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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF Pd-MCM-TYPE
MESOPOROUS NANOCOMPOSITE MATERIALS

Sener, Canan
M.S., Department of Chemical Engineering
Supervisor: Prof. Dr. Timur Dogu

Co-Supervisor: Prof. Dr. Gllsen Dogu

January 2006, 117 pages

Noble metal incorporated MCM-41 based nanostructured mesoporous
materials have attracted the attention of material researchers in recent years.
Sorption characteristics of MCM materials can be improved by surface
modification techniques. Besides surface modification, metal nanoparticles can
also be produced within the pores of mesoporous materials. MCM-41 can act as

host for several metal nanoparticles such as palladium.

The present study is focused on the synthesis of Pd-MCM-41
nanocomposite catalytic materials by using different direct synthesis procedures,
as well as an impregnation method. Impregnated samples were used to
synthesize Pd nanoparticles inside the pores of MCM-41. In the direct
hydrothermal synthesis of Pd-MCM-41, incorporation of the Pd metal was
achieved by adding PdCl,, K,PdCl, and Pd(NH3)4(NO,); solutions into the
synthesis mixture. Syntheses were performed in acidic and basic routes.

Hydrothermal synthesis was carried out in an autoclave at 120 °C. The solid



product was filtered, washed, dried, calcined at 550 °C in a stream of dry air and
reduced in a stream of hydrogen at 200 °C. In the case of impregnation, PdCl,
solution was added to a suspension of MCM-41. The product was evaporated to
dryness, dried under vacuum and reduced with H, gas at 200 °C. Physical and
chemical properties and surface morphology of Pd-MCM-41 nanomaterials were
characterized by using XRD, XPS, EDS, BET, SEM, TEM and TPR techniques.

Very high Pd/Si ratios, as high as 0.45 and 0.18 were obtained in the
mesoporous materials produced by the basic and acidic direct synthesis routes,
respectively. The BET surface areas of these materials were found as 999 m?/g
and 694 m?/g, respectively. These results showed that the basic direct synthesis
procedure was highly successful for the incorporation of Pd into the mesoporous
Si structure. In addition, EDS analysis of the Pd-MCM-41 materials prepared by
the impregnation technique showed that Pd/Si ratios were 0.24 and 0.12 in the

two samples having surface areas of 527 m?/g and 883 m?/g, respectively.
In conclusion, high surface area of the material synthesized by the basic
route together with a higher Pd/Si ratio makes this material more attractive for

catalytic and hydrogen storage applications.

Keywords: Mesoporous, nanocomposite material, MCM-41, Pd-MCM-41
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Pd-MCM-TIP MEZO-GOZENEKLI NANOKOMPOZIT
MALZEMELERIN SENTEZ VE KARAKTERIZASYONU

Sener, Canan
Yiksek Lisans, Kimya Muhendisligi Bolima
Tez Yoneticisi: Prof. Dr. Timur Dogu

Ortak Tez Yoneticisi : Prof. Dr. Gllsen Dogu

Ocak 2006, 117 sayfa

Asal metal iceren nanoyapili, mezo-gbézenekli MCM-41 malzemeler son
yillarda arastirmacilarin ilgisini g¢ekmektedir. MCM malzemelerinin sogurma
Ozellikleri ylizey modifikasyon teknikleriyle arttirilabilir. Yizey modifikasyonunun
yanisira, mezo-gbzenekli malzemelerin gbdzeneklerinin icinde metal
nanoparcaciklar Uretilebilmektedir. MCM-41, palladyum gibi bircok metal

nanoparcacik igin konakgi olarak kullanilabilir.

Bu calismada farkh dodgrudan hidrotermal sentez teknikleri ve
impregnasyon (emdirme) teknigiyle Pd-MCM-41 nanokompozit katalitik
malzemelerin sentezi (zerine yodunlasiimistir. Emdirilmis 6rnekler MCM-41'in
gbzeneklerinin icinde palladium nanoyapilar sentezlemekte kullaniimistir. Pd-
MCM-41 vyapilarin dogrudan hidrotermal sentez yontemiyle sentezlenmesinde
palladium metalinin yapiya yerlestiriimesi sentez c¢ézeltisine PdCl,, K,PdCl, ve
Pd(NHs3)4(NO,)3 c¢ozeltilerinin eklenmesiyle gercgeklestirilmistir. Asidik ve bazik
ortamlarda sentezler yapilmistir. Hidrotermal sentez otoklavda 120 °C’'de
ylUriatalmuasttr. Hidrotermal sentez basamadi sonrasi elde edilen kati Grin
yikanmis, kurutulmus, 550 °C’'de kuru hava ile kalsine edilmis ve 200 °C’de

hidrojen ile indirgenmistir. Impregnasyon yodnteminde, PdCl, ¢bzeltisi MCM-41

Vi



suspansiyonu Uzerine eklenmistir. Karisim kuruyuncaya kadar buharlastiriimis,
vakum altinda kurutulmus ve 200 °C'de H, gaziyla indirgenmistir. Pd-MCM-41
nanomalzemelerin fiziksel ve kimyasal o6zellikleri ve ylizey morfolojileri XRD,
XPS, EDS, BET, SEM, TEM ve TPR teknikleri kullanilarak karakterize edilmislerdir.

Bazik ve asidik kosullarda gerceklestirilen sentezlerde, 0.45 ve 0.18 gibi
¢ok yuksek Pd/Si oranlarina ulasiimistir. Bu malzemelerin BET ylizey alanlari
sirasiyla 999 m?/g ve 694 m?/g olarak bulunmustur. Bu sonuglar bazik kosullarda
gercgeklestirilen dogrudan hidrotermal sentez yontemiyle paladyumun silisyum
yapisina daha basanli yerlestirildigini gOstermistir. Bununla beraber,
impregnasyon teknigiyle sentezlenen Pd-MCM-41 malzemelerin EDS analizleri
ylizey alanlarinin 527 m?/g ve 883 m?/g olan malzemeler igin Pd/Si oraninin

0.24 ve 0.12 oldugunu gostermistir.
Sonug olarak, bazik ortamda sentezlenmis vyiksek vylizey alanl
malzemelerin ayni zamanda ylksek Pd/Si oranina sahip olmasi bu malzemeyi

katalitik ve hidrojen depolama malzemesi olarak daha ilging kilmaktadir.

Anahtar Kelimeler: Mezo-g6zenek, nano-kompozit malzeme, MCM-41, Pd-
MCM-41
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CHAPTER 1

INTRODUCTION

1.1. POROUS SOLIDS

Porous solids have been studied in detail by material scientists with
regard to their technical applications as adsorbents, catalysts, catalyst supports,

ion exchanging agents and micro reactors [1].

According to the IUPAC definition, porous materials are divided into three

classes [3];

1) Microporous materials: their pore diameters are less than 20 A,

2) Mesoporous materials: they have pore diameters ranging from 20-500 A,

3) Macroporous materials: they have pore diameters larger than 500 A.

Pillared clays, anodic alumina, carbon nanotubes and related porous
carbons are examples to microporous materials which have been described in
the literature (Figurel.1.1). Among the family of microporous materials, the best
known members are zeolites. Due to their crystallographically defined pore
system, zeolites have a narrow and uniform size distribution in the microporous
range [1-3, 5].
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Figure 1.1.1. Porous materials as classified by their pore diameters (adapted
from [2] and [56])

1.2. MICROPOROUS MATERIALS AND CATALYSTS

In most of the modern technological chemical processes, catalysts are
used for the purpose of simplifying the chemical process economically. Catalysts
are commonly used to interact with the reactants to increase the rate of the
transformation of these reactants into products without consumption of the
catalysts in the process. In the case of multiple reaction systems, catalytsts can

also improve the reaction selectivity for a single desired product [6].

Zeolites are the most widely used catalysts in chemical industry. They are
crystalline aluminosilicate microporous materials with uniform channels and
cages and have become extremely successful as catalysts for oil refining,
petrochemistry, and organic synthesis of fine and specialty chemicals (Figure
1.2.1) [1-6].

Some of the specific catalytic characteristics of the zeolites can be

summarized as follows:



(1) they have very high surface area values and adsorption capacities,

(2) the dimensions of their channels are close to the kinetic diameter of
many molecules of interest (0.5-1.2 nm),

(3) zeolites have controllable adsorption properties variable from
hydrophobic to hydrophilic,

(4) active acid sites, can be generated in the zeolite framework and their
strength and concentration can be adjusted for a particular
application,

(5) their channel structure allows zeolites to exhibit different types of
shape selectivity,

(6) they have high hydrothermal and thermal and stability [3, 6].
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Figure 1.2.1. Structures of selected zeolites (taken from [2])

Although the zeolites have highly attractive catalytical properties, they
can not be applied to reactions where the size of the reactants is greater than
the dimensions of the microporous zeolites. Therefore, an ideal approach to
overcome this limitation would be to maintain the porous structure of zeolites
and increase their diameter to the mesoporous region. Most of the organic
templates used to synthesize zeolites involves gel formation and act as void
fillers in the growing porous solids. Consequently, scientists attempted to employ

larger organic templates to result in larger voids in synthesized molecular sieves

3



(Figure 1.2.2). The presence of mesopores in these materials allows them to
catalyze larger molecules. As it is reported in the literature,I amorphous silica-
aluminas with a narrow pore size distribution in the mesoporous region also have
similar catalytic properties to zeolites. However, these materials do not have
uniform pore structure to affect selectivity for catalysis. Consequently, number
of researchers attempted to synthesize mesoporous materials with a uniform

pore structure [3, 6].

1 20-100 A

Figure 1.2.2. Amine-templating zeolites and surfactant-templating mesoporous
materials [7]

1.3. A NOVEL FAMILY OF ORDERED MESOPOROUS MOLECULAR SIEVES

Discovery of a novel family of mesoporous silicate molecular sieves by
liquid crystal templates is considered as one of the most exciting discoveries in
the field of materials synthesis over the last two decades. This family of
materials was first synthesized by Mobil scientists at the end of 1992 using
relatively large surfactant molecules such as cetyltrimethylammonium chloride
(CTAC) as templates [8,9]. They are generally named as M41S mesoporous
materials with large uniform channels ranging from 1.5 to 10 nm. There are
three main members of M41S family which are MCM-41 (short for Mobil
Crystalline Matter No.41) (Figure 1.3.1.a) with a one dimensional hexagonal
array of uniform mesopores, MCM-48 (Figure 1.3.1.b) with three dimensional

cubic channels, and MCM-50 (Figure 1.3.1.c) with uniform lamellar phases



[1,3,4]. Among these mesoporous materials, MCM-41 and MCM-48 have very
potential in catalytic applications. The mesoporous structure of the lamellar
phase, MCM-50, was reported to collapse upon calcination. These mesoporous
materials have long range order, and high surface area values, above 700 m?/g
These properties make them as attractive catalyst supports. Therefore, they are

very promising for catalysis applications. [6]

1.4. OBJECTIVES

Being a potential energy carrier, hydrogen production has increased
significantly in recent years. In order to use hydrogen on demand for fuel cell
applications and other uses, it is very crucial to have an infrastructure for
storage and transportation of hydrogen. Once hydrogen is generated, there are
several ways to store hydrogen such as in compressed or liquid forms and in
solid state form. Among these storage methods, solid state form is the most

promising technology when efficiency and safety issues are considered.

Objective of this study was to synthesize high surface area, mesoporous,
nanocomposite materials for hydrogen storage applications. For this purpose,

Pd-MCM-41 nanomaterials were synthesized and characterized.
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CHAPTER 2

LITERATURE SURVEY

2.1. HISTORY OF MESOPOROUS MATERIALS

A continuous research in developing materials with constantly larger
pores finally led to the development of materials with mesopores (pores between
2-50 nm). The syntheses of these new mesoporous materials were achieved by
ExxonMobil researchers in 1992 [8-13]. These materials were classified
according to their different structure as belonging to the "M41S” class materials.
These structures were purely siliceous materials. In order to obtain comparable
structures with zeolites, the first successful attempts of aluminium incorporation

into the framework of these structures were published [14].

Actual invent of ExxonMobil researchers was based on the uncomplete
study of Di Renzo. Chiola achieved the synthesis of “low-bulk density silica” and
Di Renzo described a recipe by reproducing the Chiola’s study. Di Renzo obtained
a classical hexagonally structured material (MCM-41). Unfortunately, Chiola did

not present any of the characteristics of his synthesized materials [14].

2.2, MESOPOROUS STRUCTURES

The determination and classification of the structure is primarily based on
the way pores are ordered within the structure. Other classification dependencies
are the synthesis conditions (pH and material source) or the family of organic

surfactant used to synthesize the structure. Therefore, contrary to the zeolites,



order of the atoms is not taken into consideration when classifying a mesopore

material [14].

Stucky and his coworkers successfully synthesized mesoporous structures
in acidic media. He identified and named the different structures as the cubic
SBA-1 [16], SBA-11 [18] and SBA-16 [18], the hexagonal SBA-3 [16] and SBA-
15 [15], the 3D hexagonal SBA-2 [16] and SBA-12 [18] and the rectangular
SBA-8 (SBA stands for Santa Barbara Acid, the number follows the internal

agreements of the Santa Barbara laboratory) [1,14].

Among the mesoporous materials, HSM, KIT-1 and the MSU series have
also been identified and classified as different structures. These have the
particularity of possessing mesopores, which are more randomly disposed
compared to the ones previously summarized. These materials porosity are

detected as wormholes by some researchers [1,14].

Inagaki [19] synthesized a mesoporous structure by folding kanemite
layers and merging them together to form a hexagonal structure. Inagaki named
this structure as FSM-16 (short for Folded Sheet Mechanism) [1,14].

In Table 2.1.1 the most commonly known mesoporous structures have
been regrouped and classified according to their crystal system. As it could be
observed from Table 2.1.1, it is clear that although a wide variety of structures
exist, they can easily be classified with respect to their element of symmetry in

their crystal system.

In order to have a better understanding in the structure composition of
those mesoporous materials, the hexagonal and cubic unit cells will be briefly

discussed.



Table 2.2.1. Mesoporous structure with their crystal system (adapted from

[14])

Structure Crystal system Ref.
MCM-41 2D Hexagonal 8,9, 23
FSM-16 2D Hexagonal 1,19
SBA-3 2D Hexagonal 16
SBA-15 2D Hexagonal 15, 18
MCM-48 3D Cubic 23
SBA-1 3D Cubic 16
SBA-11 3D Cubic 18
SBA-16 3D Cubic 18
SBA-2 3D Hexagonal 16
SBA-12 3D Hexagonal 18
SBA-8 2D Rectangular 12

MCM-41

Due to interesting and promising structural properties, the MCM-41 is
probably one of the most discussed and characterized structures in the
literature. The MCM-41 consists of an amorphous (alumino, metalo)-silicate

framework, forming hexagonal pores (Figure 2.2.1.a). MCM-41 structure is
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unidirectional and arranged in a honeycomb structure. As shown in Figure
2.2.1.b, this special structure of MCM-41 can be characterized by the TEM
analysis [1,3,4,6,8,9,14].
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Figure 2.2.1. (a) Schematical representation of MCM-41 [21] (b) TEM image of
MCM-41 [22]

Schematical representation of MCM-41 structure is shown in Figure
2.2.1.a. The hexagonal shape of the pore makes the pore surface
heterogeneous. In the corners of the pore an enhanced presence of siloxane
bridges has been detected [14]. These bridges help to create hydrophobic
portions on the pore surface whereas the flat areas of the pore surface are
hydrophilic due to the presence of hydroxyl groups - hence the sightky

heterogeneous pore surfaces.

SBA-15

Similar to the MCM-41 structure, SBA-15 basically has a unidirectional
hexagonal pore system. The major difference is due to the dimensions of the
pores and pore walls. A typical SBA-15 structure exhibits an average pore
diameter of 6 nm and amorphous pore walls of 3 nm thickness [15]. Presence of
micropores within the pore walls of SBA-15 materials is a very interesting

feature of this class of material [1,14,15].

10



MCM-48

The structure of MCM-48 was reported to be much more complex than
the structure of MCM-41 or SBA-15. The unit cell of MCM-48 has a cubic
symmetry. The surface of the cells was reported to divide the cube into two
identical but separate compartments, creating two independent 3D pore
systems. The two independent pore systems are interlocked and will run along
the [111] and [100] directions, but will never cross or join each other. The pore
systems are usually represented by micelle rods, which progress in spirals
around each other towards the [100] direction [14,23]. Such complex symmetry

gives a rather complicated XRD patterns.

Collart reported the pore diameter of the MCM-48 varied with the
synthesis conditions and is situated between between 2.7 and 4.6 nm and the

average pore wall thickness was about 0.9 nm [14].

2.3. SYNTHESIS OF M41S & MCM-41

Mesoporous samples are synthesized by polymerizing a silica source
around an organic template in an aqueous solvent. In order to empty the pores,
the organic template is removed with the aid of calcination. However, the
interaction between the organic template molecules and the silicate framework is
influenced by the synthesis parameters. Thus, it is crucial to understand and

control those parameters to obtain the desired structure [3,14].

Mobil researchers found that the relative concentrations of the species
present in the synthesis solution effect the final pore structure to be obtained
[8,9]. Then, modified MCM-41 synthesis was studied by many researchers in

detail to obtain the optimum conditions for the synthesis [3,14].

2.3.1. Components of MCM-41 Synthesis

The four main component of the synthesis of MCM-41 are a silica source, a

structure-directing surfactant, a solvent and a catalyst (acid or base) [3].

11



2.3.1.1. Silica Sources

Sodium silicate (Na404Si), sodium meta-silicate (Na,SiO3), fumed silica,
Ludox, silica gel and tetraethyl orthosilicate (TEOS) are the silica sources which
are used in the synthesis of mesoporous materials. TEOS is usually used in
mesoporous material synthesis under acidic conditions and the others are

generally preferred for basic conditions [3, 26].

2.3.1.2. Surfactants

The term surfactant is the contracted form of “surface active agent” and
refers to a class of chemical compounds known as amphiphiles (from two Greek
words meaning they are not certain what they like). The molecules of surfactants
contain two parts: One part is polar (dipole or charged group), and the other
part is non-polar (usually a hydrocarbon or halocarbon chain) (Figure 2.3.1). The
polar part is hydrophilic and the non-polar part is hydrophobic, hence the
molecule self-organizes itself in water in such a way as to minimize contact

between incompatible ends [26,27].

Hydrophilic head

Hydrophobic tail

Figure 2.3.1. A typical surfactant

Ionic surfactants such as cetyltrimethylammonium chloride (CTMACI) and
cetyltrimethylammonium bromide (CTMABr), are the most commonly used
templating agents for the synthesis of MCM-41. In general, the use of low-

molecular-weight amphiphiles with the formula C,Hn+1(CHs3)sN* (n=8-22) or

12



CnHan:1CsHsN* (n=12 or 16) are reported to result in the formation of MCM-41.
The formation mechanism of MCM-41 is based on the electrostatic interactions
between the positively charged surfactants and negatively charged silicate

species in solution [26].

Varying the alkyl chain length of the surfactant molecules, the pore sizes
of MCM-41 materials can be modified in the range of 2-10 nm. Table 2.2 lists
some pore diameter values reported by Beck et al. [9] obtained for MCM-41
materials using different surfactants with different alkyl chain lengths. It is
clearly seen that the values of the pore diameters increase as the lengths of the

surfactant alkyl chains increase [3,6].

Table 2.3.1 Pore sizes of MCM-41 materials synthesized using different
surfactants (adapted from [7])

Surfactant Chain Length
n Lattice Constant Average Pore Size (A)
CnHzns1NMe3
8 31 18
9 32 21
10 33 22
12 33 22
14 38 30
16 40 37

As it is reported by Taguchi et al. [1], poly(ethylene oxide) is also a
versalite surfactant used for the synthesis of ordered mesoporous materials.
Poly(ethylene oxide) mono ethers were tecommended to be used to form

materials showing worm-like disordered or hexagonally ordered mesopores with
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pore sizes being around 5 nm. One of the mostly used of groups of surfactants
are the tri-block co-polymers consisting of poly(ethylene oxide),-poly-(propylene
oxide),-poly(ethylene oxide), (PEO)«(PPO),-(PEO)4, (trade name: Pluronics)
which show the ability to form liquid-crystal structures. They are reported to be
used to synthesize a variety of different ordered mesoporous materials with
rather large pores in various framework compositions under strongly conditions.
Here the EO (ethylene oxide) units and the cationic silicate species interact to

form the mesostructured assembly [1].

2.3.1.3. Solvent

In the synthesis of MCM-41, water is used as the solvent. The amount of

water used for the synthesis mixture is critical [26].

2.3.1.4. Mineralizing agents

The mineralizing agent used can be an acid or base. Mineralizing agents
mineralize the silica sources into soluble species with suitable morphologies
capable of associating with surfactant molecules to form various periodic
mesophases. For this purpose, sodium hydroxide, tetramethylammonium
huydoxide, or tetraethylammonium hydroxide can be used as basic additives and
HCI, HF or HNOs can be used as acidic additives [3,26].

2.3.2. Formation Mechanism

The original MCM-41 synthesis was carried out in water under alkaline
conditions. Organic molecules -surfactants- function as templates forming an
ordered organic-inorganic composite material. Via calcination the surfactant is
removed, leaving the porous silicate network. The formation of the inorganic-
organic composites is based on electrostatic interactions between the positively

charged surfactants and the negatively charged silicate species [9].

The first mechanism proposed in the literature for the MCM-41 synthesis
was described by Beck et al. [9]. This formation mechanism was named as liquid
crystal templating mechanism (LCT mechanism), which is shown in Figure 2.3.2.
Beck et al. proposed that the MCM-41 structure is defined by the organization of
surfactant molecules into liquid crystals which serve as templates for the
formation of the MCM-41 structure. The first step in the synthesis of MCM-41 is

14



the formation of a micellar rod. In the second step formation of a hexagonal
array of rods by the incorporation of an inorganic array of silica or silica-alumina
around the rod-like structures was reported (Figure 2.3.2). Beck et al. also
proposed an alternative pathway for the formation of MCM-41 as shown in Figure
3.2.3. It is a silicate anion initiated mechanism in which aggregates of cationic
surfactant molecules in combination with anionic silicate species form a

supermolecular structure [6].
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Figure 2.3.2. Liquid-crystal templating (LCT) mechanism proposed by Beck et
al. [9] showing two possible pathways for the formation of MCM-41: (1) liquid-
crystal-initiated and (2) silicate-initiated.
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Another formation mechanism, was proposed by Stucky [28,29] and
coworkers and it was called as cooperative organization of inorganic and organic
molecular species into three dimensional structured arrays. In this mechanism,
the formation process of MCM-41 was divided into three reaction steps (Figure
2.3.3): “(1) Prior to silica addition, the surfactant is assumed to be in a dynamic
equilibrium between spherical or cylindrical micelles and single molecules. (2)
Upon addition of a silica source, the predominantly multicharged silicate species
ion-exchange with the OH™ or Br™ anions of surfactants to form organic-inorganic
ion pairs accompanied by dissociation of the organic micelles and aggregation of
the ion pairs into a new mesophase. (3) The silicatropic liquid crystal assembly

process involving multidentate interaction controls the number of surfactant
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molecules that can bind to a given inorganic species and determines the

interface packing density and ultimately the biphase morphology” [6].
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Figure 2.3.3. Cooperative formation pathway [28]

The mesopore size of these kinds of materials is primarily controlled by the
length of the alkyl chain of the surfactant used. However, addition of auxiliary
organic molecules such as aromatics, n-alkanes, or fatty acid can lead to an
expansion of the mesopore size. Mixing of two alkyl ammnonium surfactants
with different alkyl chain length can be used to fine-tune the pore size between

those of the long and the short chain surfactant.
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2.4. MODIFICATION OF M41S MATERIALS FOR CATALYTIC PURPOSES

MCM-41 itself is not considered as an active catalyst and sorbent for
many reactions and sorption processes. Additional catalytic functions are
introduced to MCM-41 by incorporation of active sites to its structure. This
incorporation can be achieved by direct addition of the active sites to the
structure during the synthesis, or by the modification of MCM-41 after the
desired structure has been synthesized [3]. Metal or metal oxide incorporated
mesoporous silicate-structured materials having high surface areas and narroe
pore size distributions attracted major attention of catalysis researchers in
recent years [30-34]. Certain transition metal ions are generally introduced into
the framework of MCM-41 materials to produce potential catalysts with redox

properties [6].

Aluminum incorporation to the MCM-41 structure was mostly studied in
order to produce acidic properties. For introduction of acidic centers to the
structure, alumina can be tetrahedrally introduced into the framework of MCM-
41 materials [3,6].

Vanadium-containing MCM-41 materials can also be used as selective
oxidation catalysts [30]. It was also found that the vanadium atoms are mostly

incorporated into the silica walls and are isolated one from another [6].

Supported Pd catalysts are widely used in number of hydrogenation
reactions [32,38-40] and in organic synthesis [31,41]. Catalytic combustion of
VOC's [45] and catalytic decomposition of methanol to produce hydrogen [46]
are some of the other recent applications of supported palladium catalysts. In a
very recent comprehensive study [55], activity of Pd in the steam reforming of
ethanol was also illustrated. Due to its unique property for absorbing large
quantities of hydrogen, Pd also has applications in purification and storage of
hydrogen. Pd incorporated high surface area porous substrates are considered as
potential hydrogen storage materials [47,48]. High surface area mesoporous
MCM type materials are themselves have potential applications in the

confinement of hydrogen [49].

Very recently, synthesis and catalytic utilization of noble metal

impregnated SiO, nanocomposite materials, nanoparticles and nanowires in
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mesoporous silica hosts attracted the attention of number of researchers
[42,46]. Such materials show attractive electrical, magnetic and catalytic
properties. Fukuoka et al.[50] and Yuranov et al.[54] reported synthesis of Pd
nanoparticles and nanowires with controlled size by the impregnation of
palladium into the mesoporous silica templates with narrow pore size

distributions, following a so called “ship-in-bottle” procedure.

2.5. CHARACTERIZATION METHODS FOR M41S MATERIALS

2.5.1 X-Ray Diffraction (XRD)

X-ray diffraction is a standard technique for describing crystal structures of
solids [60]. X-ray diffraction is one of the most important techniques for
characterizing the structure of ordered materials. It has been used in the study
of MCM-41 materials. The two-dimensional hexagonal structure of MCM-41 can
be well demonsrated by XRD. The XRD peaks do not result from crystal structure
in the atomic range, but from the ordered channel walls. A well ordered two-
dimensional hexagonal structure gives a sharp (100) plane diffraction peak and
the diffraction peaks of higher Miller Index planes, (110), (200) and (210) [58].

2.5.2. Nitrogen Physisorption

Physisorption is a primary method for characterization of porous materials.
The MCM-41 materials have uniform mesopores, ranging from 15 to 100 A, and

have been characterized extensively by N, physisorption [58].

In nitrogen physisorption, the material is cooled to a temperature near the
normal liquefaction point (77K for dinitrogen). The amount of dinitrogen is
measured versus dinitrogen pressure [60]. From the resulting isotherm, pore
structure information including pore sizes, surface area, and pore size
distribution are obtained. For an MCM-41 isotherm, one highlight is its sharp step
in the mesopore range of P/Py=0.2 to 0.5, which represents the liquid
condensation of N, in the uniform mesopores. The sharper the step of the

isotherm the more uniform the pore size [58].
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2.5.3. Transmission Electron Microscopy (TEM)

One standard method to characterize the ordered structure of materials is
transmission electron microscopy (TEM). In this method, a high energy beam
(100-200 keV) is used to image a thin material specimen. The high-energy
electron beam transmits the sample grids and casts an image of the sample’s
precise structure of MCM-41, the channels, pores and the hexagonal structure.
[58,60].

2.5.4. Scanning Electron Microscopy (SEM)

Scanning electron microscopy is a technique that is analogous to scanning
transmission electron microscopy. The primary difference between these
techniques is that scanning electron microscopy involves detection of black-
scattered and secondary electrons as well as X-rays that are black-scattered
from the sample, in contrast to detecting electrons transmitted through the
sample. This technique can be used on thick samples, and it is effective for

monitoring catalyst morphology [60].

2.5.5. X-Ray Photoelectron Spectroscopy (XPS)

Among the surface characterization methods, electron spectroscopy for
chemical analysis (ESCA) is the most widely used. This method is also named as
X-ray photoelectron spectroscopy (XPS). The popularity of XPS as a surface
analysis technique is attributed to its high information content, its flexibility in
addressing a wide variety of samples [61]. Most important is the ability of this
technique to provide a quantitative analysis of the surface composition. It is of
great importance because the surface and the bulk compositions may be
different [60].

XPS is based on the "photoelectric effect". High energy photons hit a
material with the consequent emission of electrons (photoelectrons). The basic
physics of this process can be described by Einstein’s law. The photoelectron

kinetic energy, E¢, which is the measured quantity in the experiment, is given

by:

E =hv-E (1)
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where hv is the energy of the incident radiation and E, the binding energy of the
electron in a particular level. If the incident photon is sufficiently energetic,
many different levels in the sample may be ionized and thus a spectrum is
produced displaying all accessible energy levels as a distribution of

photoelectrons with kinetic energies governed by Eq. (1).

The surface chemical information contained in the XPS binding energies
and peak shapes is also important in material studies. For example, the binding
energies of core-level photoelectrons from metal atomsoften increase as the
oxidation state of the atom increases. XPS can be used to monitor the surface
oxidation state [60].

The complete ESCA spectrum of a material contains peaks that can be
associated with the various elements (except H and He) present in the outer 10
nm of that material. The area under these peak areas and correcting them for
the appropriate instrumental factors, the percentage of each element detected

can be determeined [61].
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CHAPTER 3

EXPERIMENTAL

3.1. SYNTHESIS OF MCM-41

MCM-41 samples were synthesized according to the procedure described by

Gucbilmez et al. [30].

3.1.1. Reagents

Reagents used in the synthesis of MCM-41 are given below;

e Sodium silicate solution, SiO,.Na,OH, 27 wt% SiO, and 14 wt% NaOH, d
1.390, Aldrich

e Cetyltrimethylammonium bromide (CTMABr), CigHs3(CH3)sNBr, M 364.46
g/mol, powder, 99% pure, Merck

e H,S0O,4, 4 M (prepared in the laboratory)

e Deionized water

3.1.2. Procedure

Main steps of the synthesis of MCM-41 are preparation of the synthesis
solution, hydrothermal synthesis, filtering the solid product, washing, drying and

calcination. Steps of synthesis of MCM-41 are displayed in Figure 3.1.1.
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FINAL pH=11 WASHING UNTIL NEUTRALIZATION

M T=120 °C, 4 days T=550 °C, DRY AIR, 1 °C/MIN
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SOLUTION HYDROTHERMAL  WASHING
Y, SYNTHESIS

v
SODIUM SILICATE .M

SOLUTION

CALCINATION

Figure 3.1.1. Main synthesis steps of MCM-41

Details of the synthesis are described below.

a. Preparation of the synthesis solution

13.2 g hexadecyltrimethylammonium bromide (C;sH33(CHs3)3NBr) (Figure
3.1.2.a) was dissolved in 87 ml deionized water (Figure 3.1.2.b). Clear solution
was obtained by continuous stirring with a rate of 500 rpm. Solution
temperature was kept at 30 °C. Changes in temperature may cause

agglomerates. Solution temperature is important to have homogeneous solution.

When the striring was first started, color of the solution was white. After
strring for 10 minutes color became lighter. Finally the clear solution was
obtained. Changes in the surfactant solution were shown in Figure 3.1.3 step by

step.

As shown in Figure 3.1.3.k, the pH of the surfactant solution was 6.3.
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Figure 3.1.2. (a) The surfactant hexadecyltrimethylammonium bromide
(C16H33(CH3)3NBr) (b) Starting to stir surfactant solution

Figure 3.1.3. Preparation of clear solution from the surfactant
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Sodium Silicate solution was added dropwise to the solution of

hexadecyltrimetylammonium bromide (Figure 3.1.4.a).

Figure 3.1.4. (a) Addition of sodium silicate solution (b) Synthesis mixture after
addition of sodium silicate solution

By the addition of sodium silicate solution, pH of the synthesis mixture
increased to 12.1 (Figure 3.1.4.b).

24



The pH of the mixture was adjusted to 11.0 by 4N H,SO,. Final synthesis gel was

shown in Figure 3.1.5. The resulting gel was stirred for 1 h.

Figure 3.1.5. Final synthesis gel

b. Hydrothermal synthesis

Final synthesis gel was transferred to a teflon bottle and placed in a
stainless-steel autoclave. The hydrothermal synthesis was carried out at 120 °C
for 96 h (Figure 3.1.6).

Figure 3.1.6. Hydrothermal synthesis (a) resulting gel placed in Teflon beaker,
(b) autoclave (c) hydrothermal synthesis starts in etuv
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c. Washing

The resultant solid was recovered by filtration, washed thoroughly with
deionized water to remove Na* and the excess template. Washing step is shown

in Figure 3.1.7. After washing, pH of the water decreases to 8.0.

Figure 3.1.7. Washing step in the synthesis of MCM-41

11.5

0 1000 2000 3000 4000 5000 6000 7000
Added water (ml)

Figure 3.1.8. Decrease of pH by amount of water used for washing
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Washing the material by adding water from the top was not successful.
The material was too concentrated and did not allow water to expose to the
pores. To overcome this situation, material was taken into a beaker, suspended
in 250-500 ml of water and stirred for 15 minutes. This was repeated until the
pH of the residual water remained constant. Typical pH decrease was plotted in

Figure 3.1.8 by this treatment.

After washing, MCM-41 was dried at 40 °C in vacuum for 24 h.

d. Calcination

MCM-41 was finally calcined by heating from ambient temperature to 550
°C at a rate of 1 °C/min and kept at 550 °C for 6 h in a flow of dry air in a tubular
furnace. A quartz tube with a membrane filter was used to place the material.
The scheme of the experimental set-up for calcination is shown in Figure 3.1.9.
At the end of the calcination, furnace was switched off and air was flowing while

the furnace was cooling.

vent

quartz tube
/ \ tubular furnace

Figure 3.1.9. Experimental apparatus for calcination and reduction of the
synthesized materials

membrane

. rotameter %\
/
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3.2. SYNTHESIS OF Pd-MCM-41 BY DIRECT HYDROTHERMAL SYNTHESIS
PROCEDURE

In the direct hydrothermal synthesis procedure, palladium is incorporated
to MCM-41 structure during the synthesis. For this type of synthesis different
palladium sources (PdCl,, K,PdCl,;, Pd(NH3)4(NO3), and different synthesis pH
were studied. Also syntheses of Pd-MCM-41 nanocomposites with different Pd/Si

ratio were performed.

3.2.1. Reagents

Reagents used in the synthesis of Pd-MCM-41 are given below;

e Sodium silicate solution, SiO,.Na,OH, 27 wt% SiO, and 14 wt% NaOH, d
1.390, Aldrich

e Cetyltrimethylammonium bromide (CTMABr), CigHs3(CH3)3sNBr, M 364.46
g/mol, powder, 99% pure, Merck

e H,S0O,4, 4 M (prepared in the laboratory)

e Deionized water

e Palladium chloride, PdCl,, FW 177.3, Sigma

e Potassium tetrachloropalladate, K,PdCl,, Sigma

e Tetraamine palladium chloride, Pd(NH3)4(NO3),, Sigma

3.2.2. Procedure

Main steps of the synthesis of MCM-41 are preparation of the synthesis
solution, hydrothermal synthesis, filtering the solid product, washing, drying,
calcination and reduction. Steps of synthesis of Pd-MCM-41 were displayed in
Figure 3.2.1.
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Figure 3.2.1. Steps of Pd-MCM-41 nanomaterials synthesized by direct
hydrothermal synthesis procedure

a. Preparation of the synthesis solution

For direct hydrothermal synthesis, 13.2 g of cetyltrimethylammonium
bromide (CTMABr) was dissolved in 87 ml of water as being in MCM-41
synthesis. Temperature of the solution was kept at 30 °C. Clear solution formed
with continuous stirring at 300 rpm. 11.3 ml of sodium silicate solution was
added to surfactant solution dropwise and stirried 30 minutes. pH of this solution
was 11.7.

b. Preparation of the palladium solution

Palladium solution was prepared by dissolving the palladium source in
water, and for some cases in water and hydrochloric acid. Palladium chloride,
tetraamine palladium chloride and potassium tetrachloro palladate were used as
palladium sources. The solution of Pd was added to synthesis solution dropwise
(Figure 3.2.2). After the addition of Pd solution pH of the synthesis solution was
adjusted to 2 or 11. Synthesis solution was stirred for 2 hours. Synthesis

mixture had orange colour (Figure 3.2.3).
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Figure 3.2.2. Direct addition of palladium solution into the synthesis solution (a)
surfactant solution, (b) Synthesis gel for MCM-41, (c) Addition of palladium
solution to the synthesis solution, (d) Mixing of palladium solution with synthesis
solution

c. Hydrothermal synthesis

The resulting gel-solution was transferred to a Teflon bottle and placed in
a stainless-steel autoclave. Then the hydrothermal synthesis was carried out at
120 °C for 96 h.
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Figure 3.2.3. Final synthesis solution for Pd-MCM-41 synthesis

d. Washing

After 4 days, solid formation was observed. Color of the solid and the
liguid part was orange for acidic synthesis and palladium-black for basic
synthesis routes. The resultant solid was recovered by filtration. pH of the

solution was 2.2 for acidic route and 11.2 for basic route.

e. Calcination

One of the Pd-MCM-41 samples [Pd-MCM-41(1)] was analyzed by TGA to
find the temperature range at which calcination should be carried out. Results
shown in Figure 3.2.4 indicated removal of water from the solid below 100 °C.
The two peaks obtained at 284.10 °C and 364.49 °C correspond to the removal
of organic template from the structure. At about 400 °C weight change due to

calcination is found to be completed.

As in the syntesis of pure MCM-41, after the hydrothermal synthesis, the

solid product was filtered, washed, dried and calcined at 550 °C.
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Figure 3.2.4. Thermal Gravimetric Analysis (TGA) for typical Pd-MCM-41 sample

f. Reduction

Calcined samples were swept with nitrogen gas at 200 °C and then
reduced at the same temperature in a flow of hydrogen gas for two hours. Both
calcined and reduced products were characterized by XRD, EDS, XPS and BET

analyses.

In the synthesis procedure, Pd/Si atomic ratio was varied from 0.011 to
0.064 in the synthesis solution (Pd/Si wt ratio beween 0.04 and 0.24).
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3.3. SYNTHESIS OF PA@MCM-41 BY IMPREGNATION PROCEDURE

In the preparation of PA@MCM-41 nanocomposite materials a procedure

similar to the one used by Fukuoka et al. [50] was used.

3.3.1. Reagents

Reagents used in the synthesis of Pd/MCM-41 are given below;

e MCM-41 material
e Deionized water
e Palladium chloride, PdCl,, FW 177.3, Sigma

e HCI, conc.

3.3.2. Procedure

Basic steps of PdA@MCM-41 synthesis is given in Figure 3.3.1.

EVAPO RATE TO DRYNESS

STIR FOR 24 HR 200 °C, NITROGEN

~ l
SUSPENSIO
N
—>
IMPREGNATED

. SYNTHESIS SAMPLE N> TREATMENT
SOLUTION

200 °C,HYDROGEN

PdCl,

SOLUTION
Pd@MCM-41

REDUCTION

Figure 3.3.1. Synthesis steps of Pd nanoparticles inside MCM-41
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a. Host Material

MCM-41 materials synthesized following the procedure described in
Chapter 3.1 were used as host materials for palladium nanoparticles. [MCM-
41(2)] and [MCM-41(3)] were used for this purpose. MCM-41 samples were

dried under vacuum at 200 °C for 2 hours before used as hosts.

b. Palladium Solution

PdCl, was dissolved in concentrated HCIl and the solution was evaporated

to dryness to give H,PdCl,. The resudual was dissolved in water.

c. Impregnation

MCM-41 was suspended in water. The solution of palladium was added to
the suspension of MCM-41. The mixture was stirred for 24 hr, evaporated to

dryness, and dried under vacuum for 24 h.

d. Reduction

The impregnated sample, H,PdCl,-MCM-41 was purged with N, flow (35-
40 ml min) at 200 °C for 2 h. The treated sample was reduced in H, flow at 200

°C for 2 h. Finally, N, was treated for 5 minutes.

3.4. MATERIAL CHARACTERIZATION

X-ray diffraction (XRD), nitrogen physisorption, energy dispersive
spectroscopy (EDS), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and temperature
programmed reduction (TPR) were employed for the characterization of the

prepared material.
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3.4.1. X-Ray Diffraction (XRD)

X-ray diffraction for the identification of the crystalline phases was
performed by Rigaku D/MAX2200 diffractometer in Metallurgical and Materials
Engineering at METU.

3.4.2. Nitrogen Physisorption

Surface area (BET, BJH) and pore structure information were obtained by
the nitrogen adsorption technique. These measurements were performed by
Quantachrome Autosorb 1C at Gazi University and by Micromeritics ASAP 2000
at METU.

Materials were prepared for the analyses by drying under vacuum
overnight at 110 °C.

3.4.3. Energy Dispersive Spectroscopy (EDS)

Chemical compositions of the synthesized materials were measured by
the JEOL 6400 apparatus at METU. Samples were coated with gold for the

analyses.

3.4.4. Scanning Electron Microscopy (SEM)

SEM images were obtained from Metallurgical and Materials Engineering

of METU, Sabanci University and Tubitak Marmara Research Center.

3.4.5. X-ray Photoelectron Spectroscopy (XPS)

The XPS spectra of Pd-MCM-41 and Pd@MCM-41 materials before and
after H,-reduction were obtained. The XPS measurements were performed with
the SPECS instrument at the Central Laboratories in METU. The analyses were
also made after ion bombardment (Ar") at 5000 eV for 2 min. The binding

energy of the C is at 284.6 eV was taken as reference in the XPS measurements.
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3.4.6. Temperature Programmed Reduction (TPR)

The TPR experiments with H, were carried out in the experimental set-up
given in Figure 3.4.1. 0.2 g material samples were used in the analysis. The inlet

total flow was 50 cm®/min with a composition of 5% H, in He.

The experimental set-up consists of adsorbate (H,) and diluent (He) gas
cylinders joined to a differential fixed-bed reactor placed into a temperature-
controlled furnace and a mass spectrometer connected on line to the outlet
stream leaving the reactor for the simultaneous analysis of the products. The
scheme of the experimental set-up is shown in Figure 3.4.1. A quartz tube with
73 cm length and 17 mm inside diameter was used to place the powder catalysts
inside within quartz wool. The catalyst part was 1.5-2 cm in length. The flow rate
of He was measured by flowmeter (Aalborg model GFM171) and that of H2 by

rotameter (Cole-Parmer). Figure 3.4.2 presents the photograph of the set-up.

soap
dd flowmeter
neddle
valves & vent
1
reactor
particulate
filter
furnace >
Selenoid valves
(AVC6 automated
valve controller) T—
1
T controller |:|
MS _
I | |
@
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Figure 3.4.1. Experimental set-up for TPR studies
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Figure 3.4.2. Photograph of experimental set-up

The mass spectrometer which was used in the system is ‘Hiden Analytical
HPR20 Gas Analysis System’. Its basic system comprises an ultra-high vacuum
(UHV) housing, inlet system, turbo molecular pump and gauges. The inlet

system is by-pass pumped and has a heated capillary sampling line.

The QIC (Quartz Inert Capillary) fast sampling capillary inlet of the
system provides a dynamic method of sampling of the gases by the mass
spectrometer. Two pressure reduction stages are employed to reduce the sample
pressure to an acceptable level for the operation of the mass spectrometer ion
source. In the first stage, the sample gas to be analysed is drawn down the silica
capillary by the sample bypass pumping line. The sample gas which exists the
capillary at low pressure and high velocity impinges on a platinum orifice
providing the second stage pressure reduction. The flow then directly enters the
mass spectrometer ion source. Continuous heating of the inlet capillary, orifice
and sample bypass regions minimizes the condensation of vapors and the

adsorption of the sample gas. The pressure at the capillary/orifice interface
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depends on the sample bypass line pumping speed which is adjusted by the

sample bypass control valve [63].

The system also has the AVC6 Automated Valve Controller which provides
the control of four solenoid valves. In the temperature programmed desorption
experiment, these solenoid valves were used as a mixing chamber for the gases

in the system.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. CHARACTERIZATION OF MCM-41 SAMPLES

MCM-41 samples were synthesized according to the procedure described

in Chapter 3.1. Samples were characterized by X-ray diffraction (XRD), nitrogen

adsorption,

spectroscopy (EDS) techniques. Although several and reproducible MCM-41

materials have been synthesized, only four of the characterized MCM-41 samples

scanning electron

microscopy (SEM) and energy dispersive

are presented and discussed (Table 4.1.1).

Table 4.1.1. Performed characterizations for MCM-41 samples

Sample Date of XRD BET SEM/EDS
Synthesis Analysis Analysis Analysis
[MCM-41(2)] 14/07/2004 v v -
[MCM-41(3)] 15/07/2004 v v v
[MCM-41(4)] 05/09/2004 v - -
[MCM-41(5)] | 15/06/2005 v - -
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4.1.1. X-Ray Diffraction (XRD) Analysis

XRD provides direct information of the pore structure of the materials. For
mesoporous materials, the diffraction patterns only have reflection peaks in the
low-angle range, meaning 26 less than 10. No reflections are seen at higher
angles. It has thereby been concluded that the pore walls mainly are amorphous.
The ordering lies in the pore structure, and the low-angle diffraction peaks can
be indexed according to different lattices [3]. From djgoo value, calculation of

parameter a in a hexagonal lattice is done by using the formula

a=2xd, /3 (4.1)

Unit cell parameter a and d;qo are shown in Figure 4.1.1. Pore wall

thickness & can be calculated from the formula given below [57]

S=a-2xr (4.2)

Figure 4.1.1. Schematical representation of pores of MCM-41 (adapted from
[561)
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Figure 4.1.2 shows the XRD pattern of the [MCM-41 (5)]. XRD spectrum
of the sample displayed a sharp (100) peak and three reflections, demonstrating
that those samples have a two-dimensional hexagonal structure. Reflection
angles and d-spacings for different MCM-41 materials are given in Table 4.1.2.

Exactly the same XRD patterns are obtained from different syntheses.
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30000 -
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10000 -
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Figure 4.1.2. XRD pattern of [MCM-41(5)]

A typical MCM-41 material synthesized should have a major peak at 2.49°
and three reflections corresponding to 4.27°, 4.93° and 6.50° [26]. Despite the
difficulty in seeing the last reflection in the XRD pattern, the 26 values obtained
for the synthesized samples and the expected 26 values match very well. Sharp
and noise-free peaks of the MCM-41 sample indicate a successful synthesis of

the desired structure.
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Table 4.1.2. XRD results and d-spacings of synthesized MCM-41 structures

Sample hlk d-value (nm) 20 (deg.)
100 3.60 2.455
110 2.11 4.190
[MCM-41 (2)]
200 1.85 4.775
210 1.42 6.230
100 3.61 2.445
110 2.12 4.155
[MCM-41 (3)]
200 1.83 4.830
210 1.41 6.265
100 3.65 2.420
110 2.11 4.180
[MCM-41 (4)]
200 1.84 4.810
210 1.39 6.370
100 3.87 2.280
110 2.25 3.920
[MCM-41 (5)]
200 1.95 4.520
210 1.48 5.980

4.1.2. SEM/EDS Analysis

Energy Dispersive Spectrum (EDS) of sample [MCM-41(3)] is given in

Figure 4.1.3. Silicium and oxygen peaks were observed clerly from EDS pattern.
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Figure 4.1.3. Energy Dispersive Spectrum (EDS) of [MCM-41(3)] sample

Elemental analysis obtained from EDS is given in Table 4.1.3. EDS
analysis gives oxygen atomic concentration as 68.97% and that of silicium as
31.03%. These results proved that the structure of the synthesize material was
in SiO, form.

Table 4.1.3. EDS Analysis of [MCM-41(3)]

Element Weight % Atomic %
o) 55.87 68.97
Si 44.13 31.03

Scanning electron microscopy (SEM) images of the sample [MCM-41(3)]
were given in Figure 4.1.4.
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Figure 4.1.4. SEM images of [MCM-41(3)] (a) magnified 10000 times, (b)
magnified 50000 times

4.1.3. Nitrogen Physisorption Analysis

The BET surface areas, the BJH adsorption pore diameters and the BJH

adsorption and desorption pore volumes of the synthesized MCM-41 materials
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were obtained using their nitrogen adsorption and desorption isotherms.
Nitrogen adsorption experiments of MCM-41 samples were performed by
Micromeritics ASAP 2000 in Middle East Technical University Chemical

Engineering Department.

BET plot and nitrogen adsorption-desorption isotherm of [MCM-41(3)] are
given in Figures 4.1.5 and 4.1.6, respectively. The nitrogen adsorption isotherm
of the product obtained following described synthesis route, [MCM-41(3)],
showed a typical Type IV isotherm, as described by the IUPAC classification
(Figure 4.1.6).
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Figure 4.1.5. BET plot of [MCM-41(3)]

BET, BJH and single point surface areas of synthesized MCM-41 materials
are listed in Table 4.1.4. Table 4.1.5 gives single point and BJH pore volume
values of MCM-41 samples. It is clearly seen from Table 4.1.4 that high surface
area MCM-41 could be synthesized. Pore volumes are high enough to use the

materials as hosts.
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Figure 4.1.6. Nitrogen adsorption-desorption isotherm of [MCM-41(3)]

Table 4.1.4. Surface areas of synthesized MCM-41 samples

BJH BJH Single Point

Sample BET Surface Adsorption Desorption | Surface Area

P Area (m?/g) | Surface Area | Surface Area | at P/P, 0.19
(m?/g) (m?/g) (m?/g)
MCM-41(2) 1076.3 1434.3 1944.1 1026.3
MCM-41(3) 1123.3 1457.8 1823.7 1061.2

In Table 4.1.6, pore diameter values for MCM-41 samples are listed. All

the samples synthesized have pore sizes in the mesoporous range. Pore size

distribution curves for adsorption and desorption for the sample [MCM-41 (3)]

are given in Figure 4.1.7. As shown in the figure, pore size distribution of MCM-

41 is very narrow.
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Table 4.1.5. Pore volumes of synthesized MCM-41 samples

Single Point BJH Adsorption | BJH Desorption
Total Pore
Sample Pore Volume Pore Volume
Volume at P/Po
0.9831 (cc/g) (cc/9) (cc/9g)
[MCM-41(2)] 0.91 1.03 1.02
[MCM-41(3)] 0.90 1.03 1.03

Table 4.1.6. Pore diameters of synthesized MCM-41 samples

Sample

Average Pore
Diameter (nm)

BJH Adsorption
Average Pore
Diameter (nm)

BJH Desorption
Average Pore
Diameter (nm)

[MCM-41(2)]

3.39

2.87

2.10

[MCM-41(3)]

3.19

2.83

2.26

By using nitrogen adsorption analysis and X-ray diffraction analysis, pore

wall thickness of the samples were calculated. Pore wall characteristics of

synthesized MCM-41 samples are given in Table 4.1.7.

Table 4.1.7. Pore wall properties of synthesized MCM-41 samples

Lattice BJH Pore Pore Wall
Sample d(100) (NnM) P Diameter Thick. 3
arameter
dpore (NM) (nm)
[MCM-41(2)] 3.60 4.16 2.87 1.29
[MCM-41(3)] 3.61 4.17 2.83 1.34
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Figure 4.1.7. Pore size distribution of [MCM-41(3)] (a) BJH adsorption pore size
distribution, (b) BJH desorption pore size distribution
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4.2. CHARACTERIZATION OF Pd-MCM-41 SAMPLES SYNTHESIZED BY
DIRECT HYDROTHERMAL SYNTHESIS

Pd-MCM-41 samples were prepared according to the procedure described
in Chapter 3.2. Pd/Si atomic ratio was varied from 0.011 to 0.064 in the
synthesis solution (Pd/Si weight ratio between 0.04 and 0.24), so the effect of
amount of Pd loading was examined. Also, the synthesis conditions of Pd/MCM-
41 nanocomposites synthesized by direct hydrothermal synthesis technique were
discussed. For this purpose, syntheses at acidic and basic conditions and
syntheses with different palladium precursors were performed. In Chapter 4.2.1
fully characterized Pd-MCM-41 sample is presented. Effects of palladium loading,
pH and palladium source onto the modified structure are discussed in Chapters
4.2.2, 4.2.3 and 4.2.4, respectively. Table 4.2.1 summarizes the samples
synthesized by following direct hydrothermal synthesis procedure and the

characterization techniques used in the analysis of all samples.

Table 4.2.1. Characterization techniques used for Pd-MCM-41 samples

synthesized by following direct hydrothermal synthesis procedure

Sample Date of XRD | BET | EDS | SEM | TEM | XPS
Synt.
[Pd-MCM-41(1)] 01/08/2004 4 v v v - -
[Pd-MCM-41(2)] 06/09/2004 v v v v v v
[Pd-MCM-41(5)] 04/09/2004 v v v v - -
[Pd-MCM-41(6)] 11/11/2004 v v v v - -
[Pd-MCM-41(7)] 12/11/2004 4 v v v - -
[Pd-MCM-41(8)] 15/11/2004 v v v v - -
[Pd-MCM-41(9)] 19/02/2005 v v v v - -
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4.2.1. Characterization of Pd-MCM-41 Nanocomposite Material with the
highest Pd/Si ratio [Pd-MCM-41(2)]

[Pd-MCM-41(2)] is the nanocomposite material which has the highest

amount of palladium among the synthesized samples.

During the experiment Pd/Si weight ratio was adjusted to 0.24 in the
synthesis solution. Synthesis pH was 11 and the palladium source was PdCl,. For
obtaining Pd/Si ratio as 0.24, 0.6899 grams of PdCl, was dissolved in 25 ml
deionized water. After addition of 35 drops of HCl, at 60 °C, PdCl, was dissolved
and stirred for 1 hour. This solution was added to the synthesis solution of MCM-
41 as described in Chapter 3.2. The color of the synthesis solution was orange,
but after hydrothermal synthesis, color was turned to palladium black. After
calcination of the sample, sample’s color turned to brown due to oxidation of
palladium and following the reduction procedure the color covers its palladium

black state.

Before and after reduction steps, [Pd-MCM-41(2)] was characterized by
X-ray diffraction (XRD), nitrogen physisorption, transmission electron microscopy
(TEM), scanning electron microscopy (SEM), energy dispersive spectroscopy

(EDS) and X-ray photoelectron spectroscopy (XPS).

4.2.1.1. X-Ray Diffraction (XRD) Analysis

The XRD pattern of the [Pd-MCM-41(2)] material prepared by the direct
hydrothermal synthesis procedure, following the basic route, clearly showed the
characteristic Bragg peaks of MCM-41 structure corresponding to d;ipp) and the
three reflections. In Table 4.2.2 characteristic Bragg peaks are given for both the
calcined and the reduced samples. Figure 4.2.1 displays the XRD patterns of [Pd-

MCM-41(2)] after calcination and after reduction steps.
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Figure 4.2.1. XRD pattern of [Pd-MCM-41(2)] (calcined and reduced samples)

Table 4.2.2. XRD results and d-spacings of [Pd-MCM-41 (2)]

Sample hlk d(100) (NM) Angle (2theta)
100 3.80 2.320
[Pd-MCM-41(2C)] 110 2.21 4.000
(calcined sample) 200 1.92 4.610
210 1.45 6.080
100 3.77 2.350
[Pd-MCM-41(2R)] 110 2.19 4.040
(reduced sample) 200 1.89 4.660
210 1.46 0.060
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4.2.1.2. Scanning Electron Microscopy (SEM) Analysis

SEM analyses of [Pd-MCM-41(2)] samples were performed in Sabanci

University. Images with different magnifications are given in Figure 4.2.2.

Figure 4.2.2. SEM images of [Pd-MCM-41(2R)]
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4.2.1.3. Transmission Electron Microscopy (TEM) Analysis

Transmission electron microscopy (TEM) images of the sample [Pd-MCM-
41 (2C)] are shown in Figure 4.2.3. Palladium grains within the MCM-41

structure are seen in these images.

Figure 4.2.3. TEM images of [Pd-MCM-41(2C)]
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4.2.1.4. Nitrogen Physisorption Analysis

Nitrogen adsorption-desorption isotherms of [Pd-MCM-41(2)] are given in
Figure 4.2.4 for both calcined and reduced samples. Analyses for calcined and
reduced samples were taken from different sorption analyzers, that is the reason

of small differences in the adsorption isotherms given in Figure 4.2.4.

600
2 500 |
=
(7]
2
v 400 A
A
]
I}
-g 300
2 —o0—[Pd-MCM-41(2C)]-ads
g 200 —=—[Pd-MCM-41(2C)]-des
£ [Pd-MCM-41(2R)]-ads
) [Pd-MCM-41(2R)]-des
o
s 100 —o0—[MCM-41(3)]-ads
—a—[MCM-41(3)]-des
0 T T T T
0 0.2 0.4 0.6 0.8 1
Relative pressure (P/Po)

Figure 4.2.4. Nitrogen adsorption-desorption isotherm of [Pd-MCM-41(2C)] and
[Pd-MCM-41(2R)]

Nitrogen adsorption-desorption isotherms of [Pd-MCM-41(2C)] and [Pd-
MCM-41(2R)] are similar, they showed typical Type IV isotherm.

Surface area, pore volume and pore size data for [Pd-MCM-41(2C)] and
[Pd-MCM-41(2R)] materials are given in Tables 4.2.3, 4.2.4 and 4.2.5,

respectively.
Table 4.2.3 summarizes BET, BJH and single point surface areas. It is

interesting to observe that surface areas of [Pd-MCM-41(2C)] and [Pd-MCM-
41(2R)] materials are as high as MCM-41.
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Table 4.2.3. Surface area of [Pd-MCM-41 (2)] sample

Single
BET BJH . BJH . Point
Adsorption | Desorption
Surface Surface
Sample Surface Surface
Area Area Area Area at
(m?/g) 2 2 P/P, 0.19
m m
[MCM-41 (3)] 1123 1458 1824 1061
[Pd-MCM-41 (2Q0)] 1000 1347 1860 947
[Pd-MCM-41 (2R)] 999.2 1327 1282 897.2

Table 4.2.4. Pore volume of [Pd-MCM-41 (2)] sample

Single Point
Total Pore BJH Adsorption | BJH Desorption
Sample Volume at Pore Volume Pore Volume
P/Po 0.98 (cc/qg) (cc/qg)
(cc/9)

[MCM-41 (3)] 0.90 1.03 1.03
[Pd-MCM-41 (20)] 0.93 1.03 1.04
[Pd-MCM-41 (2R)] 0.87 1.11 1.10

As shown in Table 4.2.5, increase was observed in the pore sizes by the
incorporation of high amounts of palladium. The pore wall thickness values %",
evaluated from 6=(a- d,) were found to be about the same for MCM-41 and Pd
incorporated material which was prepared by the basic direct hydrothermal
synthesis route (Table 4.2.6).
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Table 4.2.5. Pore diameter of [Pd-MCM-41 (2)] sample

Sample

Average Pore
Diameter (nm)

BJH Adsorption
Average Pore
Diameter (nm)

BJH Desorption
Average Pore
Diameter (nm)

[MCM-41 (3)] 3.195 2.831 2.261
[Pd-MCM-41 (2C)] 3.721 3.069 2.235
[Pd-MCM-41 (2R)] 3.468 2.782 2.670

Table 4.2.6. Pore wall characteristics of [Pd-MCM-41 (2)]
d Lattice _BJH Pore Port_e Wall
Sample (|£|1|:10)) Parameter | Piameter d, Thick. §
(nm) (nm)

[MCM-41 (3)] 3.61 4.17 2.83 1.34
[Pd-MCM-41 (2C)] 3.80 4.39 3.07 1.32
[Pd-MCM-41 (2R)] | 3.76 4.34 2.78 1.56

Reduction step is expected to cause changes in the XRD and XPS spectra.

XPS will be discussed later, but we clearly observed in section 4.2.1.1 that XRD

pattern was not destroyed after reduction.

BJH pore size distribution curves for [Pd-MCM-41(2C)], [Pd-MCM-41(2R)]
and [MCM-41(3)] are plotted in Figure 4.2.5. [Pd-MCM-41(2C)] gives slightly
wider pore size distribution than that of pure MCM-41.
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Figure 4.2.5. Pore size distribution curves of [Pd-MCM-41(2C)] (a) BJH
adsorption pore size distribution, (b) BJH desorption pore size distribution
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4.2.1.5. Energy Dispersive Spectroscopy (EDS) Analysis

Energy dispersive spectra (EDS) of calcined and reduced forms of [Pd-
MCM-41(2)] are given in Figure 4.2.6.

Bulk composition of the nanocomposite material was determined by
qualitative EDS analysis. Chemical composition of the sample [Pd-MCM-41(2)] is
given in the Table 4.2.7 for both calcined and reduced forms. It is interesting to
obtain Pd/Si weight ratio as 0.45 from EDS analysis while it was adjusted as
0.24 during the synthesis. It can be concluded that all palladium was

incorporated into the structure but some of the silisium was not.

Table 4.2.7. EDS analysis of [Pd-MCM-41(2)]

Weight Atom Pd/Si Ratio

Sample Element Conc. Conc.
(%) (%) Weight | Atomic

Pd 29.55 9.97

[Pd-MCM-41 (20)] 0.42 0.11
Si 70.45 90.03
Pd 31.15 10.81

[Pd-MCM-41 (2R)] 0.45 0.12
Si 68.85 89.19

Pd/Si ratio values were obtained by dividing concentration of palladium to
the concentration of silicium directly. Hence, Pd/Si weight ratio of the calcined
sample is 29.55/70.45=0.42.
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Figure 4.2.6. Energy dispersive spectrum (EDS) of [Pd-MCM-41(2)] (a) for
calcined sample [Pd-MCM-41(2C)], (b) for reduced sample [Pd-MCM-41(2R)]
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4.2.1.6. X-Ray Photoelectron Spectroscopy (XPS) Analysis

The XPS analysis of the calcined [Pd-MCM-41(2C)] and the reduced [Pd-
MCM-41(2R)] materials showed the characteristic Pd 3ds bands at 336.0 and
335.6 eV, respectively. For PdO and Pd, XPS bands are expected at 336.3 eV and
335.1 eV, respectively [62] (Figure 4.2.7). These results indicated reduction of
palladium oxide during the treatment of the calcined material with hydrogen gas
at 200 °C. This is more clearly seen from the differences of photoelectron binding
energy differences of O 1s and Pd 3ds AO-Pd of the calcined and the reduced
materials. For these two cases AO-Pd values were 196.8 eV and 197.2 eV,
respectively. This difference was expected as 196.2 eV and 197.4 eV, for Pd and
PdO, respectively. For both [Pd-MCM-41(2C)] and [Pd-MCM-41(2R)], the
characteristic photoelectron binding energy of Si 2p were observed at 103.2 eV.

Table 4.2.8. Surface composition of [Pd-MCM-41(2)] from XPS quantification

Sample Element Atom Conc. (%) Pd/Si Ratio

C 7.5
0 61.4

[Pd-MCM-41(2C)] 0.05
Si 29.5
Pd 1.5
C 6.9
0 66.0

[Pd-MCM-41(2R)] 0.12
Si 24.3
Pd 2.8

By qualitative XPS analysis, EDS analysis was also supported.
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4.2.1.7. Temperature Programmed Reduction (TPR) Analysis

Temperature programmed reduction (TPR) analysis was performed using

5% hydrogen gas in helium in the reaction system described in Chapter 3.4.
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Figure 4.2.8. Temperature programmed reduction (TPR) profile of [Pd-MCM-
41(20)]

The TPR profile of [Pd-MCM-41 (2)] is shown in Figure 4.2.8. As it can be
seen from the decrease of H,, the [Pd-MCM-41(2C)] material started to show a
reduction peak at about 80 °C with a maximum H, consumption at about 172 °C.
Reduction was completed below 200 °C. Increasing temperature up to 565 °C did
not cause any further reduction in the sample. From the temperature
programmed reduction profile, it is clearly seen that 200 °C is sufficient to

reduce all the palladium.

The H, consumption of this run was calculated as 2.3x10™ gmol H, from

the curve of Figure 4.2.8. The calculations are given below.
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tZ
H, consumption= CtotaIQJ; (szo - sz)dt

Here, Q is the volumetric flow rate, C,,,

mole fraction of H,.

Yu, =0.05

Therefore,

| is the total concentration and Y,, the

Here, « is the calibration factor, hHZ , hHZO are readings at any time and time

equal to zero in the ordinate of Figure 4.2.8.

H, consumption= CtotaIQ%J‘:Z (hy,, —hy, )dt
HZO '

By using Mathematica, J;tz (hy, —hy,)dt=4.97 x107

C

total

_ P 4.1x10°mol /cm?
RT

Q =50cm® /min

H, consumed with [Pd-MCM-41(2C)] = 2.55x10™* mol H,

H, consumed per g of [Pd-MCM-41(2)] = 12.7x10“*mol H,/g of [Pd-MCM-41(2)]

Since palladium weight percentage is 15.8% in the sample;

0.2 g material x (0.158) g Pd/g material = 0.0316 g Pd
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It corresponds to 2.98x10™* mol palladium.

Consumed H, and amount of palladium have the same order of magnitude.

Results showed that about 85% of PdO was reduced to Pd during the

reduction by hydrogen.

4.2.2. Effect of Pd Loading in the Synthesis of Pd-MCM-41 Samples

For the examination the effect of palladium loading, a set of experiments
[Pd-MCM-41(5)], [Pd-MCM-41(9)] and [Pd-MCM-41(2)]

samples were prepared by the same procedure, only the difference is amount of

were performed.

Pd added. Synthesis conditions are given in Table 4.2.9.

Table 4.2.9. Synthesis conditions of synthesized Pd-MCM-41 samples with
different Pd/Si ratios

Pd Amount of Pd/Si Pd/Si
Sample Source Pd source pH Weight | Atomic
added (9g) Ratio Ratio
MCM-41 - 0 11.0 0 0
[Pd-MCM-41 (5)] PdCl, 0.1446 11.0 0.04 0.01
[Pd-MCM-41 (9)] PdCl, 0.4022 11.0 0.12 0.03
[Pd-MCM-41 (2)] PdCl, 0.6899 11.0 0.24 0.06

X-ray diffraction patterns of the Pd/MCM-41 samples synthesized with
different palladium loadings are plotted in Figure 4.2.9. Same XRD patterns
were obtained for all the samples, the only difference is the decrease of intensity
by increasing palladium addition. For a comparison XRD pattern of pure MCM-41

was plotted on the same figure. From this figure it is clearly seen that hexagonal

64



structure of MCM-41 was not destroyed by palladium incorporation up to Pd/Si
weight ratio of 0.42.
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Figure 4.2.9. XRD patterns of Pd-MCM-41 samples with different Pd/Si ratios

SEM images of the samples [Pd-MCM-41(5R)] and [Pd-MCM-41(9R)] are
shown on Figure 4.2.10. with a magnification of 5000 times, particles could be
seen clearly. It is observed that increase of palladium incorporation did not affect
the morphology of the final product to be obtained, i.e. nearly same particle

sizes were obtained from these two syntheses.
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Figure 4.2.10. SEM images of (a) [Pd-MCM-41(5R)] and (b) [Pd-MCM-41(9R)]

66



Nitrogen adsorption-desorption isotherms of the samples [Pd-MCM-
41(5)], [Pd-MCM-41(9)] and [Pd-MCM-41(2)] were plotted in Figure 4.2.11 for
their calcined forms. Similar isotherms were obtained for all the samples. [Pd-
MCM-41(2)] and [Pd-MCM-41(9)] are more comparable because physisorption
analyses of these two samples were performed in the same physisorption
apparatus. Physisorption analysis of [Pd-MCM-41(5)] was carried out with
Autosorb 1C.
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Figure 4.2.11. Nitrogen adsorption-desorption isotherms of Pd-MCM-41
samples with different palladium loadings

In Table 4.2.9 BET, BJH and single point surface area values for Pd-MCM-
41 samples with different palladium loadings were listed. Surface area decreases
slightly with increasing palladium addition. Surface areas of synthesized Pd-
MCM-41 samples with all palladium compositions have surface areas as high as
being in pure MCM-41. When [Pd-MCM-41(9)] and [Pd-MCM-41(2)] were
compared, it is interesting to see that doubling the Pd/Si weight ratio did not

affect the surface area of the final product. By nitrogen adsorption-desorption
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analysis, it is concluded that palladium is incorporated into the walls of MCM-41,

and does not close the pores.

Table 4.2.10. Surface areas of synthesized Pd-MCM-41 samples with different
Pd/Si ratios

Single
BET BJH . BJH . Point
Adsorption | Desorption
Surface Surface
Sample A Surface Surface
rea Area Area Area at
(m?/g) 2 2 P/P, 0.19
[MCM-41 (3)] 1123 1458 1824 1061
[Pd-MCM-41 (50)] 1483 1736 1703 1173
[Pd-MCM-41 (90)] 1040 1322 1970 990
[Pd-MCM-41 (9R)] 1051 1408 1404 939.7
[Pd-MCM-41 (20)] 1000 1347 1860 947
[Pd-MCM-41 (2R)] 999.2 1327 1282 897.2

Trend of BET surface area of the samples with increasing palladium

amount incorporated in the structure is shown in a plot in Figure 4.2.13.a.

Pore size distributions of the synthesized samples were also compared in
Figure 4.2.12. It is observed that [Pd-MCM-41(5)] has a narrower pore size
distribution. Increase of incorporated palladium amount gave slightly wider pore
size distribution curves. Average pore sizes obtained by using BET and BJH
techniques for the samples under discussion are also listed in Table 4.2.11. Table
4.2.12 gives the pore volume values of the samples. Comparison of samples [Pd-
MCM-41(5)], [Pd-MCM-41(9)] and [Pd-MCM-41(2)] points out that increasing the
amount of palladium in the nanocomposite structure results increase in pore size
of the materials. Change in pore size with increasing palladium amount was also

shown in Figure 4.2.13.b.
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Table 4.2.11. Pore sizes of Pd-MCM-41 samples having different Pd/Si ratios

BJH BJH
Sample Average Pore Adsorption Desorption

P Diameter (nm) | Average Pore Average Pore

Diameter (nm) | Diameter (nm)
[MCM-41 (3)] 3.19 2.83 2.26
[Pd-MCM-41 (50)] 2.34 2.36 2.25
[Pd-MCM-41 (90)] 3.61 3.11 2.08
[Pd-MCM-41 (9R)] 3.27 2.78 2.82
[Pd-MCM-41 (20)] 3.72 3.07 2.23
[Pd-MCM-41 (2R)] 3.47 2.78 2.67

Table 4.2.12. Pore volumes of Pd-MCM-41 samples having different Pd/Si ratios

Single Point BJH BJH
Total Pore . .
Adsorption Desorption
Sample Volume at p Vol P Vol
P/Po 0.98 ore Volume ore Volume
(cc/g) (cc/9) (cc/g)
[MCM-41 (3)] 0.90 1.03 1.03
[Pd-MCM-41 (50)] 0.87 1.07 1.06
[Pd-MCM-41 (90)] 0.94 1.03 1.02
[Pd-MCM-41 (9R)] 0.86 1.06 1.06
[Pd-MCM-41 (20)] 0.93 1.03 1.04
[Pd-MCM-41 (2R)] 0.87 1.11 1.10
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Table 4.2.13. Pore wall characteristics of Pd-MCM-41 samples having different
Pd/Si ratios

Lattice BJH Pore Pore Wall
Sample d(100) (NM) P Diameter Thick. §
arameter

dp (nm) (nm)
[MCM-41 (3)] 3.61 4.17 2.83 1.34
[Pd-MCM-41 (50)] 3.46 4.00 2.37 1.63
[Pd-MCM-41 (90)] 3.79 4.38 3.11 1.27
[Pd-MCM-41 (9R)] 3.74 4.32 2.80 1.52
[Pd-MCM-41 (20)] 3.80 4.39 3.07 1.32
[Pd-MCM-41 (2R)] 3.76 4.34 2.79 1.55

Pore wall thickness of the samples with different amounts of palladium
loadings are listed in Table 4.2.13. Physisorption analyses of the samples [MCM-
41(3)], [Pd-MCM-41(9C)] and [Pd-MCM-41(2C)] were performed by using
Micromeritics analyzer and that of remaining others in Table 4.2.13 were
performed by Autosorb analyzer. According to this separation, comparing [MCM-
41(3)], [Pd-MCM-41(9C)] and [Pd-MCM-41(2C)] with each other show that
incorporation of palladium into the MCM-41 structure does not affect the pore

wall thickness of the samples.

In order to obtain information about the success of palladium
incorporation into the structure, EDS analyses for all the samples were
performed. Table 4.2.14 gives palladium and silicium concentrations and Pd/Si
weight and atomic ratios for the materials [Pd-MCM-41(5)], [Pd-MCM-41(9)] and
[Pd-MCM-41(2)] for calcined and reduced forms.
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Table 4.2.14. EDS analyses of the Pd-MCM-41

samples having different Pd

loadings
h Pd/Si Ratio
Weight Atom
Sample Element Conc. (%) | Conc. (%)
Weight | Atomic
Pd 12.07 3.51
[Pd-MCM-41 (5C)] 0.14 0.04
Si 86.69 95.41
Pd 14.95 4.43
[Pd-MCM-41 (5R)] 0.18 0.05
Si 85.05 95.57
Pd 17.23 5.21
[Pd-MCM-41 (9C0)] 0.21 0.06
Si 82.77 94.79
Pd 18.59 5.69
[Pd-MCM-41 (9R)] 0.23 0.06
Si 81.41 94.31
Pd 29.55 9.97
[Pd-MCM-41 (20)] 0.42 0.11
Si 70.45 90.03
Pd 30.95 10.58
[Pd-MCM-41 (2R)] 0.45 0.12
Si 68.93 89.30

Table 4.2.14 tells us that palladium incorporates into the structure more

effectively at low concentrations.

For [Pd-MCM-41(5)],

Pd/Si weight ratio

obtained from EDS analysis is 3.5 fold of its value in the synthesis solution.
However, it is 1.75 and 1.88 fold for [Pd-MCM-41(9)] and [Pd-MCM-41(2)],

respectively.
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EDS patterns of [Pd-MCM-41(5)] and [Pd-MCM-41(9)] materials are given
in Figures 4.2.14 and 4.2.15, respectively.
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Figure 4.2.14. EDS patterns of [Pd-MCM-41(5)] (a) after calcination (b) after
reduction
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Figure 4.2.15. EDS patterns of [Pd-MCM-41(9)] (a) after calcination (b) after

reduction
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4.2.3. Effect of pH in the Synthesis of Pd-MCM-41 Samples

MCM-41 itself can be synthesized under acidic and basic conditions. For
the synthesis of MCM-41 final pH of the synthesis solution must be under 2 or
over 11 []. For the examination of effect of pH for palladium incorporated case, a
set of experiments were performed. Synthesis conditions for samples of this set
are listed in Table 4.2.15.

Table 4.2.15. Pd-MCM-41 samples synthesized under acidic and basic

conditions

Pd Amount of Pd/Si Pd/Si

Sample Pd source pH Weight | Atomic
Source ] .

added (g) Ratio Ratio
[Pd-MCM-41 (6)] PdCl, 0.4022 1.5 0.12 0.03
[Pd-MCM-41 (9)] PdCl, 0.4022 11.0 0.12 0.03

The XRD patterns of the Pd incorporated mesoporous material [Pd-
MCM41(6)] synthesized following an acidic direct hydrothermal synthesis route
(solution pH=1.5) showed a much wider d(100y peak at a 26 value of 2.32 (Figure
4.2.16) than the corresponding peak observed for the material synthesized
following the basic route. For these two cases, the only difference is the pH of
the solution during the hydrothermal synthesis. This wide band corresponds to a
wide distribution of pore sizes. As it will be discussed later, this conclusion was
also justified by the pore size distributions of the samples. The second, third and
fourth characteristic XRD peaks MCM-41 at higher 26 values could not be
observed for this product. Although the structure of this product can not be
considered as MCM-41, it was symbolized as [Pd-MCM-41(6)]. However, it is also

a mesoporous Pd incorporated material.
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Figure 4.2.16. XRD patterns of Pd-MCM-41 materials prepared by direct
hydrothermal synthesis with a Pd/Si wt ratio of 0.12 in the solution (a) Basic
route (pH=11) (b) Acidic route (pH=1.5).
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Although the surface area of this product was smaller (BET area=671
m?/g) than the corresponding value of the product obtained following the basic
route, it is still sufficiently high for many of the catalytic applications. In Table
4.2.16, surface area values of the materials synthesized under acidic and basic
conditions were compared. Surface area of the basic synthesis was found to be
approximately two folds of the acidic synthesis. Synthesis pH was found to be a

key factor for proper mesoporous materials synthesis.

Table 4.2.16. Surface area of Pd-MCM-41 samples synthesized under acidic and

basic conditions

Single
BET BJH . BJH . Point
Adsorption | Desorption
Surface Surface
Sample Surface Surface
Area Area Area Area at
(m?/g) 2 2 P/P,0.19
m m
[Pd-MCM-41 (6Q)] 670.6 782.6 895.3 630.6
[Pd-MCM-41 (6R)] 693.9 807.2 945.8 652.6
[Pd-MCM-41 (90)] 1039.9 1322.4 1969.9 990.3
[Pd-MCM-41 (9R)] 1051.0 1408.0 1404.0 939.7

The nitrogen adsorption isotherm of the product obtained following the
basic route [Pd-MCM-41(9C)] showed a typical Type IV isotherm, as described
by the IUPAC classification (Figure 4.2.17). Capillary condensation of nitrogen

was observed at relative pressures between 0.30 and 0.35.

As shown in Figure 4.2.19, the pore size distributions of pure MCM-41 and
Pd incorporated MCM-41 synthesized by the basic direct hydrothermal synthesis
procedure are both very narrow. However, the pore size distribution of the Pd
incorporated mesoporous material prepared following the acidic route, [Pd-MCM-
41(6R)], is much wider, indicating the presence of pores having diameters up to

10 nm.
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Figure 4.2.17. Nitrogen adsorption-desorption isotherms of the materials
synthesized under acidic and basic conditions

Pore volumes of the samples synthesized for the examination of the effect
of synthesis pH were given in Table 4.2.17. SEM images of [Pd-MCM-1(6)] were
given in Figure 4.2.18. Particles with approximately 200 nm are observed from

the images.
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Figure 4.2.18. SEM images of [Pd-MCM-41(6)]
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under acidic and basic conditions (a) BJH adsorption pore size distribution (b)
BJH desorption pore size distribution

81



Table 4.2.17. Pore volumes of Pd-MCM-41

and basic conditions

samples synthesized under acidic

Single Point
Total Pore BJH . BJH .
Adsorption Desorption
Sample Volume at
Pore Volume Pore Volume
P/Po 0.98
(cc/g) (cc/9) (cc/9)
[Pd-MCM-41 (6Q)] 0.87 0.93 0.93
[Pd-MCM-41 (6R)] 0.92 1.00 1.00
[Pd-MCM-41 (9Q0)] 0.94 1.03 1.02
[Pd-MCM-41 (9R)] 0.86 1.06 1.06

Table 4.2.18. Pore diameters of Pd-MCM-41 samples synthesized under acidic

and basic conditions

Sample

Average Pore
Diameter (nm)

BJH
Adsorption
Average Pore
Diameter (nm)

BJH
Desorption
Average Pore
Diameter (nm)

[Pd-MCM-41 (6C)] 5.21 4.77 4.16
[Pd-MCM-41 (6R)] 5.30 4.95 4.24
[Pd-MCM-41 (9C)] 3.61 3.11 2.08
[Pd-MCM-41 (9R)] 3.27 2.78 2.82
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Table 4.2.19. Pore wall characteristics of Pd-MCM-41 samples synthesized

under acidic and basic conditions

d Lattice BJH Pore Pore Wall
Sample (100) Diameterd, | Thick. s
(nm) Parameter (nm) (nm)
[Pd-MCM-41 (6C)] 3.80 4.39 4.77 -
[Pd-MCM-41 (6R)] 3.87 4.47 4.95 -
[Pd-MCM-41 (9C)] 3.79 4.38 3.11 1.27
[Pd-MCM-41 (9R)] 3.74 4.32 2.80 1.52

Since the structure of [Pd-MCM-41(6)] is not hexagonal, pore wall

thickness cannot be calculated.

EDS analysis showed that Pd was also successfully incorporated into the
structure of this mesoporous product [Pd-MCM-41(6)]. The Pd/Si wt ratio was
found as 0.17 in this product (Table 4.2.20). But it is clearly seen that, palladium
incorporation was achieved with high efficiency under basic conditions. Pd/Si
weight ratio obtained from EDS analysis is nearly two times of its value adjusted

during the synthesis.
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Table 4.2.20. EDS Analysis Pd-MCM-41 materials synthesized under acidic and

basic conditions

h Pd/Si Ratio

Weight Atom

Sample Element Conc. (%) | Conc. (%)

Weight | Atomic

Pd 14.31 4.22

[Pd-MCM-41 (6C)] 0.17 0.04
Si 85.69 95.78
Pd 15.10 4.50

[Pd-MCM-41 (6R)] 0.18 0.05
Si 83.63 94.37
Pd 17.23 5.21

[Pd-MCM-41 (9C)] 0.21 0.06
Si 82.77 94.79
Pd 18.59 5.69

[Pd-MCM-41 (9R)] 0.23 0.06
Si 81.59 94.31

4.2.4. Effect of Palladium Source in the Synthesis of Pd-MCM-41 Samples
Under Basic Conditions

In the synthesis of Pd-MCM-41 nanocomposite materials synthesized by
direct hydrothermal synthesis technique, primarily PdCl, was used as palladium
precursor. However, synthesis of [Pd-MCM-41] nanocomposites under basic
conditions was very difficult by using PdCl, as the palladium source. PdCl, is
slightly soluble in water and soluble in HCI. Adding HCI for dissolving PdCl,,
sharply decreases the final pH of the synthesis solution after the addition of
palladium solution into the synthesis solution. To overcome this problem, it was
decided to use different palladium precursors. K,PdCl, and Pd(NHs)4(NO3), were
tested for this purpose. For this set of experiments, all these materials were
synthesized following the basic direct hydrothermal synthesis route and the
Pd/Si wt. ratio was adjusted to 0.12 in the synthesis solution (Table 4.2.21).
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Table 4.2.21. Pd-MCM-41 samples synthesized with different palladium

precursors
Amount of Pd/Si Pd/Si
Sample Pd Source Pd source pH | Weight | Atomic
added (9g) Ratio Ratio

[Pd-MCM-41 (7)] K,PdCl, 1.5016 11.0 0.12 0.03

[Pd-MCM-41 (8)] | Pd(NH5)4(NO3), | 13.4574 | 11.0 | 0.12 0.03

[Pd-MCM-41 (9)] PdCl, 0.4022 11.0 | 0.12 0.03

XRD spectra of all these materials showed the characteristic MCM-41
patterns with a sharp di00) Bragg peak and the three reflections (Figure 4.2.20
and 4.2.21). XRD patterns were also compared in Figure 4.2.22.
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Figure 4.2.20. XRD pattern of [Pd-MCM-41(7)]
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Figure 4.2.21. XRD pattern of [Pd-MCM-41(8)]
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Figure 4.2.22. XRD patterns of Pd-MCM-41 samples synthesized by different

palladium precursors
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In all these cases, Pd was succesfully incorporated into the lattice without
destroying the MCM-41 structure. As shown in Table 4.2.21, the highest Pd/Si wt

ratio was obtained as 0.26 using K,PdCl, as the Pd source.

In the case of using Pd(NH3)4(NO3), as the palladium source,
incorporation of Pd into the MCM-41 lattice was lower than the other two Pd
sources used in this work. Similarly, rather low incorporation of vanadium into
the MCM-41 structure was observed with the ammonium salt of vanadium

(ammonium vanadate) by Gucbilmez [30].

Table 4.2.22. EDS analysis of the Pd-MCM-41 samples synthesized with

different Pd sources

Weight At Pd/Si Ratio

eig om

Sample Element Conc. (%) | Conc. (%)

Weight | Atomic

Pd 20.62 6.42

[Pd-MCM-41 (7C)] 0.26 0.07
Si 79.38 93.58
Pd 18.69 5.72

[Pd-MCM-41 (7R)] 0.23 0.06
Si 81.31 94.28
Pd 12.32 3.58

[Pd-MCM-41 (8C)] 0.14 0.04
Si 87.68 96.42
Pd 15.62 4.66

[Pd-MCM-41 (8R)] 0.19 0.05
Si 84.38 95.34
Pd 17.23 5.21

[Pd-MCM-41 (9C)] 0.21 0.06
Si 82.77 94.79
Pd 18.59 5.69

[Pd-MCM-41 (9R)] 0.23 0.06
Si 81.41 94.31
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The BET surface area values of all these materials were close, being
around 1050 m?/g (Table 4.2.23). Also, the characteristic lattice parameter

values were all around 4.35 nm.

Table 4.2.23. Surface areas of Pd-MCM-41 samples synthesized with different

palladium sources

Single
BET BJH . BJH . Point
Adsorption | Desorption
Surface Surface
Sample Surface Surface
Area Area Area Area at
(m?/g) 2 2 P/P, 0.19
[Pd-MCM-41 (70)] 1081.5 1436.7 1830.0 1018.8
[Pd-MCM-41 (7R)] 1091.3 1444.9 1808.8 1026.1
[Pd-MCM-41 (8Q)] 1025.4 1373.4 1779.6 978.0
[Pd-MCM-41 (8R)] 1054.0 1423.0 1407.0 987.9
[Pd-MCM-41 (9Q0)] 1039.9 1322.4 1969.9 990.3
[Pd-MCM-41 (9R)] 1051.0 1408.0 1404.0 939.7

Nitrogen adsorption-desorption isotherms of the samples [Pd-MCM-41(7)]
and [Pd-MCM-41(8)] were given in Figures 4.2.23.and 4.2.24, respectively. For a
comparison, isotherms for all three samples synthesized with different palladium
precursors were also shown in Figure 4.2.28. Figures 4.2.25 and 4.2.26 are the
pore size distribution curves for [Pd-MCM-41(7)] and [Pd-MCM-41(8)] samples.
In Figure 4.2.29, pore sizes of this set are compared and found that all the
materials had narrow pore size distributions. [Pd-MCM-41(9)] has a relatively

wider pore size distribution.
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Figure 4.2.23. Nitrogen adsorption-desorption isotherm of [Pd-MCM-41(7)]
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Figure 4.2.24. Nitrogen adsorption-desorption isotherm of [Pd-MCM-41(8)]
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palladium sources

Table 4.2.24. Pore volumes of Pd-MCM-41 samples synthesized with different

Single Point
Total Pore BJH Adsorption | BJH Desorption
Sample Volume at Pore Volume Pore Volume
P/Po 0.98 (cc/qg) (cc/qg)
(cc/9)

[Pd-MCM-41 (7C)] 0.835 0.952 0.947
[Pd-MCM-41 (7R)] 0.836 0.961 0.957
[Pd-MCM-41 (8Q)] 0.823 0.931 0.933
[Pd-MCM-41 (8R)] 0.839 1.021 1.014
[Pd-MCM-41 (90)] 0.939 1.029 1.025
[Pd-MCM-41 (9R)] 0.859 1.064 1.060

Pore volumes of the samples synthesized using different palladium

sources were listed in Table 4.2.24.

Table 4.2.25 depicts that relatively smaller pore sizes could be obtained

by using K,PdCl, as the palladium source for the synthesis of Pd-MCM-41

nanocomposites.
4.2.26).

Pd(NH3)4(NOs)2

gives relatively thicker pore walls (Table

Figure 4.2.27 displays SEM images of [Pd-MCM-41(7)] and [Pd-MCM-

41(8)]. It is observed from the figures that surface morphology did not remain

same when Palladium precursor was changed. Two samples have different

particule sizes and shapes.
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Table 4.2.25. Pore diameters of Pd-MCM-41 samples synthesized with different

palladium sources

Averade Pore BJH Adsorption | BJH Desorption

Sample Diametger (nm) Average Pore Average Pore

Diameter (nm) | Diameter (nm)
[Pd-MCM-41 (70)] 3.09 2.65 2.07
[Pd-MCM-41 (7R)] 3.07 2.66 2.12
[Pd-MCM-41 (8C)] 3.21 2.71 2.10
[Pd-MCM-41 (8R)] 3.18 2.63 2.66
[Pd-MCM-41 (90)] 3.61 3.11 2.08
[Pd-MCM-41 (9R)] 3.27 2.78 2.82

Table 4.2.26. Pore wall characteristics of Pd-MCM-41 samples synthesized with
different palladium sources

d Lattice B.:IH Pore Por_e Wall

Sample (|f|1r(|)10)) Parameter | Dia@meter Thick. &
dp (nm) (nm)
[Pd-MCM-41 (7C)] 3.62 4.18 2.65 1.53
[Pd-MCM-41 (7R)] 3.72 4.30 2.66 1.64
[Pd-MCM-41 (8Q)] 3.77 4.35 2.71 1.64
[Pd-MCM-41 (8R)] 3.74 4.32 2.64 1.68
[Pd-MCM-41 (9C)] 3.79 4.38 3.11 1.27
[Pd-MCM-41 (9R)] 3.74 4.32 2.80 1.52
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Figure 4.2.27. SEM images of (a) [Pd-MCM-41(7C)] and (b) [Pd-MCM-41(8R)]
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Figure 4.2.28. Comparison of nitrogen adsorption-desorption isotherms of Pd-
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Figure 4.2.29. Comparison of pore size distributions of Pd-MCM-41 samples
synthesized with different Pd sources
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4.3. CHARACTERIZATION OF Pd@MCM-41 SAMPLES

The [Pd@MCM-41] nanocomposite material was obtained by the
impregnation and deposition of Pd into the pores of MCM-41 following the
procedure given in Chapter 3.3. [Pd@MCM-41(3)] and [Pd@MCM-41(4)]
nanocomposites were synthesized with two different palladium concentrations.
Table 4.3.1 summarizes the synthesis details of the materials. [MCM-41(3)] was
used as the host material for [Pd@MCM-41(3)] and [MCM-41(2)] was used for
synthesis of [PA@MCM-41(4)].

Table 4.3.1. Properties of synthesized PA@MCM-41 nanocomposites

Pd/Si

Sample Pd Amount of Pd Pd % | Weight
Source source added (g) Rati

atio
[Pd@MCM-41 (3)] PdCl, 0.0496 10 0.18
[Pd@MCM-41 (4)] PdCl, 0.0330 5 0.08

Pd@MCM-41 host-guest systems were characterized by X-ray diffraction
(XRD), transmission electron microscopy (TEM), scanning electron microscopy
(SEM), nitrogen adsorption-desorption isotherms, energy dispersive

spectroscopy (EDS).

4.3.1. X-Ray Diffraction Analysis (XRD)

XRD patterns of the samples [PdA@MCM-41(3)] and [PdA@MCM-41(4)] are
given in Figure 4.3.1. For a comparison, typical XRD pattern of MCM-41 was also
shown on the figure. As expected, the XRD patterns of PdA@MCM-41 and the host
MCM-41 were quite similar. However, increasing the palldium loading amount
affects the MCM-41 structure.

Table 4.3.2 gives Bragg peaks and corresponding d-values for the
samples [PA@MCM-41(3)] and [Pd@MCM-41(4)]. By the increase of palladium,
last two reflections of XRD pattern were lost.
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Figure 4.3.1. XRD patterns of [PdA@MCM-41] samples

Table 4.3.2. XRD results and d-spacings of PdA@MCM-41 samples

Sample hlk d(100) (NM) Angle (2theta)
100 3.59 2.460
110 2.10 4.200
[Pd@MCM-41(3)]
200 - -
210 - -
100 3.71 2.380
110 2.16 4.080
[Pd@MCM-41(4)]
200 1.88 4.700
210 - -
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4.3.2. Energy Dispersive Spectroscopy (EDS) Analysis

The EDS results gave a Pd/Si wt ratio of the nanocomposite [Pd@MCM-
41(4)] as 0.12 and that of nanocomposite [Pd@MCM-41(3)] as 0.24 (Table

4.3.3).

were given in Figures 4.3.2 and 4.3.3.

Table 4.3.3. EDS Analysis of PdA@MCM-41 Samples

EDS patterns of the samples [PA@MCM-41(3)] and [Pd@MCM-41(4)]

Weight Pd/Si Ratio
Sample Element Conc. Atorr:,/Conc.
(%) (%) Weight | Atomic
Pd 19.34 5.95
[Pd@MCM-41 (3)] 0.24 0.06
Si 80.66 94.05
Pd 10.41 2.98
[PA@MCM-41 (4)] 0.12 0.03
Si 89.59 97.02

Full scale counts: 3152

3000

2500

2000+

1500

1000

500

Si

NB1

Figure 4.3.2. EDS pattern of [PA@MCM-41(3)]
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Full scale counts: 1989

2000+

1500

1000

500+

Si

NB2

Figure 4.3.3. EDS patterns of [PdA@MCM-41(4)]

4.3.3. Nitrogen Physisorption Analysis

600

ul

o

o
L

N

o

o
L

300 A

Volume adsorbed (cc/g STP)

—=— [Pd@MCM-41(4)]-ads
—o0— [Pd@MCM-41(4)]-des
—s— [MCM-41(2)]-ads
—o0—[MCM-41(2)]-des

0.2

0.4 0.6 0.8

Relative pressure (P/Po)

Figure 4.3.4. Nitrogen adsorption-desorption isotherm of [PA@MCM-41(4)]
material and its host [MCM-41(2)]
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By the impregnation of palladium into the MCM-41, surface area and pore
volume values decreased about 20 %. However, the decrease of the average
pore radius was much less (about 3 %) (Table 4.3.6). The pore size distributions
of PdA@MCM-41 and the host MCM-41 were quite similar,

distributions with a maximum at about the same value (Figure 4.3.5). These

giving narrow

results indicated the plugging of some of the pores of the MCM-41 by the Pd
nanoballs formed inside these pores.

Table 4.3.4. Surface area of [PA@MCM-41(4)] and its host material

BJH BJH Single
BET . . Point
Adsorption | Desorption
Surface Surface
Sample Surface Surface
Area Area Area Area at
(m?/g) 2 2 P/P,0.19
m m
[MCM-41 (2)] 1076.3 1434.3 1944.1 1026.3
[Pd@MCM-41(4)] 883.2 1176.6 1495.0 828.6
Table 4.3.5. Pore volume of [PA@MCM-41(4)] and its host material
Single Point BJH BJH
Total Pore . .
Adsorption Desorption
Sample Volume at
Pore Volume Pore Volume
P/Po 0.98 (cc/g) (cc/g)
(cc/9)
[MCM-41 (2)] 0.91 1.03 1.02
[Pd@MCM-41(4)] 0.72 0.82 0.82
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—=—[Pd@MCM-41(4)]
1 —=—[MCM-41(2)]

Pore volume [dV/dlog(d)] (cc/g)

10 100 1000 10000
Pore diameter (A)

—a—[Pd@MCM-41(4)]
0.5 1 —a—[MCM-41(2)]

Pore volume [dV/dlog(d)] (cc/g)
N

0 ‘ ‘
10 100 1000 10000

Pore diameter (A)

Figure 4.3.5. Pore size distribution of [Pd@MCM-41(4)] (a) BJH adsorption pore
size distribution (b) BJH desorption pore size distribution
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Table 4.3.6. Pore size of [PA@MCM-41(4)] and its host material

Sample

Average Pore
Diameter (nm)

BJH Adsorption
Average Pore
Diameter (nm)

BJH Desorption
Average Pore
Diameter (nm)

[MCM-41 (2)]

3.39

2.87

2.10

[Pd@MCM-41(4)]

3.27

2.79

2.19

Table 4.3.7. Pore wall characteristics of [PA@MCM-41(4)] and its host material

Lattice BJH Pore Pore Wall
Sample d(100) (NnM) P Diameter Thick. &
arameter
d, (nm) (nm)
[MCM-41 (2)] 3.60 4.16 2.87 1.29
[Pd@MCM-41(4)] 3.79 4.38 2.79 1.59

4.3.4. Scanning Electron Microscopy Analysis (SEM) and Transmission
Electron Microscopy (TEM) Analyses

In Figure 4.3.5 SEM images of [Pd@MCM-41] are shown. A different

surface morphology was

observed

impregnation procedure.

from

the

material

synthesized by

TEM images of the sample [Pd@MCM-41] are given in Figure 4.3.6.
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micercipr 2

perture Size =.30.00 pnt

Figure 4.3.6. SEM images of [Pd@MCM-41(3)] (a) magnified 1000 times (b)
magnified 1000 times
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Figure 4.3.7. TEM images of [PA@MCM-41(4)]
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4.4. COMPARISON OF Pd-MCM-41 NANOCOMPOSITES SYNTHESIZED BY
DIRECT HYDROTHERMAL SYNTHESIS AND IMPREGNATION TECHNIQUES

As seen in the previous sections, both direct hydrothermal synthesis and
impregnation were applied successfully. In addition, comparison of these
techniques would be necessary to use them for catalytic applications effectively.
Calculation of Pd/Si ratio in the synthesis solution for different techniques could
cause errors. It is better to select the basis as the Pd/Si weight ratio obtained
from EDS analysis for the final material synthesized. For this reason, it was
chosen to compare [Pd-MCM-41(8)] (Pd/Si=0.14) and [Pd@MCM-41(4)]
(Pd/Si=0.12). Then, doubling the Pd/Si ratio was examined by comparing [Pd-
MCM-41(7)] and [Pd@MCM-41(4)], both having the Pd/Si ratio of 0.24.

It is interesting that, same XRD patterns were obtained for direct
hydrothermal synthesis and impregnation techniques for Pd/Si ratio of 0.12
(Figure 3.4.1.a). However, impregnation technique gives smaller surface areas.
BET surface area of [Pd-MCM-41(8)] was found as 1054 m?/g while that of [Pd-
MCM-41(4)] was 883.2 m?/g.

Increasing Pd/Si ratio did not affect the structure in direct hydrothermal
synthesis, however MCM-41 structure slightly destroyed the structure in
impregnation technique. Surface area of PA@MCM-41(3) was measured with
Monosorb-Quantachrome instrument at Gazi University. It was measured as
527.4 m?%/g. It is an expected value, because palladium nanoparticles blocks the

pores and decreases surface area in this technique.
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Figure 4.4.1. Comparison of XRD patterns of materials synthesized by direct
hydrothermal synthesis and impregnation techniques (a) Both having Pd/Si ratio
of 0.12 (b)Both having Pd/Si ratio of 0.24.
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Figure 4.4.2. Comparison of nitrogen adsorption desorption isotherms of
materials synthesized by direct hydrothermal synthesis and impregnation
techniques both having the Pd/Si ratio of 0.12
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Figure 4.4.3. Comparison of pore size distributions of materials synthesized by
direct hydrothermal synthesis and impregnation techniques both having the
Pd/Si ratio of 0.12

107



By the comparison, it is clearly seen that, direct hydrothermal synthesis
gives higher surface area and narrow pore size distribution at higher Pd/Si ratios
that being in the impregnation method. But, it is an important fact that for some
cases, having the palladium in its metallic form is much more important to have
high surface area. Depending on the application, two methods have also

advantages.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

The goal of this thesis was to synthesize high surface area mesoporous Pd
incorporated MCM-41 nanocomposite materials for both hydrogen storage and
catalytic applications. Synthesized materials were characterized by using XRD,
N, physisorption, EDS, SEM, TEM, and XPS. Interpreting all the valuable
information from these analysis techniques, the following concluding remarks

were obtained:

1. Using the direct hydrothermal synthesis route, high surface area
(600-1500 m?/g) Pd incorporated MCM-41 mesoporous catalytic
materials were successfully synthesized under basic conditions.
Moreover, the MCM-41 structure was not distorted and the BET
surface area values over 1000 m?/g were obtained for Pd-MCM-41

materials having Pd/Si wt ratios as high as 0.44.

2. In the case of acidic hydrothermal synthesis route, the XRD patterns
indicated distortions of the MCM-41 structure. Furthermore, a wider
distribution of pore sizes of the mesoporous Pd-MCM-41 were
observed. Although Pd incorporation into the MCM-41 structure
lowered the surface area of the synthesized material, the modified
nanocomposite structure exhibited promising physical and chemical

capabilities for many catalytic applications.
3. In order to devise the most appropriate synthesis route for Pd
incorporation into the structure, three different palladium sources

(PdCly, KyPdCl,;, and Pd(NH3)4(NO3),) were used. Among these
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palladium sources, the best results (surface area ~1091 m?/g, Pd/Si
ratio 0.23 wt. basis) were obtained with K,PdCl, salt. Pd
incorporation with other salts were also efficient and the results
were close to the one synthesized with K,PdCl,. Pd(NH3)4(NOs), salt
rather showed lower surface area and Pd/Si ratio compared to the

other palladium sources used in the syntheses.

4. In the case of Pd impregnated MCM-41 material, a 20 % reduction
in the pore volume and surface area of MCM-41 were observed in a
sample containing a Pd/Si wt ratio of 0.12. However, the decrease
of average pore radius was much less, indicating plugging of some
of the pores by the Pd nanoballs formed in the mesopores of the
host MCM-41.

5. To determine the reduction temperature of PdO to Pd, TPR analysis
of the synthesized materials were performed in a Hiden analytical
HPR20 mass spectroscopy. Results from the TPR analysis indicated
that about 85 % of the PdO was reduced to Pd at temperatures
around 200 °C. These TPR analysis also validated the accuracy of

Pd/Si ratios obtained from either EDS or XPS analysis.

After all, Pd-MCM-41 nanocomposite material was synthesized in both
acidic and basic media and interesting results were obtained and concluded. As a
part of future work, the following recommendations could be helpful to improve

the incorporation of the palladium into a silica based host:

1. A detailed analysis of the synthesized materials could be studied so
as to observe the dispersion of Palladium onto the structure and to
see the amount of palladium on the surface of the host structure.
These observations can be detected with H, and CO chemisorption

studies.

2. Since the synthesized materials are nanocomposite materials, a
focused and detailed TEM analysis would complete the full
characterization of the materials. Techniques like AFM can also be
used to compare and justify the results obtained from TEM analysis
of the Pd-MCM-41 materials.
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3.

It was a difficult task to synthesize Pd-MCM-41 in a basic medium.
In order to ease the synthesis of modified MCM-41, it is suggested
to incorporate aluminum into MCM-41 structure. This addition would
alter the properties of the material into acidic. After having obtained
an acidic structure palladium incorporation is expected to be more

successful compared to the synthesis performed in this study.

Considering catalytic applications, it would be reasonable to increase
Pd/Si ratios in the structure. For this purpose, SBA-15 is a candidate
material for obtaining high Pd/Si ratios in the structure due to the
acidic character of the material. However, compared to MCM-41,
SBA-15 shows slightly lower surface areas. This pitfall could be
overcome with the efficient dispersion of palladium into the SBA-15
structure and valuable results are expected for the modified

nanocomposite material.

In some catalytic applications using different mesoporous materials
like MCM-48 as a catalytic support might show better results due to
the structure, stability, and flexible properties of the material. For
comparison and effective catalyst design, it is possible to
incorporate palladium into the cubic structure of MCM-48.
Synthesized material could be used in specific reactions and the

results can be compared with the ones obtained from this study.

Palladium incorporated novel materials will be tested for hydrogen
storage applications as a future work. In addition, it is also planned
to carry out catalytic studies with Pd-MCM-41 nanocomposite
materials and yields from the reactions will be compared with the

ones obtained from commercial catalysts.
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