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OZET

ORGANIK REAKSiYONLAR iCiIN MANYETIiK OLARAK GERI
DONUSUMLU NANOKATALIZORLER

DOKTORA TEZI

Umran KURTAN

istanbul Universitesi-Cerrahpasa
Lisansiistii Egitim Enstitiisii

Biyo ve Nano Teknoloji Miihendisligi Anabilim Dali

Damisman : Doc. Dr.ilven MUTLU

Her zaman bircok farkli uygulama i¢in arastirmacilarin yeni ve daha verimli nanomalzemeler
bulma egilimi olmustur. Sulu ortamdan boya uzaklastirmak i¢in bir dizi malzeme
kullanilmasina ragmen, manyetik nano-kompozitler boya sokme islemi icin genis capta
arastirtlmaktadir. Bu tezin igerigi, Ozellikle organik reaksiyonlar icin heterojen manyetik
hibrid malzemelerin, Ozellikle nitro aromatik bilesikler ve azo boyalarin indirgenme
reaksiyonlar1 i¢in arastirilimigtir. Bu kapsamda kaplanmis manyetik spinel nanopartikiilleri
(NP'ler) AFe2O4 (A = Fe, Mn) hidrotermal, termal ayrigsma, sol-jel ve birlikte ¢oktiirme gibi
cesitli  tekniklerle iiretilmistir. Fe3Os ve MnFe;Os manyetik nanopargaciklarinin
agglomerasyonunu onlemek ve stabilitesini arttirmak i¢in yiizeyleri modifiye edilmistir. Bu
amacla polianilin ya da silica gibi organik ve inorganik yapilar tercih edilmistir. Daha sonra
Ag veya Cu nanopartikiilleri manyetik nanokompozitlerin igerisine hapsedilerek malzemelere
katalitik aktivite kazandirilmistir. Boylelikle bir¢ok malzemenin 6zellikleri biraraya
getirilerek cok fonksiyonlu hem manyetik hem katalitikge aktif nanomalzemeler elde
edilmistir. Elde edilen tiim manyetik hibrit malzemelerin yapisal, morfolojik, spektroskopik
ve manyetik karakterizasyonu XRD, SEM, TEM, FTIR ve TGA teknikleri kullanilarak
gerceklestirilmistir. Optik ozellikler icin UV-Vis spektrofotometre kullanilmis olup ve
sentezlenen tiim orneklerin katalitik aktivitesi ayrintili olarak arastirilmistir.

Aralik 2018, 124 sayfa.
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SUMMARY

MAGNETICALLY RECYCLABLE NANOCATALYSTS FOR ORGANIC
REACTIONS
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Umran KURTAN
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Institute ofGraduate Studies

Department of Bio and Nanotechnology Engineering

Supervisor : Assoc. Prof. Dr.ilven MUTLU

There is always a tendency of the researchers to find new and more efficient nanomaterials for
many kinds of applications. Even though a number of materials are used for dye removal from
aqueous environment, magnetic nanocomposites are widely investigated for the dye removal
process. The content of this thesis is specifically devoted to a description of the heterogeneous
magnetic hybrids for organic reactions, particularly nitro aromatics and azo dyes reduction
reactions. In this thesis, AFe>Os (A= Fe, Mn) type of coated magnetic spinel nanoparticles
(NPs) were fabricated by various techniques including hydrothermal, thermal decomposition,
sol-gel and co-precipitation. Fe304 and MnFe;O4 magnetic nanoparticles have been modified
in order to prevent agglomeration and improve their stability. For this purpose, organic and
inorganic structures such as polyaniline or silica have been utilized. Subsequently, Ag or Cu
nanoparticles were entrapped into magnetic nanocomposites and catalytic activity was
introduced into the materials. In this way, the properties of many materials are combined to
obtain multi-functional such as both magnetic and catalytically active nanomaterials.
Structural, morphological, spectroscopic and magnetic characterizations of all materials were
carried out using XRD, SEM, TEM, FTIR and TGA techniques. The optical properties were
obtained by UV-Vis spectrophotometer and the catalytic activity of the all prepared samples
has been investigated in detail.

xvil



December 2018,124pages.

Keywords:Nanomaterials, magnetic nanocomposites, magnetization,catalysis,chemical
reduction

xviii



1. INTRODUCTION

1.1. NANOTECHNOLOGY

The invention of “Nanotechnology” has created by Taniguchi in the 1970s and identified as
the study of building machines in size (1-100 nm) showing enhanced chemical, physical and
also thermal and biological characteristics [1, 2]. Miniaturization of the world has happened
with the presentation called “There’s Plenty of Room at the Bottom” by Richard Feynmann’s
1959 talk and the origin of “nanotechnology” was born with this. A miniaturization that
would require the ability to manipulate and control materials on a scale smaller than was ever

imagined at that time.

Figure 1.1:Various applications of nanotechnology [3].

The status of nanoscience has developed over the last 15-20 years and gained significance in
the fields of environmental remediation, biomedical application, energy storing devices,
computer industry, data storage, computing, magnetic resonance imaging and a wide range of
applications of nanotechnology are seen in Fig. 1.1[4]. Nanotechnology is interested in
nanomaterials and devices with processes that happen in the “nm” scale. It is a science of
chemical research and engineering that develops the design of materials and processes since

new kinds of forces, possibilities and effects are faced at the atomic and molecular level.



Assembly of nano components is a key point for the material synthesis thus a great part of
accurate multidisciplinary knowledge is to be desired for the development of technologies.
Nanomaterials can be considered as nanostructured materials which contain at least one of its

dimensions in 1-100 nm whereas nanodispersions have a homogeneous dispersion medium.

1.2. NANOSTRUCTURED MATERIALS

Firstly, it is important to mention the general terms of the nanomaterials. The term “Nano”,
meaning dwarf in Greek, is specifying for so small features and representing 10 meter in
length. Generally, the terms of nanostructures and nanostructured materials are
complementary. Nanostructures are defined as entities described by form and at least one
dimensionality in nanoscale range while nanostructured materials are not only composed of
building units which have nanoscale dimensions but they are characterized additionally by
composition.

In modern science and technology, nanochemistry is growing exponentially to fabricate of
various NPs. Nanomaterials are promising materials because of unique features not observed
for their counterparts. Owing to physical dimension limits, such nanostructures show
remarkable chemical and mechanical characteristics. Both theory and experimental
investigations have been figured out to explore the nanoscale applications based on their
dimesions. The examples of the elemantary building units of nanostructures are seen in Fig
1.2. Nanorods, nanowires, nanotubes are one dimensional (1D) whereas nanodisks and

magnetic nanoparticle layers, etc.,are the class of two-dimensional objects (2D).
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Figure 1.2: The clasification of nanostructures.

In the nanostructured materials field, many names and labels have been used. It is significant
that some terms are explained in the nanoscale materials. For example; clusters are finite
aggregates of atoms and molecules that aresurrounded by a ligand layer that permits the
isolation of molecular species. Colloids are mixtures which contain particles dispersed in a
liquid medium. Nanoparticle is a particle between the 1-100 nm which can be nanocrystalline

or an aggregarate of crystallites.

1.3. MAGNETIC NANOPARTICLES (MNPs)

Unusual physical features of NPs have extensively studied in recent years. Particularly, the
magnetic properties owing to the difference between the bulk material and a nanomaterial are
under intensive research since their new physicochemical characteristics owing to the higher
surface area. The physical characteristics of nanoparticles are known to be importantly
dependent on their sizes and the magnetization and the magnetic anisotropy of NPs could be
higher than those of a bulk material. These new properties of NPs allows them the possibility
to be utilized in a variety of fields and there are different kind of application areas such as
tehcnological (data storage, magnetic resonance imaging), environmental (catalysts, hydrogen
storage), energy (supercapacitors) and biomedical applications. Therefore, among many of

known nanomaterials, magnetic nanoparticles and their structuresare of great scientific



interest and investigated by the researchersgreatly in recent years. There is a direct connection
between the physicalproperties and the particles size of the samples therefore different
processes have now been studied for the production of them containing co-precipitation,
thermodecomposition of the metal precursurs, hydro/solvothermal reactions, microbial

synthesis [5], sol-gel, photolysis [6], electrochemical [7], and other techniques.

1.3.1. Spinel Ferrites

Transition metal oxide compounds also called ferriteshave the general formula MFe>O4
andspinel ferrites are an essential class among several metal oxides. These materialsare
extremely important materials in science and technology since they have been used in varios
applications containing data storage, optical devices, gas sensors, drug delivery and catalysis
thus they have been extensively investigated by the researchers. due to the high magnetization
values which are important for catalyticapplications. However, they are not stable and can

oxidize easilyduring the synthesis if they are notreacted specially.
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Figure 1.3: The general representation of spinel ferrites|[8].

In normal spinels, all the B** ions present in On while A%* ions present in the Ta(Fig. 1.3).
When it comes to inverse spinel ferrites, half of the Ty sites are covered with the B3*. The

other of the Tq sites is formed of the A% ions and the Oy, sites are covered with A**(Fig. 1.3).



It should be also noted that various synthesis methods like co-precipitation, hydrothermal, and

thermodecomposition have utilized to control size, shape and composition of these materials.

1.3.1.1.  Co-precipitation

It is thought to be the most classical route to produce spinel ferrites and done with the solution
of metal salts in an aqueous and basic medium at ambient temperatures. Some surfactants
could be required to stabilize the colloidal solution. Importantly, the nature of the metal
precursors or pH would influence not only the crystallinity but also the size and the shape of
the nanocrytallines. The use of easily found starting materials and the aqueous medium are the
advantages of this method. Chelating agents could be used to stabilize the colloidal

dispersions but this will cause to precipitate larger particles formation.

1.3.1.2.  Thermal Decomposition

It is the commonly utilized method to prepare highly monodisperse MNPs with smaller size.
If the particle size is desired with the accurate control, thermal decompostion methods are
generally preferred. Monodisperse MNPs could be synthesized readily by utilizing metal
acetlyacetonates or metal carbonlys in high boiling solvents at high temperatures (Fig 1.4).
Oleic acid and oleylamine can also be used as stabilizing agent. However, it has some
disadvantages such as that the precursors are generally higly toxic and prepared nanoparticles

are only soluble in nonpolar solvents.

surfactant
assisted
precipitation

Precursor D
’ injection

thermometer

redispersion
centrifugation

R T

better

Heater monodispersity

Figure 1.4:An illustration of NP synthesis by thermal decompostion process [8].



1.3.1.3.  Hydrothermal Reaction

It is another kind of method used to synthesize MNPs. The crystal is grown in hot water under
high pressure and in solubilized precursors. The process is done in an equipment called an
autoclave, in which the solution containing precursors for crystal growth is processed. A
typical Teflon-lined autoclave is shown in Figurel.5. Precursor solution would be initially
prepared and filled into the autoclave. By increasing in the autogenous pressure resulting from
heating, reactivity and also solubility of metal precursors are enhanced.

There are several profits of the hydrothermal synthesis compared to the other techniques. For
example; It is possible to obtain crystalline materials with high melting points at lower
temperatures. Also, it is particularly suitable in that large good-quality crystals can be formed
by the hydrothermal method while maintenance of composition control is needed. Possible
drawbacks contain the need for high cost autoclaves and lack of observing the crystalline
material as it grows. In addition, this technique helps to obtain good crystalline materials and

does not require additional treatments after the process.

Figure 1.5: Autoclave used for hydrothermal method.
1.3.1.4. Microemulsion

One of the most common technique is microemulsion method. By this technique, micelles and
reverse micelles are formed to control the magnetic NPs growth since they behave as tiny
reactors. The formation of particles happens through interdroplet dynamic exchange and
stabilization of phases is done with the formation of micelles. Wrapping of oil in water

droplets in microemulsion is done by the surfactant. Particles are grown in micelles and they



are precipitated by the solvent addition. The size of the micelles are generally dependent on

the concentration of the surfactant an water.

1.3.1.5. Sol-Gel Method

Another tecnique for the production of MNPs is sol-gel method. It usually means the
conversion from a liquid generally colloidal to a solid state by the hydrolysis and
condensation of metal precursurs [9]. By subjecting the gels to elevated temperatures, the
nanoparticles are formed the final crystalline state. The solvent type, the temperature, type of
metal salts and the pH influence the properties of the gel and large quantities of MNPs could
be obtained by this method [10]. As seen in Fig. 1.6, this process generally includes the steps

as production of the homogen solution, sol, gel, aging, dehydration and condensation [11-13].

Solution of metal Sol Gel
oxide precursor 3D structure
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evaporation

Grind

Powder Xerogel Dense ceramic

Figure 1.6: An illustration of sol-gel reaction.

1.4. MAGNETIC PROPERTIES

All matters contain electrons which show a magnetic moment with respect to electron motion.
Spin and orbital moment are two classes of electron motion and each of them belongs to its
own magnetic moment.If the magnetic features of a sample are considered, the magnetic

moment of the atoms should be thought in the sample. To understand the class of magnetism,



it is easy to compare them depending on magnetic moment directions and these are as the

following paramagnetism, ferromagnetism and ferrimagnetism.

-

\ 1.
T

Ferrimagnetism

Figure 1.7: Different types of magnetic behaviors of materials.

All materials can be categorized with respect to their magnetic behavior based on their
respond to applied external magnetic field as seen in Fig 1.7.Diamagnetic and paramagnetic
elements are usually non-magnetic character whereas ferromagnetic ones are referred as
magnetic and they are the most useful ones. Antiferromagnetism is seen in pure elements at
room temperature. When it comes to ferrimagnetic property, it is observed in compounds like
mixed oxides and spinel ferrrites.If a material has a paramagnetic property, the dipol moments
are orientatedrandomly resulting for that the crystal is having a net magnetic moment which is
different from zero. If a magnetic field is implemeted to this crystal, the crystal would be a
small net dipol moment due to the orientation of the somemoments. The dipol moments are
orientated even without any magnetic field for a ferromagnetic crystal. When it comes to a
ferrimagnetic crystal, the net magnetization is the total of individual atomic magnetic
moments that are antiparallel each otherand have different strengths. When these moments are
equal as magnitude, the material behaves as antiferromagnetic and the net magnetic moment

is zero.

1.4.1. Hysteresis Loop

A hysteresis loopcalled as B-H curve gives much datarelated to the magnetic features of a
specimen. Hysteresis loop reflects several magnetic features of the material and the loop is

formed by varying magnetic flux density, B, according to the magnetic field strength, H. Fig.



1.8 presents an example of a hysteresis loop in more detail. When the applied magnetic field
H is higher, the stronger magnetic field on the component B happens. If it isparallel,all spins
are almost orientated and an extra increment in themagnetizing force will give rise to a little
increase in B. Then it is said that the sample has obtained the saturation magnetization called
by Ms.When the magnetic field goes to zero, an inductive coercive force will arise to move
the curve from saturationpoint to origin. Now an amount of B remains in the sample although
the magnetizing force is zero. This means the point of remenence and the residual magnetism

in the sample. It is observed as Mron the Figurel.8.

Hc

Figure 1.8: Example of magnetization curve.

[ 14l

Hysteresis curves are usually in “s” shape type and the magnetizations did not reach the
saturation completely. In spite of ferromagnetic samples, superparamagnetic specimens have
small coercive field and a magnetization curve increase rapidly up to remenence point (Ms)

and after this point it follows linearly as the magnetic field increases.

1.5. SURFACE MODIFICATION

MNPs have attracted attention for many years they have an unusual catalytic properties. But,

the directapplication of them in catalysis is not easy because they have a tendecy of
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agglomeration because of their strong magnetic interactionsbetween each other including
attractive (magnetic and dipol-dipol) and repulsive (electrostatic) forces. The surface
encapsulating of MNPsis significant in catalysis and organic or inorganic surface
functionalization could be. Several approaches have been developed to prepare them and
different inorganic and organic supports were utilized to disperse and incorporate them[14,
15]. By coating the magnetic NPs, direct contacts are prevented between particles, therefore,
the degree of aggregates will be decreased. Funtionalized magnetic NPs are called magnetic
nanocomposites which are three dimensional materials incorporated with zero dimensional
structures (magnetic nanoparticles). The combination of different components in the nano size
range can produce new materials which may combine the advantages of each component each
materials. Inorganic-organic hybrid nanocomposite is an example for this type of materials.
They are synthesized on a possiblematrix like organic layer [16], metal based material [17],
carbon [18], and porous silica [19]. The catalytic performance of nanoparticles depends on the
active atom which refers to the size and shape. Therefore, the stabilization of MNPs is an
essential topic [20]. To overcome these drawbacks, several incorporating methods have been
developed. These may be divided into two: (1) incorporating with inorganic structures such as

silica or metals oxides and (2) encapsulating with organic materials.

1.5.1. Silica

Silica is the most used as an encapsulating agent for the monodisperse MNPs synthesis.
Generally, a silica layer does not allow their aggregation and enhances their stabilization.
Stabilizationof magnetite nanoparticles by silica coating agent occurs by two routes
containing the dipole interactions with the silica layer and the coulombic repulsion of the
MNPs since silica NPs are negatively charged. The sol-gel method is the process to coat the
MNPs with silica which is commonly known Stober technique [21]. For example; Philipse et
al. reported that the silica layer on the MNPs enhances its colloidal stability and prevents
magnetic clusters formation [22]. In another study, Karimi synthesized H>SOsfunctionalized
silica coated MNPs and the prepared sample was used as an effective catalystin excellent

yields(Fig. 1.9)[23].
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Figure 1.9: Representation for the synthesis of silica coated MNPs [23].

1.5.2. Polymers

Various organic polymers like hydrophobic or hydrophilic structure can be thought.Also,they
can be neutral or charged. They can be also categorized into as natural or synthetic polymers.
Chitosan is one of the most used natural polymer for coating of MNPssince it is cheap,
nontoxic and hydrophilic. Y. Chang have showed that the formation of 14 nm sized chitosan
coated MNPs by carboxymethylation of chitosan and thencarbodiimide activation covalently
[24]. J. Zhi et al. reported an efficient way for the preparation of chitosan-magnetite
nanocomposites by microemulsion technique [25]. As unnatural polymers like PEG, PVA and
PVP are the most popular used ones. Sometimes, to increase the water solubility of magnetic
nanoparticles other organic molecules like oleic acid or oleylamineare also preferred. PEG is a
kind of neutral and hydrophilic polymer and connected to various surfaces by its functional groups.
The stability and solubility in aquaecous mediums PEG coated MNPs have high quality. PVA is
another kind of synthetic hydrophilic polymer and coating with PVA increases thecolloidal
stability. However, PVA does not connect reversibly to magnetic NPs surface due to

interconnection with interface.

1.6. CATALYSIS

In many situations, the production of waste is associated with the use of a stoichiometric amount of
reagents. Catalysis can enhance the efficiency of a process by reducing the required energy and
preventing the use of stoichiometric amount of reagents with the greater product selection. This
indicates less energy and waste [26]. In addition, it often helps to open the door to significant
innovations for chemical reactions and allow nonconventional approaches to traditional chemical
diffulties. Thus, catalysis is important in the fabrication of chemicals, especially in the sythesis

of bulk materials and fine chemicals. The concepts of a catalytic reaction refers that a catalyst
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accelerates the reaction without getting consumed in the reaction. The catalyst offers an
alternative, lower energy, route over the activation barrier. Although the catalysed reaction
path may be more complex, the lower activation costs makes the alternative path energetically
favourable. However, even though the activation energy is lower with a catalyst, the overall
free energy change is the same for the catalysed reaction as for the uncatalysed. A schematic

picture over the catalysed reaction could be shown in Figure 1.10.

E, (no catalyst)

Energy

E, (with catalyst)

Reaction Progress

Figure 1.10: A representation for the catalyzed pathway [27].

If we can restrict ourselves to metal oxide based catalysts, we can categorize into two types

catalysis: heterogeneous and homogeneous catalysis.

1.6.1. Homogeneous Catalysis

In homogeneous catalysis, all the reactants and catalysts are present in the same phase. They
are the simple molecules like H»SO4 or Mn*? or organometallic complexes. Generally, they
are more active and selective. Catalytic chemistry and mechanism for homogeneous catalysis
are better studied and understood and thus it is easy to control the reaction parameters. Also,
since the reactants and catalysts exist in same phase, the diffusion rate is very high but the
homogeneous catalyst is not recyclable after the reaction thus the separation of them is

difficult.
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1.6.2. Heteregeneous Catalysis

Heterogeneous catalysis is associated with the catalysis where the reacting and the catalytic
species are in different thermodynamic phases. It is a vital part of the chemical industry and It
is essential for it to evolve and to be economical. In catalysis, heteregeneous catalysts have
been prepared using nanoparticles with a specific size which should be possible for its various
applications. Magnetic filtration is a*“green” step because it prevents the diffuculties like
filtration, loss of catalyst or oxidation of metal compounds. Therefore, waste and costs can be
importantly decreased and Figurel.11 represents magnetic separation example of the catalyst

in a laboratory scale.

Figure 1.11: Magnetic filtration of dispersed MNPs (left: the application of the magnet immediately;
right: a short time later).

Today, researchers are finding to do better with different methods to associate the properties
of homogenous and heterogeneous catalysts. The aim is a highly efficient, low cost and stable

catalyst with high product selectivity[28, 29].

1.6.3. Catalytic Applications of Magnetic Nanocomposites

In order to associate the excellent catalytic performance with magnetic filtration ability,
magnetic noble metal nanocatalysts are investigated [30, 31]. Magnetic nanoparticleswith
polymeric supports are considered one of the best candidate owing to their unique catalytic
properties for the removal of organic pollutants thus they have investigated in the worldwide
by the researchers to find out the most effective catalytic materials.

For example; Cheng and co-workers fabricated a kind of magnetic composite gel with the
improved adsorption performance for methyl blue and methyl violet dyes. Their experimental
results demonstrated that the combination of polvinylalcohol and graphene with magnetic

core offered an effective way to generate versatile composite (Figure 1.12) [15].
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Figure 1.12: A representation for the magnetic gel composite preparation[15].

In addition, Fe304@SiO>-Ag nanocompositeswere generated by Jiang and his co-workers.
These magnetic nanocomposites were rapid and efficient for organic contaminants and can be
used many times by magnetic filtration [32]. As a result, the application of the magnetically
recyclable nanocatalysts is widely investigated by the researchers for the reduction of various
organic compounds since this chemical transformation is important for the fabrication of a

large scale of products.

1.7. DYES

A wide range of organic dyes are available in different industrial sectors, like dye synthesis,
paper making, printing, food, cosmetic and textiles. For example, more than 1.47x10° tons of
organic dyes were generated in China in 2010. Irrespective of the enormous consumption,
however, it is thought that 10-15% of the dyes have been thrown away in the dyeing
processes. The discharged organic dyes’ solubility is high in water and not easy to remove
from the water due to the their lack of biodegradability. Also, they are both toxic and
carcinogenic to aquatic living organisms and wouldendanger the environment[33, 34]. The
existence of even less than 1 ppm of these organic pollutants is quite visible and needless.
Thus, the adsorption of them has been thought as the most significant global concerns. For
this reason, many decolorization techniques have been applied so far like coagulation,
filtration, adsorption, photocatalysis, etc. [14, 35-38]. The adsorption technique gives the best
results and is more popular. As a result, it is believed that a high adsorption capacity and rate,
low cost and easy separation may allow a better solution for the global concern of organic

pollutants’ adsorption from the water [14, 15].



15

2. MATERIALS AND METHODS

2.1. CHEMICALS

Iron(Il) chloride tetrahydrate (FeCl..4H20), Fe(NO3)3-9H>0, Copper(Il)Sulphate (CuSOs),
(Mn(NO3)2:4H20), iron (III) chloride hexahydrate (FeCl3.6H20), silver Nitrate (AgNO3),
sodium borohyride (NaBHa4), nitric acid (HNO3), hydrochloric acid (HCl), ammonia solution
(NH4OH, 30%), sulfuric acid (H2SO4) were all obtained from Sigma. Aniline, ammonium
peroxydisulfate (APS), histidine (His), nicotinic acid (Nico), tetraethyl orthosilicate (TEOS),
oleic acid, polyvinylpyrrolidone (PVP), vaseline oil, Tween20,methyl acrylate, ethylene
diamine, methyl orange (MO), (3-aminopropyl) triethoxysilane (APTES), methyl blue (MB)
were purchased from Merck. Rhodamine B (RhB), eosin Y (EY) and all nitro aromatic

compounds were all obtained from Sigma.
2.2. INSTRUMENTATIONS

FTIR spectroscopy was performed by the attenuated total reflection (ATR) method. The

spectra of the samples were recorded in the range of 4000 and 400 cm™.

The crystal structure of the materials was estimated by X-ray diffraction (XRD) on a Rigaku

using Cu Ka radiation between 3° and 80°.

Thermogravimetric analysis (TGA) was conducted under nitrogen atmosphere usingSTA
6000 TGA (Perkin Elmer) in the temperature range of 30-800°C with a heating ramp of 5°.
min’!,

The scanning electron microscope (SEM, Philips XL.30 SFEG) at an operational voltage of 15

kV was used to investigate the morphology of the materials.

Transmission electron microscope (TEM, FEI Tecnai G2 Sphera) was used. Analysis was
performed after alcohol evaporation. Several micrographs at different magnifications were

used to calculate particle size distribution histogram counting a minimun of 100 particles.
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Field and temperature dependence of magnetization were performed by vibrating sample

magnetometer (LDJ Electronics Inc. Model 9600) with an applied field of 15 kOe.

UV-Vis spectroscopy (Perkin Elmer Lamda 35 model)was used to investigate the optical

properties of the nanomaterials.

2.3. PROCEDURE
2.3.1. Preparation of Fe30s @Tween-Ag Magnetic Hybrid

To obtain the iron oleate complex, oleic acid and Fe3* chlorides were used. The reaction was
initiated with 10 mmol FeCls.6H>0 in ethanol and 1 ml of oleic acid. After, 0.3 M NaOH in
ethanol was added into this reaction drop by drop and the solution was refluxed for 3h at
200°C and then iron oleate complex was dried at 80°C. Obtained iron oleate, suitable amount
of vaseline oil and Tween20 were stirred in the presence of argon atmosphere at 350 “C. The
obtained Fe3;Os@Tween20 magnetic nanocomposite was dispersed in 20 ml of 0.033M
Ag(NH3)2NOs. 100 mg of PVP was dissolved in ethanol was transferred into this mixture and

refluxed at 70°C. Schematic representation was shown in Figure 2.1.

Oleic acid .\'I: Tween 20 (;\qg p% Ag(NH3);NO; ;“ i&
200°C, 3 hf‘, W  350°C, 40 min. (f & e anr /f -

(=) ’ () .‘ Q) d \S C NS
FeCls@oleate © dd 5b JK’A &‘\

Fe;0,@Tween
0@ Fe;0,@Tween@Ag

Figure 2.1: Synthesis protocol of the Fe;04@Tween20-Ag magnetic hybrid.

2.3.2. Preparation of Fe304@His-Cu and Fe3O4@His-Ag Magnetic Hybrids

Fe3sO4@His samples were fabricated by the preparation of metal salts and their
decomposition. An appropriate amount of histidine was added into metal salts mixture. To
precipitate ferrites and also to adjust pH level to 10, ammonuim hydroxide was added slowly.
After, it was kept in Ar to transform the solution into black precipitates. In this part, 50 mg
Fe304@Histidine was mixed with 50 ml of distilled water with a constant ultrasonication and
was added into the CuSOs4 solution (30 ml, 0.2 mmolL™") followed by the addtion of NaBHa.

Suggested linkage was estimated as in Figure 2.2.
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Same method was done for the fabrication of Fe3Os@His-Ag nanocatalyst, the only

difference was the usage of 0.2 mmol /L AgNOs instead of 0.2 mmol/L CuSOs solution.

S
(N
HN J
NH,

Figure 2.2: Suggested coordination of histidine to Fe;Os@His magnetic nanoparticle surface.

2.3.3. Preparation of Fe3O4@Nico-Ag and Fe304@Nico-Cu Magnetic Hybrids

Fe304 was synthesized by standard thermal decomposition technique in which iron salts were
dissolved in water and added NHj3 solution as the precipitating agent. pH was almost at 10
with further addition of NH3 solution and the solution was refluxed with N> flow at 100°C for
2h.Then, stoichiometric amount of nicotinic acid was mixed homogeneously and kept in
reflux for Sh. After it was cooled down to room temperature, washing process was done with
water and ethanol to obtain Fe;Os@Nico nanocomposite. Then, 150 mg of the Fe;04@Nico
nanocomposite was used in required amount of water with sonication. By adding 0.2 mmol/L
of 30 ml AgNO:s solution and 0.6 g of NaBH4, the solution was kept by stirring for 3h at r.t.
Formation process was illustrated in Figure 2.3. Fe3Os4@Nico-Cu magnetic hybrid was
prepared in the same way except that 0.2 mmol/ L of 30 ml of copper(I)nitrate solution was

added as the copper source as shown in Fig. 2.4.
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Figure 2.3: Formation process of the Fe;O4@Nico-Ag magnetic hybrid.
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Figure 2.4: Formation process of the Fe;O4@Nico-Cu magnetic hybrid.
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2.3.4. Preparation of MnFe204@PANI-Ag and MnFe204@Si02-Ag Magnetic Hybrids

Thermal decomposition method was used to synthesize manganese ferrite samples. All the
reagents used in this synthesis are commercially available and were used as received without
further purification. Appropriate amounts of metallic salts were mixed with water and pH was
almost at 10 by the concentrated ammonia solution. Then, the mixed solution was slowly
heated up to reflux at 100°C for Sh under N> gas flow and stirring condition. After the
solution was cooled down to r.t., the dark brown precipitates were collected with magnetic

filtration.

The as-prepared MnFe>O4 NPs were polymerized to obtain MnFe;O4@PANI nanocomposite.
In this typical procedure, 0.1 mol/L aniline was mixed in 0.125 M of APS which is dissolved
in 0.1 mol/L HNOs nitric acid and 50 ml of this solution was stirred with spinel mangenese
ferrites. For the polymerization of aniline, the solution was put into an ice bath with stirring

during 24h at -4°C. Obtained material was as green color.

MnFe>O4@PANI-Ag magnetic hybrid was synthesized by the in-situ reduction method.
Briefly, MnFe,O4@PANI was ultrasonically dispersed in H2O (50ml) followed by addition of
AgNO3 (30ml, 0.2M). After being stirred for about half an hr, NaBH4 (0.6g) was added to the
mixture and then Ag NPs were formed on the PANI coated MnFe;O4 as outlined in Figure
2.5. Finally, the MnFe>O4@PANI-Ag nanocompoite was collected by magnetically.

ONH2

APS

Ag(NH;),NO; ‘ O‘ﬁ
,/ NaBH, %Oé

MnFe,O4@PANI@Ag

: PANI O ;Ag

Figure 2.5: Synthesis route for the MnFe,O4@PANI-Ag.
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The other experiment is the modification of MnFe;OsNPs with the SiO>. MnFexO4
nanoparticles were coated by the following procedure: Dispersed MnFe>O4 NPs and TEOS (6
ml) were mixed with mechanical stirring for about 4h at 40°C. The product MnFe>O4@Si0O;
was isolated and dried in an oven. To introduce Ag* onto MnFe;04@SiO,, MnFe;04@SiO»
was mixed with AgNOs (30 mL, 0.2M) for 24 h at 35°C by stirring and reduced by excess
amount of NaBHi (0.6g). MnFe>O4@Si0>-Ag nanocomposite was thus obtained after
washing process (Fig. 2.6.).

Mn*2. Fetd Magnetic NP TEOS
1:2
Ag(NH3),OH
[ S— ;
NaOH »
Surface
Modification

Figure 2.6: Synthesis of MnFe>O0,@Si0,-Ag magnetic hybrid

2.3.5. Preparation of Fe304s@PAMAM(G1)-Ag Magnetic Hybrid

Two different solutions of FeCls.H>O and FeSO4.7H,0O (as the molar ratio are two) were
prepared. pH was almost 10with the concentrated NHj3 solution. The solution was refluxed at
80°C by stirring under N> atmosphere to protect the product from any oxidation. The final
solution was cooled down to r.t., washed with ethanol. After, Fe3Os was dispersed in
EtOH/H>0 mixture and was mixed with 3-aminopropyl-triethoxysilane, APTES. The mixture
was kept at 400°C for 8 hr and then collected and dried in vacuum.

According to the tehniques proposed by Liu and Pan, Fe;04@PAMAM(G1) was formed [39,
40]. To produce Fe;04s@PAMAM(GI1)-Ag, Ag NPs were encapsulated onto the surface
Fe3;04@PAMAM(G1) nanocomposite with in-situ wet chemistry method as shown in Figure
2.7. During the in-situ coating, 0.06 g of Fe304@PAMAM(G1) was dispersed in 3x102 M of
Ag(NH3)2NOs solution. Afterwards, it was mixed with ethanol which contains 100 mg of PVP
under stirring and kept for reflux for 4h at 70°C. The resulting products were separated and

washed and dried in air overnight.



21

N /Si\ NH,
- T AN

_0

(OH —) ‘O S| NH,  —) “OESi/\/\N\//\»/ZL/ v
~
(0]

~
HQN/\/ NH» l
Thermolysis —O_ NH,
< @. < @ O;Si/\/\ N/\)(NH/\/
PVP, Ag(NH3),NO; e V);'NH\/\NHQ

G1-PAMAM dendrimer

-0, NH
—O S|/\/\N/\)J\ H/\/ 2 .

O \/%NH\/\NHQ g

Figure 2.7: Formation process of the Fe;04@PAMAM(G1)-Ag magnetic hybrid.

24. CATALYTIC STUDIES

In a typical reduction reaction, a suitable amount of magnetic nanocatalysts (1-5 mg) were
added into the mixture of aromotic nitro compounds or azo dyes solution (100 ul, 0.005
mol/l), fresh NaBHj4 solution (1ml, 0.2mol/ml), and 2 ml of distilled water in a quartz cuvette.
Then, the solution was quickly subjected to UV-vis absorption spectrophotometer and the
progress of the decolorization reaction was monitored. When the reaction was completed, the

magnetic catalysts were easily removed from the solution by a magnet.
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3. RESULTS

3.1. ANALYSIS OF MAGNETIC NANOCATALYSTS
3.1.1. Characterization Results of Fe304@Tween20-Ag Magnetic Hybrid

XRD curve of the Fe;04@Tween20-Ag magnetic hybrid was shown in Figure 3.1a. The
reflection peaks could be as Fe3O4 in a cubic phase (JCPDS no. 19-629). Based on the highest
intensity peak of (311), the mean grain size of the sample was almost 11 nm [41, 42]. No
peaks from any impurities were seen in the XRD spectrum.

FTIR spectra of Ag loaded Fe3;0O4@Tween20-Ag nanocomposite (curve I), Tween-20 (curve
II), oleic acid (curve III) and bulk Fe;O4 (curve IV) were represented in Fig. 3.1b. The typical
bands of Fe30s at 570-590 cm™' can be seen in both Fig. 3.1b (curve I) and (curve IV),
confirming that the Fe3sO4 NPs were protected after coating process [43-45]. The peak at ~
1120 cm! was the evidence of ether in Tween-20 and the signals at 2838 and 2905 cm™! were
assigned to the absorption of C-H bond of oleic acid and Tween20 [46, 47]. Obviously, it can

be explained as Fe3O4 NPs were conjugated with oleic acid and Tween20.

The magnetization of the as-synthesized product was shown in Fig. 3.1c and can be observed
that the obtained Fe3;O4@Tween20-Ag nanocatalyst showed a superparamagnetic hysteresis
loop with the saturation moment of almost 24 emu/g at room temperature, while lower
moment of 92 emu/g is obtained from the bulk magnetite (Fig.1)[48]. This reduction is
probably due to the surfactant’s diamagnetic property and Ag NPs. Also, the core diameter

was found to be almost as Dy, = 16.5 nm [44].

Fig. 3.1d showed the thermal behaviour of Fe3;O4@Tween20-Ag nanocatalyst consisting of
Fe30q4, oleic acid, Tween20 and Ag NPs. The weight loss was probably due to iron oxidation
up to a temperature of 265°C. No significant weight loss was shown after 400 °C because of
the existence of Fe3Os and Ag NPs and there was a thermal decomposition of the both oleic
acid and Tween20 as observed in the DTA curve. Based on the TG curve, the weight residues

of the organic parts were estimated to 35%.
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The morphological features of the prepared Fe;Os@Tween20-Ag magnetic hybrid were
shown in Fig. 3.2. It was observed that that the product had many uniformly dispersed spheres
and the diameters were almost 10 nm. EDX analysis suggested the elements in the product
and its result confirmed that Ag, Fe, and C were present in the product. Overall, it proved that

magnetic Fe3O4 NPs was succesfully coated by Tween20 and AgNOs.

Figure 3.2: SEM micrographs of Fe;04s@Tween20-Ag nanocomposite with EDX result.

3.1.2. Characterization Results of Fe304@ His-Cu Magnetic Hybrid

The phase investigation of the Fe;O4@His-Cu magnetic hybrid was illustrated in Fig. 3.3(I).
All the diffractions indexed with the structure of Fe3Os (JCPDS no. 19-620) [49, 50].
Additionally, it was observed that the peaks for the (111) and (200) planes belong to the cubic
Cu NPs (*marked peaks belong to Cu and JCPDS no. 04-0836) [51]. The average crystallite

sizes were estimated to be as almost 12 nm.

FTIR spectrum of His and Fe;04@His@Cu were shown in Fig. 3.3(II). The signals at 3059,
2923 and 1450 cm™! were related to the streching and bending vibrational modes of —CHo.
The signal at 570 cm™" was due to the metal-oxygen bonds in magnetite (Fig. 3.3(II)). There is
an indication of complexation between Fe3O4 and COO" functional groups of His. The peaks
at 1607 and 1392 cm™! were related to the carbonyl groups, respectively. Also, the intensity at
~3400 cm™! was owing to the -NH vibrations of some aminocarboxylates since His provided
—NH; groups for binding of Cu®*. All these results confirm that Fe304 NPs were coated with
His succesfully[52].
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Figure 3.3:(I) XRD powder pattern of Fe;O4@His@Cu and (II) FTIR spectra of (a) His and (b)
Fe304@His—Cu.

We conducted TG analysis as shown in Figure 3.4 to reveal the amount of organic part, which
is His, in the product. Here, it was found that the weight loss occurred in two parts for L-His
and it degraded through the following two steps as seen in Fig 3.4a. The first weight loss was
13% due to the evaporation of H>O at ~250 °C and the second weight loss of 57 % was
corresponded to the organic backbone decompositionat ~370 °C. Then, it was clear that there
were three main stages for the weight loss in Fig 3.4b. It revealed that the primary weight loss
of product happened at 25°C-210°C, which could be ascribed to the separation of chemisorbed
H>0. The other loss became between 215and 380°C should correspond to the degradation of
side groups and the final loss was at 390°C-750°C which was ascribed to the decomposition

of organic parts. As a result, the organic content in the product was estimated to be as ~17%.
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Figure 3.4: TG thermograms of (a) Histidine and (b) Fe;O4@His-Cu magnetic hybrid.

The morphological analysis of the prepared sample was investigated at different
magnifications. Fig. 3.5 showed that Fe3;Os4 NPs with about 10 nm in diameter were
agglomerated by fabricating about 50-100 nm globules. The EDX spectrum of the

Fe304@His@Cu was also seen in Fig. 3.5 meaning the presence of Fe, N, Cu in the sample.
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Figure 3.5: SEM micrographs and EDX spectra of Fe;04@His-Cu magnetic nanocomposite at various
magnifications.

Fig. 3.6 represented magnetization plot of the Fe;0,@His@Cu magnetic hybrid. The sample
did not show remanence at 300 K and the saturation magnetization was around 35.2 emu/g
which was smaller value compared to that of bulk magnetite, known as 92 emu/g [53]. The
reason for this is originated from the canted spins on the surface of Fe3O4 due to the weakened
exchange interactions between surface and core spins [54, 55]. As we know, when the particle
size decreases, surface to volume ratio increases Eventually, it causes to determine the
characteristic of the whole particle. In other words, because of the functional groups or
molecules on the surface of magnetite, a reduced magnetization is seen. Thus, reduced
magnetization, absence of coercivity and remanence are the key features of
superparamagnetic particles. The above results clearly show that Fe304@His@Cu has a

superparamagnetic character.
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Figure 3.6: Magnetic hysteresis curve of Fe;O4@His-Cu magnetic hybrid.

3.1.3. Characterization Results of Fe304@His-Ag Magnetic Hybrid

The XRD powder pattern of Fe3O4@His-Ag magnetic composite was represented in Fig.
3.7(I). The main peaks matched as the Ag (JCPDS No. 87-0721) and Fe3O4 nanocrystals
(JCPDS No. 75-002). Three remarkable peaks appear at 260=38.18°, 44.38° and 64.48° which
correspond respectively to (1 1 1), (2 00) and (2 2 0) lattice planes meaning the fabrication of
AgNPs on the surface of Fe;Os@His. The mean crystallite size of the product was obtained as
9 nm [51].

To predict the weight percentage value of the samples, thermogravimetric analysis was
carried out. The TGA results of bulk Fe3O4, Fe304@His-Ag magnetic nanocomposite and His
were shown in Fig 3.7(II), respectively. It was seen that there was a resistance for Fe3Os up to
700°C according to the Fig 3.7(I)a. Decomposition temperatures obtained from thermograms
of Fe3Os4 and Fe3Os4@His-Ag displayed two step weight loss (Fig. 3.7(I)b and c).
Fe3;04@His-Ag had a mild weight loss up to 150°C because of the moisture adsorption as His

showed a remarkable thermal resistance up to 300°C. Decomposition of His on the surface of
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Fes304 occurred faster at lower temperatures, this was an indication of catalyst effect of Fe3O4

and the final weight loss was about 14 % for Fe;Os@His-Ag [56].
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Figure 3.7:(I) XRD powder pattern of Fe;O4@His-Ag and (II) TG thermograms of (a) bare Fes;Os, (b)
Fe;04,@His-Ag and (c) Histidine [82].

Figure 3.8(I) showed FTIR spectra all materials including Fe;Os@His-Ag, His and
Fe304@His. For pure His (Fig 3.8(I)b), the presence of NHo> streching vibrations was found at
~3330 cm™! and symmetric and asymmetric carboxylate (COO") streching modes were seen at
1411 and 1635 cm’, respectively. The signal at ~570-590 cm™ was assigned to the M-O
streching mode (Fig 3.8(I)a and c¢). Based on them, we have seen that there was a
chemisorption between His and Fe3O4. In addition, the typical band of C=N vibration at 1630
cm’! for His was observed at 1640 cm™ for Fe3;04@His-Ag (Fig. 3.8a and b). This shifting
occurred if silver nanoparticles interact with funtional group of His, confirming the
encapsulation of Ag NPs on the product. Hence all these results indicate that Fe304@His-Ag
formed succesfully.

Magnetic hysteresis curve of the Fe3O4@His-Ag nanaocomposite was displayed in Fig.
3.8(Il) which is a typical curve for a superparamagnetic material. Its magnetization curve was
taken at room temperature and can be found that it exhibited a well superparamagnetic

property. Also, the coercivity was low and the saturation magnetization value as ~ 40 emu/g.
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Figure 3.8: (I) FTIR spectra of (a) Fes04@His-Ag, (b) His and (c) Fes0s@His and (II) magnetization
plot of FesO4@His-Ag magnetic hybrid [82].
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The SEM images with EDX results and TEM micrographs of the product were illustrated in
Fig 3.9a-c, respectively. Agglomerations were seen to a certain degree and the mean particle
size was estimated to be almost as 24 and 25 nm from SEM and TEM, respectively (Fig 3.9a
and 3.9¢). All metals were present in the sample according to the EDX result (Fig. 3.9b).

Element

Particle diameter, nm

(©)

Figure 3.9: (a) The SEM images, (b) EDX and (c) TEM image with the particle size distribution
diagram of Fe;O4@His-Ag magnetic hybrid.
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3.1.4. Characterization Results of Fe30Q4 @Nico-Ag Magnetic Hybrid

The diffraction pattern of prepared magnetic hybrid was presented in Fig. 3.10. The
reflections at (220), (311), (400), (422), (511), (440) and (111) and (200) can be attributed to
the Fe3O4 (JCPDS No. 75-0033) and Ag (JCPDS No. 87-0720,labeled with*), respectively.
No crystalline impurites were seen suggesting the good crystalline quality of the sample. In
order to estimate the average crysitallite size for Fe30s@Nico-Ag, the Scherrer equation was

used with the peak width of the (311) reflection and found to be as 10 nm [57].
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Figure 3.10: XRD powder pattern of Fe;O4@Nico-Ag magnetic hybrid.

FTIR spectra of the products were shown in Fig 3.11. For pure Nico (Fig. 3.11a), the presence
of C=0, C-O and C-N streching vibrations were found at 1700, 1300 and 1326 cm,
respectively. The typical carbonyl streching signal shifted to 1630 cm™ with binding process
of the Fe304 since carbonyl group was incolved in binding process (Fig. 3.11b). Also, typical
band of C-N at 1320 cm™ changed to 1340 cm™ due to the coordination of pyridine in
Nicotinic acid and Ag NPs [51, 58, 59].
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Figure 3.11: FTIR spectra of (a) Nicotinic acid and (b) Fe3s04s@Nico-Ag magnetic hybrid.

Fig 3.12 presented thermal curves of pure nico and the prepared magnetic nanocatalyst,
Fe304@Nico-Ag. In Fig 3.12a, it was noted that the weight loss was between 180 and 271°C,
which was ascribed to the removal of H,O and decomposition of organic layer. The
observation of Fig. 3.12b illustrated that there were two stages of weight loss. The first weight
loss occurred in temperature around 80°C owing to the hydration and there was almost no
weight loss up to 300°C. The second weight loss above 300 °C must be associated with the
thermal decomposition of organic parts. Consequently, it was clear that Fe304@Nico-Ag

consisted of 10 % organic part.
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Figure 3.12: TG plot of (a) Nicotinic acid and (b) Fe3sO4@Nico-Ag magnetic hybrid.

Fig. 3.13 showed the degree of magnetization of Fe;04@Nico-Ag magnetic hybrid and its
saturation magnetization was around 52.4 emu/g. In additon, since the sample does not have

remanance or coercivity at 300 K and it could be thougt to have superparamagnetic character.
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Figure 3.13: Magnetic hysteresis curve of Fe;04@Nico-Ag magnetic hybrid.
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To estimate the elements in the synthesized material, the Fe304@Nico-Ag, both SEM and
EDX analysis were performed. Accordingly, Fe3O4 nanoparticles had nearly spherical shapes

and agglomerated resulting to form almost 20-50 nm particles (Fig. 3.14).

Elements
(K}
N(K)

™ O(K)
Fe(K)

Figure 3.14: SEM image of Fe;O4@Nico-Ag magnetic hybrid.

3.1.5. Characterization Results of Fe304@Nico-Cu Magnetic Hybrid

Diffraction pattern of Fe304@Nico-Cumagnetic hybrid was shown in Fig 3.15. Two inorganic
phases are Fe3O4 ((220), (311), (400), (422), (511), (440)) (ICDD card no: 19-0629) and Cu
NPs ((111), (200)) [20] (ICDD card no: 85- 1326) with the given hkl values, respectively.
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Figure 3.15: XRD powder pattern of Fe;O4@Nico-Ag magnetic hybrid.

Fig. 3.16 represented the FTIR spectra of nicotinic acid which has the strechings; v (c-0) =
1670 cm™, v (c0) = 1280 cm™, v Ny = 1325 cm! [21] (Fig. 3.16a). In addition, carbonyl
group of organic part was used for the connection to the Fe3Os4 nanoparticles. The typical

nicotinic acid is C-N stretching (v = 1,321 cm™") owing to the pyridine.
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Figure 3.16: FTIR spectra of (a) Nico, (b) Fe;04@Nico and (c) Fe;04@Nico-Cu samples.
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Nicotinic acid had almost single step decomposition including the evaporation of
physiosorbed water and the degradation of the organic layer up to 270 °C. The complete
degradation of nicotinic acid itself happened at higher temperatures (Fig. 3.17a). Fig. 3.17b
showed the degradation behaviour of the product which has two step of degradations. The
first degradation was continued up to 500 °C which was due to degradation of funtional

groups. Up to 700 °C, the second decomposition was observed, this degradation was due to

organic back bone.
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Figure 3.17: TG thermogram of (a) Nicotinic acid and (b) Fe3O4@Nico-Cu magnetic hybrid.
Figure 3.18 showed the magnetization slope of Fe3O4@Nico-Cu magnetic nanocomposite.

The coercivity was not observed at 300 K which indicated that Fe304@Nico-Cu sample had

superparamagnetic character and the saturation magnetization was around as 50 emu/g.
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Figure 3.18: Magnetic hysteresis curve of Fe;04@Nico-Cu magnetic hybrid.

The morphological characteristics of the nicotinic acid stabilized magnetic nanoparticles were
analyzed and were presented in Fig. 3.19. The pictures revealed that the synthesized material

have the homogeneous structure with spherical shapes. In addition, EDAX analysis confirmed

the presence of metallic species accurately.



39

Figure 3.19: SEM micrographs of Fe;O4@Nico-Cu magnetic hybrid.

3.1.6. Characterization Results of MnFe204@PANI-Ag Magnetic Hybrid

The crystallinity and the diffraction peaks of the as prepared MnFe.O4@PANI-Ag hybrid
material was presented in Fig. 3.20. According to the JCPDS reference (73-1964) and (99-
200-4306), the miller indices of (220), (311), (400), (511), (440) and (110), (200), (220)
demonstrated that MnFe;O4 and Ag NPs are present, respectively. Also, sharper and more
intense peaks are observed for AgNPs in the product indicating that it has a better crystallinity
than MnFe;O4. The crystal size determined by the (311) and (111) peak based on Debye-
Scherrer equation from XRD is 12.80 and 20.32 nm for MnFe>O4 and Ag NPs, respectively.
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Figure 3.20: XRD pattern of the MnFe,O4,@PANI-Ag magnetic hybrid.

To understand the formation of polyaniline on the surface of MnFe>O4 magnetic core, we
conducted FTIR spectroscopy. Fig. 3.21 presented the spectra of PANI coated MnFe,O4 and
MnFe,04s@PANI-Ag magnetic hybrids. Strong strechings at almost 400 and 650 cm™! were
for the metal-oxygen vibrations for both spectrum (Fig 3.21a and 3.21b). T4 absorption peaks
were seen at a lower frequency compared to the Oy absorption bands since metal-oxygen bond
length in Tq¢ is shorter that Opn. In addition to metal-oxygen streching vibrations, all the
characteristic bands of aniline were present in both spectrum. The intensities at 1546 and
1447 cm™! could be ascribed to the C—C stretching. Also, it contained the bands at 1102
(6cH(in-plane)) and 777 cm™' (5cH (out-of-plane)) due to the benzene. On the basis of these results,

we could say that the polymerization was succesfull for coating process.
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Figure 3.21: FTIR spectra (a) MnFe,O4@PANI and (b) MnFe,O;@PANI-Ag magnetic hybrid.

Thermograms of only polymer and polymer coated magnetic material was shown in Fig. 3.22.
According to the several research work before, PANI showed three step weight loss behavior.
Similar decomposition of PANI was seen in Fig 3.22a. When it comes to the Fig 3.22b,
MnFe>O4@PANI-Ag magnetic hybrid had a similar degradation with PANI but it had lower
weight loss because of the higher interaction between PANI and MnFe;O4. As a result, this
thermal result demonstrated that MnFe>O4@PANI@ Ag magnetic nanocomposite consisted of

almost 40 % as organic residue[60].
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Figure 3.22: TG curves of (a) PANI and (b) MnFe>Os@PANI-Ag samples.

The specific M-H slope of the prepared MnFe>O4@PANI-Ag magnetic nanocomposite
obtained from room temperature VSM measurement was represented in Fig. 3.23. Fig. 3.23 is
a typical graph for a superparamagnetic material without the coercivity. This helps to recover
of the MnFe.O4@PANI-Ag magnetic hybrid easily with a magnet. The saturation
magnetization value was as 22 emu/g and inset in Fig. 3.23 showed the effect of the magnetic

nanocatalyst as color change in the reaction.
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Figure 3.23: Magnetic hysteresis curve of MnFe,O4@PANI-Ag magnetic hybrid.

The SEM images of MnFe;Os@PANI-Ag magnetic nanocomposite taken at low and high
magnification were illustrated in Fig. 3.24a. Nanocomposites were randomly oriented forming
irregular spherical microcrystals. The EDX image as shown in Fig 3.24 demonstrated the
presence of metalic species in MnFe>O4@PANI-Ag magnetic nanocomposite confirming that

the product was succesfully fabricated.
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Figure 3.24: (a) SEM images and (b) EDX spectra of MnFe,O4s@PANI-Ag sample.
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The micrographs of the MnFe;O4@PANI-Ag were further investigated by transmission
electron microscopy in Fig. 3.25. The black core was the MnFe;O4 NPs and light one was
considered to be PANI in the matrix.Therefore, it can be concluded from the TEM images that

magnetic nanoparticles were embedded to PANI matrix succesfully.

Figure 3.25: TEM images for MnFe>O4@PANI-Ag magnetic hybrid.
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3.1.7. Characterization Results of MnFe204 @SiO2-Ag Magnetic Hybrid

Figure 3.26 showed XRD pattern with the reflections of (311), (400), (422), (511) and (440).
According to the JCPDS reference (73-1964), it corresponded to spinel structure of MnFe;O4.
The mean crystallite size of MnFe,O4@8S10;-Ag was almost 10 nm. It was observed that there

were three extra peaks with the (111), (2 0 0) and (2 2 0) indicating Ag NPs were also present

(JCPDS No. 4-0783) and any other impurities were detected.
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Figure 3.26: XRD powder pattern of MnFe,04@SiO,-Ag magnetic hybrid.

The FTIR spectrum for MnFe;O4@SiO>-Ag magnetic hybrid was shown in Fig. 3.27. The
typical infrared frequencies at 570 and 430 cm™' which belong to the metal-oxygen streching
bonds were observed and the broad peak of O—H stretching vibration at 3450 cm™' was so
clear. The streching vibrations of asymmetric and symmetric silicon-oxygen-silicon bond at

1080 cm and 800 cm™ were due to the amorphous silica in the product[61].



47

% Transmission(.a.u)

vSi-O-Si
(asym)

MnFe O,@SiO,@Ag

v 1 v ] v 1 v 1 v ] v ] b 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3.27: FTIR spectrum of MnFe,04@Si0,-Ag magnetic hybrid.

Thermographs of all materials were performed to investigate the interaction between
MnFe;04 and SiO.. No remarkable weight loss was seen for MnFe>O4 (Fig. 3.28a). Magnetic
nanocomposites had similar decomposition steps and the weight loss was about 15% for both

of them and they probably were due to the residual water and SiO2(Fig. 3.28b and 3c).



48

\ a
b
90 c
——

2
=
5757
=

60

45

1 v 1 H 1 M 1 M 1 M 1 v 1
100 200 300 400 500 600 700
Temperature (°C)

Figure 3.28: TG curves of (a) MnFe;O4, (b) SiO, coated MnFe>Os and (c) MnFe,04@SiO,-Ag
samples.

Magnetization curves of bulk MnFe>Os, SiO> coated MnFe>Os and MnFe,04@SiO>-Ag
magnetic nanocomposite, measured were shown in Fig. 3.29. The final product was
superparamagnetic since there was no coercivity. The saturation magnetization was found to
be as 50, 20 and 13.44 emu/g bulk MnFe>O4, SiO2 coated MnFe2O4 and MnFe;04@S10:2-Ag
magnetic nanocomposite, respectively. Owing to the diamagnetic layer, Ms was found to be

low compared to that of bulk sample (MnFe>Oy4).
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Figure 3.29: Magnetic hysteresis plots of (a) MnFe;Os, (b) SiO, coated MnFe,O4 and (c)
MnFe,04@Si0,-Ag magnetic hybrids.

3.1.8. Characterization Results of Fe304@PAMAM(G1)-Ag Magnetic Hybrid

Fig. 3.30 showed the diffraction peaks of Fe;0s@PAMAM(G1)-Ag. According to the JCPDS
reference (19-0629), the diffraction peaks at 26=30°, 35°, 43°, 53°, 57°, and 62° were observed
for the cubic structure for Fe3Os. The additive peaks at 20=38.14° 46.30°, 64.56° were
compatible for the Ag (JCPDS no. 99-101-0051). The mean crystallite size, D, was obtained
10 nm with line profile fitting.



50

—— Catalyst ICDD card no:
Line profile fit Fe,O,: 19-0629
*Ag: 99-101-0051

311

220
440

Intensity (a.u)

111

20 30 40 50 60 70
2 Theta (deg.)

Figure 3.30: XRD powder pattern of Fe:0:@PAMAM(G1)-Ag magnetic hybrid.

One of the most characteristic vibration in infrared measurements for Fe3O4 was the presence
of metal-oxygen streching and seen by the strong absorption peaks located around at 570-590
cm™! (Fig. 3.31). The broad signal at 3430 cm™' was related to the NH» bending. The peak at
980 cm™! was usually ascribed to the Si-O-Fe bonds. The signals at 1135 and 1540 cm™
represented Si-O bonds, which confirm the interaction of APTES to the Fe3Os surface.
Additionally, the signals at 2850 and 2925 cm™' clearly showed the existence of CH» bonds.
Thus, all these results confirmed that dendrimer and APTES were present on the surface

FezO4 NPs.
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Figure 3.31: FTIR spectra of (a) Fe;O4 and (b) Fe:0s@PAMAM(G1)-Ag samples.

TEM micrographs of Fe304@PAMAM(G1)-Ag magnetic hybrid material were represented in
Fig 3.32 with the size distribution diagram. Particles had spherical morphology but they were
aggregated because of the magnetic attraction each other[62]. A mean size, D, was almost 12

nm.
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Figure 3.32:TEM images of Fe;0,@PAMAM(G1)-Ag nanocomposite different magnifications with
particle size distribution diagram.

Spherical shapes with uniform size were seen from the Fig. 3.33. EDX demonstrated that
metallic species were present in the composition of the product. This was the evidence of

SiO> and PAMAM are coated to the surface of Fe3O4 NPs successfully.
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Figure 3.33: (a) The SEM image and (b) EDX of Fe;0,@PAMAM(G1)-Ag magnetic hybrid.
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TGA plot of prepared material was seen in Fig. 3.34. As understood from the curve, weight
loss started at ~100°C by the removal of water and maintained up to 700°C. The total weight
loss was 55 % which is related to the organic part since inorganic phases such as Fe3O4 and

Ag could be only at higher temperatures.
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Figure 3.33: TG plot of the Fe30,@PAMAM-Ag magnetic hybrid.

The magnetization curve was depicted in Fig. 3.34 and showed no coercivity. Besides,
magnetization increased with applied magnetic field and did not saturate up to high field of 15
kOe. These are standard behaviors of superparamagnetic materials if the size is lower than 20

nm.
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Figure 3.34: Magnetic hysteresis curve of Fes0;@PAMAM-Ag magnetic hybrid.
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4. DISCUSSION

41. EVALUATION OF UV-VIS RESULTS OF MAGNETIC
NANOCATALYSTS

The concentration of the reducing agent, sodiumborohydride, is much larger than nitro
aromatics or azo dyes in all experiments thus it is assumed that its concentration does not
change during the reaction. Thus, the kinetic equation of all reactions catalyzed by magnetic

hybrids proceeds through pseudo-first-order kinetics and is shown as in Equation 4.1:
In(Cy/Co)=In (Ay/Ao)= -kt 4.1)

where k is the apparent reaction rate, the ratio of absorbance or concentration of aromatic

nitro compound or azo dyes at t=0 or t and t is the reaction time.

4.1.1. Catalytic Tests of Fez04@Tween20-Ag Magnetic Nanocatalysts

4.1.1.1. For azo dyes reduction

Various types of azo dyes containing MO or MB were investigated. Figure 4.1a presents the
absorbance of MO dye with the help of NaBH4 as a reducing agent. It is seen that the 465 nm
peak for MO did not change significantly after addition of NaBH4 after 24 hr, which
demonstrates that the reduction occurs but it is so very slow in the presence of NaBH4. On the
other hand, when trace amount of Fe;04@Tween20-Ag were added to the medium, the
reaction was completed quickly thus it clearly shows that Fes04@Tween20-Ag has excellent

catalytic performance for MO dye reduction.
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Fe;0,@Tween20-Ag nanocatalyst.

MB is a another kind of azo dye and presents as blue. It converts to its color to colorless when
a reducing agent is added since leuco methylene blue (LMB) is formed. As seen in Fig. 4.2.,
methylene blue reduction did not occur immediately when the magnetic nanocatalyst is
absent. On the other had, the main peak at 665 nm of MB disaapeared in 17 min with the help
of Fe3Os@Tween20-Ag, indicating that the Fe3;Os@Tween20-Ag composites exhibit the
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Estimated from Figure 4.3a and 4.3b, k values were almost as 0.27 min’! and 0.066 min™! for
methyl orange and methyl blue, respectively. Thus, it is suggested that Fe;Os@Tween20-Ag

is more efficient nanocatalyst for MO reduction.
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Figure 4.3: Plots of first order rates for reduction of (a) MO and (b) MB dye.

Similarly, another kind of an azo dye, RhB, which is a cationic dye was also studied. As
shown in Fig 4.4a, RhB reduction happened half an hour using only NaBH4. However, the
reduction occurred in 13 min with Fes04@Tween20-Ag magnetic nanocatalyst as shown in

Fig.4.4b which is a better value compared to Zhang’s study in literature [63].
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Figure 4.4: Absorbance of (a) RhB dye solution after immediate addition of NaBH4 only and (b) in
the presence of Fe;04@Tween20-Ag magnetic nanocatalyst.

Its reaction rate constant was found to be as almost 0.1 min™ (Figure 4.5). As a consequence,
this observation suggested that the dye’s characters such as charge and hydrophobicity could
effect the reduction rate of magnetic nanocatalyst [64]. The color changes before and after

Fe304@Tween20@ Ag addition to reaction medium is shown in Fig. 4.6.
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Figure 4.6: Photographs of the azo dyes catalytically reduced by NaBH; with the help of
Fe;0,@Tween20-Ag magnetic nanocatalyst.

After a catalytic reaction is completed, Fes04s@Tween20-Ag is recovered magnetically
and could be used again to catalyze for other dye reduction reactions. Figure 4.7
represents the recyclability of the Fe;0s@Tween20-Ag and as understood from Figure

4.7, there is no significant change after fivecycles of the catalysis reaction.
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Figure 4.7: Changes in catalytic performance of Fe;0s@Tween20-Ag magnetic hybrid for (a) MO,
(b) MB and (c) RhB azo dyes with NaBHy,, respectively.

4.1.1.2. For nitroaromotics reduction

Various nitro aromatic compounds were chosen to investigate the catalytic activity of the
prepared sample. The maximum signal at 400 nm unaltered by the addition of NaBH4
resulting that the reduction of 2-NA did not happened with the NaBH4 solution (Figure 4.8a).
But the reaction lasted for only 12 min by the addition of 3 mg of Fe3;0s@Tween20-Ag
magnetic nanocatalyst and a new absorbance appeared due to the formation of the 2-

phenylenediamine at 280 nm [65].
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Figure 4.8:(I) Absorbance of (a) 2-NA, (b) 3-NA, (c) 4-NA and (d) 4-NP solution immediate addition
of NaBH4 only and (II) one of nitro compounds and NaBHs mixture in the existence of
Fe;0,@Tween20-Ag nanocatalyst.

The reaction was stable during 2 hr and the absorbance at 280 nm did not change even after 2
hr. On the other hand, the maximum absorbance declined within 6 and 8 min for 3-NA and 4-
NA with the help of Fe;04@Tween20@ Ag nanocatalyst, respectively (Figure 4.8b and 4.8c¢).
For the degradation process of 4-NP, the intensity of maximum wavelength reduced after 11
min by the addition of Fe;Os@Tween20-Ag (Figure 4.8d). All these results showed that
Fe3;04@Tween20-Ag was found to be efficient nanocatalyst for nitro compounds reduction

reactions. All reaction rates and required reduction time are listed in Table 1.
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Table 4.1: The reaction rates and time of various nitro compounds by Fe3;0;@Tween20-Ag.

Product

1 @““2 @“”2 12 min. 0.0142

NO, NH,

2 @ @ 6 1min, 0.0793
NH, NH,

NH,

NO,
3 @ @ 8 min. 0.0109

NH» NH,
NO, NH,

4 12 min. 0.12
H H

The catalytic degradation of aromotics on the surface of Ag or AuNPs was also frequently
studied in literature. For example, Vadakkekra’s research paper found the complete
conversion to o-PPD was found to be as 8 min by their group [66]. In another research paper
Le and his group members found that degradation of 2-nitroaniline with the help of Au based
nanocatalyst took almost 12 min [65]. Compared to the all these literature surveys,
Fe3;04@Tween20-Ag nanocatalyst showed superiour catalytic peformance.

For heterogeneous nanocatalysts, the level of recyclability is a key parameter. Thus, the
recyclability of Fe3O4@Tween20-Ag nanocatalyst was examined here and four successive
cycles of the catalytic hydrogenation reaction towards 4-NP were carried out (Figure 4.9b and
c). 0.12 min"! was the k value obtained from the slope of the Figure 4.9a and this value was
higher than reported literature values[67, 68]. In addition, stability and recyclability are
significant for catalyst applications and therefore it was used for four cycles for the 4-NP

reduction and rate constant slightly changed (Figure 4.9d).
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Figure 4.9:(a) The slope of straight line of In(Ct/Cp) vs. reaction time for 4-NP degradation (b)
Photographs of the 4-NP catalytically reduced by Fe;O;@Tween20-Ag nanocatalyst and its
magnetic separation (c) Graph of In(C/Cy) vs. time for four cycles and (d) Comparison of rate
constants for each cycle.

4.1.2. Catalytic Tests of Fe3z04@His@Cu Magnetic Nanocatalysts

Pure MO dye has a specific absorption max. 465 nm in UV-vis spectra and it remains
unchanged with time in existence of only NaBHa(Fig. 4.10a). Upon addition of histidine
coated magnetic nanocomposite, the absorbance at 465 nm quickly disappeared within 3 min
and a new band gradually appeared which shows that Cu NPs are an efficient factor for the
reduction of MO as seen in Figure 4.10b. Fe304@His@Cu nanocatalyst was removed by a
magnetic filtration after reduction and the reactions weredone again for recyclability. As
shown in Figure 4.10c, rate constant of Fe304@His@Cu is found to be comparable and time
needed to complete reduction of MO is less than written in literature since the magnetic
properties play a significant role for an efficient of any catalyst [69-71]. Figure 4.10d presents

that catalyst particles are active after separation from the medium and the activity of the
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product reduced since the loss of catalyst can not be avoided during the procedure of

separation after four successive cycles.
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Figure 4.10: Absorption spectra of MO dye (a) after immediate addition of NaBH4 only, (b) methyl
orange and sodiumborohydride mixture in the existence of Fe;04@His@Cu as nanocatalyst, (c)
the first order kinetic plot for MO degradation and (d) catalytic activity of FesO4@His@Cu in
different cycling number.

The catalytic propertiesof Fes04@His@Cu catalyst were also studied extensively for MB
reduction. Figure 4.11a presents the main absoption peak of MB at 665-670 nm and did not
change over two days without nanocatalyst. However, Fe304@His@Cu nanocatalyst was
present in the solution, the band intensity at 665-670 nm disappeared within only 4 min. as
seen in Figure 4.11b. It clarifes that Fe;O4@His@Cu nanocomposite catalyzes the reaction
and reduces MB rapidly. 0.39 min! was the k value as illustrated in Figure 4.11c which is
higher than reported catalysts [71]. In addition to catalytic activity, we have also carried out

the cycling test to study the reusability of FesOs@His@Cu nanocatalyst. We repeat the
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separation-reuse cycles 3 times (Fig. 4.11d). The mass of catalyst decreased during separation

process therefore it causes to decrease in rate constants.
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Figure 4.11:Absorbance of (a) methyl blue solution by only NaBH; and (b) methyl blue NaBH4
mixture with the help of Fe;O4@His@Cu as nanocatalyst, (c) first order kinetic plot of MB
reduction using Fe;O04@His@Cu as catalyst and (d) catalytic activity of Fe3;Os@His@Cu in
different cycling number.

Furthermore, the simultaneous reduction was also studied by mixing of each 10 mM of MO
and MB (100 pl) and 100 mM of NaBH4 (1 ml) catalyzed by FesO4@His@Cu as seen in
Figure 4.12a. It was found that the reduction of MB happened more rapidly than that of MO
(Figure 4.12b and 4.12c).
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Figure 4.12: Absorbance of (a) azo dyes and reducing agent mixture with the help of Fe;0s@His@Cu
as nanocatalyst, (b) first order kinetic plot of MO and (c) MB reduction using Fe;0O4@His@Cu
as catalyst.

It is well known that the composition of any nanocatalyst influences its catalytic activity [69,
72]. Figure 4.13 showed the mechanism of any azo dye after being catalyzed Fe304@His@Cu
in the existence of borohyride ions. Dyes and borohyride ions are hold on Cu NPs surface of
Fe304@His @Cu nanocatalyst, the reduction happens with transfer of e’s from the donor BH4

to the acceptor dyes.
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Fe304@His@Cu

Figure 4.13:The mechanism of any azo dye on Fe;04@His-Cu nanocatalyst surface in the reduction
process.

4.1.3. Catalytic Tests of Fe304@His-Ag Magnetic Nanocatalysts

As shown in Figure 4.14a, pure MO dye gives a specific absorption max. at 465 nm and the
reduction did not complete even after 24 hr. However, as shown in Figure 4.14b, after adding
the Fe;04@His-Ag nanocatalyst into the rection of MO and NaBH4 mixture, the reaction was
completed within 8 min becoming colorless after the reaction. The photographs before and

after reaction were seen in Figure 4.15.
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Figure 4.14: Absorbance of (a) MO solution by only NaBH4 and (b) MO and NaBH4 mixture in the
existence of Fe;O4s@His-Ag.
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Figure 4.15: Photographs of azo dyes reduction in the presence of and Fe;O4s@His-Ag and NaBH4
nanocatalyst.
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MB reduction in the absence and existence of Fe304@His@ Ag nanocatalyst results are seen
in Figure 4.16. According to the Figure 4.16a, the absorbance at 665 nm did not change so
much even after 24 hr without the Fe3;04@His-Ag nanocatalyst. However, when trace amount
of the Fes04@His-Ag nanocatalyst was reacted with the solution, the band at 665 nm reduced
slowly and disappeared within 4 min., which clearly demonstrates that the Fe;Os@His-Ag
nanocatalyst is an efficient catalyst for MB dye reduction (Figure 4.16b).
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Figure 4.16: Absorbance of (a) MB and (b) MB and NaBH4 mixture in the existence of Fe;O4@His-
Ag as nanocatalyst.

Their reduction kinetics were also investigated and Figure 4.17 showed the logorithmic slope
of the absorbance of azo dyes separately with respect to time. the k values for degradation of
methyl orange and methyl blue of MO and MB are 0.270 and 0.254 min’!, respectively.
Figure 4.18 also proved that the catalytic activity did not change significantly after four
cycles, which demonstrated that the synthesized product exhibited superior performance for

MO and MB reduction.
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Figure 4.17: The kinetic curve of azo dyes reduction using Fe;O;@His-Ag as nanocatalyst,
respectively.
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Figure 4.18: Changes in conversion of (a) MO and (b) MB reduction as the cycling continues.

4.14. Catalytic Tests of Fe304@Nico-Ag Magnetic Nanocatalysts

4.1.4.1. For Nitro aromatics

The catalytic behaviour of nicotinic acid coated magnetic nanoparticle was demonstrated in
Figure 4.19a. It showed that the absorbance at 400 nm did not change over 5 hr (Fig 4. 20a).
However, as soon as the Fe3O4@Nico-Ag was added to 4-NP solution, the maximum
absorption intensity reduced quickly indicating of destruction of nitrate group and production
4-aminophenol (Fig 4.20c). Similarly, the catalytic behaviour of Fe3;O4@Nico-Ag towards 4-

NA reduction was studied. As understood from Figure 4.20 b, max absorbance remained same
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when the time passed but the peak at 380 nm for 4-NA disappeared within only 4 minute (Fig
4.20d). It clarifes that 4-NA reduction by Fe304@Nico-Ag magnetic hybrid in the existence
of sodiumborohydride was achieved succesfully as shown in Fig. 4.20d [73-76].

OH

4-aminophenol
NH,

NH,
4-nitroaniline p-phenylenediamine

Figure 4.19: The schematic illustration for the reduction of 4-nitrophenol and 4-nitroaniline
compounds in the existence of Fe;04@Nico-Ag nanocatalyst.
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Figure 4.20: Absorbance of (a) 4-NP and (b) 4-NA by only NaBH4 and(c) 4-NP and (d) 4-NA with the
help of Fe;O4@Nico-Ag magnetic hybrid.

The catalytic performance of Ag nanoparticle loaded Nicotinic acid coated magnetic
nanoparticle nitro aromtics was also investigated. After 7 min, the intensity of Amax

disappeared (Figure 4.21). 0.35 min™' was the k value and these results were higher than

reported literature studies [77, 78].
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Figure 4.21: Absorbance for the reduction process of mixture of 4-NP and 4-NA compounds.

The reaction rate constants were estimated to be 0.35 and 0.50 min~! for 4-nitrophenol and 4-
nitroaniline,respectively (Figure 4.22a). The reusability, another important key parameter for
the recyclable magnetic nanocatalysts, was also investigated and it did show significant

change for nitro compounds reduction up to three cycles (Figure 4.22b).
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Figure 4.22: The relation between In(AJ/Ao) and reduction time using Fe3;O;@Nico@Ag as
nanocatalyst and (b) Changes in conversion of 4-NP and 4-NA as the cycling continues.
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4.1.4.2. For Azo dyes

Furthermore, we also studied the -catalytic properties of Ag loaded Fe3Os@Nico
nanocomposite by investigating the degradation of different kinds of azo dyes. The same
procedure which is explained above for nitro compounds was applied in this section. Instead
of nitro compounds, one of azo dyes was added into the reaction solution followed by Ag
loaded Fe3Os@Nico nanocomposite addition in the existence of sodiumborohydride. The
maximum wavelength (Amax) of azo dyes did not change for more than 1h after

sodiumborohydride was added (Figure 4.23).
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Figure 4.23: Absorbance of various azo dyes in the presence of NaBH, only.

As represented in Figure 4.24, the absorbance at Amax declined and delocorization occurred
within different times with the help of Ag loaded nicotinic acid coated Fe3O4 nocomposite.

This time difference was probably because of the different funtional groups such as hydroxyl
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or methyl. It was clearly seen that the catalytic reduction was also found to be succesfull for
all of them. Previous studies showed that nano Ag NPs have good catalytic performance on
various amounts of organic materials like nitro aromatics or azo dyes and have significant

effect for azo dyes reduction [63, 69, 79].
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Figure 4.24: (a) Absorbance of various azo dyes with the help of Fe;04@Nico-Ag.

Figure 4.25a showed slopes of In(A/Ao) with reduction time for the catalysts. The k values
were summarized in Table 2. The highest rate was for MO azo dye and the rate values were
better than reported ones [32, 80]. The recovery of Ag loaded Fe3O4@Nico nanocomposite

was studied for only MB dye and is shown in Figure 4.25b. It is seen that the conversion
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efficiency reduced after four cycle, this could be due to the loss of nanocatalyst during recycle

process.
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Figure 4.25:(a) Plots of first order rate for reduction of various azo dyes and (b) Changes in catalytic
activity of Fes04@Nico-Ag in different cycling number.

Table 4.2: The required time and k for the reduction reactions of MO, MB, RhB and EY.

Methyl Orange (MO) 3 0.64 0.97
Methylene Blue (MB) 5 0.40 0.98
Rhodamine B (RhB) 10 0.23 0.99

Eosin Y (EY) 30 0.04 0.99

It has been experimentally demonstrated that Ag loaded Fe3;O4@Nico nanocomposite was
also effective nanocatalyt for dye mixtures reduction in the existence of sodiumborohydride

as the reducing agent (Figure 4.26a). It was seen MB was reduced faster than MO and was
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probably related to the dye properties and the reaction rates were also calculated (Figure

4.26b) [81].
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Figure 4.26: (a) Absorbance for the degradation of azo dye mixtures with the help of Fe;04@Nico-Ag
and (b) Plots of first order rate of azo dyes.

The reduction of rhodamine B and eosin Y was also investigated to report the catalytic
performance as synthesized material. It took only 6 min. and RhB was reduced faster than EY
as seen in Figure 4.27. This result was compatible with Sun Lijuan’s study in the literature
[32]. Figure 4.28 represented the performance of Ag loaded Fe3;Os@Nico nanocomposite

during reduction of azo dyes and their leuco forms by NaBHj.
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Figure 4.27: Absorbance of azo dye mixtures with the help of FesO4@Nico@ Ag nanocatalyst.
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4.1.5. Catalytic Tests of Fe304@Nico@ Cu Magnetic Nanocatalysts

The catalytic perfomance of Fe3O4@Nico-Cu magnetic hybrid for a variety of azo dyes
reduction was analyzed as seen in Figure 4.29. Firstly, partial reduction was observed in the
existence of only sodiumborohydride and the peak intensity at 465 nm reduced even after 2h
(Figure 4.29a). The intensity at 465 nm went to zero only 60 sec with the help of
Fe3;04@Nico-Cu magnetic hybrid meanwhile a new absorption at 245 nm confirmed that

complete reduction was achieved (Figure 4.29b).
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Figure 4.29:(a) Absorption spectra for the MO in the existence of only NaBH4, (b) upon addition of
magnetic nanocatalyst and (c) The slope of straight line of In (A/Ao) vs. reaction time for MO
dye reduction.

Figure 4.30 showed that no significant changes were observed implying that MB dye
reduction was not succesfull in the existence of only sodium borohydride (Figure 4.30a).
However, the typical intensity for MB at 650 nm decreased within only 50 sec after addition
of the catalyst (Figure 4.30b). This result demonstrated that the MB reduction was successful

because of the catalytically active Cu NPs in the as-synthesized product.
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Figure 4.30:(a) Absorbance for MB dye in the existence only NaBH., (b) upon addition of prepared
magnetic nanocatalystand (c) The slope of straight line of In (At/Ao) vs. time for MB dye
degradation.

Eosin Y had the peak intensity at 510 nm and the reduction was not completed even after 3h
by only NaBH4 (Figure 4.31a). But the signal at 510 nm peak gradually decreased in 9 min
after the addition small amount of Fe304@Nico@Cu nanocatalyst (Figure 4.31b).
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Figure 4.31:Absorption spectra for the degradation of eosin Y dye (a) in the existence of only
sodiumborohydride, (b) upon addition of prepared magnetic nanocatalyst and (c) The slope of
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As a final dye, RhB was tested and the main peak was unchanged when the time proceeds in

the existence of only sodium borohydride (Figure 4.32a). But, its reduction happened only 2

min with the help of Fe304@Nico@Cu nanocatalyst (Figure 4.32b).
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Figure 4.32:Absorption spectra of RhB for only (a) sodium borohydride, (b) upon addition of
prepared magnetic nanocatalyst and (c) The slope of straight line of In (At/Ag) vs. time for RhB
dye reduction.

The reaction kinetics were calculated to be 0.05 and 0.04 s™! for MO and MB, respectively
(Figure 4.29¢ and 30c).The value of apparent rate constantsfor EY and RhB were calculated
to be 1.21 and 0.22 min™!, respectively (Figure 4.31c and 32¢). Compared with other magnetic
nanocatalyst in the literature, Fe304@Nico@Cu displayed good catalytic performance [51,
70, 71, 82, 83]. The reuse and stability of Fe304@Nico-Cu nanocatalyst were studied to see
the cost-effectiveness of the method and this was performed in a very simple way. After MO
reduction, Cu loaded magnetic Fe3O4@Nico materials were collected by a magnetic filtration.
Then, it was recycled and repeated for the reduction. By using the Fe3;O4@Nico@Cu
magnetic nanocatalysts for five times, the reduction of MO had almost the same catalytic
performance. The color change of the each azo dye and easy separation of it were also shown
in Figure 4.33. All these results confirmed that the Fe304@Nico@Cu nanocatalysts were not

corroded during dye reduction.
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Figure 4.33:Photo that illustrates color change of azo dyes after catalysis reaction and easy separation
of it by a magnet.

4.1.6. Catalytic Tests of MnFe204 @PANI-Ag Magnetic Nanocatalysts

As seen in Figure 4.34a, MO aqueous solution has a maximum UV-vis absorption (Amax) at
465 nm and its partial reduction took more than 24 h in the presense of NaBHjonly but a
sharp decrease in the Amax intensity was completed within 9 min and the solution changed to

the colorless (Figure 4.34b).
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Figure 4.34: Absorbance of (a) MO dye by only NaBH4 and (b) upon addition of MnFe,O4@PANI-Ag
nanocatalyst in the presence of NaBHa.

Here, we have investigated the application of Ag loaded magnetic MnFe.O4s@PANI
nanocomposite for the degradation of methyl blue. Its had a maximum absorption (Amax) at
665 nm. The whole decolorization process did not occur even after 3h (Figure 4.35a).
However, the absorbance at 665 nm vanished after addition of MnFe.O4@PANI-Ag
nanocatalyst within 16 min (Figure 4.35b).
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Figure 4.35: Absorbance of MB (a) in the presence of only NaBH4 and (b) after immediate addition of
MnFe,O04@PANI-Ag nanocatalyst in the existence of NaBHs.

As seen in Fig. 4.36a and 4.36b, the color of the solutions with large excess of NaBH4
changed for 3h and 2h for EY and RhB, respectively, which confirmed that the rate of
catalytic reaction was so slow. However, after addition of the MnFe.Os@PANI-Ag
nanocatalyst, the color of EY and RhB solution disappeared within 16 and 23 min,

respectively, demonstrating the catalytic reduction of EY proceeded faster than RhB (Fig.
4.36¢ and Fig. 4.36d).
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Figure 4.36:Absorbance of (a) EY in the presence of only NaBH4 and (b) upon addition of
MnFe,04@PANI-Ag, (c) RhB by only NaBHs and (d) after immediate addition of
MnFe,04@PANI-Ag nanocatalyst.

The rate constants of MB, MO, EY and RhB reduction were found to be 0.61, 0.22, 0.14 and
0.11 min™!, respectively (Figure 4.37). The MnFe>;O4@PANI-Ag nanocatalyst presented the
highest catalytic activity MB dye redution while the lowest activity for RhB dye reduction.
The reusability is another important factor for any recoverable magnetic nanocatalysts, was
also investigated here. As seen in Figure 4.38, k value decreased after 4 runs demonstrating

that catalytic activity was decreased as cycling continued.
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4.1.7. Catalytic Tests of MnFe:04@Si02-Ag Magnetic Hybrid

4.1.7.1. Azo dyes reduction

As shown in Fig. 4.39, MnFe.O4@Si02-Ag nanocatalyst caused that different reduction
reactions took place at different times. The k values for degradation of methyl orange and
rhodamine B were0.04 and 0.02 sec™!, respectively. In addition, the other rate constants are for

EY and MB were 0.17 and 0.15 min™!, respectively. These values were better than literature
values[42,43].
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Figure 4.39:Absorption spectra for the reduction process of (a) MO, (b) RhB (c) EY and (d) MB
solution after immediate addition of MnFe,O4@SiO,-Ag nanocatalyst in the presence of

NaBH,.
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When it comes to nitro compounds’ reactions results, the maximum intensity at 400 nm
disappeared because of the formation of phhenolate ions and it turned to clear slowly (Fig.
4.40). In addition, the catalytic reduction reaction was completed within 18 min for 4-
nitroaniline and 6 min for 2-nitroaniline, respectively (Fig. 4.40a and 4.40b). According to the
kinetic results, the rate constants were estimated to be as 0.66, 0.09 and 0.11 min™ for 4-
nitrophenol, 4-nitroaniline, 2-nitroaniline, respectively (Figure 4.41). They were shown in
Table 3. Compared of the literature values, these results were better than other catalysts [44-

49].

Table 4.3: Reduction time and rates of various compounds by MnFe,O,@Si0,-Ag catalyzed

reactions.
Azo Dye Reaction time Rate constant | Correlation Coefficient

MO 50 sec. 0.04 sec™? 0.9109

RhB 150 sec. 0.02 sec? 0.8588

EY 9 min. 0.17 mint 0.8413

MB 11 min. 0.15 min™t 0.9154
4-NP 3 min. 0.65 min™ 0.9811
4-NA 18 min. 0.08 min 0.9377
2-NA 6 min. 0.12 mint 0.8706
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Figure 4.40: Absorbance of (a) 4-NP, (b) 4-NA and (c) 2-NA solution after immediate addition of
MnFe,04@Si0,-Ag nanocatalyst in the presence of NaBHj.
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Figure 4.41:The first order kinetic plot of various aramotic compounds reduction using magnetic
MnFe>04@Si0,-Ag as nanocatalyst.

Magnetic recyclability of MnFe,Os@SiO,-Ag nanocatalyst was also carried out. Figure 4.42
showed the conversion of the prepared material for the reduction of MO and MB. As shown
in Fig. 4.42, the conversion decreased little after four cycles and the catalyst showed similar

catalytic performance when cycling contiunued.
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Figure 4.42:Recycling of MnFe;04@Si0,-Ag nanocatalyst forthe reduction of (a) MO and (b) MB
dye in the presence of NaBHj.

4.1.8. Catalytic Tests of Fe30s@PAMAM(G1)-Ag Magnetic Hybrid

The catalytic performance of the Fe;Os@PAMAM(G1)-Ag was examined by using the
catalytic reduction of 4-nitrophenol to 4-aminophenol. This process was monitored by
observing the intensity of the absorption peak at 400 nm incorporated with 4-NP (Figure
4.43).Upon addition of the Fe3;04s@PAMAM(GI)-Ag magnetic hybrid, the maximum
intensity disappeared along with the reaction time and a new absorbance peak at 300 nm

appeared within 3 minutedue to the formation of 4-aminophenol as shown in Figure 4.44 [84].
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Figure 4.43:UV-Vis absorption spectra of the 4-NP mixture in NaBH4 solution only.
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Figure 4.44:UV-Vis absorption spectra for the reduction of 4-NP in the presence of
Fe;0,@PAMAM(G1)-Ag magnetic nanocatalyst.
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From the linear relationship of In(C/Co) and t, the rate constant (k) of 4-nitrophenol was
estimated which was better than similar studies [84, 85]. In addition, the rate constant k of the
prepared material was much higher than reported valuesin literature [86, 87]. The color
change of 4-nitrophenol with the help ofFe;04@PAMAM(GI1)-Ag magnetic nanocatalyst

after reduction reaction was given in Figure 4.45b.

k=0.0112s"

In(C/C,)

2,04

25 T T T T

0 30 60 ® 120 10 180 (a) (b) (C)

Time (sec.)

Figure 4.45: (a) First order kinetic plot and (b) the color changes of 4-NP and the recyclability of the
catalyst after complete reaction.
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5. CONCLUSION AND RECOMMENDATIONS

In this thesis, we have presented new magnetically recyclable nanocomposites of different
core like Fe304 and MnFe;04 and coating layers such as histidine, nicotinic acid, polyaniline,
Tween20 or silica. They have been fabricated by various techniques and were investigated for
their characteristics. The catalytic performance of all the prepared magnetic hybrids was
tested on a series of dyes and nitroaromatic compounds.
Fe304@Tween20-Ag nanocatalyst has been successfully produced by thermal decomposition
route, where Tween20 was used as a linker between magnetic core and Ag NPs and then it
was applicated as magnetic nanocatalyst in order to reduce for different azo dyes which are
harmful to environment. Obtained results have shown that Fe304@Tween20-Ag nanocatalyst
showedhigh catalytic performance up to five cycles with a little loss of activity.

Highly effective Ag incorporated newly MnFe>O4@SiO> and MnFe;Os@PANI magnetic
hybrids were succesfully synthesized with a combination of thermal reduction technique. This
method prevented the aggregeation of Ag NPs on the surface of magnetic nanocomposite.
MnFe,04was used as magnetic core and polyaniline (PANI) was the stabilizer. The structural
result showed that the products were in small size with a good dispersion. They were used as
magnetic nanocatalyst to reduce a wide variety of azo dyes and aromatic nitro compounds
including 4-nitrophenol, 4-nitroaniline and 2-nitroaniline in the existence of NaBH4. The high
activity of MnFe,04@Si0,@Ag magnetic hybrid obtained for methyl orange reduction
among the azo dyes group and for 4-NP in the aromatic nitro compounds.

Incorporating the individual advantages of Ag or Cu and Fe3;O4, Fes04@His@Cu and
Fe3;04@His@Ag were also generated for decolorization of dye pollutants. The as-prepared
magnetic hybrids showed many advantages like monodispersity and simplicity and used as a
high performance catalyst for the reduction of a series of azo dyes. Furthermore, they could be
recycled with magnetic filtration.

In order to fabricate a uniform and stable around magnetic core, Fe3O4, polyamidoamine
dendrimer was also used on the surface of magnetic nanoparticles. Then, highly dispersed Ag
NPs was doped to the layers of dendrimers andas magnetically recyclable nanocatalyst,

Fe;04@PAMAM (G1)-Ag was obtained with a low crystallite size. Additionally, it was tested
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for the catalytic behaviour against 4-NP and the catalytic efficiency did not change after 5
cycles.

In summary, we have demonstrated an easy and effective route to prepare a series of
magnetically recyclable nanocatalysts. All the fabricated magnetic hybrids had the crystalline
structure with a narrow size distribution and showed very high catalytic activity for the
reduction of various dyes and nitro compounds due to their strong electrostatic attraction. The
kinetics studies also proved that the reduction process obeyed the pseudo-first-order kinetics
model. In addition, the prepared magnetic hybrids can be easily removed from the medium by

a magnet and thus they are the potential adsorbents for environmental applications.
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