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ABSTRACT

PREPARATION AND CHARACTERIZATION OF PALLADIUM
NANOPARTICLES LOADED POLYANILINE WITH MAGNETIC
PROPERTY AS A CATALYST FOR HYDROGEN GENERATION

ALSADA, Ahmed Saleh Abdullah
M.Sc., Chemical Engineering Department
Supervisor: Assoc. Prof. Dr. Murat KAYA
Co-Supervisor: Dr. Yeliz AKPINAR
July 2020, 46 pages

Catalysis is a crucial area today because of its importance, as 90% of chemical
processes contain catalysis in at least one step in their interactions, as it addresses
many environmental issues as well as issues related to sustainability. Metal
nanoparticles have attracted the attention of many researchers because of their
effectiveness as a catalyst because they represent a new type of catalyst through the
properties it possesses. The metal nanoparticles are supported by materials such as
silica and alumina to gain more good properties. Support materials such as polymeric
materials have recently emerged as essential support materials in the catalyst field for
their stability and ease of production. The search for clean and sustainable energy
sources is still underway. Hydrogen is emerging as a source of clean energy and a
possible alternative to fossil fuels soon, and many substances containing hydrogen
have appeared in various proportions such as water, biomass, hydrocarbons, and
chemical hydrides. Among these substances, ammonia borane is considered one of the
most important of these substances that contain a high percentage of hydrogen (19.6
wt%) with high stability and low toxicity.
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In this thesis, palladium nanoparticles loaded polyaniline composite material (MNPPANI-PdNPs) with a magnetic property was prepared. For this initially, magnetic
nanoparticles added PANI was prepared with oxidative polymerization. After that
palladium nanoparticles were loaded to the composite material by using a wet
impregnation method followed with sodium borohydride reduction. The catalytic
activity of the resulting particles was tested in the dehydrogenation of Ammonia
borane under ambient temperature. Also, components and resulting material were
characterized by using SEM, TEM, EDX, FTIR, and ICP-OES. After optimization
studies, the highest TOF value was calculated as 220 min-1 for the 20 mg 1.2 % Pd
(w/w) loaded catalyst. Because of the magnetic property of the catalyst, it is quickly
separated from the reaction mixture using an external magnet without the need to use
other methods such as filtration or centrifugation. The catalyst was reused for five
consecutive reactions, the results showing that 95% of the initial activity was retained
with a full hydrogen release at the end of the fifth catalyst operation.

Keywords: Hydrogen Energy, Ammonia Borane, Polymer Support, Palladium
Nanoparticle, Nanocatalyst.
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ÖZ

HİDROJEN ÜRETİMİ İÇİN KATALİZÖR OLARAK PALADYUM
NANOPARÇACIK YÜKLENMİŞ MANYETİK ÖZELLİĞE SAHİP
POLİANİLİN HAZIRLANMASI VE KARAKTERİZASYONU

ALSADA, Ahmed Saleh Abdullah
Yüksek Lisans, Kimya Mühendisliği Bölümü
Tez Yöneticisi: Doç. Dr. Murat KAYA
Ortak Tez Yöneticisi: Dr. Yeliz AKPINAR
Temmuz 2020, 46 sayfa

Kataliz günümüzde çok önemli bir yere sahiptir. Birçok çevre ve sürdürülebilirlikle
ilgili konularda katalizör kullanımının gerekli olması sebebi ile katalizörün önemi
ortaya çıkmaktadır. Metal nanoparçacıklar, sahip oldukları katalitik özellikler nedeni
ile birçok araştırmacının dikkatini çekmiştir. Metal nanoparçacıkların katalizör
olarak etkinliklerinin arırılması için silika ve alumina gibi destek malzemeleri
üzerine yerleştirilmektedir. Bunların yanında polimer tabanlı malzemeler
kararlılıkları ve üzretimlerindeki kolaylık sebebi ile son zamanlarda destek
malzemesi olarak kullanılmaya başlanmıştır. Temiz ve sürdürülebilir enerji
kaynakları arayışı halen devam etmektedir. Hidrojen temiz bir enerji kaynağı olarak
bilinmektedir ve yakın gelecekte fosil yakıtlara olası bir alternatif olabileceği
düşünülmektedir. Bu nedenle su, biyokütle, hidrokarbonlar ve kimyasal hidritler gibi
hidrojen içeren birçok maddeden hidrojen eldesi ilgi odağı olmaktadır. Bu maddeler
arasında, amonyak boran, yüksek stabilite ve düşük toksisite yanında yüksek oranda
hidrojen (ağırlıkça% 19.6) içermesi sebebi ile de öne çıkmaktadır.

v

Bu tezde, manyetik özelliğe sahip polianilin üzerine eklenmiş paladyum
nanoparçacıkları içeren kompozit malzeme hazırlanmıştır. Bunun için öncelikle
manyetik nanoparçacık içeren PANI oksidative polimerleşme yöntemi ile
hazırlanmıştır. Daha sonra paladyum nanoparçacıkları sıvı içerisinde karıştırılarak
yüzeye tutturulmuş ve sodium borhidrür ile indirgeme işlemi yapılarak nanoparçacık
haline getirilmiştir. Hazırlanan parçacıkların katalitik aktiviteleri oda sıcaklığında
amonyak borandan hidrojen eldesinde denenmiştir. Ayrıca hazırlanan malzeme ve
içeriğinde bulnan diğer bileşeklerin karakterizasyonları SEM, TEM, EDX, FTIR ve
ICP-OES kullanılarak yapılmıştır. Uygun koşullar belirlendikten sonra 20 mg, % 1.2
Pd nanoparçacık eklenmiş katalizörün kullanımı ile TOF değeri 220 dk -1 olarak
hesaplanmıştır. Sahip olduğu manyetik özellik sayesinde katalizör reaksiyon
ortamından filtreleme veya santrifüj gibi yöntemlere gereksinim duymadan harici bir
mıknatıs yardımı ile kolayca ayrılmıştır. Daha sonra tekrar kullanılabilirlik
çalışmasında 5 defa kullanılmış ve 5 kullanım sonunda başlangıç aktivitesinin % 95
ini koruduğu gözlemlenmiştir.

Anahtar kelimeler: Hidrojen Enerjisi, Amin Boran, Polimer Destek, Paladyum
Nanoparçacık, Nanokatalist
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CHAPTER 1

INTRODUCTION

The process of replacing the current energy system with a sustainable energy system
is a considerable challenge worldwide and is an issue that requires a lot of effort.
Therefore, efforts to focus on the search for a suitable alternative need to be focused.
Scientists have proposed many solutions to reduce harmful emissions to the
environment. Addressing environmental issues, pollution, and the search for
sustainable energy is a concern of scientists. Nowadays, hydrogen can be considered
the energy carrier that everyone is looking for and is a suitable solution [1].

Although hydrogen is the most abundant element in the universe, it must be produced
in a certain way. Difficulties are facing its production process, including the economic
aspect, as hydrogen production is expensive compared to the costs of fossil fuels that
are currently used mainly. The other difficulty is storing hydrogen with its low
temperature. (33 Kelvin) represents a challenge, as it is a regular gas, and this means
the problem of saving at a high density. Hydrogen storage is an important and difficult
challenge today, as several methods can be used to store hydrogen and are as follows.

(1) Refrigerated tanks (at 21 K) contain hydrogen as a liquid.
(2) Cylinders with very high pressure around 800 bar.
(3) Host metals that contain interstitial sites and absorb hydrogen at average
temperatures.

(4) Hydrogen adsorption on materials with a high surface area and a temperature of
less than 100K.
1

(5) In reactive oxidizing minerals with water such as mg, Na.
(6) Hydrogen, which is bound in ionic and covalent compounds.

The most common way to store hydrogen is a high-pressure gas cylinder with a
pressure of (200) bar. After that, the cylinders were able to withstand pressure up to
800 bar. This means that hydrogen can reach a volume density of 36 kg.m-3, which is
approximately half of the liquid state. The volumetric density of hydrogen is about
70.8 kg.m-3. The most elevated density of hydrogen can be seen in the metal hydride.
The hydrogen atom is the most attractive of all elements of the periodic table because
of its electron accompanied by only one proton. This means that hydrogen has the
largest number of valence electrons. According to protons, the chemical energy per
unit of hydrogen mass is about 39.4 kWh · kg-1, which means that the energy produced
by the hydrogen mass is three times greater than that of other chemical fuels. It can be
said that the energy content of 0.33 kg of hydrogen is equal to the energy content in 1
kg of oil, for the sake of For the hydrogen economy to become a reality we live in, we
must overcome the challenges facing its production and safe storage [2].

Nanotechnology plays a significant role in various scientific fields through
nanoparticles, as it exhibits interesting physical and chemical properties. The synthesis
of nanoparticles of uniform shape and size is essential as the particles have high
surface properties, for example, Palladium nanoparticles. It is widely used in chemical
reactions, especially organic, where palladium particles are easily re-separated from
reaction mixtures, and the catalyst can be recycled and used several times without
losing its activity [3].

Ammonia borane was first reported in 1955, as it has distinct and different properties
due to nitrogen and boron atoms, as well as its distinctive characteristic in storing
chemical hydrogen in a large percentage. Recent decades have witnessed a great
interest in ammonia borane in an attempt to extract chemical hydrogen from it.

2

Therefore, it was the subject of extensive research from Before many researchers;
ammonia borane is an important part of the enormous effort made to solve the
obstacles facing the hydrogen economy [4].

1.1

Hydrogen Energy

Building and modernizing a sustainable energy system is a challenge now and, in the
future, to keep pace with the requirements of development. The current energy
system will be gradually replaced as it relies on fossil fuels, which is considered to
harm the environment. The potential alternative is hydrogen, as it is an energy carrier
from many sources. Hydrogen is an ideal solution to address sustainability and
emissions issues. Projections indicate that the hydrogen economy will significantly
reduce water consumption for energy production. Hydrogen is not freely available
in nature. Instead, it needs to go through several processes to extract it, either from
water or other compounds.

Hydrogen is the most accessible element in the universe and has many advantages,
including that it is considered clean when combustion and has the highest energy per
unit mass. Therefore, hydrogen is the most suitable alternative to fossil fuels, and
with all these features, it is not considered an energy source but rather an energy
carrier. The cost of producing hydrogen from water is higher than the energy it
produces. With all of these advantages that hydrogen possesses, there are significant
constraints related to the efficiency of hydrogen production and storage [5]. The
obstacles that must be overcome to achieve the hydrogen economy can be
summarized in the following points;

1- Production: The production process with low and worn energy represents a goal to
enhance hydrogen production on a large scale
2- Storage: The use of hydrogen fuel with ease is related to the comfort of
transportation and the method of storing with high density, as well as the process of
shipping and discharge.

3

3- Energy generation: An effective system for producing hydrogen energy is required.
4- Safety: It is essential in the production and storage process, as well as the use of
hydrogen fuel, due to its flammability [5].

The process of producing hydrogen can be from sources free of carbon or fossil fuels,
and this is an additional advantage that hydrogen possesses, and thus contributes
greatly to reducing greenhouse gas emissions. The global hydrogen-based energy
system can effectively achieve long-term sustainability. To transform into a society
based on sustainable energy, a policy must be adopted to prioritize research into
sustainable energy to reach a standard of living in a safe environment [6].

1.2

Hydrogen Storage Materials

As an industrial fuel, hydrogen is an ideal solution to the energy problem due to its
abundance and lightweight, and so is it environmentally benign, but it is necessary to
provide ideal storage for hydrogen. There are different storage methods for storing
energy in various forms. For example, electrical and mechanical energy can be stored
as chemical energy (batteries, hydrogen or gasoline). The chemical energy depends on
the energy of valence electrons because hydrogen is more attractive because of an
atom that is accompanied by one proton; it contains the best ratio of protons to
electrons. Despite the abundance of hydrogen, a small percentage of it, about 1%, is
present as a gas, and the vast majority of it is linked to other elements. Hydrogen is
found in water, hydrocarbons, and other items [7]. There is a very great and long-term
demand for hydrogen production technology at low costs. Thus hydrogen-based
techniques will be a major candidate for a risk management strategy in light of climate
change [8]. Many substances contain different amounts of hydrogen and can be used
as sources of hydrogen production, such as coal, heavy oils, biomass, water, or liquid
fuels derived from biomass, such as methanol [9]. The volumetric density of hydrogen
can be seen in the hydrogen material as shown in Figure 1.1.

4

Figure 1.1 Comparison of gravimetric and volumetric densities of various hydrogen
storage materials [10].

1.3

Ammonia Borane as a Hydrogen Storage Material

One of the materials that contain a high amount of hydrogen is ammonia borane,
which is non-toxic and stable [11]. Ammonia borane has distinctive properties that
make it a promising material for hydrogen production as its hydrogen content (19.6
wt. % H2) has low molecular weight (30.7 g/Mol). It has a high solubility (33.6 g
H3NBH3/100 g H2O) and high stability in the water at room temperature. Ammonia
borane releases a high amount of hydrogen from its hydrolysis in the presence of a
suitable catalyst [12]. There is another name for Ammonia borane, which is borazine
[13]. To obtain ammonia borane at room temperature, a suitable catalyst must be
used for hydrolysis and hydrogen release according to the following equation (Eq.
1.1( [14] .

H3NBH3 (aq) + 2H2O (L)

cat

NH4 + BO2 (aq) + 3H2 (g) (Eq. 1. 1)

aly
st
5

Ammonia borane can be defined as a stable, colorless solid chemical with a melting
point of 110-114 ° C [15]. The thermal decomposition of ammonia borane requires a
high temperature as it decomposes at a temperature of about 385 K [13]. It is known
that at 125 ° C, some light gases are composed of ammonia boranes such as borazine,
ammonia, and cycloborazanes. These gases can cause poisoning [16]. Therefore;
hydrolysis can be considered as a suitable method for producing hydrogen because it
is an effective and low-cost method through the use of catalysts and room temperature
[17].

1.4

Catalyst

At present, catalysis is an essential field in many areas, as 90% of chemical processes
contain catalysts in at least one of its steps. The importance of catalysis comes through
its treatment of many issues, especially environmental. The catalysis can be defined
as a substance that increases the rate of a reaction without making a change in the
standard Gibbs energy of the reaction [18].

The term chemical catalysis was used for the first time by the scientist Berzelius for
the first time in 1876, where the name was given to a substance that increases the
reaction rate without being consumed and without engaging in the reaction. The
presence of the catalyst in the reaction reduces the activation energy, and the activation
energy can be defined as the least energy needed for a reaction to occur, it can also be
considered the lowest energy that molecules must pass to make the reaction happen
[19]. In addition to accelerating the reaction by catalysis, the catalysts have a selective
property as well, meaning that it is possible to obtain different products from specific
starting materials using different catalysts, the catalysts can be solid, liquid or gaseous,
most of the industrial catalysts are liquid or may be solid.
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There are three main characteristics that catalysts depend on to be appropriate and they
are activity, selectivity, stability, catalysts can be classified based on different criteria
such as composition, structure and assembly status, in addition to the existence of two
large groups on which catalysts can be classified, which are homogeneous and
Heterogeneous catalysis and there are also intermediate forms such as catalysts
homogeneous associated with solids or the so-called catalysts supported, and there is
another type of catalysts, the biological catalysts, or the so-called enzymes, which are
the driving force in biological interactions and can be categorized mainly as a kind of
catalysts [20]. The classification of catalysts can be observed through the following
figure.

Figure 1.2 The classification of catalysts.

1.5

Heterogeneous Catalysis System

Heterogeneous catalysts are those whose physical condition varies, are used at high
temperatures, and are generally stable. Heterogeneous catalysts are often solid
compounds added to a mixture of liquid or gaseous reactions.

7

Heterogeneous catalysts have many benefits, and among those benefits is that
heterogeneous catalysts can be separated directly from the reaction mixture, such as
filtration. In this way, costly catalysts can be extracted or recovered efficiently and
effectively, which is vital in manufacturing processes. However, the disadvantage of
the heterogeneous catalyst is related to the surface area available for the catalyst. Once
the catalyst surface is completely saturated with the reactant’s particles, the reaction
cannot continue until the products leave the surface, and some space opens up again
for a new reactor molecule that is absorbed or absorbed onto the catalyst surface [21].

Heterogeneous catalysis can be considered at present an important stage for achieving
sustainability in energy production and preserving the environment and rehabilitating
it, as well as heterogeneous catalysis can be considered an important step in reducing
unrecoverable waste by increasing activity and effectiveness, as well as we can say
that catalytic catalysis is used in developing Using biomass as a substitute for fossil
fuels in fuel production [9].

The mechanism for making heterogeneous catalysts is somewhat complicated. So far,
we have very little knowledge of it, and several proposals attempt to clarify the
mechanism for the work of heterogeneous catalysts. One of the most important
complications found in heterogeneous catalysis is the active site (which is a molecule)
which consists of the substrate with a few atoms on the outer surface, which still face
some difficulties in understanding it, which are usually "organometallic in the surface
area" [22].

The most important characteristic of heterogeneous catalysis is its ease of separation
and reuse many times and with high efficacy [23]. It is imperative to distinguish
between homogeneous and heterogeneous catalysis, and these differences can be seen
in Figure 1.3.

8

Figure 1.3 The difference between homogeneous and heterogeneous catalysis [18].

1.6

Supported Catalysts

The chemist can now control, manipulate, and produce new types of physical and
chemical materials. One of the areas of interest to many researchers is the fusion
process between nanoparticles and nanomaterial technology. Nanoparticles are known
to have active centers, but they are unstable and change in size due to higher surface
energy. To produce stable molecules, the growth of the molecules must be stopped
and their lumps, to solve this problem, it is possible to use colloids or polymers or use
porous materials to stop the poisoning or aggregation of the nanomaterials, as well as
to maintain catalyst activity. The supported nanoparticles have attracted a lot of
attention due to Its ability to enhance selectivity and control the size of nanoparticles
[24].

Supported catalysts show high efficiency compared to their counterparts, bulk
particles, because the support has a high surface area with volume, for example,
palladium nanoparticles have high efficiency and excellent activity and can be easily
separated and reused several times. When supported on poly (lactic acid) (PLA), It
can obtain high surface area and prevent assembly [25].
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Several methods have been proposed for the production of supported Nanocatalysts,
and one of these methods is the Wet impregnation method, where it is applied to
synthesize the supported Nanocatalysts. This process involves the dissolution of the
solid support with precursor metal salts in an aqueous environment [26].

Support materials are widely used in metal catalysts due to their properties, in addition
to thermal and chemical stability and the possibility of recycling, as well as the ability
to behave as homogeneous and heterogeneous catalytic behavior Various forms of
carbon supports are used in various applications in carbon nanotubes, as well as
activated charcoal, Which is used as support material for nano-metal catalysts [27].
The polymer is a prominent candidate for use as a support material for metal
nanoparticles, as it has excellent properties such as corrosion resistance and thermal
stability and has low solubility as well as good porosity and easy access to active sites
[28].

1.7

Conjugated Polymers as a Support Material for Catalysts

Conjugated polymers were extensively studied in 1977 because of their electronic and
optical properties, which have become the focus of attention of researchers [29].
Conjugated polymers are excellent supports for metallic nanoparticles in many
reactions, especially in organic reactions. In addition to being inexpensive and
environmentally friendly, among the many associated polymers, polyaniline is among
the most important polymers used in the heterogeneous catalytic field besides
polypyrrole and polyindole. In general, the conjugated polymers attracted attention as
promising in the catalyst field due to its advantages of easy installation and portability
Recycling and stability. Several areas are available for the development of catalysis
based on conjugated polymers, including working to improve the efficiency of the
catalyst structure by controlling the chain and proton [30].
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1.8

PANI (Polyaniline)

Materials with nanostructures are a rapidly growing field in the recent period, among
which highlights polyaniline, which possesses many advantages. Aniline monomer
was isolated in early 1826 when crystalline salts of sulfuric acid and phosphoric acid
were seen from indigo thermal distillation, in the early twentieth century, many
experiments on aniline oxidation were conducted and ultimately proved the
conversion of aniline into a polymer. Minor changes in aniline reactions can lead to
profound changes in the size and shape of the aniline in the nanoscale [31].

Polyaniline is the most attractive conductive polymer, and the reason for this is the
presence of an NH group in the polymer chain. Electrical conductivity is one of the
important indicators of polyaniline. The electrical conductivity can be adjusted by
adding viscous materials, and the conductivity depends on dopant ions. Besides, this
type of polymer possesses many characteristics as it is of high environmental stability,
lightweight, low cost, and high flexibility that can be used in many applications such
as batteries, sensors, and electronic devices [32].

1.9

Separation of Catalysis

One of the main factors for the sustainable management of chemical processes and
their interactions is the recovery and separation of catalysts, especially expensive ones
[33]. Basic techniques for separating catalysts from the reaction mixture include
sedimentation or filtration using membranes or column chromatography [34].

The main factors that must be taken into account when choosing the best type of
separation are the following, the energy required for separation, the capital available
to purchase the separation equipment, the separation efficiency, as well as the validity
of the catalyst after the separation [21].
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The design of catalytic systems that can be separated magnetically recently attracted
attention to improve the efficiency of catalytic separation and reduce losses; magnetic
nanoparticles can offer an auspicious property in catalytic separation because of the
large surface area that they provide an easy separation at the end of the reaction, Fe3o4
is strong support for catalytic separation. It is cost Low, chemically stable, available,
and of low toxicity. The catalyst supported by MAGNPS can be separated
conveniently from the reaction mixture using an external magnet and without filtration
[35].

The magnetic nanoparticles enhance the separation and reuse of the catalyst process
many times and with high activity without losing effectiveness, and this is important
because the recovery of catalysis from a reaction mixture is a problem, due to the
difficulty of separating from the mixture of their interaction here highlights the
importance of magnetic nanoparticles [36]. Magnetic separation is in the priority list
of candidate separation methods as a substitute for filtration or centrifugation [37].

1.10 Production of Magnetic Nanoparticles

The reason why magnetic nanoparticles attract so much attention is that they are
considered beneficial models for understanding the fundamental aspects of magnetic
arrangement phenomena in magnetic materials with nanoscale dimensions. Research
studies in this field can be used to develop new technological applications.
There are many new ways to produce nanomagnetic particles, Including coprecipitation, gas-phase reaction, direct pyrolysis, the reaction of microemulsions, and
many other methods.]38[

Magnetic nanoparticles have unique properties, one of which is the ability to have
different properties according to the field in which they are used. For example, in data
storage applications, magnetic particles need to be in a stable and interchangeable
condition and not affected by temperature fluctuations in biological treatment
applications.

12

Medical diagnosis requires that the properties of nanoparticles be stable in water at pH
7, there are five types of magnets and can be described as follows diamagnetism,
ferromagnetism, paramagnetism, ferromagnetism, and antiferromagnetism [39].
Determination of the magnetic properties of magnetic nanoparticles depends on
several things, which are the degree of deflection of the crystal network, the chemical
composition and the interaction of the particles with the surrounding crystal structure
and the size and shape of the particle. One can somehow control the magnetic
properties based on the properties mentioned; other conditions affect the properties of
magnetic particles such as temperature and pressure as well as the medium in which
the magnetic particle moves [40].
.
There is a great interest in the methods of production of magnetic nanoparticles, where
scientists pay special attention to the ways of preparation that allow the synthesis of
nanoparticles of a regular shape and size. This goal can be achieved through the
method of co-precipitation, which is an easy and practical technique to produce
magnetic nanoparticles from the aqueous solutions of precursors with a base As a
reducing agent in room temperature or high temperature, the salts used in the
production process are chlorine, sulfate, and nitrate, many parameters are affecting
this process, including the type of salt used, the temperature, and the acidity The ionic
strength of the center, these factors have a direct impact on the shape and size and
composition of the magnetic nanoparticles [41].

1.11 Magnetically Recoverable Nanocatalysts
The green catalysts promote the reduction of environmental pollution and reduce the
generation of hazardous materials and avoid the use of organic solvents Volatile or
toxic reagents and increase efficiency and reduce time consumption that recovering
catalysts constitute a significant goal to increase efficiency and reduce cost and reuse
of the catalyst many times and to achieve an easy and effective separation at the same
time.
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Even though catalysis is an area of searching in green chemistry, but the process of
recovering catalysts represents a significant challenge for scientists, and therefore we
can see a great trend towards the use of recoverable magnetic nanomaterials.

In addition to your separation plains, these materials show high selectivity and
excellent activity [42]. The supported catalysts show high activity during the reaction
that the supports provide a high possibility of separation as well as for recycling
because the metal catalysts have great tendencies to lose activity in the absence of
supporting materials. The process of separating a catalyst from the final product is
highly required, especially in pharmaceutical products. Heterogeneous catalysis
provides isolation and separation of catalyst from the reaction easily [43].

The separation process concerning the supported magnetic nanoparticles can be
accomplished by using an external magnet without the need for filtration,
centrifugation, or other processes. Moreover, magnetic nanoparticles exhibit
characteristic features such as thermal stability and a large surface area relative to the
size and low toxicity the ability of surface adjustments, and easy dispersion. Magnetic
nanoparticles are a great strategy for bridging the gap between homogeneous and
heterogeneous catalysis. In heterogeneous catalysis systems, the active molecules are
on the surface or inside the pores of materials such as silica, alumina, or mesoporous
materials. The mentioned difficulties can be overcome by using transition metals
complexes immobilized on magnetic nanoparticles as the catalyst, the salient features
of magnetic nanoparticles are their recyclability as well as their usability in sustainable
applications [44].
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1.12 Aim of the Study

In this study, polyaniline nanoparticles (MNP) added polyaniline (PANI) as a
composite material (MNP-PANI). The importance of magnetic nanoparticles is in
recovering the catalyst from the reaction mixture and, also it can be easily prepared.
Palladium nanoparticles were added to the prepared structure (MNP-PANI-Pd NPs)
using the wet impregnation method. PdNPs were formed by reducing Pd ions with
sodium borohydride. The prepared materials were characterized using FE-SEM, TEM,
EDX, and ICP-OES. The catalyst that was prepared was then used to produce
hydrogen from the hydrolysis of Ammonia borane under ambient conditions.
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CHAPTER 2

2.

2.1

MATERIALS AND METHODS

Materials

During the preparation of composite material and their components, ferric chloride
hexahydrate (FeCl3.6H2O, SIGMA-ALDRICH), cobalt(II) chloride hexahydrate (
CoCl2.4H2O, SIGMA-ALDRICH), sodium hydroxide (NaOH, SIGMA-ALDRICH),
palladium(II)

nitrate

dihydrate

((Pd(NO3)2·2H2O),

SIGMA-ALDRICH),

hydrochloric acid (HCl, SIGMA-ALDRICH), aniline (C6H5NH2, SIGMAALDRICH). (3-aminopropyl)triethoxysilane ( (APTES), FLUKA), tetraethyl
orthosilicate ((TEOS, ALDRICH), ethyl alcohol ((C2H5OH), SIGMA-ALDRICH),
ammonium persulfate ( SIGMA-ALDRICH), ammonia solution ( (NH3), MERCK)
and sodium borohydride ((NaBH4), SIGMA-ALDRICH) were used without any
purification. For the catalytic experiments borane-ammonia complex ( (H3N·BH3),
SIGMA-ALDRICH) was used.

2.2

Characterization and Instrumentation

For the morphological characterization of prepared particles, initially, Quanta 400
FE-SEM from FEI, Field Emission Scanning Electron Microscopy (FE-SEM) was
used.
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For the detailed characterization to find the size and the shape of the prepared
particles, JEOL JEM-2010F transmission Emission Microscopy (TEM) and high
resolution-TEM (HR-TEM) were used. The instrument is an advanced field emission
electron microscope with an accelerating voltage of a maximum of 200 kV.

The elemental composition of the particles was performed with an energy-dispersive
X-ray analyzer (EDX) coupled with SEM and TEM. SEM, TEM and EDX
measurements, the suspension solutions of samples were dropped onto the grids
coated with carbon tape after that, the samples were left overnight for drying and
then analyzed. EDX coupled to Quanta 400F Field Emission Scanning Electron
Microscope (FE-SEM), and 2100 F, 200 kV TEM were used to investigate the
elemental compositions of prepared materials.

Percent loading of palladium was revealed by using ICP-OES, Perkin Elmer Optima
4300DV, (METU Central Laboratory).

2.3

Preparation of Cobalt Ferrite (SiO2-CoFe2O4) Magnetic Nanoparticles

CoFe2O4 NPs were prepared co-precipitation method [45]. At the first stage, the
solution of mixture Fe3+ and Co2+ was prepared. To adjust the mole ratio of Fe/Co to
2, 1.61 g FeCl3.6H2O and 0.71 g CoCl2.6H2O were dispersed in 6.50 ml DI water.
50µl concentrated HCl solution was added and ultrasonicated to obtain a homogenous
solution. Secondly, 3.75 g sodium hydroxide (NaOH) was solved in 62.5 ml DI water
in a conical flask and then this solution was heated to 80 °C. Solutions that had been
prepared at the first stage were added to the hot NaOH solution drop by drop. After
adding the procedure was finished, the solution was stirred 1h at 80 °C. After the
stirring procedure, the black precipitate was separated by using a magnet, and the
supernatant was removed. After then, the washing and separation process using a
magnet and repeat the process three times by using distilled water. CoFe2O4 NPs were
dried by incubating in the furnace at 80 °C and then they were made powder by using
mortar.
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The schematic representation of the preparation of MNP is given in Figure 2.1.

Figure 2.1 The preparation of CoFe2O4 magnetic nanoparticles.
Stöber Method was used for the coating surface of CoFe2O4 NPs [46]. Magnetic NPs
that had been prepared at the previous part was dispersed in 50.0 ml DI water and
sonicated until obtaining a homogenous mixture. 10.00 ml of this stock solution was
put into a beaker and diluted to 100.0 ml. Freshly prepared 500 µL (3-Aminopropyl)
triethoxysilane (1mM) was added to magnetic nanoparticles solution and, stirred about
half an hour at room temperature. After then, magnetic nanoparticles were collected
by using a magnet, and excess APTES was decanted. Magnetic nanoparticles were
dispersing in 100 ml ethanol: water (4:1) in the round-bottom flask and then 60 µL of
TEOS was added. After 30 min stirring, 500 µL of concentrated ammonia was added
and the mixture was stirred 24h at room temperature. Finally, silica-coated magnetic
NPs were washed three times ethanol and water separately and then dried in a furnace
at 80 °C and then they were made powder by using mortar. The related scheme is
given in Figure 2.2.
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Figure 2.2 Addition of silica shell over CoFe2O4 nanoparticles.

2.4

Preparation of PANI and PANI-Silica Coated Cobalt Ferrite NPs (MNPPANI)

For the preparation of PANI, a quantity of (0.0027mole, 245pL) was taken from the
aniline monomer and placed in the round bottom flask and then added 3.75 ml of
hydrochloric acid (1.00M). This solution was stirred for 15 minutes at a speed of 500
rpm at room temperature 25 °C to match the solution well. Ammonium sulfate (APS)
(0.0027mole, 0.615g) and 3.50ml Hydrochloric Acids (1.00M) were added in another
flask bottom, and then this solution was stirred for 15 minutes at room temperature 25
°C, 500 rpm to make the solution homogeneous. After finishing the stirring time, the
APS solution was added to the aniline solution gradually by using a pipette. After
finishing adding part, the color of the solution turns pale yellow to greenish-black, and
It was stirred for a full hour at a speed of 500 rpm. The greenish-black precipitate was
obtained after filtering solution by using filter paper and then the filter paper that
contains the sample to the furnace to dry for five hours at a temperature of 60 °C after
drying we separate the form from the filter paper and keep it in a plastic case labeled
(PANI).
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The same procedure was applied with preparation MNP-PANI. The solution of 245µL
of aniline, 3.75 ml of hydrochloric acid at a concentration of 1.0 M, and silica-coated
CoFe2O4 NPs were stirred about 15 mins until a homogenous solution was obtained.
ammonium sulfate (APS) (0.0027mole, 0.615g) was dissolved in 3.50ml Hydrochloric
Acids (1.00M) and then stirred for 10 minutes in another flask. APS solution was
added gradually to the initial solution. This mixture was stirred for about one hour.
Black –blues precipitate was collected by using a pre-weighed filter paper. The sample
was dried in a furnace at 80 °C and then was made powder. The preparation of
composite material is given in Figure 2.3.

Figure 2.3 Preparation of MNP-PANI by using the oxidative polymerization
method.

2.5

Addition of Palladium Nanoparticles onto Magnetic Polymer Support

By using the wet-impregnation technique, palladium ions (Pd2+) were immobilized
onto polymer support (PANI, PANI- CoFe2O4 NPs, PANI-Silica coated-CoFe2O4
NPs). To apply this method,100 mg polymer support material was dispersed in 10.0
ml DI water and a certain amount of palladium nitrate was added to this dispersion.
The amount of palladium nitrate was calculated such that the polymer support would
contain 1%, 2%, and 3% Pd (2+) by mass, separately.
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The mixture was stirred about 4 hours by using a magnetic stirrer. After stirring
procedure, palladium ion loaded PANI- CoFe2O4 NPs and PANI-Silica coatedCoFe2O4 NPs were collected by using a magnet and washed 2 times, on the other hand,
palladium ion loaded PANI was separated solution by using a centrifuge and then two
times washing procedure applied by using the same method. Discarded solutions of
all washing procedures were kept for ICP-OES analysis while palladium ion loaded
polymer support (PANI, PANI- CoFe2O4 NPs, and PANI-Silica coated-CoFe2O4 NPs)
were dried at the furnace and made powder. The whole procedure is shown in Figures
2.4 and 2.5.

Figure 2.4 Reduction of Pd(II) to Pd(0).
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Figure 2.5 Addition of Pd nanoparticles onto PANI-SiO2-CoFe2O4 composite
material.

To prepare palladium nanoparticles on polymer supports, 20 mg Pd ions loaded
polymer supports were dispersed in 10 ml water, and then 20 mg sodium borohydride
was added into the mixture. After 1 min stirring, catalyst (Pd NPs/ PANI, PANICoFe2O4 NPs, and PANI-Silica coated-CoFe2O4 NPs) were separated and catalyst
washed two times by using magnet or centrifuge.

2.6

Hydrogen Generation Studies

The effect of Pd NPs/ PANI, PANI-CoFe2O4 NPs, and PANI-Silica coated-CoFe2O4
NPs as catalysts in hydrogen production from the AB was indicated by determining
the amount and rate of hydrogen production during the experiment. For the
measurements of catalytic activity, the system given in Figure 2.6 was used. For this,
20 mg catalyst was dispersed in 10 ml DI water. This mixture was put into a reactor
and stirred about 600 rpm. Then 1mmol (31.8 mg) AB was added into the reactor
under optimization conditions and the reactor isolated and the temperature was kept
constant. After adding AB, the reaction started and the hydrogen amount was
measured as a volume by the recording water level on graduated apart of the system.
Measurements were recorded over time as an increase in hydrogen gas volume.
Measurements were carried on until hydrogen gas production was ended.
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For the optimization studies, 20 mg 1%, 2% and 3% wt Pd loaded support(catalyst) at
constant temperature and catalyst amount; 10 mg, 20 mg, 30 mg catalyst at constant
temperature and Pd weight percentage; and various temperature at constant Pd weight
percentage and catalyst amount were applied during measurements.

2.7

Reuse Performance of the Prepared Catalyst

For determining the stability and reuse performance of the PANI-MNP catalyst, the
same procedure that was performed at the previous part was applied. According to
this, the used catalyst which had the obtained at the end of the first run of the reaction
was used catalyst was dispersed 10ml DI water and then 1mmol (31.8 mg) AB was
added into the reactor. The Mixture was stirred about 600 rpm an isolated reactor at
optimum conditions. In the same way and washed with water. An increase in hydrogen
gas was measured and recorded as time versus volume increase. This procedure was
applied five times by using a reactor given in Figure 2.6.

Figure 2.6 System used for the catalytic hydrolysis of ammonia-borane.
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CHAPTER 3

3.

RESULTS AND DISCUSSION

In this thesis, silica-coated magnetic nanoparticles (MNP)- polyaniline (PANI)
composite material (MNP-PANI) were prepared. After then palladium nanoparticles
were added to the MNP-PANI composite and MNP-PANI-Pd NPs were prepared. By
using hydrolytic dehydrogenation of ammonia borane, the catalytic activity of MNPPANI-PdNPs was determined.

Differently from the non-magnetic composite catalysts, the magnetic separation
method was used instead of prolonged methods such as filtration or centrifugation
because of the magnetic property the catalyst. This property provided time and effort
effective methods. Detailed characterization of composite materials and components
of MNP-PANI-PdNPs was carried out using reliable analytical techniques. The
stability of the new structure as a catalyst was also examined by reuse studies 5 times.
The results of all studies are given below, respectively.

3.1

Characterization of Prepared Materials

The size and distribution of MNPs and palladium metal nanoparticles that were
decorated into support (PdNPs) and the morphology of the supports prepared were
characterized by using TEM and SEM. By using the energy-dispersive X-ray (EDX)
spectroscopy coupled to TEM and SEM, the chemical composition of catalyst was
figured out. Additionally, FTIR spectroscopy provided information about the chemical
structure of the catalyst. The exact quantity of palladium loaded to the support
materials was determined by using ICP-OES measurements.
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The characterization results are given respectively. To separate the catalyst from the
reaction mixture by using a magnetic separation method, silica-coated magnetic
nanoparticles (cobalt ferrite, CoFe2O4@SiO2) were used. MNPs were prepared by
using the co-precipitation method. After that Stöber technique was applied for silica
shell formation of the surface of CoFe2O4 magnetic nanoparticles. This technique is
based on the hydrolysis and condensation of TEOS, as a silica precursor, in a waterethanol mixture.

TEM was used to understanding the morphology of MNPs and silica-coated MNPs.
The presence of chemical compounds and silica shell was figure out via energy
dispersive X-ray (EDX) coupled to TEM. The results are given in Figure 3.1 and
Figure 3.2.

Figure 3.1 TEM image of SiO2-CoFe2O4 magnetic nanoparticles (MNP).
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The magnetic nanoparticles individually have 15±2 nm size distribution,
approximately. The particle size distribution measurement indicates that the size of
the agglomerates has about 120±20 nm size. Additionally, EDX measurements
provided the chemical structure of MNPs. The EDX pattern is given in Figure 3.2.

Figure 3.2 TEM image of the prepared SiO2-CoFe2O4 magnetic nanoparticles.

According to the EDX pattern, the structure contains the Co, Fe, and Si which are
precursors for preparation MNP, MNP-PANI, and MNP-PANI-PdNPS were contain
this silica-coated MNPs.

The chemical oxidation polymerization method was applied to obtain PANI and MNPPANI. The structure became magnetic with the addition of MNPs (CoFe2O4). The
morphological properties of MNP-PANI were figured out by using SEM. Also, the
chemical composition of compote materials was investigated wit EDX. Results of both
SEM and EDX measurements given in Figure3.3 and Figure 3.4.
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The SEM image indicates that the structure has micron-sized particles with nonuniform size distribution.

Figure 3.3 SEM image of MNP-PANI composite material.

According to the EDX pattern, the presence of Co, Fe, and Si proves that composite
contains MNP. The result is given in Figure 3.4.
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Figure 3.4 EDX pattern of MNP-PANI composite material.

FTIR spectra of PANI given in Figure 3.5 The peaks at 3400 cm−1 and 3500 cm−1
belong to the N– H stretching mode. The several peaks which are between 2000 cm−1
and 1600 cm−1 represent the presence of the benzenoid ring. The peaks at 1697 cm−1
and 1651 cm−1 are attributed to C=N stretching mode for imine. The presence of
quinoid and benzenoid rings, C=C stretching vibration, are proved with the peaks at
1556 cm−1 and 1455 cm−1, respectively. The peak at 1105 cm−1 is corresponding to the
C–N stretching mode for the benzenoid ring and the plane bending vibration of C–H
of benzenoid rings are is observed at 799 cm−1 [47]. All of the peaks at the FTIR
spectra proved the formation of PANI polymer was synthesized.
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Figure 3.5 FTIR spectrum of PANI.

Additionally, the FTIR spectra of Si-MNP-PANI composite is given in Figure3.6 The
peaks at 41 8cm-1 and ~587 cm-1 are attributed to the stretching and bending vibration
of the two bands of cobalt ferrite [48]. Also, the strong transition peaks at 1124 (large),
800, and 456 cm-1 proved the presence of silica formation [49]. Therefore, the FTIR
spectra of the MNP-PANI composite indicates the formation of MNP-PANI
composite.
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Figure 3.6

FTIR spectrum of MNP-PANI.

Palladium nanoparticles were decorated onto surface MNP-PANI composite materials
by using a liquid impregnation technique. After then, morphology, size, the chemical
composition of MNP-PANI-PdNPs structure was characterized by using TEM, EDX,
and ICP-OES. Figure 3.7 and Figure 3.8 indicate results, respectively.
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Figure 3.7 TEM image of MNP-PANI-PdNPs composite material.

According to the TEM image, the decoration of palladium nanoparticles onto the
MNP-PANİ composite surface was accomplished. The palladium NPs have 3±1 nm
size, approximately. This value was calculated by using randomly selected 30 particles
from the TEM image. Also, the applying of the liquid impregnation technique
provided having the narrow and homogeneous size distribution of PdNPs on MNPPANI. To prove the presence of Pd element at composite material EDX measurement
was held on and the presence of PdNPS onto MNP-PANI composite material is
indicated at EDX pattern given at Figure 3.8.
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Figure 3.8 EDX pattern of MNP-PANI-PdNPs composite material.

Additionally, for the quantitative analysis of Pd, ICP-OES was used. The total amount
of palladium that was loaded onto MNP-PANI composite material was figure out as
0.73% (w/w).

3.2

Catalytic Activity of MNP-PANI-Pd NPs Catalyst in the Hydrolytic
Dehydrogenation of AB

The catalytic activity of Si-MNP-PANI-PdNPs was examined at the reaction of
hydrolytic dehydrogenation of AB. Initially, a control experiment was performed by
using only MNP-PANI support at different amounts and temperatures, and finally,
no hydrogen evolution was observed in the hydrolytic dehydrogenation of AB.

The amount of palladium is important for the catalytic activity of MNP-PANI-PdNPs,
so the catalytic effect of various amounts of %Pd in Si-MNP-PANI-PdNPs was
investigated using a 10 mL 100 mM AB solution. The results are given in figure 3.9.
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Figure 3.9 mmol H2/mmol NH3BH3 versus time graph depending on the %
palladium loading in MNP-PANI-PdNPs (10 mg sample) for the hydrolytic
dehydrogenation of AB (100 mM) at 25.0 ± 0.1◦C.

TOF values calculated with the data obtained from the experimental results are
shown in Figure 3.10 and Table 3.1. According to these results, the maximum TOF
value was calculated as 220 min-1 when 1.2 wt % Pd loading was used. Therefore
1.2 wt % Pd loaded MNP-PANI was chosen for further applications and calculations.
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Figure 3.10 Graph of TOF values for different loadings.

Table 3. 1 TOF values for different loadings.
Sample

TOF ((mol H2/ mol Pd)×min-1)

0.7 wt% Pd,

189

1.2 wt% Pd,

220

2.1 wt% Pd,

156

The comparison of the TOF value of prepared catalysts with reported TOF values in
the literature related to palladium-based catalysts used in the hydrolytic
dehydrogenation of AB is given in Table 3.2.
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Table 3. 2 Catalytic activity of palladium-based catalysts reported for the hydrolytic
dehydrogenation of AB.
Entry

a

TOF (min-1)

Catalyst

Ref.

1

SiO2-CoFe2O4/PANI/PdNPs

220

This study

2

Pd-Co/graphene

37.5

[50]

3

Co0.35Pd 0.65/C annealed

35.7

[51]

4

Pd/RGO

26.3

[52]

5

Co0.35Pd 0.65/C

22.7

[51]

6

Pd(0)/SiO2-CoFe2O4

254

[53]

7

Pd(0)/HAP

8.3

[12]

8

Pd/zeolite

6.25

[54]

9

Pd/RGO

6.25

[55]

10

Pd/PSSA-co-MA

5

[56]

11

Pd/γ-Al2O3

1.39

[57]

12

Pd/C black

0.67

[57]

TOF = mol H2 / mol metal×min ; b

To find the optimum amount of catalyst which shows the highest activity, different
catalyst concentrations were tried for the hydrolytic dehydrogenation of AB. For this
1.2%, Pd loaded MNP-PANI composite material was used. The results are given in
Figure 3.11.
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Figure 3.11 mmol H2/mmol H3N BH3 versus time graph depending on the
concentration of palladium in MNP-PANI-PdNPs for the hydrolytic dehydrogenation
of AB(100 mM) at 25.0 ± 0.1◦C.

After getting the results, TOF values were calculated and they are given in Figure
3.12 and Table 3.3.
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Figure 3.12 Graph of TOF values for different amounts.

Table 3. 3 TOF values for different amounts of MNP-PANI-PdNPs.
Sample

TOF ((mol H2/ mol Pd) ×min-1)

10 mg, 0.113 mM

206

20 mg, 0.226 mM

220

30 mg, 0.339 mM

175

Results indicated that the highest catalytic activity result was obtained when 20 mg
(0.226mM Pd) Si-MNP-PANI-PdNPs with a loading of 1.2 wt % Pd was used.
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3.3

The Reuse Performance of MNP-PANI-PdNPs Catalyst

Stability, easy separation from the reaction medium, and reuse capacity of the
catalysts are considered as the main parameters besides catalytic activity for an ideal
catalyst. So to show the stability and reuse capacity of MNP-PANI-PdNPs composite
material in the dehydrogenation of AB, five successive experiments were performed
by using the same portion of the catalyst. Due to the magnetic nature of the catalyst,
it can be possible to collect MNP-PANI-PdNPs from the reaction medium by using
a simple external magnet (Figure 3.13).

Figure 3.13 Magnetic behavior of MNP-PANI-PdNPs after placing near the
external magnet which has a 1.6 T magnetic field.

After washing off the collected composite material, the catalyst was dispersed in
water containing a new portion of ammonia borane (100 mM) and the reaction was
started and evolved hydrogen gas was measured. This process was repeated five
times and the obtained results are given in Figure 3.14.
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Figure 3.14 Catalytic activity of MNP-PANI-PdNPs catalyst in the successive
catalytic runs.

Figure3.14 shows that there has been no significant change in the catalytic activity
of the catalyst during the five successive tries in which the same portion of MNPPANI-PdNP was used as a catalyst, carried out at 25.0 ± 0.1 ºC. The initial activity
of the MNP-PANI-PdNPs catalyst retained the nearly same and almost the same
amount of hydrogen was obtained at the end of each run. After five-try, the solution
part of each experiment was collected and the leaching test of Pd was performed by
using ICP-OES and no Pd was detected.
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CHAPTER 4

CONCLUSION

In conclusion, MNP-PANI-PdNPs composite material was prepared easily and
reproducibly by using chemical oxidative polymerization and liquid impregnation
methods followed reduction with sodium borohydride, respectively. After that, all
particles produced were characterized by using SEM, TEM, EDX, FTIR, and ICPOES. After that catalytic activity of MNP-PANI-PdNPs composite material was
investigated in hydrogen generation from ammonia borane under ambient
conditions. Besides stability and reuse capacity of the catalyst were revealed under
the same conditions by applying five successive experiments. 1.2 wt % Pd loading
was founded as an optimum loading value. The highest TOF value was obtained with
the usage of 20 mg 1.2 wt % Pd loaded MNP-PANI-PdNPs composite material.

Due to the magnetic property, the catalyst can be isolated from the reaction solution
in 30 seconds by keeping catalyst inside the reactor by using an external magnet
without needing filtration or centrifugation which allows the perform next run
quickly. So by using this property reuse capacity and stability of composite material
were investigated. The almost same activity was observed at every run with the same
amount of hydrogen without any leaching.
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