.3.3 Ni-particle Nanoplates 
Section 3.3.1 showed that the support morphology plays a crucial role in the Ni-particle 
morphology and consequently its overall catalytic performance. Hence, I also studied Ni-
particle morphology. 
 
I synthesized Ni.np using the TRAP method as described in the experimental section. 
Both XRD and FT-IR confirmed that α-Ni(OH)2 was obtained. Because of the broadening 
effect of nanoparticles, XRD pattern of α-Ni(OH)2 showed limited peaks, however, 
characteristics (003), (006), (009), (101) and (110) peaks were observed, as seen in Figure 
3.8a. [45 – 47]  
 

 
Figure 3.8. a) XRD pattern of α-Ni(OH)2 (upper pattern) and NiO nanosheets (lower pattern), b) 
FT-IR pattern of α-Ni(OH)2, c) FT-IR pattern of active α-Ni(OH)2 modes at 400, 460 and 610 cm-1 

 
Figures 3.8b and 3.8c show the α-Ni(OH)2 FT-IR patterns for the synthesized Ni-
nanoparticles, with characteristic vibrational bands 420, 460 and 612 cm-1 associated to 
the functional groups OH, NiO and OH, respectively, were observed. [51 – 53] 
Additionally, enlarged interlayer space allowing intercalation of water molecules, 
observed in the vibrational bands between 1,200.0 – 1,600.0 cm-1 as well as the increased 
vibrational band associated to hydrogen bonding observed in the vibrational band at 
2,320.0 – 2,360.0 cm-1 due to increased trapped water confirmed that in fact α-Ni(OH)2 
was obtained.  
 
 

2θ (degree)
20 40 60 80

In
te

ns
ity

 [-
]

Ni.np

α-Ni(OH)2

Ni.np_cal

NiO

Ni.ns

Tr
an

sm
itt

an
ce

 [%
]

Wavenumber [cm-1]

intercalation 
of water 

molecules 

Increase H 
bonding due to 
trapped water

IR-active 
α-Ni(OH)2

modes

In agreement 
with α-Ni(OH)2 

phase

O
H N
iO O
H

Tr
an

sm
itt

an
ce

 [%
]

Wavenumber [cm-1]

Ni.np

a. b. c.



Chapter 3 

67 

 
 
I successfully obtained aggregated Ni sheets comprised of small nanoplates of 23.2 nm in 
diameter and an average height of 8.4 nm with a high surface area of 373.74 m2g-1, 

synthesized in TRAPs. Aggregated porous nickel sheets showed an average size of 
3,700.0 x 2,100.0 nm (l x w) with an average thickness of 209.2 nm. Based on TEM analysis 
the self-assembly mechanism of lamellar nickel sheets resembles the growth mechanism 
proposed by Parvin and Cho for 3D flower-like Ni(OH)2, but in our case, in 2D as seen in 
Figure 3.9. [51 – 53] Ni.np showed a predominant lamellar structure,[51,52]  with low 
crystallization due to low temperature synthesis condition (Tamb) and the confining effects 
of the HL phases of TRAPs, restricting aggregation in the y axis.  
 

 
Figure. 3.9 Proposed self-formation mechanism of Ni.np in TRAPs 
 

3.3.4 Pure Ni.np Catalyst 
Ni(OH)2 nanoplates (Ni.np) require high temperature treatment (calcination) to reduce 
the catalyst and activate it for the CDM, which facilitates the crystallization of the 
nanoplate’s unit cells, migrating from a lamellar structure to defined crystals and acting 
as its own support. As expected, the crystallinity of Ni particles was modified and it’s 
reflected in the pore morphology. As seen in Figure 3.10, at 300 °C, only micropores 
disappear, but mesopores keep their size around 4.5 nm. However, when calcined at 
550 °C, both previous micropores and mesopores disappear, and new mesopores (  

= 35 nm) are created suggesting that the degree of crystallization is correlated to the 
calcination temperature 
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Figure. 3.10 Porous size distribution of a) Ni.np (α-Ni(OH)2) b) calcined Ni.np (NiO) at 300°C 
and c) calcined Ni.np (NiO) at 550°C 

 
The resulting crystal formation creates openings in the sheet-like structures resulting in 
the loss of micropores. This behavior is attributed to the conversion and crystallization of 
α-Ni(OH)2 to NiO. Most samples were calcined at 550 ° C, hence, crystals are in between 
an octahedron and cubic crystal shape,[44] as seen in FE-SEM images.  
 
Table. 3.4 Pure Ni samples   

Sample SBET (m2g-1) 
Ni(NO3)2·6H2O 13.3 
Ni.b (NiO) 7.8 
Ni.np (Ni(OH)2) 373.7 
Ni.np-300 (NiO) 184.2 
Ni.np-550 (NiO) 8.2 

 
Since some of the first approaches to the adsorption of N2 on pure and promoted nickel 
catalysts, it has been known that there is some degree of chemisorption on the nickel 
surface and that is very sensitive to the previous history of the catalyst as seen in Table 
3.4.[45] This results are in agreement with previous studies on nickel catalysts, where 
even at low specific surface area of improved Ni-catalysts, the catalytic activity is 
improved.[45,46] This makes us wonder the significance of surface area for CDM and 
whether crystallization and metal interactions with support plays a more compelling role 
in the decomposition mechanism.  
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I also compared the catalytic activity of pure Ni.np and Ni.b, both calcined at 550° C. 
Ni.np presented a clear improvement on H2 yield performance and catalyst stability, 
suggesting that aggregated nickel nanoplates in the core acted as support of superficial 
crystallized Ni nanoplates, as seen in Figure 3.11.  

 
Figure. 3.11 H2 evolution on time for catalytic methane decomposition of pure Ni at severe 
reaction conditions (mcat =5.0 mg, 20.0 sccm CH4/5 sccm Ar, 550.0 °C).    

 
3.3.5 Loading Capability of Ni.np 

The loading capability of new synthesized Ni.np a-AS was also evaluated. First, we tested 
a wet impregnation method using ethanol and an ultrasound bath for 30 min to disperse 
the Ni.np, followed by the loading in a-AS.m, dried for 24 h and calcined at 550.0 °C. 
Table 3.5 summarizes main characterization of loaded samples. 
 
Table 3.5 EDX analysis and SBET for the impregnation method effect on the loading of Ni-particles. 

Sample Wet-Imethod Si/Al Ni/Si (g/g) SBET (m2g-1) 
Ni.b(75) / a-AS.m Ni(NO3)2·6H2O /H2O 8.88 0.8 73.6 
Ni.np(75) / a-AS.m Ni.np/ethanol 5.1 1.7 56.0 
Ni.np(75) / a-AS.m Ni.np/8% HNO3 6.33 2.2 59.3 

 
Figure 3.12.b shows that the impregnation with ethanol as a solvent or dispersion 
(Ni.np/ethanol) was not supported on a-AS.m and performed poorly at CDM. I 
concluded that Ni.np was not loaded onto the a-AS support. Alternatively, I tried a 
second method using an 8 % HNO3 solution (w/w) which solved the loading problem, 
but the Ni.np structure was decomposed.  
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Although an improvement on the H2 yield was seen when using dissolved Ni.np 
compared to Ni.b on a-AS.m, I was not able to conclude that it was only because of the 
effect on the difference in size and morphology of dissolve Ni.b and Ni.np particles since 
the source of Ni was different and even when using the same ratio of Ni-source/support, 
Ni.np mass percentage of Ni is higher than Ni.b. Nonetheless it was noteworthy to 
mention that Ni.np showed smaller particle size with truncated octahedral structures 
compared to bigger spherical Ni.b. 

 
Figure. 3.12 a) H2 evolution on time for catalytic methane decomposition at severe reaction 
conditions (mcat =5.0 mg, 20.0 sccm CH4/5 sccm Ar, 550.0 °C) of Ni.b and Ni.np over a-AS.m, b) 
MAP analysis of unloaded Ni.np on a-AS.m support c) FE-SEM images of Ni.b and Ni.np 
particles loaded on the surface of a-AS.m support. 

 
Based on these results, the performance of Ni/a-AS catalyst cannot be determined only 
by the amount of dispersed nickel in the final catalyst or the area of the catalyst, since 
other factors such as the morphology of the unit cells, overall larger aggregates 
morphology and porous structure and the interactions between the active phase and 
support are key factors on the catalytic performance of CDM reaction as well.  

 
3.3.6 Promoted a-AS on Dissolved Ni.np 

I also evaluated the combined effect of La and Cr promoters in dissolve Ni.np. I 
incorporated 0.7 % (w/w) Cr2O3·9H2O and 1.4 % (w/w) La2O3 during the polymerization 
step of TEOS and AIP for the synthesis of newly promoted a-AS to evaluate the 
impregnation effect of the promoters into the support. Table 3.6 summarizes main 
characterization of La-Cr promoted samples. 
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Table 3.6 EDX analysis and SBET for the La-Cr promoted a-AS samples, loaded with Ni.np by 
dissolution of 8% HNO3. 

Sample 
Si/Al 
(mol/mol) 

Ni/Si 
(g/g) 

La/Si 
(g/g) 

Cr/Si 
(g/g) 

SBET 

(m2g-1) 
Ni.np(75) / La(1.4)a-AS 4.9 2.9 0.12  55.7 
Ni.np(75) / Cr(0.7)a-AS 2.5 3.0  0.35 88.2 
Ni.np(75) / La(1.4) Cr(0.7)a-AS 1.1 5.6 0.61 0.26 84.6 

 
EDX showed the average composition of the different metals in the a-AS structure, where 
a considerable increment of La/Si and Cr/Si compared to the Cr and La samples from the 
study in section 3.3.2 was observed, suggesting that metallic particles were also 
encapsulated by a-AS aggregates, limiting the metallic promoters interaction with Ni-
particles, which would also support the fact that Ni.np(75)/Cr(0.7)a-AS sampled didn’t 
hindered H2 generation as much as it was expected and Ni.np(75)/La(1.4)a-AS didn’t 
improve it.  
Ni.np(75)/La(1.4)a-AS and Ni.np(75)/Cr(0.7)a-AS showed similar behaviors to the Cr and 
La series from section 3.2, decreasing the H2 yield when Cr promoters were used and a 
more complex behavior for La species. Even when Ni.np(75)/La(1.4)Cr(0.7)a-AS is the 
combination of the mass reactant’s proportions for La2O3 and Cr2O3·9H2O, a great 
increment in the amount of La loaded into the a-AS support was observed, in agreement 
with the size increase of La particles in the La(1.4)Cr(0.7)a-AS compared to La(1.4)a-AS, 
from 39.2 nm in diameter to 103.6 nm when Cr species are added. 
 
FT-IR showed the main vibrational bands of LaO, CrO, AlO and SiO species, as seen in 
Figure 3.13. Main attributes of SiO and AlO functional groups were maintained,[47,48] 
confirming the addition of metal-oxide species into the a-AS surface and framework, 
confirmed as well by XRD analysis as seen in Figure 3.14. 
 
Furthermore, in La(1.4)Cr(0.7)a-AS the 670 cm-1 vibrational band was not visible, possibly 
due to the absence of strong interactions of coordinated La3+ with 5- or 6- coordinated Al3+, 
suggesting weak interactions between La2O3 and aluminosilicate. On the other hand, 
peaks derived from CrOH and CrO were clearly visible, suggesting favorable interactions 
with Cr2O3 and the aluminosilicate support.[48,49] Finally, the insertion of Cr species 
could have improved the interaction of La species with active species, hence, overall H2 
yield of the bimetallic La-Cr a-AS support was improved as seen in Figure 3.15.  
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Figure. 3.13 FT-IR spectra of metal-amorphous aluminosilicates supports    

 

 
Figure. 3.14 XRD patterns of metal-amorphous aluminosilicates supports    

 
XRD pattern of La(1.4)Cr(0.7)a-AS  showed the characteristic peaks of a trigonal system 
of La2O3. In the case of Cr species, both CrO (560 cm-1) and CrOH (620 cm-1) vibrational 
frequencies were observed when adding Cr to the supports (Cr(0.7)a-AS and 
La(1.4)Cr(0.7)a-AS),[47] confirmed as well in the XRD patterns for Cr2O3. 
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Figure. 3.15 H2 evolution on time for catalytic methane decomposition over Ni.np(75)/ La(1.4)a-
AS, Ni.np(75)/Cr(0.7)a-AS andNi.np(75)/La(1.4) Cr(0.7)a-AS at severe reaction conditions (mcat 

=5.0 mg, 20.0 sccm CH4/5 sccm Ar, 550.0 °C).    

 
Adsorption analysis showed that both a-AS.m and La(1.4)a-AS have a clear Type IV 
isotherm derived from mesoporous species, however, when using Cr species, the porous 
size decreases from 50 nm to 20 nm approximately. Even when a Type IV isotherm is still 
predominant in Cr-supports, Figure 3.16.c and 3.16d, showed a significant reduction in 
the mesoporous size and availability due to the addition of crystal structures in the 
amorphous framework resulting in a constraining effect of the amorphous framework. 
Figure 3.16.e shows the pore volume distribution, showing that Cr has a positive effect 
by creating 18 nm mesoporous, which in the presence of lanthanum becomes beneficial 
for Ni loading and CDM. 
  

 
Figure. 3.16 Adsorption-desorption isotherms promoted AS supports. a) a-AS.m b) La(1.4)a-AS , 
c) Cr(0.7)a-AS d) La(1.4) Cr(0.7)a-AS., e) Porous size volume distribution behavior for La(1.4)a-
AS, Cr(0.7)a-AS and La(1.4) Cr(0.7)a-AS (left), and TEM images of supports (right) 
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H2-TPR profile of the bi-metallic promoter La(1.4)Cr(0.7)a-AS. As seen in Figure 3.17, 
several reductions bands were observed, due to the presence of La3+ and Cr3+ and their 
interaction with the support and the Ni-particles, clearly divided into two main areas; 
weak interactions from 150 – 400 °C and strong interactions from 700 – 1000 °C.  
 

 
Figure. 3.17 H2 TPR analysis of Ni.np(75)/ La(1.4)Cr(0.7)a-AS   

 
In the weak series, the first three peaks match different references for the Cr species 
reduction (Cr6+, Cr5+ and Cr4+ to Cr3+), next, the 286 °C peak might be allocated to weak 
interactions of Ni with La3+ followed by the reduction of Ni species (bulk NiO, Ni3+ – Ni2+ 
and Ni2+ – Ni0) in agreement with several studies.[50–52] This region suggests that even 
at low temperatures, some CDM could still be achieved due to highly reactive chromium 
species that allow dehydrogenation. Potentially decreasing the overall required reaction 
temperature of the CDM.   
 
In the strong interaction series, 4 peaks can be observed, attributed to strong interactions 
between Ni-La and Ni-Al and crystalline Cr2O3 (Cr3+ – Cr0 ).[53–56] The strong interaction 
of Ni-particles with Al and La species improves the stability of the particles in the support. 
This strong interaction not only helps avoid sintering of the Ni-particles at the calcination 
step of the catalyst preparation, but also extend the lifetime of the Ni-particles by 
preventing their detachment from the support when carbon nanotubes are forming.  
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3.3.7 Ni.np as Supports of Rare Earth/Transition Metals 
I also evaluated the potential of Ni.np as a support for known promoters of CDM: La and 
Cu metallic species. [25,35,43,50,57] La(50)Cu(12.5)/Ni.np catalyst was synthesized by the 
addition of La(NO3)3·6H2O and Cu(NO3)2·3H2O by wet impregnation method to Ni.np 
supports, dried for 24 h and calcined at 700 °C for 5 h. The presence of NiO, La2O3 and 
CuO were confirmed by XRD as seen in Figure 3.18. 
 

 
Figure. 3.18 XRD of La(50)Cu(12.5)/Ni.np 
*Synthesized catalyst chemical structure matches sample prepared by Bazuev, G., Inst. of Solid-State 
Chemistry, Ekaterinburg, Russia. Mixture of ‘La2 O3’ (99.99%), ‘Cu O’ (99.9%) and ‘Ni O’ (99.9%) was 
annealed in air at 950 C for 30 hours and then quenched on a copper plate. 

 
Figure 3.19 shows the morphology of the new La-Cu bimetallic catalyst supported in 
Ni.np. Copper particles showed hexagonal nanodisc structures [58] leaving a hexagonal-
shaped porous when aggregated.  
 

 
Figure. 3.19 FE-SEM images and MAP analysis of La(50)Cu(12.5)/Ni.np 
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This aggregation pattern agrees with the transition from calcined Ni.np mesoporous to 
the new catalyst macro porous of 65 nm diameter in average as seen in Figure 3.20 and 
the aggregation pattern of metals over Ni.np sheets creating visible holes in the 
aggregated La-Cu particles. Lanthanum particles showed spindle like structure [59,60] 
and Ni particles, cubic like structure. [55] 

 
Figure. 3.20 Pore volume distribution of La(50)Cu(12.5)/Ni.np-cal at 700°C vs Ni.np-cal at 550°C 

 
I tested this novel catalyst at 550 °C to compare it with previous samples, showing a huge 
improvement in stability in severe conditions, more than 400 min. A general 
improvement in H2 generation compared to pure Ni.b, Ni.np, all Ni(50) samples and 
improved stability compared to Ni(75) samples considering that La(50)Cu(12.5)/Ni.np 
uses less mass % of Ni-source than all previous samples, as seem in Figure 3.21. 
I hypothesized that increased stability might be associated to the combination of different 
size carbon nanotubes created by the combination of hexagonal copper nanodiscc 
particles and smaller octahedral nickel particles, creating gaps in between the nanotubes 
and avoiding aggregation and deactivation by carbon deposition, as seen in Image 3.1.  
However, the deactivation at this temperature was around 80 min due to the increased 
deposition of carbon over the active sites.  
 
Finally, Figure 3.22 shows the La(50)Cu(12.5)/Ni.np catalyst analysis by NH3 TPD, CO2 
TPD and H2 TPR, of this catalyst. NH3 TPD profile didn’t show any peaks, hence no acid 
sites were detected. CO2 TPD showed two peaks at 140 °C and 680 °C indicating that the 
catalyst has basic properties.  
 

La(50)Cu(12.5)/Ni.np-cal 700°C

Ni.np-cal 550°C
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Figure. 3.21 H2 evolution on time for catalytic methane decomposition over La(50)Cu(12.5)/Ni.np 
at severe reaction conditions (mcat =5.0 mg, 20.0 sccm CH4/5 sccm Ar, 550.0 °C).    
 

H2 TPR showed three main peaks. The first peak (around 100 – 300 °C) corresponds to Cu 
reductions and interactions with Ni, weak interactions between La-Ni (LaNiO3) and 
reduction of NiO and Ni3+ - Ni2+ takes place. Around 500 °C we have a clearly defined 
peak which is the main peak for Ni species reduction and finally, the last peak (starting 
around 650 °C) shows a stable activity up to 900 °C for strong interactions between Ni-
La species and reduction of La species in agreement with La oxide’s electron transfer 
capabilities. [32] 
  

 
Figure. 3.22 Full catalyst characterization (H2 TPR – NH3 TPD – CO2 TPD) analysis of 
La(50)Cu(12.5)/Ni.np 
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Image. 
3.1 FE-SEM images of main samples after catalytic methane decomposition at severe 
conditions (mcat =5.0 mg, 20.0 sccm CH4/5 sccm Ar, 550.0 °C).    
I further examined the catalyst at increased temperature of 700 °C and an outstanding 
conversion of methane of 50.8 % with H2 yield of 15.9 % in severe conditions was observed.  
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3.4 Conclusions 
I successfully synthesized a novel Ni-based catalyst through soft-template method, TRAP, 
with great implications in the future design of CDM catalysts. With this method, not only 
the support morphology and size of the support can be controlled, but also better 
understanding of the relation between support surface and crystallization of active 
species and promoters was achieved. This has great implications for the design of future 
supported catalysts since both the support and active catalytic species can be tailored to 
different applications.  
In agreement with previous studies, lanthanum species improved Ni dispersion and C-
H dissociation by electron transfer to nickel for both a-AS (above 7.4 % w/w) and Ni.np 
supports. Chromium on the other hand showed detrimental effects for CDM as a-AS 
promoter. La promoters showed synergistic effects with Cr, improving the formation of 
mesoporous in the catalyst and the fine crystallization of Ni nanoparticles throughout a-
AS supports.  
Porous Ni.np comprised of nanoplates of 23.2 nm in diameter and 8.4 nm in thickness 
were successfully synthesized using TRAPs, and further used as support for La and Cu 
promoters to improve their overall catalytic performance and stability. Max H2 yield of 
15.9 % and more than 400 min of generation at severe conditions (mcat =5.0 mg, 20.0 sccm 
CH4/5 sccm Ar, 550 °C) 
Novel bi-metallic catalysts supported in Ni.np showed promising stability and 
conversion capabilities. Moreover, the TRAP method has unlimited potential to 
synthesize any type of metallic support from its nitrated form, enabling a wide range of 
supports for different combinations of catalysts and promoters.  
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Chapter 4 
 

Zeolite Applications: Catalytic Transalkylation of 
Alkylphenol to Phenol in Supercritical Benzene 
Over MFI-type Zeolite in a Fixed-bed Reactor 
 

4.1 Introduction 
 

The manufacturing of natural biopolymers (15.0 – 30.0% dry weight of total lignocellulosic 
biomass) is a vision that many scientists share to take advantage, not only from raw natural 
resources, but also to better utilize the lignin from waste woody sources (around 40.0 – 
50.0 million tons per annum are produced worldwide as a mostly non-commercialized 
waste product) and convert it into numerous useful products such as polymers, chemicals 
and fuels for industrial uses.[1–4]   
 
Lignin is a very attractive biopolymer due to its high phenolic molecular mass which can 
be used as a feedstock for aromatic compounds and, up to date, lignin has no competing 
applications. Available lignin and market value of phenols obtained from petroleum and 
coal sources will likely increase, resulting in an increased attention to research and use of 
lignin as a source of platforms chemicals and phenol production.[5] 
Lignin extraction from biomass is no longer a barrier in the race for valorization of lignin. 
Currently there are four main industrial processes to produce high-purity lignin; the 
Sulfite, Soda, Kraft, and Organosolv.[6] After lignin is extracted, there are four main 
upstream processes to depolymerize it; oxidative depolymerization,[7–13] thermal 
depolymerization,[14–20] chemical modification[21–24] and reductive depolymerization. 
[25–30] In my laboratory, Organosolv process is mainly used to extract high purity lignin 
and reductive depolymerization upstream processes.[13,30]  
 
The main reactions involved in reductive depolymerization are hydrogenolysis, 
hydrocracking, hydrogenation, and hydrodeoxygenation (HDO) to break down lignin into 
phenolic compounds of lower molecular weight.[31–35]  
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The primary products obtained by the reductive depolymerization method are 
alkoxyphenols, benzene polyols, phenol, and catechol.[4] Direct production of alkyl 
phenols from lignin have been reported, but generally, the yields are low or de-
methoxylation downstream processes are required. In 2020, Li et. al. proposed a one-pot 
lignin conversion where native lignin was converted into 4-alkylphenols via self-
reforming-driven depolymerization and hydrogenolysis over Pt/NiAl2O4, with high yields 
up to 17.3 wt.% with subsequent aqueous phase reforming, accelerating the process and 
providing a low-cost and safe way for lignin valorization.[36] Hendry et.al. also reported 
alkylphenol production, 9.5 wt.%, from Etek lignin waste by ex-situ catalytic pyrolysis 
using Na/ZrO2 and mild basicity conditions. [37] 
 
To improve the amount of alkylphenols and phenols obtained from reductive catalytic 
processes from lignin, a de-methylation or de-methoxylation step is required to eliminate 
side chain methyl groups in the form of volatile CH4 or CH3OH.[38–41] For the scope of 
this study, I focused on the downstream process of the transalkylation of those 
alkylphenols to phenols using 4-propylphenol (ppp) molecules as alkylphenols model 
compound. Previous studies had reported successful de-methoxylation of alkoxyphenols 
of thermal degraded lignin and 2-methoxyphenol over FeOx-based catalyst.[13,42]  
 
Zeolite catalyst have been proved to remove the alkyl substituent from 4-ethylphpenol and 
4-propylphenol into phenol and the associated olefins [44, 45, 46]. Additionally, it has been 
proved that MFI type zeolites had the better performance (yield and selectivity) towards 
phenol production in the transalkylation reaction of ppp [47] due to its shape selectivity 
properties as compared with mordenite and beta. Consequently, MFI type zeolite was 
chosen for this study.  
Understanding the kinetic and diffusion limitations of this reaction over MFI-type zeolites 
is key for scaling up to an industrial process. In this work, the kinetics for the continuous 
transalkylation reaction of ppp and benzene over MFI-type zeolites in a fixed bed reactor 
in supercritical fluid was evaluated.  
 
Previous reports indicate that supercritical fluid suppressed coke formation significantly 
in the zeolite’s pores, which causes the pore channels to narrow and eventually be plugged, 
extending the lifespan of the zeolite as a catalyst [47, 48,49]. For this reason, I also studied 
the effect of the crystal size and acid sites (Al content) on the kinetics of the reaction and 
the ideal operating conditions in the supercritical region were established.  
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4.2 Experimental 
 
4.2.1 Supercritical Fixed Bed Reactor and Kinetics  

H–MFI–type zeolite selective catalytic properties were studied in the continuous 
transalkylation of ppp and benzene using a homemade fixed bed reactor. 150 mg of zeolite 
were calcined at 823 K under air flow for 2.00 h and placed in the reactor. A solution of 
10.0 % 4–propylphenol (mass ppp/mass benzene) was made for all the reactions and 
injected into the stream using a piston system, pushed by distilled water. The system, seen 
in Figure 4.1, was heated, and pressurized using pure benzene. Once the desired pressure 
and temperature were reached, the feedstock was injected and stabilized before taking the 
samples.   
 
The selected temperatures for the kinetic analysis were 350, 375 and 400 °C, with different 
time factors W/Fppp ranged from 13.8 to 82.6 kg mol–1 s, where W is the catalytic weight and 
FPPP is the feed rate of ppp (0.90 – 5.42 cm3 h–1).  
 
The critical temperature of benzene and ppp are 562 and 715 K respectively, and the critical 
pressure are 4.89 and 3.60 MPa respectively [55]. The operating pressure range was 11.0 – 
11.2 MPa for all reactions, consequently, the solution is in supercritical phase. The 
composition of the obtained liquid was analyzed by gas chromatography (GC2014, 
Shimadzu Co., Ltd.) equipped with FID detectors. 

 
 
 
 
 
 

 
 
 
 
 
 
Figure. 4.1 Experimental setup for the transalkylation of ppp and supercritical benzene. 
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4.2.2 MFI-type Zeolite Samples 
As previously discussed in Chapter 2, MFI-type zeolites samples were synthesized using 
the emulsion method, with a mixture of Water/O-15 surfactant/Cyclohexane. The water 
phase consisted of tetra-n-propyl ammonium hydroxide solution (abt. 10.0%) [TPA-OH; 
an organic structure directing agent (OSDA)], aluminum triisopropoxide (AIP), and 
sodium chloride (NaCl). Experimental samples are summarized in Chapter 2, Table 2.3.  
 
Micro and nano MFI-type zeolites were successfully synthesized and verified  by XRD 
analysis (Figure 2.8a), when compared to the calculated powder diffraction pattern for 
MFI-type zeolite from the database of zeolite structure (International Zeolite Association), 
as well as good crystallinity of the samples. Approximate crystal size was determined by 
imaging of the samples using SEM and FE–SEM as seen in Figure 2.8b, ranging from 100 
– 2.00 x 103 nm. 
 

4.3 Results and Discussion 
 

4.3.1 Continuous Transalkylation of 4–propylphenol and Benzene in a Fixed Bed Reactor 
in Supercritical Fluid 

I evaluated the kinetics of the transalkylation of ppp and benzene over nanometer – and 
micrometer–sized H–MFI–type zeolite using a continuous fixed bed reactor in supercritical 
fluid. The product yield was calculated based on the carbon amount of the ppp feedstock 
and the obtained products showed that transalkylation, isomerization, disproportionation, 
and dealkylation reactions took place during the reaction.  
The main reaction pathways in the experimental reaction were the transalkylation reaction 
of ppp and benzene resulting in phenol (main product) and C–3 benzenes (propyl benzene 
and cumene) production and the isomerization reactions resulting in 2-isopropylphenol, 
2-propylphenol and 3-propylphenol, as seen in Figure 4.3.  
 
 

 
Figure. 4.3 Transalkylation reaction of ppp and benzene and main side reaction (isomerization 
reaction) over MFI-type zeolite catalyst. 
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These results are in agreement with MFI–type zeolite transition state shape selectivity with 
high preference towards the cleavage of Car–Cα, even when Cα– Cβ has lower bond energy, 
385 and 301 kJ mol–1, respectively, [45] as seen in the products yields of Figure. 4.3 and 
Figure. 4.4. 
 
Other reaction pathways were also observed in smaller quantities. Cleavage Cα–Cβ and Cβ–
Cγ (ethylphenol–ethylbenzene and cresol–toluene) and disproportionation reactions (di–
aromatics and methylated compounds) were produced in small quantities (less than 0.8 
C–mol % yield average for the micrometer- and nanometer–sized particles). Special 
attention was given to the isomerization reactions since they accounted up to 17.4 C–mol % 
yield (nanometer-sized particles, 623 K and W/Fppp = 27.6 kg s mol-1) of the reacted ppp, 
and in average they accounted for 38.0 and 47.8 % of all the undesired reactions for the 
micrometer– and nanometer– sized particles, respectively. The coke and other unidentified 
products yield are included in the undesired reactions along with the known undesired 
reactions for the micrometer– and nanometer–sized zeolite evaluated points.  
 
When analyzing the isomerization reactions, a curious behavior is observed, an inverse 
correlation on the yield of isomers is observed for nanometer sized particles, when 
decreasing temperature and decreasing W/FPPP, while the micrometer particles follow a 
direct correlation. 

 
Figure. 4.3 Yield [C–mol %] of transalkylation and undesired products for the micrometer sized 
MFI-type zeolite. *Reaction conditions: 10 wt% ppp, MFI (nanometer– and micrometer– size) 
catalyst. Product yields are based on ppp, benzene was added in excess. P = 11.0 – 11.2 MPa. 
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Figure. 4.4 Yield [C–mol %] of transalkylation and undesired products for the nanometer sized 
MFI-type zeolite*Reaction conditions: 10 wt% ppp, MFI (nanometer– and micrometer– size) 
catalyst. Product yields are based on ppp, benzene was added in excess. P = 11.0 – 11.2 MPa. 

 
Liao. et. al., calculated the free Gibbs energies for the dealkylation of 4-ethylphenol (4-EP) 
and observed that the free energies for isomerization and disproportionation of 4-EP 
where almost constant (close to zero) over the temperature range of 473 – 773 K concluding 
that these two reactions were favored at low temperatures compared to the dealkylation 
which was favored at high temperatures. [46]  
 
This similar behavior was observed for the transalkylation of ppp with benzene (which 
also starts with a dealkylation of the Car–Cα bond) and the isomerization reactions in the 
temperature range of 623 – 673 K, as seen Figure. 4.4. In the case of micrometer sample, 
low surface provides less available acid sites, and the isomer generation depends on the 
steric factor of reactive collisions. Hence higher temperatures and low-speed flows, 
nonetheless, remain relatively constant.  
 
The effect of temperature and time factor was analyzed for the supercritical transalkylation 
of ppp–benzene in a fixed bed reactor using H–MFI type zeolite. Figure. 4.5 shows the 
ideal conditions to maximize the conversion of ppp with high selectivity towards phenol 
production. For the micrometer– size zeolite, conversion is lower than 60 % at all points of 
temperature and time factors, ruled by the 40.0 – 50.0 % range. For the nanometer-size 
particles, a wide range of conversions can be obtained at the different points.  
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Micrometer- size particles selectivity showed a maximum of 81.4 % at 673 K and 82.7 kg 
mol–1 s, but several combinations of temperature and time factors can be used to obtain 
65.0 – 75.0 % selectivity at 40.0 – 50.0 % conversion. For the nanometer– size zeolite, the 
highest conversion obtained was 98.4 % with a selectivity of 88.1% at 673 K and 82.7 kg 
mol–1 s.  

 
Figure. 4.5 Phenol conversion (a) and (c) and selectivity (b) and (d) [%] for nanometer– and 
micrometer–size MFI–type zeolite in supercritical fluid. 

 
Figure. 4.6 shows the effect of particle size on the composition of the outlet stream [C–
mol % (based on ppp)] at a time factor of 82.6 kg mol–1s, vs different temperature points. 
A clear difference on the phenol yield was observed between the nanometer– and 
micrometer– sized H–MFI–type zeolite (for all the analyzed points, the average yield 
increase was 25.2 C–mol % when using nanometer–sized particles) indicating the presence 
of intracrystalline diffusion limitations for the micrometer-sized particles. 
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Figure. 4.6 Effect of crystal size on the yield [C–mol %] of transalkylation and undesired 
products  
*Reaction conditions: 10 wt% ppp, MFI (nanometer– and micrometer– size) catalyst, T = 350, 375 and 
400 °C, P = 11.0 – 11.2 MPa, W/FPPP = 82.7 kg mol–1 s. Product yields are based on ppp, benzene was 
added in excess. 

 
Catalyst stability was evaluated for the sample (N.1) in two cycles of 60 minutes with the 
following conditions: T = 673 K, P = 11.0 – 11.2 MPa and W/FPPP = 40.9 kg mol–1s. A steady 
conversion of ppp and negligible change in phenol and isomers yield was established. ppp 
conversion was 94.88 and 93.91 C-mol%, and phenol yield was 60.21 and 59.85 C-mol % 
for the 1st and the 2nd cycle, respectively. Hence, I was able to conclude that the catalyst was 
effectively stable in the analyzed timeframe (120 min total), successfully suppressing coke 
formation in supercritical conditions and in agreement with previous reports. [47, 48]  
 

4.3.2 Kinetics of Transalkylation of ppp and Benzene 
A first evaluation of the increment of phenol concentration vs. the increase in reactants 
suggested a 1st order reaction kinetics, consequently, a 1st order kinetic model was 
developed assuming a parallel bimolecular reaction based on the consumption of ppp to 
form phenol and isomers molecules. Benzene was added in excess to simplify the kinetic 
model. The concentration of benzene can be expressed as follow: 
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     XB ≈ 0 
           (1) 

 
The reaction rate for the transalkylation and isomerization reactions can be expressed with 
the following equation.  
 
[Transalkylation] 

         (2) 
[Isomerization] 

          (3) 
 
where rTRA and rISO represent the specific rate of reaction (mol kg–1 s–1) of transalkylation of 
ppp/benzene and isomerization of ppp, respectively.  CPPP represents the concentration of 
ppp (mol m–3), t represents reaction time (s), k’1 represents the specific rate constant of 
transalkylation (m3 kg–1 s–1) and k2 represents the specific rate constant of isomerization 
(m3 kg–1 s–1). 
 
From Eqs. (2) and (3), the consumption rate of ppp in the overall conversion is expressed 
as: 
 

        (4) 
Eq. (5) is obtained by integration of Eq. (4), 

        (5) 

 
where, W is the catalyst weight (kg), FPPP is the feed rate (mol s-1), CPPP,0 is the initial 
concentration of ppp (mol m-3) [48].  
 
 
In addition, Eq. (6) was obtained from Eqs. (2) and (4).  

        (6) 

 
where CPH,0 and CPH are the initial and final concentration of phenol (mol/m3) for the 
transalkylation process.  
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Figure. 4.7 shows the relationship between the (ln(CPPP,0/CPPP)/ CPPP,0)/((CPPP,0–CPPP)/CPH) and 
W/FPPP obtained at different temperatures for the nanometer– and micrometer–sized H–
MFI–type zeolite. The slope of the plots in these figures represent the apparent reaction 
rate constant k’1 (m–3 kg s) for the transalkylation reaction. The reaction rate constants over 
micrometer– H–MFI–type zeolite (k’1,macro) were 1.68 x 10–5, 1.02 x 10–6, and 7.50 x 10–6 s–1, 
for the 350, 375 and 400 °C points, respectively. For the nanometer–sized H–MFI–type 
zeolite (k’1,nano) were 9.36 x 10–5, 4.45 x 10–5, and 2.49 x 10–5 s–1, for the 350, 375 and 400 °C 
points, respectively.  
  

 
Figure. 4.7 Specific constant rates of transalkylation over nanometer– and micrometer– sized H–
MFI– zeolite. *Reaction conditions T = 673 - 623 K, P = 11.0 – 11.2 MPa, W/FPPP = 13.8 - 82.7 kg mol–

1s. Product yields are based on ppp, benzene was added in excess. 

 
Figure. 4.8 shows the Arrhenius plots of the rate constants of transalkylation of 
ppp/benzene and isomerization of ppp over nanometer- and micrometer–sized H–MFI–
type zeolite. The activation energies for the transalkylation were 103 and 60.0 kJ mol–1 for 
the nanometer- and micrometer– sized zeolite, respectively, and for the isomerization 
reaction were 31.5 and 34.6 kJmol–1 for the nanometer– and micrometer– size, respectively.  
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As expected, for the isomerization reactions the activation energies for both nanometer and 
micrometer were almost the same as seen in Fig. 9, indicating that this reaction mostly take 
place in the outer surface of the zeolite where there are no intracrystalline diffusion 
limitations and there is no transit state shape selectivity.  
 
For the synthesized nanometer sample, the external surface is 5 times bigger than the 
micrometer particle sized, resulting in a higher activity of isomerization reactions. 
Nonetheless, the highest isomer generation was observed at low temperatures and high-
speed flows.  

 
Figure. 4.8 Activation energies for transalkylation and isomerization reactions over 
nanometer- and micrometer- size H-MFI- type zeolite. *Reaction conditions T = 623 - 673 K, P = 

11.0 – 11.2 MPa, W/FPPP = 13.8 - 82.7 kg mol–1 s. Product yields are based on ppp, benzene was added in excess. 

 
Transalkylation activation energies agree with Liao. et al.  Since both the reaction rate and 
diffusional process are temperature dependent, diffusion limitations are observed as the 
activation energy in the micrometer– size is smaller than the nanometer– size particles and 
in agreement with equation; [57]. 
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Next, I calculated the Thiele modulus and effectiveness factor for the transalkylation of 
ppp and supercritical benzene over MFI–type zeolite with different crystal sizes and Si/Al 
ratios. Diffusion limitations of molecules in the zeolite pores on the reaction in supercritical 
fluid, Thiele modulus vs. effectiveness factor graph was prepared. For this analysis, 
samples N.1 and M.1 with similar Si/Al ratios were selected. Decreasing the particle size 
(2.00 x 103 to 100 nm), decreases the Thiele modulus number and hence increases the 
efficiency factor. The relationship between the Thiele modulus,ϕ, and effectiveness factor, 
η, was used according to the following equations.   
 

        (8) 

       

   
where V is the volume of the zeolite crystal, S is the external surface area of the zeolite 
crystal, L is the half–thickness value of the MFI–type zeolite crystal and ρP is the density 
of the zeolite crystal.  
And the effectiveness factor was expressed in terms of the Thiele modulus as [54]:  

         (9) 

In the regime of strong diffusion resistance this relationship can be expressed as: 

         (10) 

 
Figure. 4.9 shows the ranges for the different limiting process to decrease diffusional 
resistances due to temperature dependence [57]. As temperature increases, Thiele modulus 
increases, indicating that the increase in reaction rate is faster than the decrease in diffusion 
resistance in supercritical fluid [58]. The effectiveness factors for the nanometer-and 
micrometer- size particles at 350 °C were 0.990 and 0.410, indicating that the catalytic 
transalkylation reaction over micrometer- size zeolite proceeded under transition 
conditions whilst the nanometer- size zeolite proceeded under reaction-controlling 
conditions. The same behavior was observed for the 375 °C temperature points and for the 
400 °C temperature point, the reaction using nanometer- size particles shift into the 
transition condition.  
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Different acid site amounts were also evaluated in the kinetics of the transalkylation of ppp 
and benzene at 623 K, for the nanometer– size particles. As seen in Table. 4.2, the reaction 
rate constant for the transalkylation (k’1) increased with increasing acid site amount of 
zeolite, while isomerization reaction rate (k’2) change was negligible. This suggests that 
transalkylation reaction take place inside the pores of the zeolite, in accordance with 
previous reports [48], allowing both, Brønsted and Lewis acid sites, to dealkylate the alkyl 
group of the ppp molecule [44, 45, 46] limiting the reaction pathway due to the transit state 
shape selectivity of the MFI-type zeolite.  

 
Table. 4.2 Rate constant for transalkylation and isomerization reactions for different Si/Al 
ratios at 623 K 

 

Sample 
Particle Size 

(nm) 
Si/Al ratio 

(-) 

Rate constant k’1 
(transalkylation) 

(m-3 kg s) 

Rate constant k’2 
(isomerization) 

(m-3 kg s) 
N.1 160 95.0 4.2 x 10-3 1.2 x 10-3 
N.2 113 155 1.3 x 10-3 0.90 x 10-3 
N.3 100 357 0.45 x 10-3 0.90 x 10-3 

 
The reaction control conditions were located below Thiele modulus ( ) of 0.100 [-]. For 
the analyzed H-MFI- type zeolite (Si/Al = 95.0), particles with a size (D) below 125 nm 
will be in this region.  

 
Figure. 4.9 Thiele modulus vs. effectiveness factor in the transalkylation reaction at 
350 °C (623 K), 375 °C (648 K) and 400 °C (673 K) over H–MFI–type zeolites with different 
particle size (nm) in supercritical fluid. 
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4.4 Conclusions 
 
I studied the kinetics of the catalytic transalkylation of ppp and supercritical benzene 
over H–MFI–type zeolite particles, at the temperature ranges of 623 – 678 K (11.0 MPa), 
as well as the effect of particle size and Si/Al ratio. For this case, I developed a 1st order 
kinetic model, assuming a parallel bimolecular reaction based on the consumption of ppp, 
to form phenol and isomers molecules. 
Nanometer- size particles, located in the reaction control condition, exhibited higher 
conversion and selectivity towards the desired reaction pathway (transalkylation 
reaction) compared to the micrometer- size particles, located in the transition control 
conditions. Decreasing the particle size successfully reduced the internal diffusion 
limitations and increased the selectivity of the reaction, nonetheless, it also increases the 
isomerization reactions due to an increase of the external surface area.  
Additional variables affect the kinetics of the reaction when modifying the amount of Al 
T–sites in the framework of the zeolite (Si/Al ratios), however, a small tendency to 
increase the reaction rate constant was observed when increasing the Al content. More 
research is required to determine if other factors are also influencing the reaction rate, 
such as diffusion limitations. Decreasing particle size suggests lower Thiele modulus 
numbers and higher effectiveness factor.  
Finally, I was able to obtain high conversion of ppp and selectivity (phenol production), 
and low coke formation when decreasing the size of the H-MFI- type zeolite particles, in 
a fixed bed reactor under supercritical conditions. 
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General Conclusions 
In this thesis, I have investigated soft-templating methods for the synthesis of nanomaterials with 
different morphologies towards catalytic applications. Specifically, aluminosilicate materials and their 
catalytic applications in the Catalytic Decomposition of Methane (CDM) and the transalkylation of 4-
propylphenol ppp and supercritical benzene.  

Chapter 1, briefly discuss the importance of nanomaterials in the current technological wave and the 
basic concepts of lyotropic mixtures which are key for the operation of the supramolecular 
arrangements of amphiphilic molecules (surfactants) that act as templates, with specific morphologies. 
Additionally, I discussed the importance and advantages of aluminosilicate materials. In Chapter 2, 
two main soft-templating methods are described and I further discussed the synthesis of amorphous 
and crystalline aluminosilicate nanomaterials and their characterization. In Chapter 3, I evaluate the 
potential of a-ASns as supports of active species (nickel oxide) for CDM, and further evaluate the effect 
of metal promoters (lanthanum and chromium) for this type of aluminosilicate materials. I also 
evaluated the morphology effect of the active particle itself, both as an active species and as a support 
for other active metal species (lanthanum and copper).  Finally, in Chapter 4, I evaluated the effect of 
particle size on MFI-type zeolites for the transalkylation of 4-propylphenol (ppp) and supercritical 
benzene in a continuous fixed bed reactor. The effect of particle size was evaluated on the overall 
catalytic performance of the zeolite; yield, stability, selectivity and diffusion limitations.  

Summary of Chapter 2 

In Chapter 2, I successfully synthesized both amorphous and crystalline aluminosilicate, using the self-
assembly characteristics of amphiphilic molecules in lyotropic mixtures. I mainly focus on liquid 
crystals and emulsion solutions based on Water/Surfactant/Organic solvent to create flexible 
supramolecular arrangements that act as templates for the synthesis of these aluminosilicate 
nanomaterials. In the TRAP method, lyotropic liquid crystals solutions are used to create sheet-like 
arrangements of the amphiphilic molecules used in the mixture, to synthesize amorphous 
aluminosilicate nanosheets. I successfully synthesized a-ASns conformed of homogeneous a-AS 
nanoplates of 20 nm diameter, 3 nm in height and 66 m2g-1 of external surface by controlling the 
concentration of alkaline catalyst for the hydrolysis of Si and Al species. Finally, I successfully 
synthesized nanosized H-MFI-type zeolite using the emulsion method by a mixture of Water/O-15 
surfactant/Cyclohexane and hydrothermal synthesis. Nanosized particles ranged from 100 – 160 nm in 
diameter based on the amount of aluminum used in the synthesis.  

Summary of Chapter 3 

In Chapter 3, I studied the potential of amorphous aluminosilicates as support for catalytic metal 
species in CDM. When compared to its counterpart, bulk amorphous aluminosilicate, 2-dimensional 
nanomaterials showed catalytic improvement in H2 generation, however, due to the flat surface of the 
a-ASns, poor crystallization and vertical aggregation was promoted. Mesoporous amorphous 
aluminosilicates a-AS.m showed the best performance due to the crystallization boost that high surface 
area with multiple contact points could offer. I also evaluated the effect of metal promoters La3+ and 
Cr3+ and found that La species positively promote the NiO particles due to charge transfer assistance 
but only on certain concentrations by a double wet impregnation method (first impregnation of La 
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species into aAS.m + calcination followed by an impregnation of Ni species to promoted support). Cr 
species hindered the CDM reaction in all concentrations. Based on the results I have hypothesized that 
Cr species has strong interactions with Ni species, hence, strong sintering effects were observed after 
calcination, and adverse charge transfer from Ni3+ to Cr3+ might be rendering Ni species inactive. 
Nonetheless, the combination of La and Cr species show a positive effect, where the sintering effect of 
Cr species, which creates smaller mesoporous in the a-AS.m support has a synergistic effect with La 
species, compensating the adverse charge effect of Cr species. Finally, the morphology of Ni species 
was evaluated. α-Ni(OH)2 nanosheets (Ni.ns) comprised of the aggregation of several nanoplates were 
synthesized using TRAP´s. I evaluated the effect of this metal hydroxide nanoparticles both as an active 
species and as a support. When using the Ni.ns as active species, a dissolution in acidic solution is 
required to reduce the size of the nanosheets to be able to be impregnated on the supports, otherwise, 
the Ni.ns are too big to be loaded into the supports. I performed a final experiment, where Ni.ns were 
used as supports for La3+ and Cu3+. This novel catalyst showed great performance in CDM and great 
stability. More research is required; however, I established the foundations for the synthesis of novel 
catalysts for CDM with a wide range of nano supports with different morphologies using lyotropic 
mixtures and tailored to the specific requirements of the catalytic application.   

 

Summary of Chapter 4 

In Chapter 4, I studied the kinetics of the transalkylation of ppp and supercritical benzene over H-MFI-
type zeolite in a Fixed Bed Reactor. I evaluated the effect of particle size of MFI-type zeolites on the 
kinetics of the reaction at different temperatures and supercritical conditions. I established a 1st order 
kinetic model assuming a parallel bimolecular reaction based on the consumption of ppp to 
form phenol and isomers molecules. The reaction rate constants over micrometer– H–MFI–
type zeolite (k’1,macro) were 1.68 x 10–5, 1.02 x 10–6, and 7.50 x 10–6 s–1, for the 350, 375 and 400 °C 
points, respectively. For the nanometer–sized H–MFI–type zeolite (k’1,nano) were 9.36 x 10–5, 4.45 
x 10–5, and 2.49 x 10–5 s–1, for the 350, 375 and 400 °C points, respectively. Finally, I evaluated 
the Thiele modulus of the catalysts and decreasing particle size suggests lower Thiele modulus 
numbers and higher effectiveness factor, hence lower diffusion limitations. According to Thiele 
modulus calculations, nanosized H-MFI-zeolites showed that the transalkylation took place in 
the kinetic controlling region. 
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