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Abstract

Iron oxide nanoparticles (IONPs) have evoked much attention recently due to their out-
standing properties, such as superparamagnetism and high surface-to-volume ratio. The
particles find application in various fields, including biomedicine, catalysis, and water
management. Their properties are strongly influenced by particle sizes, particle size distri-
butions, and morphology. Rigorous criteria must be satisfied for various applications, and
the development of different methods for tuning sizes is crucial.

The high surface tension of IONPs makes them prone to aggregation, which subsequently
affects their physical and chemical properties. The use of stabilizing agents often solves
this problem. However, in many cases, the functionalization of these particles is crucial to
overcome such challenges. Silica coating of IONPs has become a promising and important
approach in the development of magnetic nanoparticles since it improves their chemical
stability in liquid and prevents aggregation. The silica shell provides a biocompatible and
chemically friendly surface, enabling subsequent modification to optimize for application.

In this study, silanization of IONPs using a modified Stober method in a semi-batch set
up is investigated. This study supplements an earlier study performed by Ali [4], where
a batch set up was used. The aim is to study the effects of introducing the reactants to
the system over a period of time. It allows building up the molarities to control the nu-
cleation and growth. The effect of different solvents, flow rates of TEOS and ammonium
hydroxide, and masses of [ONPs were investigated. Different combinations of parameters
were carried out based on an experimental design created by the use of JMP. Highly stable
particles, with sizes ranging from 737+38 nm to 1058+81 nm, have successfully been
synthesized with various degrees of polydispersity. Four different morphologies were ob-
served; spheres, incompletely fused particles, agglomerates, and irregular particles. The
morphology appeared to be greatly dependent on the reaction parameters.

Magnetic measurements of the silica coated IONPs show that the particles possess super-
paramagnetic behavior, however, the magnetization is diminished at a higher degree than
preferred as compared to the bare IONPs. Further studies will hence be vital to investigate
how the iron content in the particles can be increased to fabricate particles with higher
magnetization.
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Sammendrag

Jernoksid nanopartikler har vekket mye oppmerksomhet den siste tiden pa grunn av dere
fremragende egenskaper som superparamagnetisme og hgyt forhold mellom overflateareal
og volum. Partiklene er anvendt i forskjellige fagfelt som for eksempel biomedisin, katal-
yse og vannbehandling. Egenskapene er svart avhengig av partikkelstgrrelsen, partikkel
-stgrrelsefordelingen og morfologien. Strenge krav stilles for at de skal kunne anvendes
for ulike applikasjoner og det er derfor helt avgjgrende & utvikle metoder for & kunne
kontrollere stgrrelsene.

Jernoksid nanopartikler har hgy overflatespenning, noe som gjgr dem utsatt for aggregering,
som videre pavirker de fysiske og kjemiske egenskapene. Funksjonalisering av partik-
lerne er derfor avgjgrende for & overkomme slike utfordringer. Dekking av jernoksid
nanoparticles med silisium har blitt en lovende og viktig tilnerming i utviklingen av mag-
netiske nanopartikler, siden det forbedrer deres kjemiske stabilitet i vaeske og forhindrer
aggregering. Silisiumbelegget gir en biokompatibel og kjemisk vennlig overflate, som
ytterligere mulig -gjgr videre overflatemodifikasjon.

I dette studiet undersgkes silanisering av jernoksid nanopartikler ved hjelp av en modifis-
ert Stober-metode i et semi-batch-oppsett. Studiet supplerer til et tidligere studie utfgrt
med et batch-oppsett utfgrt av Ali [4]. Et semi-batch oppsett brukes til & studere effek-
ten av & introdusere reaktantene i systemet over en tidsperiode. Det gir muligheten for
a bygge opp konsentrasjonene og kontrollere nukleering og partikkelvekst. Effekten av
forskjellige lgsningsmidler, strgmningshastigheter av TEOS og ammoniumhydroksid og
ulike masser av jernoksid nanopartikler ble undersgkt. Forskjellige kombinasjoner av pa-
rametere ble utfgrt basert pa et eksperimentelt design opprettet ved bruk av JMP. Stabile
partikler, med stgrrelser fra 737 4 38 nm til 1058 + 81 nm, har blitt syntetisert med ulik
grad av stgrrelsesfordeling. Fire forskjellige morfologier ble observert; kuler, ufullstendig
smeltede partikler, agglomerater og uregelmessige partikler. Morfologien sa ut til & veere
svart avhengig av reaksjonsparametrene.

Magnetiske malinger av silisiumdekkede jernoksid nanopartikler viser at partiklene har
superparamagnetisk egenskaper, men magnetiseringen reduseres i hgyere grad enn hva
som er gnsket sammenlignet med udekkede jernoksid nanopartikler. Ytterligere studier vil
derfor vere avgjgrende for & undersgke hvordan jerninnholdet i partiklene kan gkes for &
fremstille partikler med hgyere magnetisering.
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Chapter

Introduction

Nanotechnology is an advancing field that engages scientists worldwide with backgrounds
in physics, chemistry, biology, and engineering. Nanotechnology includes dimensions
ranging from sub nanometers to several hundred nanometers. What makes nanoparticles
so unique is their extraordinary properties that deviate from their bulk properties and the
possibility of tuning these properties to fit specified applications. Due to the small dimen-
sions, nanomaterials have a high surface-to-volume ratio, and the number of surface atoms
and ions is a significant factor. Different nanomaterials possess beneficial mechanical,
chemical, optical, magnetic, and electrical properties. Today, extensive research is con-
ducted, and the materials are already widely applied in the industrial sector. The properties
of nanoparticles are not only due to the tiny sizes but also the degree of monodispersity,
as they have a high degree of size dependency. For many purposed applications, obtaining
monodisperse particles is desired. With a variation in size of less than 5%, nanoparticles
possess higher performances as compared to corresponding polydisperse nanoparticles
[24].

1.1 Motivation

Iron oxide nanoparticles (IONPs) are one of the most promising nanomaterials and are
widely applied in catalysis [30], biomedicine [12], and water management [47] to mention
a few. IONPs possess unique properties such as superparamagnetism, biocompatibility,
and easy separation methodology [3]. There is a range of synthesis routes already de-
veloped for the fabrication of IONPs. One simple, efficient, frequently used, and well-
established method is co-precipitation. However, there are some disadvantages to the
method as well. The particles tend to give a broad size distribution and are prone to aggre-
gation. In some cases, this problem is solved by the use of stabilizing agents. However,
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in many cases, surface modification is needed to prepare them for application. Another
big issue that needs to be taken into account, which also might be solved by surface mod-
ification, is that the particles need to fit into the surroundings where the application is
intended. Different applications require different interactions between the surroundings
and the nanoparticles. One way to make IONPs better suited for a wide range of applica-
tions is to coat them with silica. A layer of silica offers a biocompatible and chemically
stable surface which hinders them from agglomeration and degradation. Silica is in addi-
tion relatively cheap and easily available. Silica coated IONPs find applications as oil tags
[77], in electron therapy [26] or in COVID-19 test [68] recently developed at NTNU and
emphasize the usefulness and relevance of the particles in the past, today, and probably for
a long time to come.

There are already a few methods developed for the silanization of particles. However, there
is a lack of clear understanding of the growth mechanism of the particles. More research
on different synthesis routes is needed to better understand and manage the control of the
size, size distribution, and morphology of these particles. This work aims to study the
effect of using a semi-batch set up in a modified Stober method for the silanization of
IONPs. The reaction mediums will be introduced over time to investigate how the particle
size and morphology might be influenced and find the parameters affecting the properties
of silica nanoparticles.

1.2 Outline

This report consists of seven chapters, including this chapter. Chapter 2 explains the theo-
retical background, including the fundamentals of magnetic nanoparticles and crystalliza-
tion. Chapter 3 and Chapter 4 present literature reviews on the synthesis of IONPs and
silica coated IONPs, respectively. In Chapter 4, the materials and methods used in this
study are presented. A brief overview of the characterization techniques is also covered in
the same chapter. All results, followed by discussions, are covered in chapter 6. Finally,
Chapter 7 contains the overall conclusions of the work and also includes suggestions for
further work.




Chapter

Theoretical Background

In this chapter, fundamentals of magnetic particles, crystallization, and semi-batch pro-
cesses are discussed to get a theoretical background of the concepts used in this study.

2.1 Magnetic Nanoparticles

Magnetic nanoparticles such as iron, cobalt, and nickel receive extensive attention due to
their unique physical properties, making them convenient for various applications. Mag-
netic particles are used for data storage [101], in catalysis [30], and in biomedicine [12], to
mention a few. These particles possess unique magnetic properties, such as superparam-
agnetism [6], which occur in single-domain nanoparticles. A magnetic field can be used to
manipulate the particles, and the superparamagnetic property makes it easy to separate the
particles from other mediums. However, magnetic particles are exposed to issues like rapid
agglomeration, and oxidation [102], and surface modification is often essential for making
them worthy for applications. Magnetite, Fe;Qy, is probably the most popular magnetic
nanomaterial due to better chemical stability and biocompatibility [45]. Magnetite is also
the most magnetic material found naturally in nature [62].

2.1.1 Superparamagnetism

Superparamagnetism is a phenomenon where the magnetization in a material randomly
flips direction under the influence of temperature. Superparamagnetism appears in suffi-
ciently small ferromagnetic or ferrimagnetic nanoparticles. What sufficiently small nanopar-
ticles mean is dependent on the material, but in general, when the diameter of the particle
is below 2-30 nm [57]. Superparamagnets have a high density of magnetic domains, and
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the spins are aligned parallel and move collectively [45]. In the absence of an external
magnetic field, the average value of magnetization is zero. However, in the presence of a
magnetic field, the particles get magnetized. This transition occurs below the Curie tem-
perature of the material. For any ferromagnetic or ferrimagnetic material, this transition
occurs above the Curie temperature. Figure 2.1 shows the magnetization of ferromagnetic,
paramagnetic, and superparamagnetic materials as an effect of an applied magnetic field.
As seen in the figure, superparamagnetic materials have combined properties of ferromag-
netism and paramagnetism. The magnetization of a superparamagnetic material is zero
when the magnetic field is zero. However, an external magnetic field will magnetize the
particles. This behavior is similar to the behavior of paramagnets, however, as the fig-
ure suggests, the magnetic susceptibility of superparamagnets is much greater than that
of paramagnets. On the other hand, the magnetization of a ferromagnet is remnant in the
absence of a magnetic field, as illustrated in the figure.

Magnetization

e Ferromagnetism
e Paramagnetism

/ / Superparamagnetism

Magnetic Field

J

Figure 2.1: The magnetization as a function of magnetic field for ferromagnetic, paramagnetic and
superparamagnetic materials [64].

2.1.2 Reduction, Nucleation and Growth of Metal Nanoparticles

Several different methods for the preparation of metal nanoparticles are developed. These
methods are categorized as bottom-up, or top-down approaches [39]. The top-down ap-
proach starts with larger dimensions and breaks down the structure of a substance, while
the bottom-up approach builds up the desired product layer by layer. To synthesis metal-
lic nanoparticles, the reduction of metallic precursors is one of the most commonly used
methods. That is a bottom-up approach, where in an appropriate medium, ionic salts are
reduced in the presence of a surfactant and a reducing [32]. Reduction of the salts are used
to prepare supersaturated solutions of metallic solids, and the concentration can easily be
controlled.

The pathway for synthesizing stable nanoparticles from a metal precursor consists of three
steps [96]. The first step is the reduction of the precursor, which is described by the
following equation:
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aM™t + bR — aM” 4+ bO 2.1

where M is the metallic precursor, R is the reducing agent, and O is the oxidized com-
pound, a and b are stoichiometric coefficients. The metal atoms gather in clusters follow-
ing:

xM? & (M) (2.2)

where cs marks the critical size and x is a stoichiometric coefficient. When they obtain a
critical size where they are stable, they start separating as nuclei described by the following
equation:

(MQ)es +yM? > (M2, ) (2.3)

The next step is growth which is the addition of metal atoms onto particles having a high
free surface energy:

(M2, ) +mM® — M) |, (2.4)
These further grow by diffusion or aggregation to produce stable nanoparticles:
M2, + M — MY (2.5)

where M0 is a stable nanoparticle. The size of the particle is dependent on the supersatura-
tion, the fraction of solute relative to the amount of metal in the nucleation, and the degree
of aggregation [11]. To synthesis and control the properties of magnetic nanoparticles,
understanding crystallization and supersaturation are essential.

2.2 Crystallization

Crystallization is a physical transformation of a liquid, solution, or gas into a crystal.
A crystal is a solid characterized by an ordered internal arrangement of building units.
When crystallization occurs, matter undergoes a phase transition from high free energy,
disordered state, to a low free energy state [63]. Crystallization can be seen as a two-step
process; the first is nucleation, followed by crystal growth. Understanding and separating
the nucleation and growth regions of particles during synthesis is the key to obtain uniform
particles.

2.2.1 Supersaturation

Supersaturation is the ability of a system to precipitate. A state of supersaturation is re-
quired for crystallization to occur. When a system is supersaturated, it possesses excess

5
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free energy, and it is in a non-equilibrium state, allowing a solid phase to appear in the so-
lution. When crystallization occurs, the free energy in the system consequently decreases.
Supersaturation is defined as the ratio between the activity of a solute in an arbitrary state
and the activity at equilibrium [11]:

[ (2.6)

ax
Where a is the activity and a* is the activity at equilibrium. Activity deviates from concen-
tration by an activity coefficient factor. The activity coefficient factor is dependent on the
ionic strength of the medium, charge, and size of each component. The activity is given
by:

a=Cy 2.7

Where C is the concentration and +y is the activity coefficient. Concentration can substitute
for the activity when dealing with dilute solutions. Supersaturation defined in terms of
ionic product and solubility product can be expressed by:

AP\
5= (mﬁ 29

The driving force for crystallization is the difference between the chemical potential of a
substance in a solution and the solid phase [63]:

Ap = p1 — po (2.9

The chemical potential is expressed by
= po + RTIna (2.10)

Combining Equation 2.6, 2.9, and 2.10, the expression for the driving force in crystalliza-
tion is:

Ap = RTIn(S) @2.11)

When S>1, the chemical potential is larger than zero, and the state of supersaturation is
obtained. Spontaneous crystallization will occur.

Figure 2.2 shows the solubility and supersolubility curve for an arbitrary compound in
solution [23]. As the temperature is increased, an increased amount of the substance dis-
solves in the medium. The arrow moving from point 1 to point 3 represents a cooling
crystallization. At point 1, the medium is undersaturated, and no crystallization will occur.
The system is stable as the concentration of dissolved solute is below the solubility curve.
At point 2, the temperature is decreased, and the system crosses the solubility curve enter-
ing the metastable zone, and crystallization can occur. When the next curve is crossed at
point 3, the solution enters the labile zone by a further decrease in the temperature. In the

6
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Labile

Concentration

Metastable
Undersaturated

Temperature

Figure 2.2: Concentration of a solid dissolving endothermically as a function of temperature [23].

labile zone, crystallization will occur spontaneously. Many crystallization processes, both
industrial and laboratory, are carried out in the metastable zone, making it easier to control.
The period between the initial moment of supersaturation and the appearance of the first
nuclei, is defined as the induction time [10]. The induction time can vary from seconds
to years. Crystallization would also occur having constant temperature but increasing the
concentration to be higher than the solubility curve.

2.2.2 Classical Nucleation Theory

There are different nucleation processes. Figure 2.3 shows an overview of these pro-
cesses [15]. Primary nucleation leads to new crystalline material, either by homogeneous
or heterogeneous nucleation. Homogeneous nucleation occurs in the absence of any for-
eign surface, while heterogeneous nucleation happens on foreign surfaces. For secondary
nucleation, particles of the solute induce the formation of new particles, i.e., also in the
presence of a solid interface.
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Nucleation in
ABSENCE of
Primary Nucleation Solid Interface

Heterogeneous Nucleation \

Foreign Interface

Homogeneous Nucleation

Nucleation in
PRESENCE
of Solid
Interface

Secondary Nucleation Crystal of Solute

Figure 2.3: Overview of different nucleation processes. Reproduced from Beckmann [15].

Classical Nucleation Theory is a theoretical model and the most common theory to un-
derstand nucleation [40]. It was first established in 1926 by Volmer and Weber [98], and
further developed by Becker and Doring [14] and Frenkel [27].

Figure 2.4 is a schematic representation of the change of free energy as a function of radius
for homogeneous nucleation. It shows the nucleation barrier, AG,,,¢, for a spherical
nucleus. The red line, AG,, ¢, is the free energy change for the formation of a surface,
the surface free energy. The blue line, AG,,;, is the change in free energy for phase
transformation, the volume free energy. The total Gibbs free energy is the sum of these
expressions and is represented by the green line:

ACY"m.Lcl = AGUOZ + AGsqu (2.12)

For homogeneous nucleation of a spherical nucleus of radius 1, the change in free energy
is given by [40]:

473
37 kyTInS + 4rro (2.13)

AG(nucl =

Where 4773 /3v is the number of molecules in a cluster of radius r, and v is the volume
per unit. k; is the Boltzmann constant, T is the temperature, S is the supersaturation, and
o is the specific surface energy of the solid-liquid phase. As can be seen from 2.4, for a
nucleus with a small radius, the creation of a new surface, AG g, f, is the dominating. For
a nucleus of large radius, AG,,; is dominating. r..;; is the radius of a nucleus when the
energy barrier is at its maximum and the probability of nucleus formation is at minimum.
r¢rit 18 found by differentiating Equation 2.13 with respect to r, and set the first derivative
equal to zero, giving:

20
crit — 2.14
Terit = e TinS @149
The barrier for nucleation is then given by:
1670312
AGnyel = =555 2.15
' O3k2T%1nS? (215)
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Figure 2.4: The change of free energy as a function of radius for a spherical nucleus [75].

The nucleation energy barrier can be used to express the nucleation rate, .J. It is expressed
in the form of the Arrhenius reaction rate equation:

AC;’nucl :|

(2.16)

J = Aexp [_kT
b

where A is a factor determined by the reaction kinetics.

2.2.3 Growth

When a nucleus is formed, as the first step lowering the excess energy for a system in non-
equilibrium, it is followed by size enlargement to minimize this free energy[44] further.
Size enlargement is generally described by two processes, crystal growth, and agglomera-
tion.

Crystal growth is the increase in the size of particles and leads to a crystal state. The final
morphology and the size of a crystal are results of the enlargement process. Therefore,
crystal growth is an important aspect to understand and be able to control the crystal prop-
erties and consequently to fabricate crystals suitable for different applications. The energy
barrier for growth is lower than the barrier for nucleation [15].

Figure 2.5 illustrates the nucleation and growth stages in a crystallization process as the
concentration, and consequently, the supersaturation changes over time. The LaMer dia-
gram was proposed by LaMer and Dinegar in 1950 [48] and explains how monodisperse
particles in a homogeneous solution are obtained. Nucleation occurs when the concen-
tration reaches a level above the minimum nucleation concentration, C,,,;,. The super-
saturation is reduced after nucleation takes place as there are less solute available. When
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Figure 2.5: A LaMer diagram illustrating the stages of a crystallization process, (I) prenucleation,
(IT) nucleation and (III) growth [9].

the concentration is reduced below a certain value, and there is no addition of the solute,
nucleation terminates, and only growth occurs. The nucleation should be rapid in order to
obtain monodisperse particles [92].

a smooth rough

spiral  ltwo-dimensional’
nucleation

growth rate R

il :
AUIRT™ AU/KT*»

driving lorce

Figure 2.6: Growth rate as a function of driving force with corresponding growth mechanism and
morphologies [5].

Crystal growth is a dynamic process where the attachment rate, J,,,, of monomeric units,
which are either atoms, ions, or molecules, exceeds the detachment rate. J, ¢y [73]. The
following equation can express the rate:

R = Oz(Jon — Joff) 2.17)

When R = 0 at J,, = J,ys, the system is in equilibrium. The attachment rate, J,,,
is dependent on the solute concentration in the medium, and the detachment rate, J,5,
is determined by the bonding strength for neighbor monomer units [11]. This strength
is mainly dependent on the temperature, making both supersaturation and temperature
important parameters for crystal growth.
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Crystal growth consists of two processes. Diffusion of growth units from solution to the
crystal surface and surface reactions that result in attachment of the growth units [66].
These processes are referred to as diffusion- and reaction-controlled mechanisms. The
overall growth rate can be expressed by:

G, = ky(S—1)9 (2.18)

where kg is the growth constant, which is solubility- and temperature-dependent, S is the
activity-based supersaturation, and g is the growth order. The growth order reveals the
growth mechanism. Figure 2.6 shows the growth rate as a function of driving force for
a given crystal. Three crystal growth mechanisms are illustrated in the figure with the
respective morphology. Spiral growth is a result of lower supersaturation, and the growth
order is then ¢ = 2. Two-dimensional nucleation growth is caused by low to moderate
supersaturation, g > 2. At higher supersaturation, the surface roughness is increased,
resulting in rough growth, g = 1. Rough growth is diffusion-controlled, while spiral-
and two-dimensional growth are reaction-controlled. At even higher supersaturation, non-
crystallographic branching, and formation of polycrystalline, typical spherical structures,
can result from interface instability.

Agglomeration is a phenomenon occurring when two particles physically collide, and the
attractive forces between the particles exceed the repulsive forces for the particles to dis-
integrate [15]. Repulsive forces, such as electrostatic, can hinder agglomeration. The
agglomeration tendency depends on the surface charge of the particles, often referred to as
the zeta potential. A low zeta potential will often result in agglomeration, while a higher
zeta potential often hinders particle contact. Agglomeration can also be avoided by addi-
tives such as surfactants. Different mechanisms may lead to agglomeration; it may be a
result of random Brownian motion or by the influence of gravity, among others [87].
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Iron Oxide Nanoparticles

Iron and oxygen can chemically bond to form plenty of different combinations. Today
16 different combinations are identified. Among these, magnetite (Fe;O4), maghemite
(v-Fe,03) and hematite (a-Fe,O3) are the most common combinations found naturally on
earth [3].

Iron oxide nanoparticles (IONPs) possess unique magnetic properties. The particles ex-
hibit higher chemical stability than similar magnetic nanoparticles and are also biocom-
patible, making them excellent candidates for biomedical applications. The superparam-
agnetic behavior makes the separation methodology easy. The particles are widely applied
today; examples are as a contrast agent in magnetic resonance imaging [76], in drug de-
livery [20], and in water management [47], to mention a few.

Different applications of IONPs require different morphology, size, and size distribution.
Knowledge of how to obtain reasonable control of the product is hence necessary. Control
of the supersaturation, the nucleation step, and the growth process are essential to tune the
properties to meet the criteria for different applications.

3.1 Synthesis of Iron Oxide Nanoparticles

Today, several synthesis routes for the fabrication of iron oxide nanoparticles are devel-
oped. Co-precipitation [71], thermal decomposition [85], microemulsion [69] are exam-
ples of different routes using chemical techniques. There are also physical methods, for
example, the use of aerosol technique [94], and biological methods, for example, synthesis
mediated by proteins [41]. However, chemical techniques are of more interest due to low
production cost, and high yield [3]. There are advantages and disadvantages for all the
synthesis routes. Different methods offer different sizes, shapes, and morphologies. Some
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methods are performed at room temperature, while others require elevated temperatures.
To prepare IONPs for a specific application, one needs to consider the pros and cons of the
different routes. In Table 3.1 a selection of some chemical techniques is listed with their
advantages and disadvantages. In this work, co-precipitation is used to synthesize IONPs
and will therefore be discussed in detail in the following section.

Table 3.1: Chemical techniques for preparation of IONPs [3, 102].

Method Advantages Disadvantages
Co-precipitation Simple, effective Broad size distribution,
poor crystallinity, aggregation
Thermal decomposition High yield, High temperature required
control of size and shape
Microemulsion Control of particle size, = Big volumes of solvent,
homogeneous poor yield, time

3.1.1 Co-precipitation

Co-precipitation is one of the most used and well-known synthesis routes for the produc-
tion of IONPs. It was reported by Mossart et al. [59] in 1981. The method is efficient and
straightforward; however, broad size distribution and poor crystallinity are often achieved.
Aggregation of the particles is also a faced problem, affecting the final size and mor-
phology. The particles are formed under high supersaturation resulting in a considerable
amount of particles.

In a typical synthesis, as reported by Puddu et al. [77], iron salts, FeCl;-6 H,O and
FeCl,-4 H,O in a ratio 2:1, are used as iron precursors in a basic solution. A basic so-
lution is achieved by the addition of base either by fast addition or slow addition over time
[46]. Different bases such as NH4OH, KOH or NaOH [58] might be used. As soon as the
base is added, the reaction mixture, which originally is orange, immediately turns black
[99]. The overall chemical reaction taking place in co-precipitation is represented by:

Fe?* + 2Fe3t + 8OH™ — Fe304 + 4H,0 3.1

In the co-precipitation process, two separate steps are involved, the nucleation and the
growth [19]. The nucleation takes place when the concentration of the involved species
reaches a critical value. The nucleation is followed by slow growth by the diffusion of so-
lutes. The nucleation and growth should be separated to achieve monodisperse particles,
meaning burst nucleation should be accomplished, and the nucleation should terminate
before the growth stage begins [95]. This is demonstrated by the LaMer diagram as de-
scribed in Section 2.2.3. Several parameters may be varied in the co-precipitation method,
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including the temperature, the stirring rate, pH, and if the synthesis is performed under a
non-oxidizing atmosphere or not.

A non-oxidizing atmosphere can be obtained by bubbling nitrogen gas through the reaction
mixture. When nitrogen is used, studies show that the obtained sizes are smaller than
compared to using natural atmosphere, i.e., in the presence of oxygen [88]. This protects
the IONPs from oxidation. In order to avoid magnetite oxidizing into ferric hydroxide,
~v-Fe,03, it is essential to leave the reaction mixture free from oxygen.

Ramadan et al. [81] studied the effect of different values of pH on the particle sizes
obtained by using co-precipitation. They used pH varying from 8 to 12.5 resulting in
particle sizes varying from 10 to 13 nm with a minimum reached at pH 9.5. They also
report that the pH has a significant influence on the resulting phases. Magnetite was formed
at all pH values; however, with increasing pH, the contribution of goethite was significant.
Sun et al. [93] report that the particle sizes decreased up to a particular pH value, then the
sizes increased with further increasing of the pH. In other words, they observed the same
trend as Ramadan et al.. However, they report that the smallest sizes were obtained at pH
11. A more detailed reaction mechanism for the co-precipitation was proposed by Lian et
al. [50] to describe the effect of pH:

Fe*™ + 30H™ — Fe(OH)3 (3.2)
Fe(OH)3 — FeOOH + Hy0 (3.3)
Fe** +20H™ — Fe(OH), (3.4)
FeOOH + Fe(OH)y — FezOy4 + 2H,0 (3.5)

Fe** ions react with hydroxyl ions produced as a result of base addition, i.e., by increasing
the pH of the solution. Fe(OH); precipitates first as the solubility product of Fe(OH);
is smaller than of Fe(OH),. Fe(OH); is then transferred into goethite, leaving a water
molecule. When more hydroxyl ions are produced, Fe(OH), will reach its solubility prod-
uct which in order will grow on the already formed FeOOH nuclei, and the product will
be uniform magnetite [50]. With these reactions in mind and the observed sizes, Sun et al.
[93] suggested that nucleation of IONPs is more likely to happen at pH below 11, while
growth is more likely to happen at pH higher than 11.

By using different temperatures in co-precipitation, the sizes of the resulting IONPs may
be tuned. Mahdavi et al. [56] reported that the sizes decrease with the increase in tem-
perature up to 45 °C, where a minimum is reached. When the temperature is further
increased, the sizes increase following the temperature, and a higher degree of polydis-
persity is also reported. By increasing the temperature, the degree of aggregation of the
nucleus is brought down; however, when the temperature reaches a certain level, in this
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case, 45°C, growth is more likely to happen resulting in bigger particles. It is also sug-
gested that with a higher temperature and thus higher overall energy in the system, there is
arise in particles’ collisions. Another explanation of the size increase of particles at higher
temperatures is suggested by Bhattacharya et al. [16], the total volume of the solution in-
creases with increasing temperature resulting in a lowered supersaturation which hinders
burst nucleation. There are also studies claiming that synthesis temperature varying from
20 °C up to 50 °C have little or no influence on the particles [8].

The stirring rate affects the nucleation and growth of particles which in turn affects the
final particle size. Mahdavi et al. [56] studied the effect of stirring rate for particle sizes
obtained by co-precipitation. They report that by increasing the stirring rate from 400 to
800 rpm, the particle sizes decrease due to increased energy transferred to the mixture,
making the solution dispersed into smaller droplets. Another explanation of the reduction
in particle sizes is suggested by Hua et al. [37]. It is that due to a higher degree of
agitation, the growth kinetics is reduced. Mahdavi et al. [56] also demonstrated that a too
high stirring rate leads to the generation of bubbles in the solution and thus leading to a
higher probability of oxidation. When a lower stirring rate is used, the nucleating species
are not equally dispersed in solution and tend to aggregate, explaining the bigger sizes
obtained.

3.2 Surface Modification of Iron Oxide Nanoparticles

As mentioned before, IONPs synthesized by co-precipitation are prone to aggregation due
to great surface area to volume ratio, thus high surface energy. Surface engineering is
often needed to make the particles stable and apt for applications. Functionalization of
IONPs can conquer such barriers. The main motives of functionalization are; to enhance
or change the dispersion, improve the surface activity, enhance the physicochemical and
mechanical properties, and raise the biocompatibility [102].

IONPs may be functionalized using in situ or post situ approaches depending on the de-
sired functionality. Examples of in situ functionalizations of IONPs are coating the IONPs
with sodium oleate [93], oleic acid [33], or citrate [21] during the synthesis. These tech-
niques are generally applied to alter the stability and properties of the IONPs. Post situ
functionalization is, for example, the coating of the IONPs with a protective layer, for ex-
ample, silica [53], for protection of the particles, but also to make the particle apt to the
surroundings. Functionalization of IONPs with silica shells is described in detail in the
next chapter. The IONPs used in this study are coated with citrate. The citrate coating of
IONPs is described in the following section.

3.2.1 Citrate Coating of IONPs

Citric acid has been demonstrated to be a suitable candidate for the functionalization of
IONPs to avoid their agglomeration. Citrate coating alters the repulsive interactions of
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the particles, which, in order, gives thermodynamically stable solutions [21]. As it is a
small molecule, it is not prone to the steric hindrance that large molecule surfactants and
long polymer chains need to overcome [67]. IONPs coated with citric acid also exhibit
hydrophilic properties. Citric acid has three carboxyl groups, whereas one or two are ab-
sorbed on the surface of the IONPs as suggested by Sahoo et al. [83]. Citrate coated IONPs
may be achieved by introducing an aqueous solution of citric acid during co-precipitation
as described by Nigam et al. [67]. Citric acid can then be directly attached to the surface
of freshly prepared IONPs as illustrated by Rahimnia et al. [80] in Figure 3.1.
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Figure 3.1: Mechanism of IONPs coated with citric acid illustarted by Rahimnia et al.[80] where
MNP is an abbreviation for magnetic nanoparticle.
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Chapter

Silica Coated Iron Oxide
Nanoparticles

For many applications of IONPs, it is necessary to coat them in another material to prevent
their agglomeration and degradation. Silica is widely used for this purpose as it is an ideal
coating material. First of all, silica is cheap, and the silanization is performed under mild
reaction conditions [52]. However, most importantly, the silica layer provides a biocom-
patible and chemically friendly surface for their use in biomedicine and bioengineering.
A silica shell also protects the magnetic cores. The hydrophilic property of silica makes
the particles well dispersed in the aqueous phase as the silica shell can screen magnetic
dipole interactions. The silanol groups on the surface make surface modification easy, for
example, for grafting of dye molecules on the surface [55].

4.1 Silanization

Due to the numerous benefits of silica coating, much research has been invested, and
various methods have been developed for the silanization of particles. Aerosol pyrolysis
[90] and microemulsion [51] are two examples.Another well-known method is the Stober
Method. The process is easy to operate, and cheap [82]. In this project, a modified Stober
method is used for the silanization process, and the technique is described in the following
sections.
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4.2 Stober Method

The Stober Method was initially reported by Stober et al. [91] in 1968. The method is
simple and well established, as great efforts have been dedicated to further studies of the
method and the growth of silica particles. It is a sol-gel process where a silica precursor,
typically tetraethylorthosilicate (TEOS), reacts with water in an alcoholic solvent using
ammonia hydroxide as the catalyst.

There are two essential reactions taking place during the Stober Method, hydrolysis and
condensation. Hydrolysis can be seen as the reverse of condensation; it breaks down a
compound by adding water, whereas condensation builds up by the removal of water [89].
The mechanism for the hydrolysis and condensation step in the Stober Method is proposed
by Han et al. [34]:

Si(OEt); + xH,0 <> Si(OEt)4_,(OH), + xEtOH 4.1)

2 Sl(OEt)4,m(OH)w — (EtO)gfgm(Si—O—Si)(OH)2172 + HQO (42)

Si(OEt)4 + Si(OEt)s_,(OH), ¢ (EtO)r_, (Si—0—Si)(OH),_; + EtOH (4.3)

The first step is the hydrolysis of TEOS to produce silanol monomers. The ethoxyl groups
on TEOS are replaced by silanol groups. The two next steps represent growth. The silanol
groups are combined by condensation with other silanol groups or react with unhydrolyzed
or ethoxyl groups of TEOS. Branched siloxane clusters, which further grow into a silica
network, are generated.

In literature, there are two different models proposed for the formation of colloidal silica
particles, the monomer addition model and the controlled aggregation model [28]. The
monomer addition model was developed by Matsoukas and Gulari in 1988 [60]. The
model takes after the LaMer model described in Section 2.2.3, silica nuclei are formed
through hydrolysis and condensation of TEOS, followed by growth by deposition of silanol
monomers into primary particles and later to colloidal stable silica particles. A schematic
of the model is shown in Figure 4.1. The model favors uniform, and monodisperse silica
particles, which is justified by burst nucleation and uniform growth, typically achieved at
high ammonia concentrations [34].

20



4.2 Stober Method
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Figure 4.1: Monomer addition model [28] for the formation of silica particles.

The controlled aggregation model differs from the monomer addition model in that the
nucleation occurs after condensation of monomers [18]. The nuclei are unstable and form
small dense particles susceptible to aggregation until stability is obtained. Aggregation
happens between different particle sizes and consequently causes polydisperse particles,
typically achieved at lower ammonia concentrations [34]. A schematic of the controlled
aggregation model is shown in Figure 4.2.

. a . a,b,c d e . ®
Si(OEt), —— Si(OEt), (OH), .. 0. @ o

TEOS Silica monomers s
Primary particles Colloidal silica particles
a.  Hydrolysis
b.  Condensation
c.  Nucleation, aggregation and growth
d.  Continuous nucleation and growth

Figure 4.2: Controlled aggregation model [28] for the formation of silica particles.

4.2.1 Stober Method for Silanization of Iron Oxide Nanoparticles

In the formation of the silica matrix, different compounds can get enclosed within the
Si-O-Si bridges and encapsulated in silica as reported by Korzeniowska et al. [43]. A
schematic of the process is shown in Figure 4.3. It is a commonly used method for the
synthesis of IONPs encapsulated in silica. The method opens for the introduction of dif-
ferent compounds at different times. Some studies introduce the particles meant to be
coated before the base, i.e., before the catalyst [77], while others like Lu et al. [53] pro-
pose to introduce the particles after the hydrolysis and condensation of TEOS have started
and primary silica particles are produced.
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Figure 4.3: Encapsulation of iron oxide nanoparticles in silica shell. Reproduced and modified from
the work of Korzeniowska et al. [43].

4.2.1.1 Effect of IONPs Mass

In the study performed by Lu et al. [53] different amounts of IONPs are added to the
system to investigate the effect on the final particles. They claim that the concentration
of IONPs can mediate the number of magnetic cores in the final coated particles added
to the system. They reported that, by increasing the concentration of IONPs, the amount
of IONPs in each particle increased, and less free silica was observed. At a low concen-
tration of IONPs, there is an excess of silica to what is necessary to coat the IONPs. If
the concentration of IONPs is high, the interactions between the magnetic particles are
dominating, and the amount in each composite particle is increased. However, if the con-
centration exceeds a certain level, the result reveals non-spherical particles with a high
degree of polydispersity [53]. A similar study performed by Pham et al. [72] contributes
to these findings. They also report that at low IONPs concentration, free silica is observed,
and at high concentration, irregular shaped particles are formed. Pham et al. also report
that a lower concentration of IONPs reveals particles with bigger diameters meaning the
silica shells are thicker.

4.2.1.2 Effect of Different Solvents

Different solvents in the Stober method are a significant parameter, and various solvents
are investigated and reported in the literature. The standard solvents are alcohols; how-
ever, there are examples where non-alcoholic solvents as toluene [49] and hexane [36] are
introduced in addition as co-solvents. Different alcohols have various properties like po-
larity and viscosity. These properties are dependent on the structure of the alcohol, i.e., the
chain length and the molecular weight. Alcohol with fewer carbon atoms is, in general,
more polar than alcohols with longer carbon chains because the alcohol group is a higher
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percentage of the entire molecule. Bari et al. [13] studied the effect of various alcohols
on silica sizes. They found that the solvent properties greatly influence the hydrolysis and
condensation rates of TEOS. If the polarity is the determining factor, alcohols with shorter
chains should slow down the reaction rates as a polar solvent reduces catalytic activity by
forming hydrogen bonds with hydroxide ions. On the other hand, if the molecular weight,
and thus steric hindrance, is the determining factor, the reaction rates should be affected in
the opposite direction, meaning shorter chain solvents give a faster reaction. Most studies
published report that the reaction rates for different solvents are in random orders, and
there are reasons to believe that the reaction rates can not be determined exclusively on
these properties. Different authors, Harris at al. [35] and Mine et al. [61] among others,
also report not only random order based on properties but also different orders compared
to each other studies. Harris et al. [35]. According to the study performed by Bari et
al., ethanol gives smaller particles than isopropanol. However, the polydispersity index is
reported to be higher [13].

4.2.1.3 Effect of Ammonium Hydoxide Concentration

The concentration of ammonium hydroxide is a critical parameter for the synthesis of sil-
ica particles. Ammonium hydroxide is used as the catalyst to speed up the hydrolysis of
TEOS. Han et al. [34] suggest that the concentration of ammonium hydroxide directly in-
fluences the hydrolysis and condensation rate in the reaction, which subsequently affects
the particle sizes and size distribution. Their studies reveal that a low concentration of
ammonium hydroxide results in small particles with a broad size distribution. A low con-
centration of ammonium hydroxide makes the hydrolysis rate of TEOS slower. Therefore,
the nucleation is slow, which means that the growth of silanol groups starts while nucle-
ation is still going on. As explained with the use of a LaMer diagram in section 2.2.3,
rapid nucleation is the key to obtain monodisperse particles. When nucleation and growth
are proceeding simultaneously, polydisperse particles are achieved.

4.2.1.4 Effect of TEOS Concentration

The ratio of TEOS may be varied. Van Helden et al. [97] investigated the effect of increas-
ing the initial concentration of TEOS in the Stéber method. They report that an increment
of the TEOS concentration results in a decrease in the particle sizes. However, the stan-
dard deviation increases and the particles become irregular shaped when the concentration
is too high [97]. While Van Helden et al. reported a decrease in particle size with higher
TEOS concentrations, other studies do not sympathize with these findings. Pham et al.
[72] report that an increasing TEOS concentration gives a thicker silica shell of the coated
particles. However, if the TEOS concentration is too high, free silica is observed as the
thickness of the silica shells reaches a maximum. Bogush et al. [17] claim that elevated
TEOS concentrations give bigger particle sizes with broader size distributions. If the ratio
of TEOS to ammonia gets too high unreacted TEOS might be achieved.
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4.2.1.5 Effect of Semi-Batch Set-up

Kim and Kim [42] studied the effect of using a semi-batch/batch method for hydrolysis
of TEOS. TEOS in ethanol is fed into the reactor containing NH4OH and ethanol at a
constant feeding rate. They argue that a slow hydrolysis rate is achieved during the semi-
batch process, giving larger particles with a narrow size distribution than a batch process.
The authors claim a better control over the nucleation time and hydrolysis rate and hence
the potential to tune the particle size, shape, and size distribution. In a semi-batch process,
the reaction speed can be controlled as the reaction proceeds as reactants are added. As
Kim and Kim increased the feed rate, the particle size in the semi-batch process decreased.
The standard deviation also decreased until it reached a certain level and started increasing
again. Luo et al. [54] also studied the effect of introducing a mixture of TEOS and ethanol
into the reaction system, and their results match the findings of Kim and Kim. They report
a decrease in the mean particle size with an increased TEOS feed rate. After TEOS is
hydrolyzed, it may condense on existing nuclei or form new nuclei. If TEOS is added with
a slow flow rate, growth is preferred, however with a higher rate of addition, the formation
of new nuclei is favored due to excessive hydrolyzed TEOS [54]. A slow rate should hence
be used when the preferred outcome is big particles.
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Iron(IT)chloride hexahydrate (FeCl,-4 H,O, > 99%), sodium citrate dihydrate (Na-citrate,
> 99%) and tetraethyl orthosilicate (TEOS, reagent grade 98%) were purchased from
Sigma-Aldrich® (Schnelldorf, Germany). Iron(IlT)chloride hexahydrate (FeCl; - 6 H,O, >
99%) were bought from Acros Organics (Geel, Belgium). Ammonium hydroxide solution
(25 wt%), ethanol (96%) and 2-propanol (technical grade) were bought from Merck Life
Sciences AS. All the chemicals were used as received without any further purification or
modification. All solutions were prepared using distilled de-ionized water (MilliQ water),
having a resistivity ~18.2 M{Q/cm at 25°C, taken from Simplicity® Millipore (Darmstadt,
Germany) water purification system.

5.1 Synthesis of Citrate Coated Iron Oxide Nanoparticles

Citrate coated iron oxide nanoparticles (cIONPs) were synthesized using a modified method
as reported by Nigam et al. [67]. The protocol is described in detail in Appendix A.1.
Briefly, 4.44 g of FeCl3-6 H,O and 1.732 g of FeCl,-4 H,O were dissolved in 80 mL MQ
water in a three-necked jacketed reactor, connected to a Julabo water bath. The reactor
was constantly flushed under a nitrogen atmosphere and mechanically stirred at 1000 rpm.
The temperature of the water bath was raised to 70°C and maintained for 30 minutes.
20 mL of ammonia solution was added instantaneously, after which the temperature was
maintained for another 30 minutes. 4 mL of citric acid aqueous solution (0.5 g/mL) was
added to the reaction mixture. The temperature was slowly raised to 90°C and maintained
for 60 minutes. The reaction mixture was cooled to room temperature and transferred to a
centrifuge tube. The cIONPs were separated using a permanent magnet and cleaned with
MQ water thrice. The set up is shown in Figure 5.1.
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(a) (b)

Figure 5.1: Set up for the synthesis of cIONPs. (a) A three-necked jacketed reactor, connected to a
Julabo water bath and a condenser. The condenser is connected to a slength line containing nitrogen
gas. (b) Reaction medium before addition of ammonium hydroxide.

5.2 Silanization of cIONPs

The cIONPs, as synthesized in the previous section, were further coated with silica. The
silanization process was carried out both as a batch process and a semi-batch process. The
procedures are briefly explained in the following sections. Detailed protocols can be found
in Appendix A.2 and A.3.

5.2.1 Batch Silanization of cIONPs

In a glass vial containing a magnetic stirrer bar, 19 mL solvent (ethanol or isopropanol)
and 2 mL TEOS were added. The vial was placed on a stirrer plate with a stirring rate
of 580 rpm. A calculated mass of cIONPs was cleaned thrice with the solvent and redis-
persed in 1 mL of the solvent. The cIONPs were separated between each cleanings using
a permanent magnet for two minutes. The supernatant was discarded. The cIONPs were
sonicated for 3 minutes, and pipette flushing was performed simultaneously for the last
minute. After 15 minutes, the cIONPs were added to the vial, and the mixture was left
for another 15 minutes to ensure complete mixing. A specific volume of NH,OH was
added. The reactions were carried out for 5 hours at room temperature. After 5 hours, the
reaction mixture was transferred to a centrifuge tube using a disposable pipette. The silica
coated cIONPs (ScIONPs) were cleaned several times with solvent and MQ water using a
permanent magnet and finally redispersed in 25 mL MQ water.
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5.2.2 Semi-Batch Silanization of IONPs

In a glass vial containing a magnetic stirrer bar, 18 mL solvent (ethanol or isopropanol)
was added. The vial was placed on a stirrer plate with a stirring rate of 580 rpm. The
cIONPs were cleaned according to the procedure described in the previous section and
added to the glass vial. The mixture was lept for 15 minutes. A syringe was filled with
a mixture of 2 mL TEOS and 1 mL solvent. A specific volume of NH,OH was added to
another syringe. The TEOS mixture and the NH4OH were added to the glass vial using
syringe pumps and tubes using different flow rates. The TEOS mixture was added for 60
min and 25 min. The NH4;OH was added for 60 min. The reactions were carried out at
room temperature for 5 hours. The SCIONPs were cleaned as described in the previous
section. A set-up is of the reaction is shown in Figure 5.2.

Figure 5.2: Set up for the synthesis of SCIONPs. A glass vial, used as reactor, placed on a stirring
plate. The glass vial was equipped with a lid with holes, for the tubes connected to the syringes in
the syringe pumps.

5.2.3 Experimental Design

A design of experiments was performed using JMP. JMP, developed by the JMP business
unit of SAS Institute, is a series of computer programs for statistical analysis. A Custom
Design platform, which constructs optimal design custom-built for an experimental setting
[38], was used. Solvent, the mass of cIONPs, the flow rate of TEOS, and the flow rate of
NH,4OH were used as parameters. The design of experiments is shown in Table 5.1. As
will be seen later on in the result and discussion chapter, some additional experiments were
performed.

For easier discussion in Chapter 6, the sample names in the following sections are based
on the reaction parameters fixed in the specific experiment. The sample names consist of
a letter followed by two numbers, and lastly, another letter. The first letter is either 'T’
for isopropanol or 'E’ for ethanol. The first number represents the mass of cIONPs in
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milligrams, 25, 50, or 75. The second number represents the ammonium hydroxide flow
rate and is either 0.1, 0.054, or 0.008. The last letter represents the flow rate of TEOS and
is either 'L’ for low flow rate, 0.03 mL/min, or "H’ for high flow rate, 0.08 mL/min. For
example, for sample [-25*0.1-L, the reaction parameters would be as follows; isopropanol
is used as the solvent, together with 25 mg cIONPs, an ammonium hydroxide flow rate of
0.1 mL/min, and TEOS flow rate of 0.3 mL/min.

Table 5.1: Custom design made in JMP.

Solvent Mass of cIONPs TEOS NH,OH Sample name
[mg] [mL/min] [mL/min]

1 Isopropanol 25 0.03 0.1 1-25%0.1-L
2 Ethanol 75 0.08 0.008 E-75%0.008-H
3 Isopropanol 75 0.08 0.1 [-75%0.1-H
4 Isopropanol 25 0.08 0.008 1-25%0.008-H
5  Ethanol 50 0.03 0.054 E-50%0.054-L
6  Isopropanol 25 0.08 0.1 1-25*0.008
7  Ethanol 25 0.03 0.008 E-25*0.008-L
8  Isopropanol 75 0.03 0.008 [-75*%0.008-L
9  Isopropanol 25 0.08 0.008 [-25*%0.08-H
10 Isopropanol 75 0.03 0.008 I-75*%0.008-L
11 Ethanol 25 0.08 0.1 E-25%0.1-H
12 Isopropanol 75 0.03 0.1 I-75*%0.1-L
13 Ethanol 50 0.08 0.054 E-50%0.054-H
14 Ethanol 75 0.03 0.1 E-75%0.1-L

5.3 Characterization

Dynamic light scattering (DLS), scanning electron microscopy (SEM), scanning transmis-
sion electron microscopy (S(T)EM) with EDS, and vibrating sample magnetometer (VSM)
were used for characterization of the cIONPs and ScIONPs. The working principle and
sample preparation for the instruments are described in the following sections. The con-
centrations of the final products were also determined. The concentrations were found by
taking 100 pl of the samples in three Eppendorf tubes and drying them in a vacuum oven
at 65°C for 24 hours.
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5.3.1 Dynamic Light Scattering

Dynamic light scattering (DLS) is used to determine hydrodynamic diameters of particles
and particle size distribution dispersed in a liquid. A thin, electric dipole layer is present
on the surface of a particle dispersed in a liquid. The size of the particle, including this
layer, is referred to as the hydrodynamic size. Hydrodynamic sizes are hence bigger than
sizes determined in the dry state. Brownian motion scatters laser light that is focused on
the solution, and Stokes-Einstein equation is used for calculation of the hydrodynamic size
of the particles [70]:

_ kgT
~ 6mnD

h 5.1

where kp is the Boltzman constant, T is the absolute temperature, 7 is the solvent’s vis-
cosity, and D is the diffusion coefficient.

Hydrodynamic sizes were measured using a Malvern Zetasizer Nano-ZS instrument. This
instrument can also measure the zeta potential, which is the charge that occurs in the
electric dipole layer and reveals information about the stability of the particles in the liquid.

5.3.1.1 Sample Preparation

In a glass vial, 100 uL of a particular sample was diluted with 5.7 mL of MQ water. The
diluted dispersion was sonicated for 2 minutes and filled into a folded capillary cell. The
absorbance was set to 0.1. Both the hydrodynamic size and zeta potential were measured.

5.3.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) provides surface images of particles down to nanoscale
by scanning the surface using a focused electron beam. SEM APREO manufactured by
FEI and located at the cleanroom facilities at NTNU Nanolab was used. Detailed im-
ages providing information on the topography, morphology, composition, and crystalline
structure are captured due to the great depth of focus. The images are generated by the
interactions of electrons and the sample. The electrons are scattered, and detectors collect
the signals [65].

5.3.2.1 Sample Preparation

A silicon wafer was cut into small squares and cleaned in a plasma chamber where organic
and inorganic contaminants are removed from the surface, and radical sites are created. In
an Eppendorf tube, 20 pL of sample in an aqueous solution was diluted with 980 pL
MQ water. The diluted solution was dropped on the silicon wafer, and the water was
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evaporated. The wafers were finally placed on copper conductive tape and placed in the
chamber of the instrument.

Figure 5.3: Stepwise preparation of the samples for use in SEM Apreo. (a) A silicon wafer cut
in small squares, (b) the plasma cleaner used to clean the surface on the silicon wafers and (c) the
silicon wafers, containing dry sample, placed on copper conductive tape on the sample holder.

5.3.3 Scanning Transmission Electron Microscopy (S(T)EM)

A Hitachi S-5500 S(T)EM located at the cleanroom facilities at NTNU Nanolab was used.
S(T)EM has the same working principle as SEM. The difference is that S(T)EM can work
in transmission mode as bright field and dark field detectors are installed. A Bruker EDX-
system is also attached, allowing measurements of elemental mapping.

5.3.3.1 Sample Preparation

In an Eppendorf tube, 20 pL of the specific sample in an aqueous solution was diluted
with 980 pL MQ water. The diluted solution was dropped on a copper grid, and the water
evaporated. The grid was placed in a S(T)EM holder and placed inside the chamber.

5.3.4 Vibrating Sample Magnetometer

A vibrating sample magnetometer (VSM) is a magnetic measuring technique. A sample
is vibrated perpendicularly to a uniform magnetizing field while the magnetic moment is
measured. The technique uses Faraday’s law of magnetic induction to obtain the magnetic
moment [2].

e=—-N— (5.2)
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where ¢ is the induced voltage, N is the number of loops, ® is magnetic flux, and t is time.

5.3.4.1 Sample Preparation

The sample of interest was dried in a vacuum oven maintained at 65°C overnight. The dry
sample was subsequently filled into a sample holder as shown in Figure 5.4.

(a) (b)

Figure 5.4: Sample preparation for VSM measurements, (a) the samples were firstly dried in glass
vials in a vacuum oven over night and (b) the powders were filled into a VSM sample holder.
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Chapter

Results and Discussion

In this chapter, the results of the experiments conducted in this study are presented, includ-
ing some discussion on the results and hypotheses. The first part contains the synthesis of
citrate coated iron oxide nanoparticles (cIONPs), and the second part contains the silaniza-
tion process of the already synthesized cIONPs. The second part is subsequently divided
into two parts, first some initial studies to determine reaction parameters are presented,
and secondly, the experimental design made in JMP. This last subpart also includes some
extra experiments which were added to get a bigger picture.

Hydrodynamic sizes and zeta potentials are measured using dynamic light scattering on a
Malvern Zetasizer Nano-ZS instrument. Zeta potential typically ranges from -100 mV to
+100 mV, whereas values below -25 mV or above +25 mV usually have a high degree of
stability, according to Shnoudeh et al. [86]. In this study, samples with zeta potentials in
this range will hence be denoted as stable.

6.1 Citrate Coated Iron Oxide Nanoparticles

Citrate coated iron oxide nanoparticles (cIONPs) were synthesized according to the proce-
dure described in section 5.1. The purpose of these particles was for use in the silanization
process, which is discussed in section 6.2. Only citrate coated IONPs are used in this study.
The reasoning for this decision is justified in section 6.2.2. In Figure 6.1 the color change
when ammonium hydroxide was added to the reactor is shown, (a) shows the yellow/or-
ange color of the iron salts dissolved in MQ water, and (b) shows the color of the reaction
solution immediately after the ammonium hydroxide was added. The color change is due
to the precipitation of magnetite, indicating that the nucleation happens immediately after
the base is added.
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Figure 6.1: The color of the reaction medium during co-precipitation of IONPs (a) before ammo-
nium hydroxide is added and (b) immediately after the base is added.

Initially, eight batches were synthesized, with the aim of mixing 3-4 of the batches with
the most consistent properties. The purpose was to get a bigger batch to have the same
base for easier comparison in the upcoming experiments where the particles would be
used, i.e., in the silanization experiments performed later. The hydrodynamic sizes and
zeta potentials for all the batches are shown in Figure 6.2, whereas the blue bars show the
hydrodynamic sizes and the orange bars shows the zeta potential. As can be seen, the zeta
potential for all batches is below -25 mV, indicating that these samples are stable in the
aqueous solution. However, the hydrodynamic sizes show some variations. The deviations
might be due to experimental error, for example, if the reaction mixture was exposed to air.
The concentrations of the batches are shown in Table 6.1. Based on these measurements,
B2, B3, B7, and B8 were mixed into one bigger batch, cIONPs-M1..
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Figure 6.2: Hydrodynamic sizes and zeta potentials for B1-B8.
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Table 6.1: Concentrations of the final products for B1-B9.

Bl B2 B3 B4 BS5 B6 B7 B8
C[mg/mL] 110£0 99+£1 95+1 9241 96+1 95+£0 94£3 96+£3

One of the main reasons to study IONPs is their unique properties, especially the super-
paramagnetic behavior. It is hence important to synthesize particles that easily separate
when a magnetic field is applied. After mixing the batches, the particles were meant to
be used for silanization experiments. However, when a small volume of the dispersion
was added to an Eppendorf tube and placed on a permanent magnet, the particles did not
separate. There were probably particles that did separate; however, it was impossible to
distinguish these particles from the dark-colored supernatant. An image showing the Ep-
pendorf next to the permanent magnet is shown in Figure 6.4 (a). It is hypothesized that
the sample contains by-products of other iron oxide species, for example, maghemite or
hematite, which are less magnetic than the desired magnetite. Maghemite (y-Fe,03) is
isostructural to magnetite but with higher oxidation state due to cation vacancies [62]. If
magnetite is oxidized, maghemite or other non-stoichiometric, Fe’*-deficient magnetite
might arise. Maghemite is also ferrimagnetic, however, the magnetization saturation is
decreased as a consequence of cation vacancies. Another explanation lies in the particle
sizes; the activation energy for spin reversal scales with size, meaning a reduction of mag-
netization also occurs if the magnetite crystals exceed a certain size [62]. The suspicion
of impurities of other iron oxide species could be further investigated by doing XRD mea-
surements. However, since this study did not aim to study the formation of different iron
oxide species during co-precipitation, it was decided not to include these measurements.

As a consequence, five new batches were prepared using the same co-precipitation method.
The zeta potential and hydrodynamic sizes of these batches are shown in Figure 6.3. As
shown in the figure, all samples are stable, as the zeta potentials are below 25 kV, and the
hydrodynamic sizes are in the same range. The batches were carefully tested this time
before mixing to check if the particles separated when exposed to a permanent magnet.
The particles did separate for all the batches, however, for B11, the supernatant was a lot
darker than for the other four batches. B9, B10, B12, and B13 were then mixed into a
new big batch, cIONPs-M2. As can be seen from Figure 6.4 (b), the particles in cIONPs-
M2 did separate when placed next to the permanent magnet, and it was hence possible
to remove the supernatant and subsequently use them in the silanization process. The
hydrodynamic size and the zeta potential for cIONPs-M2 were 101+1 nm and -32+1 mV,
respectively.
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Figure 6.3: Hydrodynamic sizes and zeta potentials for B9-B13.

The magnetization properties for clONPs-M2 were measured using VSM. The hysteresis
loop is shown in Figure 6.5. The figure shows the moment as a result of the magnetic field.
As can be seen from the figure, the hysteresis loop does not display magnetic remanence,
and the sample reveals the recognizable hysteresis loop for superparamagnetic materials.
The moment is zero when the magnetic field is removed, but the sample gets magnetized
when exposed to a magnetic field. The particles are thus considered to be superparamag-
netic. The magnetization saturation is 67 emu/g. This is in agreement with magnetization
saturation values reported in the literature. In literature, the magnetization saturation of
citrate coated IONPs is reported to be in the range from 55 emu/g to 75 emu/g [22, 25, 7].

(b)

Figure 6.4: Separation of clONPs in the presence of a permanent magnet for two minutes for sample
(a) cIONPs-M1 and (b) cIONPs-M2.
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Figure 6.5: Magnetic properties of cIONPs-M2 measured by VSM.

6.2 Silica Coated Iron Oxide Nanoparticles

Silica coated cIONPs (ScIONPs) were synthesized according to the protocols described
in section 5.2, using the cIONPs synthesized in section 6.1. This set of experiments are
based on a previous study performed by Ali [4]. He studied the size and morphology of
silica coated IONPs using a batch set up. In this study, the batch set up was replaced by a
semi-batch set up.

6.2.1 Morphologies

Four different morphologies of SCIONPs were observed during this study. This is in agree-
ment with the morphologies obtained by Ali [4]. In Figure 6.6 the different morphologies
are defined with schematics and representative SEM observations. These definitions are
reproduced and modified from the work of Ali [4] for easier comparison and discussion
of the morphologies. The different morphologies are spheres/beads, incompletely fused
particles, agglomerates, and irregularly shaped particles. In this chapter, the morphologies
will be discussed using these terms.
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(a) Spheres/beads (b) Incompletely (c) Agglomerates (d) Irregular
fused

Figure 6.6: Different morphologies of SCIONPs observed during this study: (a) spheres/beads, (b)
incompletely fused, (c) agglomerates and (d) irregular.

Energy dispersive spectroscopy (EDS) was used to investigate the chemical composition
of the morphologies and to understand the successful coating of cIONPs. EDS measure-
ments were on spherical particles and irregularly shaped particles. There are three possible
products, SCIONPs, free silica, and magnetite. As the particles went through a total of 9
cleanings, with magnetic separation between each cleaning, it was expected that the par-
ticles did contain magnetic iron and that free silica had been disposed of. EDS was only
performed on a single arbitrary sample, where both spherical particles and irregular par-
ticles were observed. It was assumed that the findings were consistent for all samples,
although it might be different quantities of the elements in different samples.

An elemental mapping was performed on spherical particles and can be seen in Figure
6.7, where (a) shows the SEM image and (b), (¢) and (d) suggest the distribution of iron,
oxygen and silicon elements over the particles respectively. As suggested by the analysis,
all the expected elements are present in the particles. From the images, it seems like all
of the three elements are present throughout the particles, which means that core-shell
structures are not obtained but rather iron distributed throughout the silica matrix.
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Figure 6.7: Elemental mapping of spherical particles using EDS.

A line profile through a single spherical particle is shown in Figure 6.8. It shows the count
per second through the length of the particle, marked with a yellow line. In agreement with
the mapping analysis, the line profile suggests that iron, oxygen, and silicon are present
in the particles. The ratio of silicon and oxygen content to iron content seems to be very
high. This is expected when considering the ratio of iron to silicon added to the reaction
mixture, which is 0.07 on a molar basis. However, it needs to be emphasized that EDS is
not performed quantitatively, and the distribution only gives an idea of the content.

A line profile was also performed through an irregular particle and is shown in Figure 6.9.
The analysis shows that iron, oxygen, and silicon are all present with the same low iron to
silicon content as for the line profile of a single sphere.

Hence, it is shown that the particles obtained in this study are the desired silica coated iron
oxide nanoparticles.
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Figure 6.8: A line profile, showing the chemical composition, through a single spherical particle,
measured by EDS.
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Figure 6.9: A line profile, showing the chemical composition, through an irregular particle, mea-
sured by EDS.

In the following sections, different parameters affecting the particle size and morphology
are discussed. All particle sizes are obtained by analysis of SEM images using ImageJ.
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The sizes are measured by counting ~200 random particles in different areas of the im-
ages. The sizes are only measured for samples where spheres, incompletely fused or
agglomerates are observed, as the irregular particles do not reveal a defined structure. It
must be stressed that there are challenges with size determination using SEM images, such
as imaging the particles in the dried state, ignoring agglomerates, and counting particles
manually. All particle sizes are rounded off to the nearest 1 nm due to uncertainty in
the measuring technique. The polydispersity index (PDI) is calculated using the formula
reported by Pusey [78], i.e., dividing the standard deviation by the mean particle size.
However, before starting the experiments, the reaction conditions needed to be selected.

6.2.2 Reaction Conditions

The proposed approach for the silanization of cIONPs in this study was to make an exper-
imental design using JMP. Firstly, the reaction parameters needed to be selected. In the
work performed by Ali [4], nature of the solvent, use of citrate coated versus non-coated
IONPs, the concentration of ammonium hydroxide, and mass of IONPs/cIONPs were used
as reaction parameters. For the experiments in this study, it was decided to combine the
parameters Ali used and new parameters following the semi-batch procedure. This was
decided to compare the effect of using a semi-batch set up rather than a batch process.

The first decision to make was for how long period the reactions should proceed. For
all silanization experiments, it was decided to leave the reaction for 5 hours. That is
the same reaction time used by Ali [4]. In literature, a wide range of reaction times are
reported. However, Ali found that after 5 hours, 90% of the mass was converted, and the
morphologies obtained were similar to what was obtained after 24 hours. This means that
a high yield is achieved after only 5 hours, and to convert the remaining 10%, a long period
was required. Using only 5 hours of reaction was thus chosen.

Secondly, the decision if either coated or non-coated IONPs should be used had to be
made. The choice was based on the results obtained by Ali. He reported that the number
of agglomerates increased by a significant degree when non-coated IONPs were used, as
compared to cIONPs. The PSD for non-coated IONPs was also broader than for clONPs
[4]. It was hence decided only to use cIONPs in this study. It was also decided to proceed
with the same masses as Ali’s, 25 mg, 50 mg, and 75 mg.

The use of which solvents to use in this study had to be decided as well. Ali used iso-
propanol and ethanol in his study and got particles of different sizes and morphologies.
Experiments with isopropanol gave bigger particles than with ethanol. However, there
were some deviations due to the formation of incompletely fused particles [4]. It was thus
decided to proceed using both solvents for the semi-batch set up.

The new parameters in the semi-batch process were the flow rates of ammonium hydrox-
ide and TEOS. It was decided to use the same amount of TEOS as Ali, 2 mL. There is
literature on the semi-batch set up of modified Stober methods introducing TEOS over
time. However, to elect flow rates of ammonium hydroxide, it was concluded that some
initial experiments were necessary, which is described in section 6.2.3.
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6.2.3 Effect of Ammonium Hydroxide Flow Rate

As there is limited literature discussing studies where ammonium hydroxide is added over
some time in the Stober method, three semi-batch experiments were performed initially to
investigate how the flow rate would affect the final particle size and morphology.

It was decided to use a total amount of 3.5 mL of ammonium hydroxide for the initial
experiments. This choice was yet again based on the parameters used by Ali [4]. It is the
middle value of Ali’s concentrations in the batch experiments, which were 0.5 mL, 3.5
mL, and 6 mL ammonium hydroxide. It was also decided to do the initial experiments in
isopropanol, using the middle value of cIONPs mass, 50 mg. As these experiments were
performed to study the effect of the flow rate of ammonium hydroxide, TEOS was added
at once, similar to a batch experiment set up.

The ammonia hydroxide was added using a syringe pump. It was decided to add the
ammonium hydroxide over a specific time rather than choosing a specific flow rate to better
control the rate. Three different time intervals were chosen, 60 min, 30 min, and 15 min
corresponding to flow rates of 0.06 mL/min, 0.12 mL/min, and 0.23 mL/min, respectively.
The start of the reaction was defined as when the first drop of ammonium hydroxide was
added to the reactor, giving the same total time of 5 hours for all reactions. The reaction
parameters are summarized in Table 6.2.

Table 6.2: Reaction parameters in the initial semi-batch experiments.

Solvent Mass of cIONPs TEOS NH,OH Time of addition
[mg] [mL] [mL/min] min
Isopropanol 50 2 0.06 60
Isopropanol 50 2 0.12 30
Isopropanol 50 2 0.23 15

The concentration profiles of the ammonium hydroxide over time, for the three experi-
ments, are shown in Figure 6.10. Higher molarity of ammonium hydroxide is achieved
faster for the faster flow rate, and a higher pH value is expected earlier during the reaction,
however, it is not known if and so how fast the hydroxide ions are consumed, so pH mea-
surements during the addition is required to say this for sure. However, at the end of the
reaction, the same total amount of ammonium hydroxide is added; if no hydroxide were
consumed, the final pH would be expected to be identical for the three cases. The fact that
hydroxide ions might decrease as the reaction proceeds is not appraised in these graphs.
It would be interesting to look at how pH varies over time to see how fast the excess hy-
droxide ions are consumed and investigate the reaction’s kinetics. In this way, it might be
possible to control the pH over time, which can help tune the particle properties.
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Figure 6.10: Concentration profile for NH4OH for experiments performed using three different flow
rates, 0.06 mL/min, 0.12 mL/min and 0.23 mL/min.

Figure 6.11, 6.12 and 6.13 shows the SEM images of the experiments performed with flow
rates of 0.06 mL/min, 0.12 mL/min and 0.23 mL/min respectively. By studying the SEM
images, it can be seen that there are no big deviations in the morphology obtained in these
three experiments as spheres, agglomerates, and irregularly shaped particles are observed
for all. The sizes calculated from the SEM images are 737+38 nm, 813+78 nm, and
982+73 nm for flow rates of 0.06 mL/min, 0.12 mL/min and 0.23 mL/min respectively,
with corresponding PDIs of 0.05, 0.1 and 0.07. The sizes, as a result of the ammonium
hydroxide flow rates and the PSDs, are shown in Figure 6.14. The bar showing flow rate
equal to zero is the mean size obtained in the batch experiments performed by Ali [4],
keeping the other parameters constant, the size was reported to be 9834+47 nm. As can be
seen from (a), smaller sizes are obtained using a lower flow rate of ammonium hydroxide.
The same mean size is obtained for the highest flow rate of ammonium hydroxide and the
batch process. By studying the PSDs in (b), (¢) and (d), it can be seen that a narrower size
distribution is observed for the slowest addition of ammonium hydroxide.
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(b)

Figure 6.11: SEM images for experiment where a flow rate of 0.06 mL/min of ammonium hydroxide
is used.

(a)

Figure 6.12: SEM images for experiment where a flow rate of 0.12 mL/min of ammonium hydroxide
is used.

(a)

Figure 6.13: SEM images for experiment where a flow rate of 0.23 mL/min of ammonium hydroxide
is used.
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The final particle sizes are a result of the hydrolysis and condensation rate in the Stober
process as described in section 4.2. Han et al. [34] report that a low concentration of
ammonium hydroxide results in small particles with a broad size distribution as a conse-
quence of lowered TEOS hydrolysis rate. At higher concentrations, the particles are bigger
but with a narrower size distribution as the nucleation step is rapid. When ammonium hy-
droxide is added in one portion, the concentration of hydroxide ions will decrease as it is
consumed. In these experiments, the total amount of ammonium hydroxide is added at a
constant rate over some time, giving possibilities to control the pH of the solution using
different flow rates. Dabbaghian et al. [1] state that an increase of ammonium hydrox-
ide increases the size of the particles until a certain level where the sizes start decreasing
because the condensation rate increases, which may be the reason for the bigger sizes
obtained at higher flow rates.

As explained in section 2.2.3, the growth of particles consists of two processes, reaction-
controlled or diffusion-controlled mechanisms. The kinetics of the growth process is es-
sential for the final particle size distribution. If the growth process is appropriately con-
trolled, the formation of uniformly sized particles can be achieved [31]. The difference in
radius decreases with a prolonged growth time when the growth is controlled by diffusion.
In this set of experiments, the smaller size and narrower size distribution obtained with a
lower flow rate of ammonium hydroxide can be explained by a diffusion-controlled pro-
cess. When the ammonium hydroxide in these experiments is supplied at a lower flow rate,
the reaction is slow, and the supply of growth species becomes slow as well. By attain-
ing a low concentration of growth species, it is possible to maintain a diffusion-controlled
growth mechanism. The diffusion distance, in this case, would be more significant, and
diffusion would become the limiting step.
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Figure 6.14: Measurements of the particle sizes obtained in the initially experiments, where (a) is
the mean particle sizes, as a result of the ammonium hydroxide flow rate, mean size from the batch
experiment corresponds to the column where ammonium hydroxide flow rate is zero and is obtained
from the study performed by Ali [4]. (b), (¢) and (d) show the PSDs for ammonium hydroxide flow
rates of 0.06 mL/min, 0.12 mL/min and 0.23 mL/min respectively.

Based on these results, it was hypothesized that the flow rate of ammonia has a significant
effect on particle size. However, more investigations need to be performed to draw any
conclusions. However, it was decided to proceed with semi-batch experiments adding
ammonium hydroxide for 60 minutes due to the smaller sizes obtained and the higher
degree of monodispersity.

6.2.4 Experimental Design

As explained in the methodology chapter, a custom design was made using JMP. The
reaction parameters used in this design are based on a previous batch study performed by
Ali [4], as explained in section 6.2. The reaction was carried out for 5 hours using the same
solvents as Ali, isopropanol, and ethanol. Similar masses of cIONPs are used, 25 mg, 50
mg, and 75 mg. The flow rates of ammonium hydroxide that are used are 0.1 mL/min,
0.054 mL/min, and 0.008 mL/min, whereas the highest and lowest flow rates correspond
to the highest and lowest volume of ammonium hydroxide used in Ali’s batch study, 6
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mL and 0.5 mL when adding for 60 minutes. The middle value, 0.054 mL/min, is the
highest and lowest flow rate average. This flow rate gave a total volume of ammonium
hydroxide of 3.2 mL. The amount of TEOS was kept constant, 2 mL; however, the flow
rates were decided to be 0.03 mL/min and 0.08 mL/min. The lowest flow rate was chosen
because TEOS would then be added for the exact total time, i.e., 60 minutes, as ammonium
hydroxide. The highest flow rate was chosen to be the middle value of the two highest flow
rates of ammonium hydroxide, 0.054 mL/min and 0.1 mL/min.

In JMP, a custom design was chosen, meaning that all combinations of parameters are not
included as they would be in a full factorial design. A custom design constructs optimal
design custom-built for an experimental setting that is more cost- and time-efficient than
a full factorial design. The design of experiments is presented in section 5.2.3. Although
the design of experiments gave a good understanding of the influence of different reaction
parameters, a couple of more experiments were included to get a bigger overview. This
will be explained in the following sections.

For easier discussion, the sample names are based on the reaction parameters fixed in
the specific experiments, as described in section 5.2.3. It is repeated here; the sample
names consist of a letter followed by two numbers, and lastly, another letter. The first
letter is either "I” for isopropanol or "E’ for ethanol. The first number represents the mass
of cIONPs in milligrams, 25, 50, or 75. The second number represents the ammonium
hydroxide flow rate and is either 0.1, 0.054, or 0.008. The last letter represents the flow
rate of TEOS and is either 'L’ for low flow rate, 0.03 mL/min, or "H’ for high flow rate,
0.08 mL/min. For example, for sample [-25*0.1-L, the reaction parameters would be
isopropanol as solvent using 25 mg cIONPs, an ammonium hydroxide flow rate of 0.1
mL/min, and a TEOS flow rate of 0.3 mL/min. A table with all experiments is attached in
Chapter 5.

6.2.4.1 Molarity Profiles

The built-up of the semi-batch setup concentrations is essential to understand the nucle-
ation and growth processes. In Figure 6.15 (a)-(f) the concentration profiles for the dif-
ferent combinations of flow rates of ammonium hydroxide and TEOS are shown up to 60
minutes of the reaction, after which the concentrations will remain constant. The fact that
ammonium hydroxide and TEOS are consumed during the reaction is not taken into con-
sideration. The consumption of the reactants could be studied by doing pH measurements
during the reaction.

As can be seen from the graph, for the cases where TEOS is added at the rate of 0.03
mL/min, both TEOS concentration and ammonium hydroxide concentration are increas-
ing until 60 minutes is reached. When TEOS is added at the rate of 0.08 mL/min, the
concentration of ammonium hydroxide increases up to 60 minutes, and the concentration
of TEOS increases up to 25 minutes, after which it starts decreasing slightly due to more
addition of ammonium hydroxide. It should also be noticed that for all cases, except when
the lowest flow rate of ammonium hydroxide, the concentration is higher for ammonium
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Figure 6.15: Concentration profiles for experiments using different combinations of ammonium
hydroxide and TEOS flow rates.

6.2.4.2 Effect of Ammonium Hydroxide Concentrations and Flow Rates

In this study, three different concentrations of ammonium hydroxide are used. For all
semi-batch experiments included in the experimental design, the ammonium hydroxide
was added over a time interval of 60 minutes. The volumes used were 0.5 mL, 3.2 mL and
6 mL, which correspond to flow rates of 0.008 mL/min, 0.054 mL/min and 0.1 mL/min,
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respectively.

In the experiments performed by Ali [4], only irregular particles were observed when
the lowest volume of ammonium hydroxide, 0.5 mL, was used. Although no spherical
particles were observed in the batch experiments using 0.5 mL. ammonium hydroxide, it
was decided to use the same volume in the semi-batch process to see if adding it over time
would affect the final morphology.

A total of six experiments were conducted using the lowest flow rate of ammonium hy-
droxide, 0.008 mL/min, i.e., using a total volume of 0.5 mL. ammonium hydroxide. In
these experiments, the molarity of ammonium hydroxide in the final solution was 0.14 M.
The concentration profiles for these experiments are shown in Figure 6.10(e) and (f). As
can be seen from these graphs, the molarity of ammonium hydroxide is lower than the
molarity of TEOS during the whole reaction.

SEM images of 1-75%0.008-L and E-25*0.008-L are shown in Figure 6.16, where 0.03
mL/min TEOS is used and 75 mg and 25 mg of IONPs respectively. By studying the
SEM images, no spherical particles or agglomerates are observed, only irregular shaped
particles. It is thus not possible to measure the particle sizes. These findings were coherent
for all experiments using the low flow rate of ammonium hydroxide.

It was proposed by Qie et al. [79] that a low concentration of ammonium hydroxide
leads to irregular particles due to incompletely hydrolyzed TEOS. It must be emphasized
that Qie et al.’s studies are based on batch processes, however, this is also applicable
for the semi-batch process. TEOS is a tetrahedral molecule consisting of a silicon atom
surrounded by four ethoxy groups. Qie et al. state that when ammonium hydroxide is in
excess, fully hydrolyzed species are produced, Si(OH),, making the particle grow evenly.
On the other hand, when the concentration of ammonium hydroxide is low, incompletely
hydrolyzed species are formed, making the particle grow unsymmetrical.

Another reason for the formation of irregular particles at low ammonium hydroxide con-
centrations was proposed by Herbert Giesche [29]. At low ammonium hydroxide concen-
trations, the particles are not adequately stabilized due to the too low surface potential of
the particles. The low stability of the dispersion leads to the agglomeration of the particles.

Hence, both the batch and the semi-batch process gave irregular shaped particles at the
lowest volume of ammonium hydroxide. No further experiments using the lowest volume
of ammonium hydroxide were thus performed.
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(b)

Figure 6.16: SEM images for experiment (a) I-75*0.008-L and (b) E-25*0.008-H.

For the experiments where the two higher flow rates, 0.054 mL/min and 0.1 mL/min, with
corresponding volumes of ammonium hydroxide 3.2 mL and 6 mL, spherical particles
together with irregularly shaped particles were observed. The particle sizes were hence
possible to measure. As can be seen from the molarity profiles in Figure 6.15, what dif-
ferentiates these experiments from the low ammonium hydroxide flow rate experiments,
is that the molarity of ammonium hydroxide is higher than the molarity of TEOS during
the whole reaction. Figure 6.16 shows the SEM images of experiment, (a) [-75*%0.1-L
and (b) I-50%0.054-L. The sizes obtained by the SEM images were 10170+120 nm and
873+£97 nm, respectively. It should be mentioned that different masses of cIONPs, 75
mg and 50 mg, are used for those two experiments; however, as will be discussed later,
the mass in these experiments did not have a significant effect on the particle sizes. The
particle sizes obtained at 0.1 mL/min and 6 mL of ammonium hydroxide are bigger than
the sizes obtained at 0.054 mL/min and 3.2 mL of ammonium hydroxide. This is not in
agreement with the batch studies performed by Ali [4], where it is reported that for most
cases, the particle size decreases with the increase in the concentration of ammonium hy-
droxide. It should be mentioned that more experiments should be performed before stating
the trend in the semi-batch experiments. However, these result, i.e., increase in size with
an increase in ammonium hydroxide is consistent with several studies reported in the lit-
erature. Han et al. [34], Ibrahim et al. [84] and Qie et al. [79] found that the particle sizes
increased with the increase in ammonium hydroxide concentration. Ibrahim et al. state
that an increase of ammonium hydroxide increases the hydrolysis and condensation rate.
A high hydrolysis rate will lead to a rapid increase in the concentration of the intermedi-
ate, Si(OEt)s_,(OH),. When the barrier for nucleation is reached, the consumption of the
intermediate is fast, which gives rapid nucleation. This gives less number of nuclei, and
bigger particles [84].
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(b)

Figure 6.17: SEM images for experiment (a) I-75*0.1-L and (b) I-50*0.054-L.

As the PDIs for these experiments were relatively high, 0.12 and 0.11, for I-75*%0.1-L
and 1-50%0.054-L, respectively, it was decided to investigate the possibility to reduce the
polydispersity of the sample where 6 mL of ammonium hydroxide was used, like in the
initial experiments in section 6.2.3. An extra experiment was hence introduced using new
reaction parameters.

New experiment

An extra experiment was introduced to see if the PDI of I-75*0.1-L could be reduced. It
was decided to use the same amount of ammonium hydroxide, 6 mL, however, using an
even slower flow rate. The middle flow rate, 0.054 mL/min, was used. This means that
the total volume of ammonium hydroxide, 6 mL, would be added for 111 minutes instead
of 60 minutes. This sample is called I-75%0.054(6)-L, where (6) indicates that the total
volume is 6 mL and not 3.2 mL, as it would be for the original experiments. The result is
consistent with the result obtained in the initial experiments on the flow rate of ammonium
hydroxide. The mean size was smaller for the lower flow rate, 840480 nm, as compared
to the higher flow rate where the size was 1020£120 nm. The PSDs for I-75*%0.1-L and
[-75*%0.054(6)-L are shown in Figure 6.18. As can be seen from the figure, the PSD is
more narrow for the experiment using a lower flow rate of ammonium hydroxide. The
same reason applies here as in the initial experiments. The ammonium hydroxide, which
is the catalyst, is used to control the growth rate and the supply of growth units, leading to
smaller particle sizes and increasing the degree of monodispersity. By attaining a slower
flow rate of ammonium hydroxide, the concentration of growth species is lower, leading
to slower growth. In this way, it is possible to maintain a diffusion-controlled growth
mechanism, where the diffusion distance is more significant, and diffusion is the limiting
step.
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Figure 6.18: PSD for (a) I-75%0.1-L and (b) I-75%0.054(6)-L

6.2.5 Effect of Solvent

The experiments in this study were performed using two different solvents, isopropanol,
and ethanol. Experiments performed using the same reaction conditions, just varying the
solvent gives different morphology. It is observed that spherical particles are more fre-
quently observed when isopropanol is used as the solvent. On the other side, the experi-
ment with the smallest obtained mean particle size is carried out in ethanol.

In some experiments where the same conditions are used, just varying the solvent, iso-
propanol gives beads and agglomerates while ethanol only reveals irregular shaped parti-
cles. 1-75%0.1-L and E-75%0.1-L are examples where these findings are observed. SEM
images of these experiments are shown in Figure 6.19. By studying the SEM images, a
couple of spherical particles are spotted for the experiment using ethanol. However, the
number is significantly lower than the number of spherical particles observed in the corre-
sponding experiment using isopropanol. The number is also too low to count the particles
and measure the size. These findings are not consistent with the batch process where beads
are usually observed in both solvents.

(a) (b)

Figure 6.19: SEM images for (a) I-75*0.1-L and (b) E-75*0.1-L
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In the batch experiments performed by Ali [4], bigger particle sizes are obtained us-
ing isopropanol, except for some experiments, which resulted in incompletely fused and
hence bigger particles. Comparing two experiments from this study, E-50%0.054-H and I-
50%*0.054-H, where 0.054 mL/min ammonium hydroxide, 0.08 mL/min TEOS, and 50 mg
of IONPs are used, we can see from Figure 6.20 that the size of E-50%0.054-H, 750140
nm, is smaller than the size of [-50*%0.054-H, 960470 nm. This is hence in agreement with
the batch experiments. The PDIs are 0.05 and 0.07 respectively and the particle size distri-
butions are shown in Figure 6.20 (b) for the ethanol experiment and (c) for the isopropanol
case. For both experiments, spheres and irregularly shaped particles are observed. The
particle size distribution is more narrow for the ethanol case, which is coherent with the
particle size distributions from the batch experiments by Ali [4].

For another set of experiments where all parameters are kept constant except the type of
solvent, whether ethanol or isopropanol is used does not affect the resulting particle sizes.
This is observed for experiment E-50*%0.054-L and I-50*0.054-L, where the SEM sizes
are 870+90 nm and 870+100 nm for the samples, respectively, and both having a PDI of
0.11. The sizes are shown in Figure 6.20. Spheres and aggregates are observed in both
cases.

The differences in morphology and particle sizes using different solvents might be due
to the structure of the alcohols. It is proposed in the literature that the kinetics of the
reactions are a result of the polarity and steric hindrance of the alcohol. If the polarity
is the determining factor, ethanol, which is more polar than isopropanol, will slow down
the reaction due to the formation of hydrogen bonds with the hydroxide ions. This might
explain the irregular particles obtained in the experiments where spherical particles are
not obtained in ethanol. If ethanol forms hydrogen bonds with the hydroxide ions, less
hydroxide is available for TEOS hydrolysis. This can be related to the low concentration
of ammonium hydroxide in section 6.2.4.2. Incompletely hydrolyzed TEOS might result
in unsymmetrical particle growth.

However, if the steric hindrance is the determining factor, ethanol will speed up the re-
action due to the shorter carbon chain. A lot of reported studies [13] states that it is not
easy to draw any conclusions on the kinetics of the reactions based on different solvents
used. The results can, in many cases, not be explained by only looking at single properties.
However, the combination of many factors, such as viscosity and solvation, in addition to
the factors already mentioned. Based on the results from this study and results obtained
from literature, it seems like the use of solvent in many cases needs to be investigated
using a trial-and-failure approach.

Because many experiments in ethanol did not allow finding the sizes, the final model fitting
on particle sizes, which is presented in section 6.2.6, does not contain many experiments
with ethanol. However, as mentioned before, the experiment with the smallest obtained
particles is synthesized in ethanol, meaning that ethanol should not be excluded from
future experiments.
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Figure 6.20: (a) Particle sizes obtained using different solvents, and PSDs for (b) E-50*%0.0054-H
and (c) 1-50*0.0054-H

6.2.5.1 Effect of cIONPs Mass

The different masses of cIONPs used in this study were 25 mg, 50 mg, and 75 mg. By
analysis of SEM images of the final particles, it can be seen that the mass of cIONPs is a
vital parameter mainly for the morphology of the particles.

In experiments 1-25%0.1-L and I-75%0.1-L, where type of solvent, ammonium hydroxide
flow rate, and TEOS flow rate are kept constant, 25 mg and 75 mg IONPs were used, re-
spectively. The sizes obtained with 25 mg, 1058+81 nm, are bigger than the sizes where
75 mg was used, 10174120 nm. The reason for the difference in size is the morpholo-
gies obtained. With the use of 25 mg cIONPs, incompletely fused particles like doublets,
triplets and quartets are observed together with spherical particles; however, when 75 mg
of cIONPs were used, only spheres were observed. In both cases, aggregates were also
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present. SEM images for the two experiments are shown in Figure 6.21 for the use of 25
mg cIONPs and Figure 6.22 when 75 mg cIONPs was used.

1-25%0.1-L was repeated to see if incompletely fused particles were still the outcome to
confirm the repeatability of the conditions. The particles still revealed the same morphol-
ogy. The same observations were also found in [-25*0.1-H and I-75*0.1-H, incompletely
fused particles for the experiment where 25 mg cIONPs were used, and spheres when 75
mg cIONPs were used; this again confirms the trend.

From these results, it seems like, with 25 mg of cIONPs, the ratio of IONPs to TEOS is
low. Zerrouki et al. [100] claimed that a relative fraction of 2-4 particle aggregates might
be controlled by the concentration of silica in the medium. In these experiments, the ratio
of cIONPs to TEOS varies with a factor of 2 and 3, from 25 mg to 50 mg and 75 mg,
as the final volume of TEOS is constant. Another explanation is the less surface area of
seeds available in the suspension. The silanol monomers have thus smaller areas to grow
on, which might interrupt the growth of perfect spheres. Herbert Giesche [29] used seed
dispersion of silica for the growth of silica particles and proposed that highly diluted seed
dispersions increased the diffusion distance of hydrolyzed TEOS to the particle surface,
increasing the probability of agglomeration and formation of doublet particles.

If the aggregation barrier between the particles is not significant, the probability of the
occurrence of two particles aggregating in each collision is increasing [74]. That might
be due to electrostatic or steric stabilization. The collisions arise due to the Brownian
movement in the reaction medium and the van der Waals attraction. The probability of
such aggregations decreases with increasing repulsive potential. Hence, it is hypothesized
that a higher concentration achieved by using 50 mg or 75 mg of IONPs increases the
repulsive potential in the solution.

A new experiment using the same parameters as in [-25*0.1-L and I-75*0.1-L, only with
50 mg cIONPs, I-50*0.1-L, was performed to see if this would result in incompletely fused
and spherical particles. The resulting morphology was spherical particles, indicating that
the incompletely fused particles occur somewhere between 25 mg and 50 mg cIONPs. The
particle sizes are shown in Figure 6.23. The figure shows that the difference in mean parti-
cle size obtained for 50 mg and 75 mg of cIONPs is negligible. In the batch experiments,
larger particle sizes are obtained for higher amounts of cIONPs, meaning that the particle
sizes produced during a semi-batch process are easier to control when higher amounts of
cIONPs are used.
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Figure 6.21: SEM images for experiment 1-25*0.1-L showing incompletely fused particles and
irregular particles.

Figure 6.22: SEM images for experiment I-75*0.1-L showing spherical particles and irregular par-
ticles.
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Figure 6.23: (a) Particle sizes for experiments performed using different masses of cIONPs, PSDs
for (b) 25 mg, (¢) 50 mg and (d) 75 mg of cIONPs with use of isopropanol and flow rates of 0.1
mL/min and 0.008 mL/min for ammonium hydroxide and TEOS respectively.

VSM measurements were performed for [-25%0.1-L, I-75%0.1-L, I-25*0.1-H, and I-75*0.1-
H to see if the mass of cIONPs affected the magnetic properties of the products. Figure
6.24 shows the hysteresis loop for the samples. As can be seen in Figure 6.24, higher
moments are obtained using 75 mg cIONPs. This means that the final products contain
more cIONPs when a higher mass is used.
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Figure 6.24: Magnetic properties of SCIONPs obtained using different cCONPs masses.

6.2.5.2 Effect of TEOS Flow Rate

In literature, the flow rate of TEOS is reported to be an essential parameter in the modified
Stober method. In this study, a total amount of 2 mL of TEOS was used for all experi-
ments, however, using two different flow rates, 0.03 mL/min and 0.08 mL/min, making
the amount being injected over a period of 60 min and 25 min, respectively.

Firstly, the amount of TEOS needs to be considered. As reported in the literature, the
concentration of TEOS must be limited to avoid agglomerations that result in irregularly
shaped particles. A high concentration of TEOS may lead to disturbance in the nucleation
and growth steps [29]. It is thus vital to find the balance between the reaction conditions
and the TEOS concentration. By using a semi-batch set-up, an appropriate balance can
be achieved by introducing the TEOS over time. To avoid any further nucleation, the
concentration of TEOS, and hence free silicic acid, can be kept low enough, and a high
degree of monodispersity may be achieved.

For the experiments where the same parameters are used, except changing the flow rate be-
tween 0.03 mL/min and 0.08 mL/min, a general trend is that the flow rate of 0.08 mL/min
gave smaller particles than the flow rate of 0.03 mL/min. Figure 6.26 shows the effect of
TEOS flow rate on the particle sizes, including the standard deviations, for experiments
where all remaining parameters are kept constant. The green bars, where the rate of TEOS
is 0, are the corresponding sizes obtained by Ali [4] in the batch experiments. As shown
in Figure 6.26, the particle sizes tend to decrease with the increasing flow rate of TEOS,
except for I-50%0.054-L and I-50*0.054-H. This trend coincides with the findings of Kim
and Kim [42] and Luo et al. [54]. However, it should be noted that in this study, both am-
monium hydroxide and TEOS are added over time, while in the studies of Kim and Kim
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and Luo et al., only TEOS was added over time. In this experiment, it is thus essential to
find a balance between the two flow rates.

When TEOS is hydrolyzed, there are two possible outcomes as described in 4.2, it may
either condense on already existing nuclei or form new nuclei. If condensation is the case,
growth will consequently occur, leading to particles of bigger sizes. However, if nucleation
occurs, smaller particles will be the outcome. It is thus expected that if a too high flow
rate of TEOS is used, the formation of new nuclei is favored as there will be an excess
of hydrolyzed TEOS. The concentration will hence be above the critical concentration for
nucleation. When a slower flow rate is used, the concentration will be below the critical
concentration, and growth will give bigger particles.

Giesche [29] states that the flow rate of TEOS is essential and needs to be considered as a
result of the ammonium hydroxide concentration. He showed that the particle growth rate
is slow at low ammonium hydroxide concentration, thus needing a slow addition of TEOS.
He states that when TEOS is added too fast, the concentration of silanol monomers con-
stantly increases and exceeds the self-nucleation concentration, resulting in the formation
a new particle population.

The standard deviations in these experiments reveal that the higher flow rate of TEOS tends
to produce particles with a higher degree of monodispersity. The particle size distributions
for E-50%0.054-L and E-50%0.054-H are shown in Figure 6.25, whereas the distribution
for E-50%0.054-H, i.e., the higher flow rate, is more narrow.
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Figure 6.25: Particle size distribution for (a) E-50*0.0054-L and (b) E-50*0.0054-H.

It is expected that an even higher flow rate of TEOS would give even smaller particles with
even lower standard deviations, however, a too high flow rate of TEOS will result in a high
concentration of silicic acid units. The concentration might reach the critical limit for self
nucleation, which would disturb the product’s monodispersity.

Regarding the morphologies obtained in these experiments where the TEOS flow rate is
varied, the flow rate does not have any effect. In all the pairs of experiments in Figure 6.26,
the same morphologies are observed, either if it is spheres, incompletely fused particles,
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or agglomerates. This is also the case for the experiments where the slowest flow rate
of ammonium hydroxide is used, and there are no spherical particles observed. Varying
the flow rate of TEOS in these cases does not reveal any different morphologies as only
irregular particles are observed.
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Figure 6.26: Particle sizes as a result of different flow rates of TEOS.

6.2.5.3 Opverall Effects of Reaction Parameters

Looking at the results obtained from the experimental design, as a big picture, many fac-
tors are influencing the particle sizes and morphologies. Especially for the morphology,
the flow rate and thus the concentration of ammonium hydroxide are essential factors.
Also, the use of solvent had a significant influence on morphology. The mass of cIONPs
appeared to affect the morphology when lower masses were used. However, at higher
masses, there was no significant effect on the morphology or particle size. For the par-
ticle sizes, ammonium hydroxide and TEOS flow rate seemed to be the most significant
factors. However, this is only valid for the spherical particles, as the irregular-shaped
particles’ sizes could not be measured.
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6.2.6 Statistical Analysis

For the experiments where the final particle sizes were measurable, the mean sizes were
fitted into an effective screening model using JMP. Root mean square error is then used
to find the correlation between the predicted sizes and the actual sizes of the particles.
The two different solvents, the mass of cIONPs, the flow rate of ammonium hydroxide,
and the flow rate of TEOS, were used as input parameters. The fitted model is shown in
Figure 6.27. For each of the input parameters, the probability value is calculated, giving
an indication of the significance of the different parameters. This model states that the
most significant factor in these experiments is the ammonium hydroxide flow rate with a
p-value of 0.028. The solvent is the second most significant factor, then comes the mass of
cIONPs and TEOS flow rate, which is the least significant factor. The R? was calculated
to be 0.84.

It needs to be emphasized that these results are based on a set of experiments where, for
some combinations of reaction parameters, the results could not be fitted in the model
because the size could not measure. For example, with ethanol, many experiments gave
particles of irregular shapes, which in order affects the model created by JMP as it is
excluded from the model fit.
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Figure 6.27: Statistical model fitting performed in JMP.
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6.2.7 Magnetic Properties

As mentioned earlier, the uniqueness of IONPs lies mainly in their superparamagnetic
properties. Hence, it is of the utmost importance to maintain these properties after func-
tionalization so that the particles still meet the criteria for various applications. The mag-
netic properties of the silica coated particles were measured using VSM. While some hys-
teresis loops are already presented under different reaction parameters, this is a summary
of all the VSM measurements. VSM measurements were only performed for samples
where spheres, incompletely fused particles and agglomerates were observed. In Figure
6.28 the hysteresis loops for the semi-batch experiments are shown. As can be seen in the
figure, the magnetization varies from 4 emu/g to 8 emu/g. This is very low compared to
the magnetization of the bare cIONPs particles, where the magnetization was around 60
emu/g. A decrease is expected as the particles are coated with a non-magnetic shell of
silica. However, it is desired to achieve final particles with higher moments.

7.5 — 1-25%0.1-L
-75%0.1-L
5.0 -
o —— 1-25%0.1-H
g 254 — [-25*0.1-H
@ —— E-50%0.054-L
= 0.0 — 1-50%0.054-L
(O] _50%* -
2 ] E-50%0.054-H
S —— 1-50%0.054-H
= i
5.0
—-7.5-
~10 -5 0 5 10

Field [kOe]

Figure 6.28: Hysteresis loops for silica coated cIONPs.

Taking the parameters used in the different experiments into consideration, there are not
many trends that can be recognized. Except for the use of different masses of cIONPs as
presented in section 6.2.5.1.
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7.1 Conclusions

In this study, a modified Stober method for the silanization of iron oxide nanoparticles
(IONPs) using a semi-batch set up has been investigated. The aim was to study how the
semi-batch set up differs from a batch set up and investigate if the addition of reactants
over time can help tune the particle sizes, size distributions, and morphologies.

The reaction parameters varied in this set of experiments were the flow rate of ammonium
hydroxide, the flow rate of TEOS, the nature of the solvent, and the mass of IONPs. A
custom design of experiments was made using JMP. It has been proven that the combi-
nations of different reaction parameters are essential for the final result and especially the
morphology of the particles. Particles have successfully been synthesized in sizes ranging
from 749438 nm to 105881 nm. The different morphologies obtained in this study were
spherical particles, incompletely fused particles, agglomerates, and irregularly shaped par-
ticles.

The nature of solvent has been demonstrated to be essential for the morphologies obtain.
While isopropanol in most cases resulted in spherical particles, ethanol often gave irreg-
ular particles. However, for the cases where spherical particles were obtained in ethanol,
smaller particle sizes were achieved compared to isopropanol. The mass of IONPs was
important for the final morphology. When low masses of IONPs were used, 25 mg, incom-
pletely fused particles were observed. However, when higher masses were used, 50 mg
and 75 mg, spherical particles were obtained. When spherical particles were obtained, the
mass of IONPs did not have a significant effect on the particle size. However, VSM mea-
surements showed that higher magnetization was obtained using bigger masses of IONPs.
For ammonium hydroxide, firstly, the total volume added was important. At low molarities
of ammonium hydroxide, only irregular shaped particles were observed. For higher molar-
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ities, all morphologies were observed. For experiments using fixed volumes of ammonium
hydroxide, lower flow rates gave smaller particles with narrower size distributions. The
flow rate of TEOS was also significant, giving smaller particles at higher flow rates. The
TEOS flow rate did not have a significant effect on the particle morphology.

Overall, it has been shown that different reaction parameters affect particle sizes and mor-
phologies. While some parameters affect both the size and morphology, other parameters
only significantly affect the particle size or the morphology. The particle sizes and mor-
phologies can hence be tuned by varying the reaction conditions. The smallest obtained
spherical particles in this study were achieved using ethanol as the solvent, 50 mg of
IONPs, a middle flow rate of ammonium hydroxide, and a high flow rate of TEOS. How-
ever, more studies will be necessary to find the optimum conditions for these experiments.

7.2 Future Work

Future work should focus on obtaining a higher number of spherical particles and less
irregular shaped particles. Spherical particles are successfully synthesized in this study,
however, irregular particles are observed for all reaction conditions. It would be interesting
to study how the pH varies over time. As shown in this study, the total volume and the flow
rate of ammonium hydroxide are important parameters affecting particle sizes. By doing
pH measurements during the reaction, the growth of particles can be further investigated
and might open for better control of the final particles’ size. The ammonium hydroxide
could be introduced over an even extended period of time.

Another critical aspect to work on, is obtaining particles with higher magnetization values.
Higher magnetization values might be necessary for many applications, so studies focusing
on achieving a higher ratio of iron to silica will thus be essential. In this study, a fixed
volume of TEOS is used; varying this amount would be interesting to see if the silicon
content can be tuned. Using bigger masses of IONPs might also be a good idea.

Overall, it will be essential to investigate how the different reaction parameters act in
synergy, focusing on obtaining less irregular particles and secondary population and higher
magnetization values. For this set of experiments, it would also be recommended to use
a full factorial design, as in this study, where a custom design was used, a lot of extra
experiments had to be added.
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Appendix

Protocols

A.1 Citrate Coated Iron Oxide Nanoparticles

S~ W N

O 0 3 N W

10.
11.
12.
13.
14.
15.

. Weigh 1.732 g FeCl, - H,O in a weighing boat.

. Crush FeCl; - H,O in a mortar using a pestle to fine powder.

. Weigh 4.44 g of the fine powder of FeCl; - ¢H,O in a weighing boat.

. Add both salts into the reactor and dissolve in 80 mL MQ water.

. Clean a magnetic stirrer bar with MQ water and place it in the reactor.
. Place the reactor on a magnetic stirrer at 1000 rpm.

. Connect the condenser and gas line using nitrogen gas.

. Connect the Julabo water bath.

. Heat the water bath to 70 °C and maintain for 30 minutes.

Add 20 mL of 25 wt% NH4OH to the reactor.

Maintain the temperature at 70 °C for another 30 minutes.

Add 4 mL aqueous solution of citric acid (0.5 g/mL).

Slowly increase the temperature to 90 °C and maintain for 60 minutes.
Stop the heating and cool to solution to room temperature.

Transfer the solution to a 50 mL centrifuge tube in multiple steps and separate the
magnetic particles in each step using a permanent magnet for 2 minutes.
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16.

17.

Clean the particles thrice using MQ water and separate between in cleaning using
permanent magnet and 2 minutes.

Redisperse the particles in 12 mL MQ water.

A.2 Silanization of CIONPs using Batch Set-Up

1.

~N N B W N

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.
21.

Clean a glass vial and a magnetic stirrer bar with the solvent that will be used in the
experiment.

. Place the vial on a magnetic stirrer at 580 rpm.

. Add 19 mL of solvent and 2 mL of TEOS to the vial and put on a lid.

. Wait 15 minutes to ensure complete mixing.

. Calculate the volume of CIONPs solution needed to get the desired mass of IONPs.
. Add the CIONPs in an eppendorf tube.

. Place the eppendorf on a permanent magnet for 2 minutes and remove the water

using a glass pipette.

. Clean the CIONPs with the solvent used in specific experiment thrice. Remove the

supernatant in each step by using permanent magnet for 2 minutes.

. Redisperse the CIONPs in 1 mL of the solvent.

Put the eppendorf in a ultrasonication bath for 2 minutes.

Pipette flush the solution in the eppendorf for 1 minute in the ultrasonication bath.
Add the CIONP:s to the glass vial.

Wait 15 minutes.

Add the desired amount of 25wt% NH4OH to the vial.

Leave the reaction mixture for 5 hours.

Remove the stirrer bar and transfer the solution to a centrifuge tube.

Place the tube next to a permanent magnet for 2 minutes and remove the supernatant.

Clean the particles twice with MQ water by adding 20 mL and vortex the tube. Place
it next to a permanent magnet for 2 minutes and remove the supernatant.

Repeat the cleaning step twice using the solvent.
Repeat the cleaning step five times using MQ water yet again.

Redisperse the particles in 25 mL MQ water.
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A3 Silanization of CIONPs using a Semi-Batch Set-Up

A.3 Silanization of CIONPs using a Semi-Batch Set-Up

1.

AN L B W

10.
11.
12.
13.

14.
15.
16.
17.
18.
19.
20.
21.

22.
23.
24.

Clean a glass vial and a magnetic stirrer bar with the solvent that will be used in the
experiment.

. Place the vial on a magnetic stirrer at 580 rpm.

. Add 18 mL of solvent to the vial and put on a lid.

. Calculate the volume of CIONPs solution needed to get the desired mass of IONPs.
. Add the CIONPs in an eppendorf tube.

. Place the eppendorf on a permanent magnet for 2 minutes and remove the water

using a glass pipette.

. Clean the CIONPs with the solvent used in specific experiment thrice. Remove the

supernatant in each step by using permanent magnet for 2 minutes.

. Redisperse the CIONPs in 1 mL of the solvent.

. Put the eppendorf in a ultrasonication bath for 2 minutes.

Pipette flush the solution in the eppendorf for 1 minute in the ultrasonication bath.
Add the CIONP:s to the glass vial.
Wait 15 minutes to ensure complete mixing.

Fill a syringe with the desired volume of 25wt% NH4OH and put the syringe in a
syringe pump.

Mix 2 mL TEOS with 1 mL solvent.

Fill the TEOS mixture in a syringe and put the syringe in a syringe pump.

Connect the syringes with NH4OH and TEOS mixture to the vial using tubes.

Start pumping using the desired flow rate for NH;OH and TEOS mixture.

Leave the reaction mixture for 5 hours from the moment the pumps are turned on.
Remove the stirrer bar and transfer the solution to a centrifuge tube.

Place the tube next to a permanent magnet for 2 minutes and remove the supernatant.

Clean the particles twice with MQ water by adding 20 mL and vortex the tube. Place
it next to a permanent magnet for 2 minutes and remove the supernatant.

Repeat the cleaning step twice using the solvent.
Repeat the cleaning step five times using MQ water yet again.

Redisperse the particles in 25 mL MQ water.
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