THESIS APPROVAL
GRADUATE SCHOOL, KASETSART UNIVERSITY

Doctor of Engineering (Chemical Engineering)

DEGREE

Chemical Engineering Chemical Engineering

FIELD DEPARTMENT
TITLE: Reduction of NO over Copper Containing Silica-Aluminosilicate Catalysts:
Effect of Chitosan Addition, Core-Shell Structure and Metal Incorporation

Techniques

NAME:  Miss Busaya Chamnankid

THIS THESIS HAS BEEN ACCEPTED BY

THESIS ADVISOR

( Associate Professor Paisan Kongkachuichay, Ph.D. )

THESIS CO-ADVISOR

( Associate Professor Metta Chareonpanich, D.Eng. )

DEPARTMENT HEAD

( Associate Professor Apinya Duangchan, Ph.D. )

APPROVED BY THE GRADUATE SCHOOL ON

DEAN

( Associate Professor Gunjana Theeragool, D.Agr. )




THESIS

REDUCTION OF NO OVER COPPER CONTAINING SILICA-
ALUMINOSILICATE CATALYSTS: EFFECT OF CHITOSAN
ADDITION, CORE-SHELL STRUCTURE AND METAL
INCORPORATION TECHNIQUES

BUSAYA CHAMNANKID

A Thesis Submitted in Partial Fulfillment of
the Requirements for the Degree of
Doctor of Engineering (Chemical Engineering)
Graduate School, Kasetsart University
2012



Busaya Chamnankid 2012: Reduction of NO over Copper Containing Silica-
Aluminosilicate Catalysts: Effect of Chitosan Addition, Core-Shell Structure
and Metal Incorporation Techniques. Doctor of Engineering (Chemical
Engineering), Major Field: Chemical Engineering, Department of Chemical
Engineering. Thesis Advisor: Associate Professor Paisan Kongkachuichay,
Ph.D. 114 pages.

This research focuses on the synthesis, characterization and activity of porous
materials. The purpose of these works is to investigate the novel method to synthesize
the mesoporous silica/aluminosilicate composites within one step via a sol-gel
process. The pH condition of the hydrolysis-condensation process was found to be the
main factor which affected the formation of core-shell structure or infiltration
structure of silica and aluminosilicate materials. The mesoporous silica matrix was
first developed in a strong acidic condition after that the pH of the solution was
adjusted to 6.5 or 11.5. Since the silica solubility was significantly increased with the
increasing pH therefore in a strong basic condition (pH 11.5), silica matrix was
dissolved back into silicate form and reacted with the tetrahedral aluminates to form
an aluminosilicate. Under this condition, the composite of aluminosilicate uniformly
infiltrated in silica framework was established. On the other hand, in a slightly acidic
condition of pH 6.5, the dense silica matrix could be dissolved only at the edge of the
cluster. Therefore the aluminates could be formed and subsequently corner-linked
with the unbound silicate starting from the outer layer of the dense silica matrix. As a
result, a core-shell structure of silica and aluminosilicate shell was formed.

The synthesized materials were used as catalytic supporters composed of
copper metal for NO, removal process using H; as a reducing agent. Furthermore, two
different techniques to introduce Cu species into the support including an incipient
wetness impregnation method and a substitution technique were also studied. The
amount of metal used in this work was also studied, and it was found that the
maximum amount of copper was 1.5 wt% that could be incorporated inside the
silica/aluminosilicate framework. By using the substitution technique, the copper
species were expected to replace aluminum atoms of aluminosilicate. As a result, the
tetrahedral coordination of Cu®* atoms were surrounded with four framework oxygen
atoms, at this position the Cu** atoms were being in the most stable site and were
difficult to be reduced. On the contrary, in case of impregnation method was used,
the Cu species were mainly existed at the outer surface of clusters and were easily
reduced into Cu**. The Cu*! species were considered to be the active sites for
converting NO to N,. When the effect of chitosan was investigated, it was found that
the addition of chitosan created macropores and small domains which provided a
higher capillary force between clusters of silica-aluminosilicate composites leading to
a higher amount of Cu atoms which were trapped inside the pores. However, the
excess Cu atoms and the macropores seem not to be necessary for the enhancing of
NO conversion.
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REDUCTION OF NO OVER COPPER CONTAINING SILICA-
ALUMINOSILICATE CATALYSTS: EFFECT OF CHITOSAN
ADDITION, CORE-SHELL STRUCTURE AND METAL
INCORPORATION TECHNIQUES

INTRODUCTION

During the last decade a growing interest in the pollution problems by the
scientific community, engineers or politicians has arisen, since identification of
nitrogen oxide gas is considered as a participant in the destruction of the stratospheric
ozone layer and in the greenhouse effect (Kramlich, 1994). Nitrogen monoxide (or
Nitric oxide: NO) is one of the most prominent air pollutants, not only affects the
environment but also results in health problems such as carcinomas, sclerosis, tissue
toxicity, arthritis and ulcerative colitis (Tylor, 1997). In addition, it was found that
the main source of NO is the combustion of fossil fuels such as petroleum in the
engines of vehicles or coke in the electrical power plants (Klingstedt, 2006; Helms,
1993).

Nowadays, the increasing of NOy which are gaseous pollution has been
concerned significantly due to their toxicity which considerably affected both living
and non-living organism. Due to the noxious effect of nitric oxide, many researchers
attempt to decrease the level of nitrogen oxide emission by the decomposition of this
toxic gas into other products via several methods. However, presently, only two main
methods for removal of NOy from emission gases are employed namely the three
ways catalysts (TWC), which has been developed for mobile sources and the selective
catalytic activity (SCR), which has been applied for stationary sources such as power

plants and for lean-burn engines (Roy, 2009).

In order to increase the catalytic activity and selectivity for the reduction of
NO, many developments and designs of catalyst have been investigated such as the
using of bimetallic catalyst, supported transition metals and supported noble metals,



as well as controlling the activity and selectivity of such reactions by changing the
architecture of nanoparticles. It was found that acidic supports, e.g. zeolites with

Bronsted acid sites, were helpful to stabilize active metallic, as a result, high activity

and selectivity were achieved on metallic catalysts (Yahiro and Iwamoto, 2001;
Shibata et al., 2004). However, the possessed microporous structure is a limitation of
the mass transfer also the strong acidic site of zeolite may cause a deactivation in the
gas phase, thus the mesoporous materials having medium acidity could be applied in
the abatement of NOy (Karthik et al., 2009). The aluminosilicate is a material
combining the advantages of two types of molecular sieves including the intrinsic
acidities of zeolite and a better mass transfer as well as high abrasive resistance of
mesoporous silica. Moreover, it was found that these composite materials exhibited

more advantageous and higher activity than the mechanical mixtures.

In order to prepare the composite materials there are several techniques being
used such as a two-template system presenting the simultaneous synthesis of
MFI/MCM-41 phases (Karlsson et al., 1999), a top-down and bottom-up synthesis of
zeolite on a mesoporous silica wall (Ogura, 2008), and a plasma-spray technique for
synthesis of the silica—aluminosilicate composites (Cipri et al., 2007). However, most
of these techniques were carried out by means of a two-step process, starting with the
preparation of a zeolite precursor and then following by the use of surfactant micelles
to assemble aluminosilicate species. By using the two-step process and controlling
synthesis conditions such as hydrothermal temperature and crystallization period, the
aggregation of ZSM-5/MCM-41 (Huang et al., 2000; Feng et al., 2008) and
Beta/MCM-41 (Li, 2008; Zhang and Li, 2008) were achieved in each
thermodynamically metastable region. In addition, it was shown that the core—shell
structure of composite materials could be prepared by using the two-step process, e.g.,
the growth of silicalite shell on the surface of HZSM-5 core (Vu et al., 2009), the
composite of ordered mesoporous aluminosilicate core and wormhole structure of

aluminosilicate shell (Zhai et al., 2005).

The synthesis of the novel structure or the unique assembly of composite

materials was supposed to enhance the catalytic properties, for instance, zeolite with



different topologies showed the significantly differences in NO reduction activities
(Sultana et al., 2008), the metal oxide—support interaction affects both the redox
properties and the dispersion of the active metals (Auroux, 2000), also the use of co-
precipitation method to prepare mixed metal-support can improve the sulfur resistance
and increase the activity at low-temperature (Spassova et al., 1999; Si, 2010). Li et
al. 2005, synthesized Cu-ZSM-5 on the surface of honeycomb cordierite substrate to
enhance the thermal and hydrothermal stability of ZSM-5/cordierite for the
conversion of NOy. However, only few researchers reported the synthesis of the
catalysts having core-shell nanostructures to use as selective catalysis and membrane
separation. Zhou et al. 2005 synthesized Pt—Cu bimetallic core—shell nanoparticles
and tested their performance in the removal of NO, the results showed high activity
and selectivity for NO reduction by Hy.

In this work, the mesoporous silica/aluminosilicate composites having core-
shell structure and uniform infiltration were prepared by using one-pot synthesis. The
effect of pH alternation and chitosan addition on the morphology and the development
of large pores were investigated. After that the synthesized products were used as a
support for deNOy reaction by using copper and H, as an active metal and a reactant,

respectively.



OBJECTIVES

1. To synthesize composites of silica/aluminosilicate with different
morphology including silica-core aluminosilicate-shell and uniform infiltration of

silica-aluminosilicate.

2. To study the effect of loading techniques including substitution technique

and incipient wetness impregnation method.

3. To study the catalytic activity and selectivity of the synthesized catalysts

via NO reduction by using H; as a reducing agent over copper active metal.

Scopes

1. To synthesize the mesoporous silica-aluminosilicate composites by using
TEOS and aluminum nitrate as silica and alumina source, respectively, and CTAB-
chitosan as binary templates, and also study the effect of the pH value on phase

arrangements.

2. To characterize physical properties of catalyst; structure and morphology,
surface area, nature and state of metal etc.

3. To incorporate copper metal into the silica-aluminosilicate composites
support by using different procedures including substitution technique and incipient

wetness impregnation method.

4. To determine the influence of core-shell structure on the activity and
selectivity of NO reduction by using H, as a reducing agent at moderate reaction

temperature range.



LITERATURE REVIEW

Mesoporous silica/aluminosilicate composites synthesis

In the past decades until now, mesoporous materials were synthesized to be
used as the catalytic supporters in many reactions such as selective separation, CO,
hydrogenation, stream reforming, water gas shift reaction, and NOy reduction due to
their high surface area and controllable pore size distribution. Especially, mesoporous
silica, inert materials possess a high resistant after severe aging at high temperature.

In order to increase the catalytic activity, the synthesis of catalyst supporter
which contains active metals within the framework was considered. In 1997, Corma
synthesized mesoporous aluminosilicate material and found that the present of
alumina metals inside the mesoporous silica framework would be increased the
acidity of the catalysts. The acid catalyst gives satisfying performances in many
reactions especially in catalytic cracking reaction. In 2004, Chao et al. clarified the
mechanism to incorporate the metals into the silica framework by using an inorganic

which was the precursor of silica and hydrolyzed metal salts in acidic condition (pH ~

0). After that an ammonia solution was added, making the solution became alkaline

(pH ~ 9.0) and co-condensation process was occurred rapidly as shown in Figure 1.

Si(OEt ) Si(OEt)4.4(OH .
(OF Hydrolysis OEexOH: o gensation N /
+ |n acla + |n a”ZaIIn.e XYY SIO'M'O'SI ceoe
M(OR), M(OR),,(OH), - N

Figure 1 The incorporation mechanism of metals inside the silica framework

Source: Chao et al. (2004)



Since there are widely advantages, therefore many researchers have
concentrated on the synthesis of these mesoporous materials. Many researches
involve with the synthesis of silica/aluminosilicate material were found that pore size
distributions, particle sizes, morphology or structure of framework and other
properties all depended on types of precursors, surfactants and also the synthesis
condition (Barrer, 1982). In this part, the background theories of the silica and/or
aluminosilicate synthesis consisting of the preparation of mesoporous material via sol-
gel process, the particle size control and the formation of large mesopores

(macropores) by chitosan addition were described below.

1. The preparation of silica and aluminosilicate porous materials

Basically, there are three main steps to synthesize the mesoporous materials
including micelle chemistry, sol-gel process and calcination. Beak et al. (1992)
proposed two different mechanisms to form mesoporous silica as shown in Figure 2.
The first one was based on the Liquid Crystal Templating (LCT) theory, by using this
technique the molecules of surfactant working as a precursor of a silica framework
preparation. The surfactants are dissolved in the solvent and then aggregated to form a
rod structure called micelles which the hydrophilic head regions are in contact with
surrounding solvent and the hydrophobic tail regions are in the micelle centre. When
the solution is heated during the synthesis process, the micelles assemble and
rearrange to form hexagonal arrays which then are attached with the following added
silicate species. After the hydrolysis and condensation reaction occur the ordered
hexagonal silica is formed. The second mechanism, Beck et al. (1992) proposed that
the formation of hexagonal arrays is formed from the interaction of the added silicate

species, making the micelles rearrange to structure a hexagonal shape.
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Figure 2 Possible mechanistic pathways for the formation of MCM-41: (1) liquid
crystal phase initiated and (2) silicate anion initiated.

Source: Beak et al. (1992)

In 1993, Chen et al. also proposed the mechanism to form the mesoporous
silica that it causes from the rearrangement of organic micelle rods which then are
reacted with the silicate species, creating the thin layers surrounded the outer surface
of micelles. After that the silanol groups (Si-OH) will interact with each other through
a condensation reaction forming a long-range ordered silica framework with very high

thermal stability. The illustration of proposed mechanism is shown in Figure 3.
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Figure 3 Mechanism of silica’s mesopore formation

Source: Chen et al. (1993)
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Commonly, there are four interaction patterns of surfactants and precursors as

shown in Figure 4.

Surfactant Inorganic solution
- . s . +9-
Cationic +  Anionic S
Direct /
path ways \
Anionic  + Cationic ST
+\v-1+
Cationic Anionic S X ||
Mediated | " +
path ways
Anionic + Cationic S—Ml

Examples

Antimony oxide

Tungsten oxide
(pH<7)

M41S, MCM-48

Iron oxide, Lead
oxide

Aluminum oxide

Silica (pH<2)

Zinc phosphate
(pH<3)

Zinc oxide (pH >12.5)

Figure 4 Synthesis of silica mesopores via combination of surfactant and inorganic

solution

Source: Huo et al. (1994)




From the proposed mechanism, it was found that first two patterns showed the
agglomeration between organic surfactants and inorganic silica precursors, having
different charges. The other two patterns must have counter ions to act as
intermediates to connect the organic surfactants and inorganic precursors which have
the same charge together. The common used intermediates are alkaline metal and
halide ion, which has cationic and anionic property, respectively.
Cetyltrimethylammonium bromide (CTAB), which is the cationic surfactant having a
hydrocarbon chain as the hydrophobic tail, a quarternary ammonium ion as the head
group and bromide as counter ion, as shown in Figure 5., is often used for the

synthesis of hexagonal mesoporous silica.

+
/\/\\/\./WW\N/ Br
7o

Figure 5 Chemical structure of Cetyltrimethyl ammonium bromide (CTAB)

Huo et al. (1994) proposed the path way embracing three steps to form
mesoporous silica as shown in Figure 6. First, the molecules of organic surfactants
and inorganic materials which is a silica precursor are interacted through the ion
exchange process, which then the mesophase is formed. Lastly, the condensation
process occurs resulting in the formation of rigid silica framework having the lamellar
phase or hexagonal phase, both phases can be transformed to each other called “phase
transformation”.  As all mentioned above, it would be said that although the porous
materials are formed from different path ways but the hierarchical structure of porous
materials is controlled by the rearrangement of micelle in accordance with the

concentration of surfactant, as schematically shown in Figure 7.
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Figure 6 Schematic show formation mechanism of silica mesopore

Source: Huo et al. (1994)
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Figure 7 Phase sequence of surfactant-water binary system

Source: Myers (1992) and Lawrence (1995).

At low concentrations, the surfactant molecules exist as mono-molecules. As

the concentration increased, the surfactant molecules will aggregate together to form
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micelles in order to decrease the system entropy. The initial concentration threshold at
which single atomic molecules aggregate to form isotropic micelles is called critical
micellization concentration (CMC). As the concentration process still increases,
hexagonal close packed arrays appear, producing the hexagonal phases (Lawrence,
1994). The next step in the process is the coalescence of the adjacent, mutually
parallel cylinders to produce the lamellar phase. In some cases, the cubic phase also
appears prior to the lamellar phase. The cubic phase is generally believed to consist of
complex networks of rod-shaped aggregates (Fromherz, 1981).

According to Myers (1992), the particular phase present in a surfactant
aqueous solution depends not only on the concentrations but also on the
environmental parameters (pH, temperature, the ionic strength, and other additives)
and the nature of surfactant itself (the length of the hydrophobic carbon chain,
hydrophilic head group, and counter ion). Therefore, there was the developing of the
use of bi-trinary template or dual surfactants in order to synthesize the porous silica
having specialize structure such as bimodal porous materials. Sun et al. (2003) studied
the synthesis of mesoporous silica contained two pore sizes by using two different
types of surfactants including cetyltrimethylammonium bromide (CTAB) and
pluronic P123. The synthesized processes could be divided into two steps comprising
of the MCM-41 formation step using CTAB as a template, following by the addition
of pluronic P123 to create the second pore sizes in the framework. These techniques
were considered to be a model for many researched to prepare the bimodal porous

materials which pore sizes could be varied from micropores to macropores.

Even though the silica mesopores possess a high surface area and thermal
stability but when this kind of materials was applied for hydrocarbon cracking
process, it was found that the catalytic activity of pure silica was lower than those of
materials from aluminosilicate family. These could be explained that the acid sites of
aluminosilicate, in particular the Brensted ones (from the tetrahedral coordinated Al),
are the active sites for most hydrocarbon reactions. As a result, many researchers
have been proposed the procedures to induce the large amount of Al into the silica

framework. The acidity of the mesoporous Al-containing MCM-41 catalysts was
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increased with an increase Al incorporation into the framework of the materials. Jana
et al. (2003) revealed four different techniques to prepare the mesoporous
aluminosilicates including sol—gel technique, hydrothermal process, template cation
exchange and grafting method. It was found that a different introduction of Al species
into the silica framework greatly affected the amount of Al loaded and also physical-
chemical properties of the prepared catalysts. The mesoporous Al-containing MCM-
41 catalysts prepared by sol—gel, grafting and template cation exchange methods were
effective for the incorporation of large amounts of Al into the framework of MCM-41,
leading to different catalytic performances, as in these cases, the Al-containing MCM-
41catalyst prepared by sol-gel method showed higher cracking activity, whereas that
prepared by template cation exchange method showed higher dehydration activity.
Also, the ordered mesoporous silica/aluminosilicate could be controlled via synthesis
conditions (Wang, 2005; Yang, 2007).

Li (2006) synthesized the mesoporous aluminosilicates (Al-SBA-15) with low
Si/Al ratios ranging from 1 to 10 using a single-source molecular precursor under
acidic conditions. It was found that the pH values took the effect to the amount of Al
incorporation. At pH lower than 1, the extremely low content of aluminum (Si/Al
ratio of 79.47) in the materials was achieved, this caused from the dissociation of Si-
O-Al bond in the single molecular precursor. However, when the pH was adjusted to
1.5, the Si/Al ratio of the sample was 9.50, implying that the dissociation of Al-O-Si
bond was negligible. One thing should be concerned was the coordination
environment of Al atoms. The %’ Al NMR spectra of samples were shown in Figure 8.
Al-SBA-15 with Si/Al of 10 and 5 showed two resonance peaks at 0 and 50 ppm,
which could be assigned to octahedral coordinated extra-framework aluminum and
tetrahedral coordinated framework aluminum, respectively. In addition to the
resonance at 0 and 50 ppm, the spectra of the samples with Si/Al ratios of 1 and 3
showed another resonance peak at 37 ppm, which can be assigned to distorted penta-

coordinated aluminum species.

However, the mesoporous aluminosilicate can also be synthesized in a strong

basic condition as reported by Yang (2007), who synthesized ordered 2D-hexagonal
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(p6mm) mesoporous aluminosilicates with very low Si/Al ratio of 1.9 in strongly
alkaline media (pH of 14) using aluminosilicate ester ((Bu°0),-Al-O-Si-(OEt)3) as
single-source molecular precursor and CTMABT as surfactant.

Al Alocta

penta

Alietra [

SifAl =1

Si/Al = 3

Si/Al=5

Si/Al =10

T

100 0  -100
Chemical Shift (ppm)

Figure 8 *’Al MAS NMR spectra of the calcined Al-SBA-15 with Si/Al ratios of 1,
3,5and 10.

Source: Li et al. (2006)

2T Al NMR spectrum of as-synthesized mesoporous aluminosilicates showed a
sharp and symmetrical signal centered at 53 ppm, indicating that aluminum atoms
have been successfully incorporated into the mesoporous framework in tetra-
coordinated position. There was very small resonance of Al atoms located in
octahedral position at 0 ppm could be observed, indicative of the presence of a very
small amount of extra framework Al species. These mean all the Al atoms are linked
with Si atoms and there is no cleavage of Si—O-Al linkage present initially in single
source molecular precursor, the homogeneity of Si—O-Al linkages and tetrahedral
aluminum sites are essential and very important in catalysis for activity, selectivity
and stability. From the previous researches, it would be said that the porous silica or
aluminosilicate materials could be synthesized via a sol-gel process with the pore size,
structure, morphology and inorganic contents of the materials were controlled by

types of surfactants, concentration surfactants, temperature, pH values and so on.
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2. Synthesis of silica/aluminosilicate composite materials

The synthesis of composite materials combining the advantages of two types
of molecular sieves has been of great interest as they are of zeolite, with strong
intrinsic acidities providing an important role in acid catalysis, and mesoporous silica,
giving a better heat and mass transfer as well as high abrasive resistance. Moreover, it
was found that these composite materials exhibited more advantageous and higher
activity than mechanical mixtures (Huang et al., 2000; Li et al., 2008; Zhang and Li,
2008). There are several techniques to prepare these composite materials, for
example, a two-template system presenting the simultaneous synthesis of MFI/MCM-
41 phases (Karlsson et al., 1999; Hui et al., 2008), a top-down and bottom-up
synthesis of zeolite on a mesoporous silica wall (Ogura, 2008), impregnation-
recrystallization method of zeolite-silica composites (Hui et al., 2008) and a plasma-
spray technique for synthesis of the silica—aluminosilicate composites (Cipri et al.,
2007). Karlsson et al. (1999), synthesized the composites of micro- and mesoporous
materials: simultaneous synthesis of MFI/MCM-41 by using mixed templates of
CsH13(CH3)sNBr and C14H29(CHs)sNBr. The suitable concentration of templates and
reaction temperatures were studied in order to obtain the fairly complex aggregates of
MFI and MCM-41 type material. MFI-type crystals embedded partly in MCM-41
aggregates, as well as MFI type crystals partly covered with thin surfaces of MCM-41
like material occurred frequently. Hui et al. (2008) studied the crystallization periods
which suitable for the synthesis of the composites of ZSM-5 on the silica gel
microspheres by using n-butyl amine as the template. Silica gel microspheres were
fully impregnated to incipient wetness by an aqueous NaAlO, solution, after drying
process, the impregnated silica microspheres were mixed with an aqueous n-butyl
amine solution, an aqueous sodium hydroxide solution and an aqueous sodium nitrate
solution. This step the channels of the silica gel were filled with the aluminates
source, alkaline source, and template, thus, the entire crystallization reaction occurred
on the silica gel microspheres. Therefore, during the crystallization reaction, the silica
gel played dual roles support and silica souses. Therefore, if the crystallization time
was too short, the amount of synthesized zeolite would be insufficient to cover the

silica gel microspheres but if the crystallization time was too long, the silica gel
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would be consumed gradually as silicon source and finally completely transformed to

ZSM -5 crystals as shown in Figure 9.

Figure 9 Scanning electron microscope (SEM) photographs of the composite
materials with different crystallization times (b): 12 h; (c): 18 h; (d) 24 h

Source: Hui et al. (2008)

Huang et al. (2000) prepared the MCM-41/ZSM-5 composites by using dual
templates, including cetyltrimethylammonium bromide and tetrapropylammonium
bromide, through a process of two-step crystallization. During the pretreatment of
inorganic species and TPA™ cations, the amorphous framework of MCM-41 can be
recrystallized, producing two kinds of MCM-41/ZSM-5 composites. Crystallized
mesoporous MCM-41 containing only short-range ordered ZSM-5structure was first
synthesized in the early stage of the recrystallization. With the increase of
recrystallization time, some discrete micron-sized ZSM-5 crystals were produced and
firmly attached to the loose aggregates of crystallized MCM-41, and another kind of
MCM-41/ZSM-5 composite containing interconnected mesopores and micropore was
therefore obtained. Hidrobo et al. (2003) also exhibited the formation of composites
between commercial zeolite and a sol precursory of aluminosilicate in order to
improve the diffusion of interested species towards active sites. The silica-
alumina/zeolite composites were prepared at room temperature and basic pH by using
the sol-gel method in combination with co-precipitation method.
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However, most of these techniques were carried out by means of a two-step
process, beginning with the preparation of a solution including a zeolite precursor and
then followed by the use of surfactant micelles to assemble aluminosilicate species.
By using this two-step process and controlling synthesis conditions such as
hydrothermal temperature and crystallization period, the aggregation of zeolite/silica
materials were achieved in each thermodynamically metastable region. (Huang et al.,
2000; Li et al., 2008; Zhang and Li, 2008; Hui et al., 2008; Prokes ova’-Fojti 'kova” et
al., 2006). In addition, it was also shown that the using two-step process, the core—
shell structure of composite materials could be prepared e.g., the growth of silicalite
shell on the surface of HZSM-5 core (Vu et al., 2009), the composite of ordered
mesoporous aluminosilicate core and wormhole structure of aluminosilicate shell
(Zhai et al., 2005).

Vu et al. (2009), synthesized silicalite/HZSM-5core-shell composite catalysts
by optimizing the silicalite coating conditions, which was the changing of molar ratios
of silica source and TPAOH structure directing agent (SDA) in the coating solutions.
At low molar ratios of fumed silica SiO, and TPAOH in the coating solutions, a
crystal growth of silicalite layer on the HZSM-5 surface was dominant instead of a
homogeneous nucleation in the solution. Zhai et al. (2005) also prepared core-shell
mesoporous materials comprised of aluminosilicate shell with wormhole framework
structure and well-ordered hexagonal mesoporous aluminosilicate (MSU-S) core as
shown in Figure 10. Obviously, it was demonstrated that the shells had a disordered
wormhole-like pore structure, which was less ordered than that of the interior of the
particles. The core/shell structure was created from the partly degraded of silicates
from the parent MSU-S particles and led to the over growth of a thin aluminosilicate

layer on the retained MSU-S particles.

Nevertheless, only a few studies focused on the synthesis of the core—shell
structure by using one-pot synthesis, which exploited a combination of templating
surfactant and the self-formation phenomenon of porous hierarchy. The formation of
macroporous aluminosilicate with high Al content was mostly attributed to the fast

hydrolysis and polymerization of the aluminosilicate ester, and the ordered



17

mesoporous shell with the lower Al content could only be formed via a surfactant-

templating mechanism (Yang et al., 2009).

Figure 10 TEM images of the shell micro sectioned from the composite material

Source: Zhai et al. (2005)

3. The use of chitosan as a template

There are some catalysts require the large mesopores or macropores in order to
control the reactants and products transfer. Therefore the addition of macromolecule
polymers was used to modify the pore sizes as well as the domain sizes of these
materials (Ishizuki et al., 1991; Aramendia et al. 2004; Zhai et al., 2007; Li et al.,
2008). Chitosan is a low cost, nontoxic and biodegradable polymer. It is produced
commercially by deacetylation of chitin, the molecular structure is formed from the
amino and hydroxyl groups as shown in Figure 11, which make chitosan itself
hydrophilic and poly-cationic property.

In 2000, chitosan biopolymer was first used as the template for the synthesis
of monolithic silica with meso-macropore; the pre radius distribution was polymodal
with maxima at 0.84, 1.0, 1.2 and 1.5 nm, and a broad band between 3 and 10nm. The
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formation of these structures may be due to the aggregation of hydrated chitosan with

different sizes and the gelation of the system (Pedroni et al., 2000)

g
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Figure 11 A schematic illustration of the structure of chitosan.

Source: Pedroni et al. (2000)

Hidrobo et al. (2003) synthesized bimodal micro-mesoporous silica-
alumina/zeolite composites at room temperature using chitosan as a template. It was
found that the present of chitosan leads to the narrower distribution of pore sizes since
the chitosan can form a hybrid precursor with an inorganic network via hydrogen
bond. Next year, Molvinger et al. (2004) also synthesized porous chitosan-silica
hybrid microspheres with two step procedures. First, induce an auto assembling of the
polymer chains as a gel and the second, concern the silica condensation. Depending
on the experimental conditions, a core/shell structure could be formed with the core
was constituted by a homogeneous hybrid, while the shell was pure silica.

Tsai and Li (2006) prepared a hollow silica sphere via chitosan-polyacrylic
acid (CS-PAA) template. In an initial step, the colloidal silica was prepared from
homogeneous nucleation and then was mixed with a solution of CS-PAA particles.
The negatively charged colloidal silica was adsorbed on the positively charged
surface of the CS-PAA particles resulting in the formation of a core-shell structure.
The CS-PAA was removed from the core of the particles by adjusting with HCI to pH

< 1 for obtaining the hollow silica structure as shown in a model in Figure 12.
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Figure 12 The model of formation hollow silica sphere

Source: Tsai and Li (2006)

Due to the chitosan is a natural material and there is a different polymerization
and deacetylation degree of chitosan, these physical-chemical properties significantly
influence the morphology of the synthesized materials. Braga et al. (2009) prepared
hybrid mesoporous spheres of Al and Si oxides using the chitosan as template and it
was observed that chitosan with larger polymerization degree, resulted in a larger
mechanical resistance of the spheres. Since a greater molar mass of biopolymer
requires a greater molar fraction of inorganic material in order to form spheres and the
larger volume of inorganic material will increase the mechanical resistance of the

spheres.

It is also known that the hydrodynamic and theological behavior of chitosan
macromolecules in solution depends on factors such as polymer concentration,
temperature, shear stress, surfactant concentration, hydrophobicity of the polymer and
especially the pH of the solution. Due to the fact that the solubility of chitosan is
depended on the pH value: the in acidic condition chitosan shows the highest
solubility since the hydroxyl group is protonated and the solubility starts to be
decreased as the increasing of pH. At pH value was higher than 6.4 the chitosan will
be aggregated and precipitated, and the phase separation occurs (Kjoniksen et al.,
1997). As shown in Witoon et al. (2008)’s work which proposed that the pH values
played the most important role on the directing of pore sizes in the range of

mesoporous structure of the silica support. The bimodal meso-macroporous silica
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was synthesized by using rice husk ash and chitosan as silica source and template,
respectively. It was found that the formation of mesopores came from the aggregation
of silica species while the formation of macropores was formed from the
decomposition of chitosan template during the calcination process. At the pH value
of 2, the dispersion of chitosan was high resulting in the formation of small pores in
the region of micro-mesopores while at higher pH values there were the cross-linking
between the chitosan and silica, leading the formation of meso-macropores inside the
framework. In 2009, Witoon et al. (2009) investigated the effect of acidity on the
formation of silica—chitosan hybrid materials turning the pH value of the mixture from
2 to 6, and it was found that in a strong acidic condition, the amino groups of chitosan
were highly protonated while the zero charge of silica surface was simultaneously
formed, resulting in the prevention of silica particles aggregation. On the other hand,
at higher pH condition, the dense chitosan network was formed causing the silicate
species can be condensed only in the void of chitosan network, therefore the growth
of the silica framework was limited leading to the decreasing of silica clusters size
and increasing the amount of macroporosity as shown in Figure 13.

Lixia Wang (2010) studied the interaction between chitosan and CTAB
templates during the formation of porous silica, and it was found that the molecular
orientations around the C=0 groups and the NH, groups of chitosan were greatly
affected by adding CTAB at lower pH, corresponding to a slow transition process of
micelles. The work was indicated that micro—meso silica can be synthesized with the
chitosan—CTAB hybrid which the meso-periodity of silica is formed from the inter-
molecular interactions between chitosan and CTAB at proper pH value.
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Figure 13 Schematic representation of silica—chitosan hybrids formation: structure of
chitosan, as-synthesized silica—chitosan hybrids, and porous silica
products synthesized at pH 2(a), pH 3 (b), pH 4 (c), pH 5 (d), and pH 6 (e)

Source: Witoon et al. (2009)
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Removal of NO via reduction process

Selective catalytic reduction (SCR) is one of the main processes applied to
remove NO from the automobile and stationary sources. By using this technique, the
gaseous reactant is added to a stream and is adsorbed on the catalyst surface where the
reduction reaction is taken place, and then NOx will be converted into N, and H,0.
Since the catalysts play the most important role in this process therefore many types
of high active and stable catalysts have been developed in order to apply for SCR
process such as activated carbon-supported catalysts (Papageorgiou et al., 2011),
acidic catalysts (Kharas, 1995), bi-tri metallic catalysts (Hungr’ia et al., 2001,
Pantazis and Pomonis, 2006), and structure-shape controlled porous catalyst (Liu et
al., 2010). Besides catalytic supporters, types and natures of metal, varieties of
reducing agents and operating conditions also considerable affect the catalytic
performance (Tseng et al., 2010; Scholz et al., 2008). In this work, the literatures of
SCR process were studied, especially focusing on the using of silica/aluminosilicate
as a supporter. Besides, the incorporation procedures of metal species into the support
were also described. By using of different techniques were found to be affected the
dispersion of metal and the position where metal particles were deposited, these

related to the catalytic performances.

1. Selective catalytic reduction (SCR) for NOx removal process

In the past two decades, research in the field of NOy abatement has grown
significantly due to the noxious effect of nitrogen oxides (NOy). The major source of
NOy is the combustion of fossil fuels such as petroleum in the engines of vehicles or

coke in the electrical power plants as shown in Figure 14.
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Figure 14 Emission of NOy by source category in USA and European countries

Source: Roy et al. (2009)

It was found that the oxides of nitrogen acts as an essential messenger, which
transmits the necessary information to the white blood cells within the bloodstream to
destroy tumor cells and to the neurotransmitters to dilate the blood vessels (Fritz and
Pitchon, 1997). In addition, NOy also takes an effect on the photochemistry of the
troposphere and stratosphere. NOy catalyzed ozone destruction occurs via the

following reactions:

NO + 03> NO, + 0, Q)

NO,+ O - NO + 0, @)

As a result, many researchers attempt to decrease the levels of nitrogen oxide
emission by decompose this toxic gas in several methods. The main process can be

divided into four major paths based on automobile and stationary sources involved:

(i) NO decomposition;



NO = =Ny +30, AHSys = —86.6 kj /mol

(i1) NO reduction by CO;

NO +CO >N, + CO, AHSyg = —328 kJ /mol
(iii) NO reduction by H, and NHg;

NO + Hy - >N, + Hy0, AHSog = —287 kJ /mol

6NO + 4NH; - 5N, + 6H,0

(iv) SCR (selective catalytic reduction) of NO by H,, NH3 or hydrocarbon.

ANO + 4NH; + 0, - 4N, + 6H,0, AHS% = —1,627 kJ /mol

NO + CH, +>0, >N, + CO, + 2H,0,

AHSos = —847 kJ /mol

©)

(4)

()
(6)

()
(8)
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The above four methods can be reclassified into two majors paths including

the catalytic decomposition of NOy occurs in absence of a reducing agent (i) and the

catalytic reduction of NOy occurs in the presence of a reducing agent (ii—iv) (Roy et

al., 2009). The common reducing agent which was used to remove NO is CO or H,

which is sufficiently presented in the exhaust gas (which typically contains H,, CO,

HC and O,) from the diesel or lean-burn engines (Wen, 2002).

However, in a diesel oxidation catalyst, a number of critical conditions were

identified for which significant deactivation occurred, e.g.: (i) high temperature and

presence of H,O caused significant loss of hydrocarbon storage capacity; (ii) low

temperature, generally in combination with H,O, facilitated adsorption of sulfur

species, which moreover proved to be stable at temperatures above normal operating
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conditions of a typical converter; (iii) loss of catalyst performance at low temperature
due to accumulation of catalyst poisons was equally pronounced as the degradation
occurring from aging at high temperature (Andersson et al., 2007). Therefore, in order
to increase the catalytic activity and selectivity for the reduction of NO there are many
developments and designs of catalyst such as the using of bimetallic catalyst,
supported transition metals and supported noble metals, as well as controlling the
activity and selectivity of such reactions by changing the architecture of nanoparticles.
Moreover, in the last decade, many researchers proposed the architecture of
nanoparticles and surface states of catalyst influence the catalytic properties, for
instance, zeolite with different topologies showed the significantly differences in NO
reduction activities (Sultana et al., 2008), the metal oxide—support interaction affects
both the redox properties and the dispersion of the active phase (Auroux et al., 2000)
and the co-precipitated could improve the sulfur resistance and the low-temperature
activity (Spassova et al., 1999; Si et al., 2010).

2. Catalysts used for SCR process

2.1 The use of silica/aluminosilicate as a supporter

There are different types of materials which were reported as the
candidates for the catalyst of the direct decomposition of NO such as TiO, (Jiang et al
2004), A1,03; (Scholz et al., 2008), MgO (lwamoto et al., 1990) and carbon
(Papageorgiou et al., 2011). However, ZSM-5 zeolite was found to be the most
favorite support for NO removal process due to its own acidic property which
enhances the NO decomposition step (Kharas et al., 1995; lwamoto et al., 1990; Wen,
2002). Iwamoto et al. (1990) presented several works showing a high performance of
copper containing zeolite support. Shibata et al. (2004) also reported that acidic

supports, e.g. zeolites with Brensted acid sites, are helpful to stabilize active metallic

Pt, as a results, high SCR activity and high N, selectivity are achieved on Pt catalysts
on acidic supports. On the other hand, the transition metal exchanged zeolites were
found to be unstable under hydrothermal conditions hence they were unlikely to be

practical catalysts for lean NOy abatement Yahiro et al. (2001). Conversely, it has also
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been reported that the use of silica materials as catalyst supports have remarkable

effects on the activity of the resulting catalyst for NO reduction.

Actually, it was known for a long time that silica mesoporous material
was the good choices to be used as catalytic supporters for many reactions as well as
the selective catalytic reduction (SCR) of NO (Coma, 1997; Kresge et al. 1992).
Shen and Kawi (2003) synthesized Pt supported on siliceous MCM-41, these catalysts
showed better activity for NO reduction than Pt/SiO, and Pt/Al,O3; under the same
reaction conditions, resulting from the larger surface area and pore volume of MCM-
41. Moreover, it was also found that the adsorption amount of SO, over the Pt-MCM-
41 catalyst was much less than those over Cu-ZSM-5 and Cu-MCM-41 (Shen and
Kawi, 2003). As well as Pantazis ’s work showed that Cu/Ce bimetallic loaded
mesoporous silica could be used as catalyst for the simultaneous elimination of all
three major air pollutants; SO, and NO with CO (Pantazis and Pomonis, 2006).
Chmielarz et al. (2006) used the different types of mesoporous silicas (MCM-48,
SBA-15, MCF), reflecting various porous structures, modified with transition metals
for NO reduction. The catalytic performance of the studied samples depended on the
type of silica support used and the method applied for the deposition of transition
metal oxide. The surface acidity of pure mesoporous silica was characterized by
ammonia chemisorptions and was found that MCM-48 support showed no ammonia
chemisorption. Only a very small surface acidity was detected for the SBA-15 silica,
while significantly larger surface concentration of acid sites was measured for MCF
support. Strongly chemisorbed ammonia partially reduced transition oxide species

with the evolution of N, and N,O.

In 1999, Long and Yang (1999) showed the conversion of NO, with C,H,
on copper and/or cerium ion-exchanged AI-MCM-41 compared with Cu-ZSM-5, the

results are showed in Figure 15.
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Figure 15 Conversions of NO, for the SCR reaction on Ce-Al-MCM-41, Cu-Al-
MCM-41, Ce-Cu-Al-MCM-41, and Cu-ZSM-5

Source: Long and Yang (1999)

It was found that the maximum activity of Ce-Cu-Al-MCM-41 was close
to that of Cu-ZSM-5, but the former had a wider temperature window. Moreover, the
using of AI-MCM-41 as the support also showed a high hydrothermal stability after
heating at 800 °C in the presence of H,O. Karthik et al. (2009) also compared the
catalytic activity of Cu-Al-MCM-41 materials synthesized by hydrothermal treatment
method with those of copper ion-exchanged H-ZSM-5 (Cu-ZSM-5) for the SCR of
NO with hydrocarbon. The result was found that the Cu—-Al-MCM-41 catalyst
exhibited a long-term-stability than that of copper ion-exchanged H-ZSM-5 (Cu—
ZSM-5) zeolite based on the deactivation of Cu-ZSM-5 by coke deposition in the
vapor phase. In addition, the presence of aluminum (AI** ions) within the framework
of Cu-Al-MCM-41 stabilized the isolated Cu?** ions thus it led to higher and
stabilized activity in terms of NOy reduction.
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Therefore the incorporation of Al species into the MCM-41 such as
AISBA-15 and aluminosilicate (AI-MCM-41) supports was considered to be a new
material having the strong acid site and enhancing the NO conversion (Brandhorst et
al., 2005; Wu et al., 2010). Oh and Woo (2006) prepared Pt-supported on mesoporous
Al/SBA-15 and Pt-supported on mesoporous SBA-15, the results were found that the
incorporation of aluminum into SBA-15 created acidic sites. With the presence of
acid sites, the performance of NO removal will be enhanced. Also, Wu et al. (2010)
introduced Al species into the framework of Si-MCM-41 support by isomorphous
substitution (Al-M-xs) and wet impregnation (Al-M-xi), and where x indicated the

Si/Al ratio, and Bronsted acid sites can be created in AI-MCM-41. Pt catalysts
supported on Si-MCM-41 and AI-MCM-41 were studied for the selective catalytic

reduction of NO by hydrogen in excess oxygen, the results were showed in Figure 16.
It was found that the N, selectivity over Pt/Al,O3; was the lowest one at the whole
temperature range whereas the N, selectivity of 50-80% can be obtained on Pt/Si-
MCM-41 in the temperature range of 60-160 ‘C. The introduction of Al species to
MCM-41 results in the enhancement of N, selectivity at high temperatures.
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Figure 16 N selectivity during H,-SCR on different Pt catalysts

Source: Wu et al. (2010)
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However, there are different H,-SCR reaction part ways between the use
of Si-MCM-41 and AlI-MCM-41 as supports. Based on in situ DRIFT spectra
observation, Burch and Coleman (2002) proposed the H,-SCR pathway on Pt/Si-
MCM-41 as shown below:

At an initial step, gaseous NO adsorbs on the surface of Pt species as

NO(g) + * — NO* (*: active sites)

Adsorbed NO may dissociate and recombine to produceN; and by-product
N,O

NO*+ * — N*+O*
N*+N*  — Np+2*
N*+NO* — N,O +2*

The adsorbed NO species are oxidized to adsorbed nitrites or nitrates

NO*+ 0O, — NO*/NO3z*
NO2*/NOs* + N* — N3+ N0

In addition, with the introduction of Al species to Si-MCM-41, the
introduction of Brensted acid sites, the adsorbed species on catalysts change greatly
and a different H,-SCR reaction pathway is proposed for Pt/AI-MCM-41 with

Brensted acid sites by Richter et al. (1998) as shown below:

In the initial step, gaseous NO adsorbs as linear NO species on the sites of
Pt. The adsorbed NO species easily dissociate to produced adsorbed N and adsorbed
O
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NO + " — -NO
-NO + " > -N +-0

The adsorbed N may react with active hydrogen to produce —NH; on Pt
sites. This may be possible pathway for the formation of N, and N,O at low
temperature, similar to that on Pt/Si-MCM-41.

N* + N*  — Np+2*
N* + NO* — N,O +2*

Alternatively, the adsorbed N may react with active hydrogen to produce
—NHj3 on Pt sites

N*+3H* — —NH;+3*

The NH** species react with gaseous NO and O, to produce N, and H,0O
with high reactivity and selectivity which then migrate and store on the Brgnsted acid

sites

ANH* + 4ANO + O, — 4N, + 6H,0 + 4H""

These could be concluded that the acidic sites on the support enhanced the
catalytic activity, therefore, in the last decades many reports have been proposed the
use of silica/aluminosilicate as a catalytic supporter for NO removal process as

aforementioned.

2.2 Types and natures of metal species

Several types of metal have been loaded into the supports in order to use
as catalyst for the selective catalytic reduction (SCR). The three-way catalyst (Pt, Pd,
and Rh) has been used commercially in gasoline engines for reduction of NO to N, by

carbon monoxide and hydrocarbons. However, the using of these kinds metals
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becomes ineffective in the presence of excess oxygen (Long and Yang, 1999). Since
reported by Ilwamoto et al. (1990); Held et al. (1990) that copper metal could
selectively reduce NOy by hydrocarbons (e.g., CoH4,C3sHg, C3Hsg, etc.) in the presence
of excess oxygen, this topic has been extensively studied all over the world in recent
years (Long and Yang, 1999). It have been found that copper catalysts could be
applied in a wide range of this reactions such as; photocatalytic NO (Anpo et al.,

1997) and selective catalytic reduction of NO with ammonia (Chmielarz et al., 2005).

Brandhorst et al. (2005) compared the activity of cobalt-, copper-, and
iron-supported on Aluminium-doped mesoporous monolithic silica in the selective
catalytic reduction (SCR) of NO with ammonia in the presence of oxygen at low
temperatures in the range of 373-723 K. It was found that the SCR activity decreased
in the order: Cu > Fe > Co as shown in Figure 17 these results caused from the highly

dispersed of Cu (1) ions.
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Figure 17 Catalytic activities for SCR of NO by ammonia on transition-metal
impregnated aluminosilicate monolith-supported catalytic preparations:
MO-SiAl10Cul0y (m), MO-SiAl10Fe24,y (o), MO-SiAI10Fe35,y (e),
MQ@-SiAl10C0o10m (), MO-SiAI10C015y (A)

Source: Brandhorst et al. (2005)
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Yahiro et al. (1981) introduced copper metal into the FAU-zeolite by ion-

exchange technique and applied to decompose NO. Later in 1995, Centi et al.

proposed the reaction mechanisms of NO decomposition as shown in Figure 18.
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Figure 18 The mechanism for NO decomposition

Source: Centi et al. (1995) in Yahiro et al. (2001)

The preparation techniques involved the incorporation of copper metals

loaded on the supports take an effect on the nature of active metals which affected the
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decomposition of NO. Generally, main processes which were used to prepare or
introduce active metal into the support comprise of ion-exchange (lwamoto et al.,
1991; Long and Yang, 1999; Scholz et al., 2008), wet impregnation (Janas et al.,
2009), substitution technique (Janas et al., 2009) and mechanical mixing (Miha’lyi et
al., 2009). Additionally, the nature and role of copper have been widely discussed
(Janas et al., 2009; Wu et al., 2010).

The Cu-MFI-116 zeolite prepared by ion-exchange technique, copper
atoms were existed as Cu(ll) (50%), Cu(l) (40%), and unknown species (10%)
(Ilwamoto et al., 1991). Mostly, the symmetrical coordination of Cu (Il) ions to four
framework oxygen atoms is the most stable site is hard to be reduced (Wan et al,
2004), however, the selectivity toward N, can also be controlled by types of Cu (II)
species (Wu et al., 2010) while Cu(l) ions can be assigned as the sites where N is
generated from two adsorbed NO molecules (D“ede’cek et al., 2011). It was also
shown that under reaction conditions the copper exhibits dynamic inter conversion
between +1 and +2 oxidation states (Schay et al., 2000], and the active form of Cu?*
on catalyst surface was an intermediate in the decomposition of NO (Liu and Robota,
1994). Chmielarz et al. (2006) used mesoporous silica (MCM-48, SBA-15, MCF)
modified with copper by two different methods; the molecular designed dispersion
(MDD) method and the incipient wetness impregnation method. The samples
obtained by the MDD method have been found to be more active and selective
compared to the analogous samples prepared by the impregnation technique. This
effect related to the nature of metal species which identified on the support surface;
copper in the form of isolated Cu?*cations dominated in the Cu(IMP)-MCM- 48
sample, while for the Cu(MDD)-MCM-48 catalyst, the metals were presented mainly
in the form of clustered species ([Cu—O—Cu]n and bulky CuO clusters).

Cu-Al-MCM-41 could be prepared by a modified hydrothermal method
(Wan et al., 2004). The catalytic activity for NO selective catalytic reduction was
based on the copper exchanged level, and the copper was mainly in the form of
isolated Cu?* ions in Cu-Al-MCM-41 catalysts with copper-exchange level <100%,

whereas at higher copper-exchange CuO species were also present. Janas et al.
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(2009), proposed a two-step post-synthesis method which allows to control the
introduction of copper into SIBEA zeolite and thus to obtain catalysts with isolated
tetrahedral Cu (I1) species (see Figure 19). First, AIBEA zeolite was treated with
aqueous HNOg solution involves the elimination of Al atoms from the framework (1),
followed by the incorporation of copper leading to Cu,SiBEA (2). The reaction was
showed in scheme 1. By using this technique, the copper incorporated in SiBEA
zeolite was present mainly as isolated tetra coordinated Cu(ll) and was very active in
SCR of NO by ethanol with the maximum NO conversion at 573 K of 50% and

selectivity towards N, of 75%.
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Figure 19 The scheme for the formation of Cu,SIBEA by two-step post-synthesis

Source: Janas et al. (2009)

3. Structure of support affecting catalytic performance

Not only the support types that researchers have been tried to investigate but
also they made an effort to develop and search for special characteristics of supports,
Sultana et al. (2008) studied the role of zeolite structure;Pt-ZSM-5, Pt-FER, Pt-MOR
and Pt-BEA, on NO reduction. Pt-MOR was found to be the most active catalyst,
90% NO conversion at 300 °C whereas the ZSM-5, BEA and Y with three
dimensional pore structures extensive carbonaceous deposits were observed. Pt-FER
zeolite having one dimensional pore structure did not allow extensive coke formation
resulting in a highly desired low temperature NO conversion. Palomares et al. (2002)
synthesized zeolite “ITQ7” with 12-member rings and loaded with copper or cobalt

metal. The catalysts showed a high conversion of NO at low oxygen concentration
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and in the absence of water and SO, similarly performance in as other active catalysts
(Palomares et al., 2002). Spassova et al. (1999) co-precipitated unsupported CuO-—
MnO, mixed oxide with a spinel-like structure in order to study the activity of
amorphous catalyst via NOy reduction at low temperature (Spassova et al., 1999). Li
et al. (2005), synthesized Cu-ZSM-5 on the surface of honeycomb cordierite substrate
to enhance the thermal and hydrothermal stability of ZSM-5/cordierite for the

conversion of NO,.

Pranit S. Metkar (2012) synthesized dual layer SCR catalyst comprising a thin
Fe-zeolite layer on top of a thick Cu-zeolite layer as shown in Figure 20, and it was
found that the dual layer Fe/Cu catalyst expanded temperature window of high NO
conversion for SCR process. Based on the fact that Cu-zeolite was very active at
lower temperatures (<350 'C) while Fe-zeolite was more active at higher temperatures
(>400 "C).Therefore sequential brick design with Fe-zeolite brick followed by a Cu-

zeolite brick gave a high catalytic performance over a wide range of temperatures.
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Figure 20 Schematic of the working principle of the dual-layer SCR catalyst of Fe-
zeolite layer on top of a thick Cu-zeolite layer at various temperatures

Source: Pranit S. Metkar (2012)
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In addition, there were also some research studying on the synthesis of catalyst
with core-shell structure which can be enhanced performance of the catalyst for

heterogeneous NOy reduction.

Core-Shell nanoparticles have been interested in the last few years, especially
the heterogeneous catalysts that contain composite materials. Zhou et al. (2005)
compared the catalytic activity and thermal stability between Pt—Cu Core—Shell and
PtCu alloy nanoparticles in the removal of NO. It was found that the Cu-core with Pt-
shell (Cu@Pt) showed the conversion and selectivity higher than Pt-core with Cu-
shell (Pt@Cu) and PtCu. These results may due to the fact that the increasing of
crystallinity of the PtCu alloy catalyst changed surface structure, leading to the loss of
activity during the first three hours. Tao et al. (2008) synthesized the core-shell
Rh0.5Pd0.5 and Pt0.5Pd0.5 bimetallic nanoparticles by using colloidal chemistry
methods and study in situ the structure and composition of catalysts during oxidizing,
reducing, and catalytic reactions involving NO, O,, CO, and H,. The results revealed
that the shell region with Pd substantial was more active than Pt-shell, these caused

from the Pd has a lower surface energy than Pt.

However, the use of core-shell mesoporous silica/aluminosilicate as the
catalyst for NO reduction has not been proposed before. Thus, in this work, the
mesoporous silica-aluminosilicate composite materials composed of mild acidic
aluminosilicate and high abrasive resistant silica were considered to be used as a
catalytic supporter. The copper species were introduced into the composite materials
by substitution technique and incipient wetness impregnation method and then the
nature of the active metal, and the interaction between active metals and their supports
were investigated. Moreover, the formation of core-shell structure under acidic
condition (pH6.5) and the addition of chitosan in order to control the cluster size and
create macro pores in the catalyst as well as the catalytic performances via NO

removal process at moderate temperature (280 C) were also discussed.
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MATERIALS AND METHODS

Materials and Equipments

In this section, the methods for the synthesis of mesoporous silica—
aluminosilicate composites using CTAB and chitosan as binary templates, and the
incorporation techniques of copper metal into the synthesized materials were
described in detail in the first part. While the activity and selectivity of the
synthesized materials which were used as the catalysts for NO reduction process were
expressed in the second part. The materials and equipments used for silica—

aluminosilicate composites preparation and analysis are listed as follows:

1. Equipments for silica—aluminosilicate composites preparation

1.1 Digital hot plate and stirrer (Schott, SLR)

1.2 Magnetic hot plate and stirrer (Schott, SLR)

1.3 Furnace (Carbolite, ELF10/6), (see Figure 21)

1.4 Digital weighing machine (Metler Toledo, AT 400)
1.5 Hot air oven (Binder, GmbH Model FP240)

1.6 Autoclave (made by order), (see Figure 21)

Figure 21 390 ml Teflon-lined home-made design stainless steel autoclave with

circulating air drying oven
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2. Equipmentsand condition for sample analysis

2.1 Surface area and pore size distribution of porous silica products were
analyzed by using N, sorption equipment of Quantachrome Corporation, Autosorbl
as shown in Figure 22. Nitrogen isotherms of the products were measured at -196 C
using a Quantachrome Autosorb-1C instrument.  Prior to Na-physisorption
measurements, the products were degassed at 200 'C for 12 h. The adsorption
isotherms were run at 10°< P/PO < 1.0. Using the nitrogen adsorption data, the
specific BET (Sget) was estimated for P/P, values between 0.05-0.30. The micropore
volume and the micropore surface area of the products were calculated using relative
pressure range of 10™< P/PO < 107 of the Dubinin-Radushkevich (DR) plots. The
pore size distribution was calculated using desorption branch of the Barrett-Joyner-
Halenda (BJH) method. The total pore volume was obtained from adsorption data at
P/Py of 0.99.

Figure 22 Autosorbl, (Quantachrome Corporation)

2.2 The morphology of the products was examined by using a Transmitting
Electron Microscope (TEM, JEOL JEM-2100 LaB6) with an acceleration of 200 kV

as shown in Figure 23. Samples preparation entailed suspension of the samples in
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ethanol and, following this, thermal evaporation of ethanol on a copper grid coated
with a carbon film. The Si/Al ratios of the obtained products were determined by
using TEM-EDS (NORAN).

Figure 23 Transmitting Electron Microscope (TEM, JEOL JEM-2100 LaB6)

2.3 The hexagonal orientation of the mesopore structure was observed by
using a Small Angle X-ray Diffraction Spectroscopy (SAXS, JEOL JDX-3530) with
Cu Ka radiation, 50 kVV/300 mA. The diffraction pattern was recorded in the range of
0.8° to 7° (26) with a step scan of 0.01" and a rate of 0.6" min™.

2.4 The FT-IR spectra of the synthesized products were recorded in the range
of 4,000-400 cm ™' at room temperature using GX FT-IR (Perkin Elmer), equipped
with the Deuterated Triglycine Sulfate (DTGS) detector as shown in Figure 24. Each
sample was coated on the KBr crystal, then ground, and pressed into a tablet form

before analysis.
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Figure 24 GX FT-IR (Perkin Elmer) which was equipped with the Deuterated
Triglycine Sulfate (DTGS) detector

2.5 Diffuse reflectance UV-vis—-NIR (DR UV-vis-NIR) spectra were
recorded on a Lambda 650 PerkinElmer UV/VIS spectrometer equipped with an

integrator and a double monochromator at room temperature and ambient atmosphere.

2.6 The infrared spectroscopy was studied with a Bruker IFS 28 spectrometer

equipped with an MCT detector at a resolution of 4 cm™".

In order to study reduced
samples, the catalyst was pretreated with flowing H, at 320 "C for 1 h. After that each
sample was then cooled to the room temperature at 30 ‘C to collect an interferogram
which was used as the background reference. Subsequently, after purging the catalyst
with 5 mbar of CO at room temperature another interferogram was kept. Following
this, the catalyst was then cooled down again until -100 'C with liquid nitrogen, and
the last interferogram was collected after the sample was exposed again to 5 mbar of

CO.
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3. Materials for the synthesis of silica—aluminosilicate composites and Cu-

containing silica—aluminosilicate composites

The materials used for the synthesis of silica—aluminosilicate compositesand

copper-containing silica—aluminosilicate compositesare listed as follows:

3.1 Tetraethyl orthosilicate (TEOS: 98%, Fluka)

3.2 Aluminum nitrate (AI(NO3)3-9H,0: 98%, APS Ajax Finechem)

3.3 Chitosan (CS: 90% deacetylation, Biolife ELAND)

3.4 Cethyltrimethyl ammonium bromide, (C16H33N (CHz)3-Br, CTAB
(AJAX, No. A147))

3.5 Copper nitrate, Cu(NO3),-2.5H,0 (Ajax Finechem)

3.5 Sodium hydroxide, NaOH (Merck; Purity, 99 %)

3.6 Hydrochloric acid, HCI (J.T. Baker; Purity, 36.5 -38.0 wt. %)

3.7 Distilled water
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Experimental procedures
1. Synthesis of silica-aluminosilicate composites

The mesoporous silica-aluminosilicate composites were prepared by using sol-
gel process, in this work the effect of alternated pH value on the formation of core-
shell structure and the effect of chitosan addition on the development of macrospores
were mainly focused. A mesoporous silica-aluminosilicate composite was prepared
via a sol-gel process by using the material components based on MCM-41 gel
composition (in molar unit) of SiO,:0.2CTAB:100H,0 (Liu et al., 2001), whereas
Al,03/Si0O; and chitosan/SiO, molar ratios were fixed at 0.1 and 2.4x10°°,
respectively. Both ratios were found in the earlier work to yield the highest and most
uniform macroporosity (Witoon et al. 2009; Chareonpanich et al. 2004). At first, an
aluminum nitrate solution was slowly added into CTAB solution that was being
stirred at 40 "C. The TEOS solution was subsequently added into the mixture; at this
stage the pH value of mixture was approximately 1.97-1.98 measured by a pH meter
model CG842, Schott (see Figure 25) and the hydrolysis—condensation reaction was
expected to start. After stirring for 1 h, the pH value of the mixture was then
immediately adjusted to 11.5 or 6.5 using 1M sodium hydroxide (referred to as pH-x)
and the mixture was kept stirring at 40 'C for an additional 5 h.

/ Dropper

1 M of NaOH solution

Synthesis gel

Figure 25 The equipment setup of “pH adjusting” process
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Chitosan solution was prepared by dissolving 0.1 g of chitosan in 30 ml of 2%
acetic acid was slowly poured into the mixture that was maintained the pH at 11.5 or
6.5 (referred to as pH-y). The pH of another sample was adjusted from 11.5 to 6.5
using 1M hydrochloric acid. The obtained mixture was then transferred to a Teflon-
lined autoclave for hydrothermal treatment at 100 'C for 24 h. During this stage, the
hydrolysis—condensation reactions were expected to be formed, the picture of

obtained white creamy gel solution is shown in Figure 26.

Figure 26 White creamy gel solution of silica-aluminosilicate composites after

hydrothermal treatment

Next, the solid product was filtered, washed with distillated water and dried at
80 'C overnight. After that obtained solid powder was grinded into fine particle before
it was calcined in air at 600 'C for 5 h. The achieved white fine powder is shown in

Figure 27.

Figure 27 Fine powder of silica-aluminosilicate composites after calcinations at
600 "C for 5 hours
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In order to investigate the effect of pH of the mixture on the hydrolysis—
condensation stage and the hydrothermal stage, a pH value at each stage was varied as
shown in detail in Table 1. The effect of chitosan was also clarified by repeating the

experiment with a similar procedure but excluding chitosan.

Table 1 The pH value of the mixture at each stage

Sample? Chitosan addition(g) pH-x pH-y
ASC11.5-11.5 - 11.5 11.5
ASC11.5-6.5 - 11.5 6.5
ASC6.5-6.5 - 6.5 6.5
ASP11.5-11.5 0.1 11.5 11.5
ASP11.5-6.5 0.1 11.5 6.5
ASP6.5-6.5 0.1 6.5 6.5

% Products prepared without (P) and with (C) chitosan template, designated as ASPx-y
and ASCx-y where x and y are the pH values during hydrolysis-condensation stage

and hydrothermal treatment stage, respectively.
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2. The synthesis of copper containing silica-aluminosilicate composites

There were two different methods used to incorporate copper metals into the
synthesized silica-aluminosilicate composites, including substitution technique and

incipient wetness impregnation method.

2.1 Substitution technique

The substitution technique was similar to the synthesis of silica-
aluminosilicate composites but before TEOS solution was added, 10 ml of the copper
nitrate solution at different concentration was added instead. In this work, the amount
of copper nitrate was varied between 0.5, 1.0, 1.5 and 2.0 wt.%. Then the whole
process was repeated again in the same way of silica-aluminosilicate composites was
produced. In this case, the final product was defined as SASCx or SASPx which S
referred to the substitution technique, and x referred to the pH values of the synthesis

conditions.

2.2 Incipient wetness impregnation method

By using this method, the silica-aluminosilicate composites which were
synthesized in the first part were used as supports. 1 g of silica-aluminosilicate
composites was impregnated with 5ml Cu(NO3z),-2.5H,0 (Ajax Finechem) solution at
various concentration in order to obtain 0.5, 1.0 and 1.5 wt.% of Cu in final step.
After stirring for 1 hr the slurry was evaporated under stirring at 80 "C until the all the
water was completely vaporized and then it was ground into fine particle before
calcination in air at 600 'C for 5h. The light blue fine powder products were defined
as IASCx or IASPx which | referred to the incipient wetness impregnation method,
and x referred to the pH values of the synthesis conditions.
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3. Catalytic test

All synthesized catalysts were tested their activities for NO reduction to N, by
using Hy as reducing agent, the reaction was carried out in a fixed bed reactor at
atmospheric pressure. The schematic set up for the NOy reduction is shown in Figure
28.

Prior to reaction, the catalyst was activated for one hour under H, flow at 350
°C and then it was cooled to 280 ‘C. The feed composition was 250 ppm NO, 20000
ppm H. and balance He with a catalyst volume of 0.15 g and 12,000 h™* gas hour
space velocity.

250 ppm of NO Gas chromatograph with
5,000 ppm Of H, TCD detectors
BalanceinHe |

‘ 0.15 g of catalyst

Reaction condition:
Total flow 60 ml/min
Gas hour space velocity 12,000 h!
Reaction temperature, 280 °C

Figure 28 Schematic setup for the NOy reduction.

The reactant gases were regulated by a mass flow controller [Aalborg GFC 17]
and the outlet gases were analyzed using a gas chromatograph consisting of Shimadzu
gas chromatograph and a chromatopac data processor (GC-2014) equipped with a
thermal conductivity detector (TCD) (Figure 29). The gaseous products consisted of
N,, NO and H, were analyzed using a Unibead-C packed column at 40°C and using
helium (99.5 % purity) as a carrier gas.



Figure 29 Shimadzu gas chromatograph (GC-2014) equipped with thermal
conductivity detector (TCD) and chromatopac data processor.

The performance of the catalysts was expressed in term of NO conversion

(XNO) and N selectivity (SN2), which were calculated from following equations

NO £ [No]inlet_[NO]outlet

X
[No]outlet

The details of qualitative and quantitative analysis results from gas
chromatographs are reported in Appendix A.
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RESULTS AND DISCUSSION

Results and discussion can be divided into two parts; the synthesis of
mesoporous silica-aluminosilicate composites by using chitosan and CTAB as binary
templates. In this part, the formation of silica-aluminosilicate composites via a sol-gel
process at different pH conditions was described in details, also the addition of
chitosan in order to control particle size and create the macropores, and the effect of
alternated pH on phase arrangements to form homogeneous infiltration and core-shell

structure are also illustrated in this part.

For the second part, the synthesized materials were used as supports and were
tested for their performance via NO reduction reaction under a moderate temperature
(280 "C). Based on the literatures aforementioned above it was revealed that the
position of loaded metal species on the support was one of the factors affecting the
performances of the catalysts. The use of various incorporated procedures makes the
great impact on a nature of active metals. Therefore in this work, copper was
considered to be an active metal and was incorporated into the supports by using two
different techniques; substitution technique and incipient wetness impregnation
method. The effect of support structure including homogeneous infiltration and core-
shell structure of silica-aluminosilicate, the amount and nature of copper were

examined also.
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Synthesis of mesoporous silica—aluminosilicate composite
1. One pot synthesis of silica-aluminosilicate

In the first step of this experiment, all the reagents including aluminum nitrate
and TEOS were mixed together with CTAB micelle solution under acidic condition
(the initial pH = 2.0). Under this strong acidic condition, TEOS solution was rapidly
hydrolyzed and formed silicate species (SiO4)*surrounding the hexagonal arrays of
CTAB micelles. This phenomenon could promote the formation of Si-O-Si bonding,
whereas the formation of Al-O-Si bonding hardly occurred because it was easily
dissociated under this condition (Li et al. 2004; Brinker et al. 1990; Mehner et al.
2010). Consequently, only the mesoporous silica framework was formed through the

hydrolysis-condensation of the silicate species via a surfactant-templating mechanism.

After the solution was cured in a strong acidic condition for 1 h., the pH of
solution was slowly adjusted to 6.5 and 11.5 by using 1 M NaOH. At higher pH,
AG i Of cross-condensation between Si(OH)4 and Al(OH); was found to be highly
negative (Tagirov et al. 2004; Fedeyko et al. 2007) resulting in the spontaneous
formation of the silica-alumina composite. Therefore, the formation of composite
materials between silica and aluminosilicate was possible to be prepared by using
one-pot synthesis. The self-organized formation of silica-alumina was confirmed by
the FT-IR and NMR.

Basically, the IR vibrational bands are characterized by their frequency
(energy), intensity (polar character or polarizability), and band shape (environment of
bonds). Since the vibrational energy levels are unique to each molecule, the IR
spectrum provides a “fingerprint” of a particular molecule and is able to indicate the
functional groups in a molecule. The FT-IR spectra of samples are shown in Figure 30
which confirms the formation of silica-aluminosilicate composites prepared with
CTAB and chitosan. Similar to the results reported by Wang et al. (2005), the bands
in the region of 400-600 cm™ and close to 550 cm™ represent the existence of silica

Si-O-Si and M-O-Si (where M is metal), respectively. The existence of
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aluminosilicate having different numbers of ring members was confirmed by the
absorption bands in the range of 400-800 cm™ (Lei et al. 2008). Moreover, the corner
linkage of (AlO4)®> and (SiO4)* forming aluminosilicate was confirmed by the
vibration band of Al-O-Si stretching at 570 cm™ while the most intense band in the
range of 950-1,200 cm™ reveals asymmetric Si-O and Al-O stretching (Mozgawa and
Sitarz 2002; Blackwell 1979).

Transmittance

—ARSCI11.5-11.5

--------- ASC11.5-6.5

—ASC6.5-6.5

2000 1600 1200 800 400

Wavenumber (cm!)

Figure 30 FTIR spectra of the mesoporous silica-aluminosilicates synthesized by

using CTAB-chitosan template

In order to prove that the Al species were introduced and formed bond with
the silica framework, the local Al environment and molecular structure of synthesized

materials were determined by a solid state NMR spectroscopy. As reported in many
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works (Yang et al. 2007; Wu et al. 2010) that the isotropic chemical shifts of Al
species are specific to their coordinated environment atoms. The tetrahedrally
coordinated Al in the framework always shows the resonance peak at around 50 ppm
while the resonance at around 0 ppm corresponded to the Al atoms in octahedral
position. The aluminum species of silica-aluminosilicate composites prepared without
chitosan addition (ASP) at different pH conditions including constant pH 11.5
(ASP11.5-11.5), alternated pH11.5-6.5 (ASP11.5-6.5) and constant pH6.5 (ASP11.5-
6.5) were clarified by an ’ Al MAS NMR spectroscopy as shown in Figure 31.

ASP11.5-11.5

ASP11.5-6.5

ASP6.5-6.5

200 150 100 50 0 -50 -100 ppm

Figure 31 #’Al MAS NMR spectra of porous silica-aluminosilicate prepared without

chitosan

It is clearly observed that all the samples exhibited two signals peaks with
similar chemical shift at about 44 (1) and -10 ppm (I1). The first peak corresponds to
tetrahedral (AlO,) and the second peak relates to octahedral (AlOg) aluminate
(Phillips et al. 1995; Lippmaa et al. 1986). However, the ratio of peak intensity
between 4- and 6- coordinated aluminum of ASP11.5-11.5 is above 4, while they are
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close to 1 for ASP11.5-6.5 and ASP6.5-6.5. This comparison reveals that most of the
aluminum of the ASP11.5-11.5 sample favorably incorporated into the silica
framework in the tetrahedral coordinated position as (AlO4)>, and only a small
number of octahedral Al,O3; was formed. On the other hand, for ASP11.5-6.5 and
ASP6.5-6.5 there was a significant amount of Al,O3; formed. This Al,O3 might come
from the unbound tetrahedral aluminate and the unreacted AlI(NO3); that was trapped
inside the pores and subsequently converted to Al,O3 after calcination. It should be
noted that even rinsing with water for several times the trapped Al(NOgs); was hardly
leached out due to the capillary force inside the pores. Since the cethyl
trimethylammonium bromide (CTAB) was used as a pore structure-directing agent,
therefore in the suitable conditions, the CTAB micelles will aggregate and hexagonal
close packed arrays will be appeared, producing the hexagonal phases as mentioned

above in literatures. Figure 32 shows the ordered hexagonal structure of ASC6.5-6.5.

Figure 32 TEM image of ordered hexagonal structure of ASC6.5-6.5.

Theoretically, the main characteristic planes representing the hexagonal pore
structure of porous materials are observed by the small angle X-ray diffraction
(SXAS) at (100), (110) and (200). Figure 33 shows the SXAS of materials
synthesized with chitosan addition at different pH values; ASC11.5-11.5, ASC11.5-
6.5 and ASC6.5-6.5.
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Figure 33 Small angle X-ray scattering (SAXS) patterns of silica-aluminosilicate

synthesized with CTAB-chitosan template at various pH values

It is clearly seen that the corresponding peaks of ASC11.5-6.5 have the lowest
intensities implied the least order of the hexagonal pores. This could be attributed to
the effect of pH value alternation (pH change from 11.5 to 6.5) on the deformation of
the hexagonal framework of ASC11.5-6.5. While under a strongly basic condition at
pH 11.5, the size of the mesopores corresponded to the size of micelle of a cationic
surfactant CTA", therefore the fundamental hexagonal mesostructure was constructed
by self-assembly of anionic species and cationic CTA® micelles through an
electrostatic interaction. Conversely, a decrease in pH increased the amount of the
suppressant or spacer micelles and also resulted in a decreasing of negative charge of
silica species, and then the ordered array of the template micelles in the particles was
degraded. Therefore both products synthesized at fixed pH 6.5 and alternated pH
from 11.5 to 6.5 were shown the same results that was a lower peak intensity
compared to that of products synthesized at 11.5. In addition, ASC11.5-6.5 showed a

lower order of the hexagonal pores, which resulted from a more disturbed of a system.
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2. pH affecting the formation of core-shell structure

In this work, the alternated pH values were the most important factor which
affected not only the formation silica and aluminosilicate but also the formation of the
special structure that was a core-shell structure. These may cause from the solubility
of silica framework changes with the pH, leading to the changing of hierarchical
morphology. In the series of experiments, since the solubility of silica framework was
significantly increased at pH higher than 10 (Rimer et al. 2005) and in a strong basic
condition the Si-O-Si bonds were hydrolyzed to form Si(OH),. Therefore when the
pH was raised up to 11.5, the primary mesoporous silica matrix was then partially
dissolved back into the solution. Simultaneously, under the same basic condition, the
tetrahedral aluminates AI(OH), were favorably created and could subsequently
penetrate into the matrix and finally incorporated with the available silicate to form an
aluminosilicate framework. Thus, the composite of mesoporous aluminosilicate
uniformly infiltrated in mesoporous silica was then established as shown in Figure 34
(a, b), which shows the TEM images of the products synthesized without and with

chitosan, respectively.

Figure 34 TEM images of porous silica-aluminosilicate prepared without chitosan
(a) ASP11.5-11.5 and with chitosan (b) ASC11.5-11.5
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Conversely, when the pH of the mixture was raised up from 2.0 to 6.5, the
dissolution of the silica framework hardly occurred. Therefore, the primary
mesoporous silica still remained as the dense matrix. At this condition, the aluminate
tetrahedra could be formed and subsequently corner-linked with the unbound silicate
tetrahedra starting from the outer layer of the dense silica matrix. As a result, the self-
assembled core-shell mesoporous silica-aluminosilicate composites were then
fabricated. The TEM images of these composites synthesized without and with

chitosan at pH 6.5 are shown in Figure 35.

Figure 35 TEM images of porous silica-aluminosilicate prepared without chitosan
(a) ASP 6.5-6.5, and with chitosan (b) ASC6.5-6.5

However, the unbound aluminate tetrahedra that still remained in the form of
AI(OH), were connected together, creating the octahedral Al,Os. This phenomenon
was confirmed by the NMR results presented in Figure 31 as discussed earlier.

On the other hand, when the pH was alternated from the raising to 11.5 and
then dropping to 6.5 (ASP11.5-6.5 and ASC11.5-6.5), the mixed phases between
core-shell and uniformly infiltrated mesoporous silica-aluminosilicate composites
were accordingly formed (Figure 36 (a), (b)).



Figure 36 TEM images of porous silica-aluminosilicate prepared without chitosan
(a) ASP11.5-6.5 and with chitosan (b) ASC11.5-6.5

The formation mechanism of a uniform infiltrated silica-aluminosilicate and a

silica-core aluminosilicate-shell structure is simplified and shown in Figure 37.
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Figure 37 Diagram showed the formation mechanism of mesoporous silica-

aluminosilicate materials synthesized at pH 6.5 and 11.5.
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Figure 38 shows the STEM and TEM images of the cross-sectional view of
the ASC6.5-6.5 sample.  The core-shell structures of mesoporous silica-
aluminosilicate composites are clearly observed. In the core area, the well-ordered
hexagonal pores of a MCM-41-like structure were exhibited, while, in the shell
having 15-20 nm thickness, the less-ordered hexagonal orientation of aluminosilicate

was observed.

100/nm| S0 nm|
— —

Figure 38 STEM and TEM images of the cross-sectional view of silica-
aluminosilicate prepared with CTAB-chitosan at pH 6.5 (ASC6.5-6.5)

The EDS analysis was also used to determine the average Si/Al molar ratio of
the clusters formed with different conditions. The result is summarized in Table 2.
The details of sample preparation for TEM, EDS and raw data are reported in
Appendix D.
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Table 2 Silica-alumina ratios of synthesized materials detected by EDS

Sample Si/Al?
ASC115-115 23.39
ASC11.5-6.5 27.75
ASC6.5-6.5 29.38
ASP11.5-11.5 24.38
ASP11.5-6.5 29.02
ASP6.5-6.5 33.84

& Calculation of Si/Al from EDS X-ray point analysis.

It was found that the Si/Al ratio decreased in sequence with the increase of pH
during the hydrolysis-condensation stage. This was due to the core-shell mesoporous
silica-aluminosilicate formed at pH 6.5 (both without (ASP) and with chitosan
template (ASC)) composed of mainly dense cores, in which aluminate species hardly
penetrated to react and form aluminosilicate. Additionally, the solubility of alumina
was found to increase with increasing pH value (Fedeyko et al. 2007). Aluminum
hydroxide has low solubility in water at the intermediate pH values. However, further
increasing the pH value could shift the equilibrium. The soluble aluminate ions

(Al(OH)4 ") were finally formed through following steps (Gregory and Duan 2001):

Al¥*— AI(OH)**— AI(OH),"— AI(OH);— AI(OH)4

Therefore, when the pH value was raised to 6.5, only small amounts of
aluminate species were generated and reacted with the dense mesoporous silica core
to form aluminosilicate shell. On the other hand, at the strong basic condition (pH
11.5) a large number of soluble aluminate tetrahedra were favorably formed together
with the loosening of the silica matrices as mentioned earlier. Thus, the infiltration of
aluminosilicate into the silica matrices was formed. As a result, the highest aluminum

contents (lowest Si/Al) were detected. However, when the pH was raised to 11.5 and
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then dropped to 6.5 (ASP11.5-6.5 and ASC11.5-6.5), the Si/Al ratios were found to
be in between those of ASC11.5-11.5 and ASC6.5-6.5.

It should be noted that Si/Al ratios of the composites synthesized without
chitosan template (ASP) were slightly higher than that of the products synthesized
with chitosan in all pH conditions. This should be attributed to the electrostatic
adhesion between aluminum species and chitosan, retarding the aluminum species

leached during the washing step (Falco 2009).

In order to prove that the core section of an ASC6.5-6.5 sample comprises
only silica, the aluminosilicate shell was removed before examining by an EDS. The
solution containing 12 wt% HCI and 3 wt% HF was used to leach a core—shell sample
(ASC6.5-6.5) following a method previously reported by Bertaux and Dowell (1989),
and only shell part was expected to be leached out. Then, the sample was analyzed by
a TEM with an EDS mode. It was clearly observed that after leaching process, the
domain size became smaller and a core—shell structure was not observed as shown in
Figure 39 (a)-(b). Moreover, when an EDS mode was applied for identifying all
elements in the sample, it was found that only silicon (Si) and oxygen (O) atoms are
detected without any aluminum (Al) atoms existed (Figure 39 (b)). Therefore, it could
be concluded that the core of the ASC6.5-6.5 sample comprises only silica.
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Figure 39 TEM image of core-shell ASC6.5-6.5 before shell leaching (a) and EDS
element of ASC6.5-6.5 after a leaching of shell (b)
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3. Effect of chitosan addition on the formation of macropores

Chitosan, a natural biodegradable polymer, has been reported to exhibit the
potential function in controlling the cluster size of the mesoporous silica products.
These may due to the fact that there is an electrostatic interaction between positively
charged NH** along chitosan molecules and negatively charged silicate species,
promoting the formation of silica-chitosan composite. However, pH values below 4,
the crystallinity of chitosan decreases due to the electrostatic repulsion between
protonated amine groups. Conversely, NHs" groups on chitosan are mostly
deprotonated by OH  under the alkaline condition and the positive charges of chitosan

are neutralized, leading to coagulation of chitosan macromolecule (Mi et al. 2003).

Figure 40 shows TEM images of silica-aluminosilicate composites synthesized
at pH 11.5 without chitosan ASP11.5-11.5 (a) and with chitosan ASC 11.5-11.5 (b). It
was clearly observed that the domain sizes of silica-aluminosilicate composites
synthesized without chitosan ASP11.5-11.5 did not significantly change compared to
that with chitosan ASC 11.5-11.5.

Figure 40 TEM images of silica-aluminosilicate composites prepared without
chitosan (a) ASP 11.5-11.5, and with chitosan (b) ASC11.5-11.5
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It could be explained that the formation of these nanoparticles was controlled
by the rate of hydrolysis and condensation. Under strong basic condition the rate of
the condensation reaction was faster than that of the hydrolysis reaction, leading to the
formation of isolated clusters (Mozgawa and Sitarz 2002). Moreover, due to chitosan
coagulation under strong alkaline condition, it rarely affected the domain size of
silica-aluminosilicate composites. On the other hand, under weak acidic condition
(pH 6.5), the condensation polymerization of silica and aluminosilicate networks
constantly occurred. However, under the presence of chitosan that was much better
dissolved than under alkaline condition, the growth of the domains was consequently
limited compared to similar experiments without chitosan. This evidence can be seen

in Figure 41.

Figure 41 TEM images of silica-aluminosilicate composites prepared without
chitosan (a) ASP 6.5-6.5, and with chitosan (b) ASC6.5-6.5

In addition, the products synthesized with chitosan template revealed a
relatively high macroporosity. This can be attributed to the encapsulation of
coagulated chitosan and after calcination it was removed leaving macropores within
the matrices. The schematic in Figure 42 shows the function of chitosan addition on

the formation of macroporosity in the structure.
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Figure 42 The schematic formation of macropores by chitosan addition
Source: Witoon et al. (2009)

The BET surface areas, micropore surface area and pore volumes of porous
silica-aluminosilicate products are summarized in Table 3  With chitosan, the
macropores (>100 nm) were formed in significant numbers for all conditions due to

the chitosan encapsulation as described earlier.

Table 3 Physical properties of mesoporous silica-aluminosilicates composites

Sample? Sger Vi Vinaco.  Vimicro® Smicro”

(m’fg)  (cc/g)  (cclg)  (cclg)  (MPg)

ASC11.5-11.5 1610 2.05 0.95 0.41 1167
ASC11.5-6.5 1595 2.53 1.26 0.36 1011
ASC6.5-6.5 1428 1.85 0.79 0.35 1079
ASP11.5-11.5 1484 1.15 0.25 0.40 1148
ASP11.5-6.5 1359 1.68 0.69 0.36 1006
ASP6.5-6.5 1288 1.21 0.30 0.33 943

% Products prepared without (P) and with (C) chitosan template, designated as ASPx-y
and ASCx-y where x and y are the pH values during hydrolysis-condensation stage
and hydrothermal treatment stage, respectively.

b¢ Calculation of micropore volume and surface area from DR equation.
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The N, adsorption-desorption isotherms and corresponding pore size
distributions (PSD) are shown in Figure 43 and Figure 44, respectively. It was clearly
observed that all the samples are classical of type 1V, characteristic of mesoporous
materials. The adsorption isotherms of samples prepared with chitosan all exhibited a

steep inflection point at P/Py = 0.95, thus indicating the large macropores
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Figure 43 N; adsorption-desorption isotherms of ordered mesoporous silica-
aluminosilicate prepared (a) with chitosan template and (b) without

chitosan template

Bimodal mesopores with narrow PSDs in the diameter range of 2.5-4.0 nm
were observed from both without and with chitosan samples. The existences of
bimodal mesopore structures were the result of the formation of the core-shell and the
uniformly infiltrated mesoporous silica-aluminosilicate composites at relatively low
and high pH values. The first peak at ~ 2.5 nm, which has a larger peak area, should
be belonged to mesoporous silica that was the main matrix controlled by CTAB,
whereas the smaller peak at ~ 3.5 nm should be belonged to the aluminosilicate shell

and the infiltrated aluminosilicate inside the silica matrix. It was found that the
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infiltrated aluminosilicate inside the silica matrix showed the highest microporosity

and the addition of chitosan molecules did not significantly alter the microporosity.
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Figure 44 Pore size distribution of ordered mesoporous silica-aluminosilicate
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DeNOy reaction by H,

1. Synthesis of Cu-containing silica/aluminosilicate composites

In this work, two different procedures were used to introduce copper metal
into silica-aluminosilicate supports including substitution technique and incipient
wetness impregnation method. However, only the products having unique physical
properties including core-shell structure (products synthesized at pH 6.5-6.5) and the
uniformed infiltration (products synthesized at pH 11.5-11.5) were tested for NO
reduction in order to investigate the effect of specific active area on the catalytic

performance.

Based on the substitution technique, the level of copper species which were
substituted instead of aluminum position were limited. Therefore, it was necessary to
determine the maximum amount of aluminum which could be incorporated without
leaving the unbound species. The amount of copper loaded on uniformed infiltration
structure of silica-aluminosilicate (ASC11.5) was varied from 0.5, 1.0, 1.5 and 2.0
wt%, following the substitution procedure as mentioned in the experimental part. The
excess copper species would be formed a crystalline structure of CuO which could be
detected via X-ray diffraction spectroscopy. The spectra of all synthesized materials
are shown in Figure 45. The results were found that only the sample containing the
highest amount of copper of 2.0 wt% exhibiting two diffraction peaks at 26 = 35.7
and 39.0’, these two peaks corresponding to CuO phase (Lin at al., 2010). While, both
of them were not presented in other samples which contained a lower percentage of
copper metal. It could be implied that copper species were totally incorporated inside
the framework. Therefore, the amount of copper used in this work was studied in the

range between 0.5-1.5 wt%.
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Figure 45 XRD spectra of mesoporous silica-aluminosilicate composites with

various amount of copper loading from 0.5-2.0 wt%

Table 4 presents the physical properties of Cu-containing silica—
aluminosilicates composite materials. It was found that by using substitution
technique, the total pore volume and average pore diameter were increased while the
total surface areas of all any supports were decreased reasonably after 1.5 wt% of
copper species were introduced into the silica-aluminosilicate composite. These
results could be implied that the hexagonal pore structure might be distorted due to
the substitution of aluminum species by copper species which having a smaller atomic
radius, therefore the hexagonal structure was partially deformed resulting in the
increasing of pore sizes.
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Table 4 Physical properties of Cu-containing mesoporous silica—aluminosilicates

composite Materials

Samples Surface area Total pore Avg. pore Copper content
(m2/g) volume diameter (%)
ASC11.5-11.5 1783 1.83 40.86 -
SASC11.5 + 1.5% 1387 251 47.63 1.61
ASC6.5-6.5 1350 2.13 40.27 -
SASC6.5 + 1.5% 1234 2.48 47.65 1.12
ASP11.5-11.5 1813 1.38 30.44 -
SASP11.5 +1.5% 1767 1.68 38.10 1.23
ASP6.5-6.5 1468 1.12 30.69 -
SASP6.5 + 1.5% 1381 1.26 34.15 0.95

All samples exhibited the characteristic plane at (100) whereas the diffractions
peaks that can be indexed as (110) and (200) were not present obviously comparing to
the mesoporous silica-aluminosilicate those synthesized without copper loading

shown inset.

The data was confirmed by small angle X-ray diffraction (SAXS) patterns
(Figure 46) of both mesoporous silica-aluminosilicate synthesized with and without
chitosan template at 1.5 wt% copper.



69

—SASCI115+15

Intensity (a.u.)

SASC65+15

—SASP115+15

Intensity (a.u.)

—SASP65+1.5

0 1 2 3 4 5 6
2 theta ( degree)

Figure 46 SAXS of mesoporous silica-aluminosilicate composites with 1.5 wt%

copper loading, prepared by substitution technique.

TEM images in Figure 47 (a) and (c) show the silica-aluminosilicate
composites of ASP11.5 and ASP6.5. Images clearly demonstrated that the products
synthesized in a strong basic condition (pH 11.5) showed the uniformly infiltrated
aluminosilicate in the silica matrix (Figure 47 (a)) while the materials prepared under
slightly acidic condition (pH 6.5) visibly revealed the silica-core and aluminosilicate-
shell composites (Figure 47 (c)), the formation of core-shell structure was clearly
described in the synthesis part. Figure 47 (b) and (d) show the images of samples
with the incorporation of 1.5 wt% of copper by substitution technique which was
SASP11.5+1.5 and SASP6.5+1.5. It was found that the core-shell structure of
SASP6.5+1.5% was still preserved after the copper was substituted into the
framework as shown in Figure 47 (d).
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Figure 47 TEM images of mesoporous silica-aluminosilicate composites without
copper loading ASP11.5 (a) and ASP6.5 (c), and with copper loading
SASP11.5 + 1.5 (b) and SASP6.5+1.5

2. Nature of copper species

The existence of Cu-O was confirmed by FTIR (GX FTIR, Perkin Elmer)
(Figure 48), a Cu®*-O% stretch mode peak exhibiting at around 1400 cm™(Li 2008).
The comparison between samples synthesized via substitution technique with and
without chitosan addition was clearly seen that the peak intensity of the sample
synthesized with chitosan (SASC11.5 + 1.5%) showed a higher peak intensity than
those prepared without chitosan addition (SASP11.5 + 1.5%), suggesting that there
were a small amount of CuO presented in the sample prepared without chitosan. In
other words, the addition of chitosan helped trapping the copper metals during the

washing process, leaving the copper species in the form of CuO.
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Figure 48 FTIR spectra of mesoporous silica-aluminosilicate composites with 1.5
wit% copper loading, which were prepared by substitution technique with

and without chitosan addition

On the other hand, in case of sample prepared by impregnation method
(IASP11.5+1.5), all added copper was assumed to be constant for the whole process.
After the sample was determined by FTIR, it was found that the peak intensity of Cu-
O stretching was as much as in case of SASC11.5 + 1.5%. It could be indicated that
by using the impregnation method, copper species were mainly existed in a form of
CuO. Even though the copper species were introduced via a substitution technique but
not all of them were incorporated in the tetrahedral position and there were some of
CuO left in the sample. The results related with the amount of copper contents which
were determined by XRF and were shown in Table 4. In order to study the oxidation
state of metal, the diffuse reflectance UV-vis-NIR spectroscopy was applied. The
catalysts synthesized by substituting technique with 1.5wt% copper were
characterized by UV-vis-NIR spectroscopy in the wavelength between 220-850 nm

(Figure 49) and it was found that all of them exhibited the sharp peak at around 240
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nm and broad peak 820 nm which could be attributed to charge transfer between
lattice oxygen and Cu?*, and d-d electron transition of isolated Cu (I1) in tetrahedral

coordination (Janas et al 2009; Dzwigaj et al. 2008).
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Figure 49 UV-vis-NIR spectra of products synthesized with and without chitosan at

various amount of copper contents

The data was clearly seen that both samples synthesized with and without
chitosan in a strong basic condition possessing the uniformed infiltration structure
(SASP11.5+1.5 and SASC11.5+1.5) showed higher peak intensity than samples
having core-shell structure (SASP6.5+1.5 and SASC6.5+1.5). These results indicated
that with the uniformed infiltration structure the large amount of copper could be
incorporated and positioned in the tetrahedral coordination instead of aluminum
species. Whereas in case of samples with core-shell structure, there were less amount
of Cu (Il) in tetrahedral coordination detected, resulting from the fact that there was
only the shell area where aluminum species existed while the core area were mainly
belonged to silica framework. Therefore, the replacement of copper and aluminum
atoms were limited. When the effect of chitosan addition was considered, the samples

with chitosan (SASC11.5+1.5 and SASC6.5+1.5) showed a lower peak intensity than
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sample prepared without chitosan (SASP11.5+1.5 and SASP6.5+1.5). These could be
suggested that there were a few amounts of copper species that could be incorporated
into tetra-coordinated position of aluminosilicate framework and they were mainly
existed in a form of CuO although the products prepared with chitosan occupied
higher total amount of copper than the products prepared without chitosan as data
shown in Table 4 and FTIR spectra. In addition, the present of Cu (Il) in tetrahedral
coordination in the framework of samples prepared by substitution technique and
incipient wetness impregnation method is also shown in Figure 50. Clearly, there
were only few copper species which could replace the aluminum positioned in the

framework by using the impregnation method.
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Figure 50 UV-vis-NIR spectra of products synthesized via substitution technique and

incipient wetness impregnation method

The nature of Cu species was also observed from the IR spectra, there are
reported that Cu supported on MCM-41 with low copper content shows CO
adsorption bands similar to those observed on all zeolite types in which the band in
the region of 2135-2151 cm "' represented the existence of Cu*-CO (Nachtigallova et
al. 2001). Figure 51 shows the IR spectrum of adsorbed CO at low temperature (-
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100°C) of SASP6.5+1.5% and IASP6.5+1.5% after they were reduced at 320 ‘C, the
IR spectra of both samples exhibited the two sharp peaks at 2150 and 2169 cm™. The
former peak could be attributed to the stretching frequencies of dicarbonyls bands of
isolated Cu” site while later could be defined as the Cu®* ions embedded in the silica
matrix. However there were no peaks presented at the frequencies below 2110 cm™,
this band can be assigned to Cu’~CO species, indicating that there were no Cu® but
mainly Cu® existed on the catalyst surface after the reduction process (Joyner and
Shpiro 1994).
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Figure 51 IR spectrum of CO adsorbed at -100 'C on SASP6.5+1.5% and
IASP6.5+1.5% after reduction at 320 'C

3. Catalytic performance

Due to the pH values play an important role in hydrolysis and polymerization
of silicate species, the formation of the core—shell structure of silica—aluminosilicate
composites were obtained under mild acidic condition (pH 6.5), whereas the

uniformly infiltrated aluminosilicate in silica matrix was formed at high basic
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condition (pH11.5) (Chamnankid et al. 2011). By using the incipient wetness
impregnation method, the samples having core-shell structure exhibited a higher
catalytic performance for NO reduction process than those having a uniformed
infiltration structure as shown in Figure 52. These could be described that the
aluminosilicate-shell creating the specific active sites surrounding the outer surface of
the cluster therefore it was more easily for Cu** to be reduced into Cu**. Moreover, it
was clearly observed that NO conversion was increased with the increasing of Cu
contents. After running the reaction for 3 h., IASP6.5 + 1.5% sample showed the
highest NO conversion at 59%, the results could be described that the higher amount
of loaded Cu providing the higher Cu® active sites (after reduction process), which

NO could be adsorbed and decomposed into N, easily.
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Figure 52 NO conversion of IASC and IASP samples at various copper contents
(0.5-1.5 wt%)

On the other hand, the activity of all catalysts prepared by substitution
technique increased when the amount of Cu was increased from 0.5% to 1% but at the
highest amount of Cu loading (1.5 wt%), the conversion of NO increased only with
the products possessed the uniformly infiltrated aluminosilicate in silica matrix
(SASC11.5 and SASP11.5) as data shown in Figure 53. In other words, the catalytic
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activities of catalysts possessed core-shell structure were found to be dropped

significantly.
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Figure 53 NO conversion of SASC and SASP samples at various copper contents
(0.5-1.5 wt%)

These results could be explained that the composite materials synthesized at
pH 6.5 providing the core-shell structure of silica-core and aluminosilicate-shell had a
limitation of Cu incorporation because only the tetrahedral coordinated Al species
located in the outer layer of the cluster domain that could be replaced by the Cu
species. Therefore at too high of Cu loading, the hexagonal structure was deformed
easily, the results was clearly seen from SAXS pattern in Figure 46, in addition the
excess amount of Cu atoms that could not introduce into the framework was leached
out during the washing process leading to the smaller remaining of copper contents
than that of products synthesized at pH 11.5.

By using this technique, SASP11.5+1.5 exhibited the best catalytic activity of
50% NO conversion. The performance of this sample was compared to that of copper
containing silica-BEA zeolite catalysts of Janas et al. (2009) which were synthesized

by using the same technique. The catalytic activity of Janas’s catalysts was shown in
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Fig. 54. It was found that at the same copper content of 1.5 wt%, SASP11.5+1.5

showed a higher NO conversion for the whole temperature range.
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Figure 54 Temperature-dependence of NO conversion in SCR of NO by ethanol on
CUo_gsiBEA Cu158IBEA and CU338|BEA

Source: Janas et al. (2009)

In this work, the catalytic performances of samples prepared by using different
techniques including the incipient wetness impregnation method and the substitution
technique were compared. With 1.5 wt% of Cu loaded, all catalysts synthesized by
substitution technigue exhibited lower NO removal activity than those synthesized by

incipient wetness impregnation method as shown in Figure 55.
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Figure 55 NO conversion of silica-aluminosilicate composites prepared in various

conditions; pH values, chitosan addition and Cu loading methods

These results suggesting that the by using substation technique, the tetrahedral
coordination of Cu** atoms were surrounded with four framework oxygen atoms, at
this position the Cu** atoms was being in the most stable site then it was hard to be
reduced. On the contrary, the products synthesized with impregnation method the
copper metals were located on the outer surface and were easily reduced into Cu*?,
which was the active form to convert NO to N,. As data shown in IR spectra, it was
clearly seen that the catalysts synthesized by impregnation method revealed higher
amount of Cu** than the catalysts prepared by substitution technique, and it could be

concluded that the different synthesized techniques resulted in dissimilar Cu oxidation
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states. It could be clarified that IASP6.5+1.5 showed the best performance of 59%
NO conversion. The result was compared to other works which the catalysts were
prepared by the impregnation method. It was found that 10 wt% of copper loaded on
monolithic aluminosilicate-supported materials prepared by impregnation method
showed the maximum NO conversion of 90% (Brandhorst et al. 2005). However, the
different types of reducing agent, amount of copper content and reaction temperature

may be the factors that affected the results.

Figure 56 shows the catalytic activity of two samples with 1.0 wt% of Cu
loaded; IASC6.5+1.0 and SASC6.5+1.0. NO conversion data were collected every 15
minutes in order to study the stability of the catalysts. It was found that the catalytic
activity of SASC6.5+1.0 showed the highest conversion at the earliest time and then
the performance dropped continuously and maintained constant at around 40%
conversion of NO. Conversely, the activity of IASC6.5+1.0 catalyst was not steady on
time. This may cause from the copper metals which deposit on the outer surface were
rapidly reacted and deactivated, in other words, they were reduced easily also

therefore the performance of this catalyst were reversible.
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Figure 56 NO conversion of Cu-containing silica-aluminosilicate composites
prepared with different methods; IASC6.5+1.0 and SASC6.5+1.0
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When the effect of added chitosan on the was considered, it was found that the
mesoporous silica—aluminosilicate composites prepared with chitosan addition
showed a uniform and smaller domain size compared with those synthesized without
chitosan addition. Bimodal mesopores with narrow pore size distributions (PSDs) in
the diameter range of 2.5-4.0 nm were observed in all products synthesized with and
without chitosan. The first peak at = 2.5 nm should belong to mesoporous silica core
and main matrix that was controlled by CTAB, whereas the smaller peak at ~ 3.5 nm
should belong to the aluminosilicate shell and the infiltrated aluminosilicate, the
results could be described in the previous work (Chamnankid et al. 2011). Moreover,
all products synthesized with chitosan addition revealed a relatively high
macroporosity this can be attributed to the encapsulation of coagulated chitosan and
after calcination process it was removed leaving large pores within the matrices,
resulting in the increasing of average pore sizes and pore volumes of products
synthesized with chitosan addition as given data in table 4. Figure 57 exhibits the pore
size distribution (PSD) of ordered mesoporous silica-aluminosilicate prepared without
Cu incorporation (a) and with 1.5 wt% Cu incorporation (b). The results showed that
the macroporosity was still preserved after the introduction of 1.5 wt% copper by
using substitution technique. However, all the products synthesized with chitosan
addition showed a lower NO conversion than that of synthesized without chitosan in
any copper contents. These may cause from a larger pore a higher chance for the
copper to be overlapped. The formed multi-layer particle caused a lower metal

distribution, less surface area and active site, resulted in the catalytic performances.

However, the intensity of the first peak was decreased in both products
prepared with chitosan addition suggesting that there are less numbers of small pores
around 2.5 nm, although the total pore volume and average pore diameter increased
after the incorporation of 1.5 wt% of Cu but the small pores might be blogged by
aggregated Cu cluster. Moreover, the addition of chitosan created a small domain
providing a higher capillary force between cluster of silica-aluminosilicate composites
leading to a higher amount of Cu atoms which were trapped inside the pores and were

not leached out during the washing process thus the Cu atoms in SASC6.5 and
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SASC11.5 materials were slightly higher than that of the products synthesized with
chitosan SASP6.5 and SASP11.5, the data are shown in table 4.
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Figure 57 Pore size distribution of ordered mesoporous silica-aluminosilicate

prepared without Cu loading (a) and with 1.5 wt% Cu loading (b)
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CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The mesoporous silica/aluminosilicate composite materials are successfully
synthesized via a one-pot synthesizing process by using TEOS and aluminum nitrate
as silica and alumina source, respectively. With the use of CTAB-chitosan as binary
templates, it is found that the hexagonal pore structure is resulted from the effect of
CTAB surfactant while the addition of chitosan brings about the controlling of cluster
sizes and also the developing of macropores. In addition, the alternation of pH value
affects the solubility of silica and the rate of hydrolysis-condensation process,
resulting in the formation of unique morphology including the silica-core

aluminosilicate-shell structure and uniformly infiltration of silica-aluminosilicate.

The performances of the synthesized materials are tested for the NO reduction
process with the copper as an active metal. By studying the effect of copper metal
incorporation methods, it is found that the samples prepared with the impregnation
method show the higher activities than those prepared with substitution technique.
These results may cause from the fact that the copper metals are mainly located on the
outer surface and are easily reduced into Cu**, which is the active form to convert NO
to N,. On the other hand, by using the substation technique, the tetrahedral
coordination of Cu®* atoms is surrounded with four framework oxygen atoms. At this
position the Cu®* atoms are being in the most stable sites then they are difficult to be
reduced. Moreover, it is found that the samples possessed core-shell structure show
the catalytic activities better than that of acquired an infiltration phases, these may
cause from an aluminosilicate shell is an active site where the reaction occurred. In
addition, the added chitosan creates the macropores and also helps controlling the
particles. The smaller particles the higher capillary force which traps the metals inside
the pores though the excess metals may agglomerate and sintering during the

calcination process, and may not enhance the catalytic performance at all.
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Recommendations

Even though the results from this research indicated new findings for novel
technique of nanostructured materials synthesis and their applications, the other issues
related to this study should be further studied in detail. The recommendations
regarding the further studies are given as follows.

1. As a result of this work, it was found that the catalytic activity for NO
conversion greatly affected by the position of copper metals and copper oxidation
state. Therefore it would be interested to study an ion-exchange technique in order to
incorporate the copper species into the framework. By using this technique, the
amount of copper loaded and located in the framework should be investigated by
varying the concentration of copper and timing for ion exchanging. It is expected that
catalysts prepared by should have two kinds of possibilities for copper active sites,
including the Cu®*— O™ or Cu** — O, species which may form on the exchanged Cu-

support and act as the active sites for NO reduction.

2. Copper-containing silica-aluminosilicate catalysts which were synthesized
by using the substitution technique at various copper contents should be clarified the
existence of hexagonal structure. By using this technique, it is expected that the
incorporation of copper may affects the deformation of catalyst framework. Therefore
the peaks intensity obtained from a small angle X-ray scattering spectroscopy of
synthesized materials should be decreased as the copper content is increased.

3. The catalytic stability of the synthesized materials should be systematically
investigated in a long term effect. In this work, the catalytic performances were
recorded only for 3 hours and it was found that the catalysts synthesized by
substitution technique showed a higher stability than those prepared by impregnation
method. However, inconsistence data were obtained from the catalysts prepared by
impregnation method. It could be described that free copper species deposited on the

catalyst surface were easily to be reduced in the presence of H; as it was used as a
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reducing agent during the reaction occurred. Conversely, the result and discussion of

this phenomenon should be proved.

4. The synthesized catalysts should be determined the catalytic activity and

stability for the NO reduction process in the presence of H,O and O..
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Appendix A
Qualitative and Quantitative Results from Gas Chromatography
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Quantitative and Qualitative Results from Gas Chromatography

Gas chromatography was performed in a specially designed instrument. The
major instrumental components consisted of a flowing mobile phase, an injector port,
a separation column containing the stationary phase, a detector, and a data recording
system as shown in Appendix Figure Al. Certain amount of gaseous mixture, 0.5 mL
in this research, was injected into gas chromatograph at the injector port and was
volatilized in a hot injection chamber before it was transported to the head of the
chromatic column. Then, a flow of inert carrier gas (as a mobile phase) swept the
injected mixture through a heated column which contained the stationary phase. The
gaseous sample moved along the packing column whereas its component gas moved
with different flow rates and thus separated into pure component. Before each
component exited the instrument, it passed through a detector. The detector sent an

electronic signal to the recorder and the analyzed results were printed out.

Injectar
Flows J

cantraller port a
T {% r—| Fecorder
e

I
I

Column Detectar

Caolumn oven

Carrier gas

Appendix Figure A1 Schematic diagram of gas chromatograph.

In this work, the quantitative and qualitative data of product composition was
obtained from TCD-gas chromatography as mention in the experimental chapter.
Before analysis, the condition of operation was set and kept on running for about an
hour to stabilize the based line. Certain volume of sample mixture (0.5 mL in this
case) was injected into the injection port by gas syringe. After the mixture of sample
gas was analyzed, the qualitative and quantitative data were interpreted from the peak
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area obtained from the recorder. The component of injected gas mixture can be
identified by using the value of retention time data compared with the retention time

received from injected standard gas.

The quantitative analysis of gas samples were obtained from the calibration
curves where the correlation between the amount of injected gas sample (mole) and
the peak area of gas chromatograms were proposed. The correlation between these
parameters (mole and area) was analyzed by a linear regression equation.

The calculation for the amount of each component in a standard-gas mixture

can be calculated as follows:

Amount of component; (mol) = V; x T
100 x 22,400

where V; = % volume of component; (cm*/cm®)

T = volume of standard gases mixture (mL)



103

Appendix B
Small angle X-ray scattering (SAXS) of mesoporous silica-aluminosilicate
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Appendix Figure B1 SAXS pattern of mesoporous silica-aluminosilicate

(ASC11.5-11.5)
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Appendix Figure B3 SAXS pattern of mesoporous silica-aluminosilicate
(ASC6.5-6.5)



106

Appendix C
Small angle X-ray scattering (SAXS) of Cu-containing silica-aluminosilicate
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Appendix Figure C1 SAXS pattern of mesoporous silica-aluminosilicate prepared at
pH 11.5 with chitosan addition and 1.5 wt % of Cu
(SASC11.5+1.5)
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Appendix Figure C2 SAXS pattern of mesoporous silica-aluminosilicate prepared
at pH 6.5 with chitosan addition and 1.5 wt % of Cu
(SASC6.5 + 1.5)
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Appendix Figure C3 SAXS pattern of mesoporous silica-aluminosilicate prepared at
pH 11.5 without chitosan addition and 1.5 wt % of Cu
(SASP11.5 + 1.5)
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Appendix Figure C4 SAXS pattern of mesoporous silica-aluminosilicate prepared at
pH 6.5 without chitosan addition and 1.5 wt % of Cu
(SASP6.5 + 1.5)
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Appendix D
Transmission Electron Microscopy (TEM) and
Elemental Dispersion X-ray Analysis (EDS) Results
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Sample preparation for TEM-EDS

1. Embedding: Powder sample was embedded in epoxy resin, by using silicon

embedding case (Cure temperature of resin ~60°C).

Sample (powder)

Epoxy resin

Silicon embedding case

2. Sectioning: Resin block, including sample, was sliced to ultrathin sections

(thickness <100 nm) by using ultramicrotome. The sections float off onto water in

trough.

Ultramicrotome
(Leica EM UC6)

Ultrathin section

Water

Resin
block ~

Trough
Glass
knife

3. Mounting: Ultrathin sections was collected and mounted on a TEM grid by using

tweezers

Tweezers \
—

Ultrathin
section
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Appendix Figure D1 TEM image of ASC6.5-6.5
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Appendix Figure D1 TEM image (high magnification) of ASC6.5-6.5



112

200 nm AlK 200 nm C K

200 nm OkK 200 nm
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